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Symbols

Values are given 1n SI Umits but, where considered
expedient, also in US Customary Umits Measure-
ments and calculations were made n U S Customary
Units

d diameter, mm

P load, kN

Pr load at failure, kN

Prax maximum load, kN

Py load at first damage, kN

Sp bearing stress, MPa,

Sy remote stress, MPa

Sr residual strength of damaged speci-
men, MPa

Sult ultimate strength, MPa

11

thickness, mm

1% velocity

6 elongation of loaded hole, mm

op elongation of loaded bnle at failure,
mm

Smax maximum elongation of loaded hole,
mm

61 elongation of loaded hole at first
damage, mm

€ axial strain

Kzy Poisson’s ratio

Abbreviations

DCDT  direct-current differential transformer

DNF did not fail

NDE nondestructive evaluation




Summary

An interlaminar weakening concept that was de-
veloped to improve fracture toughness of compos-
1tes was evaluated for 1ts effects on resistance to 1m-
pact and for behavior around a loaded hole Mylar!
sheets with 25- and 15-percent perforations were 1n-
terleaved between 24 composite prepreg layers Spec-
imens were impacted by 13-mm-diameter aluminum
spheres while under tensile or compressive loads
Failure thresholds and residual strengths were ob-
tained The loaded-hole specimens were tested n
three configurations bearing critical, shear critical,
and tension critical Ultrasomics and X-radiography
were used to detect damage

The tensile and compressive strengths of undam-
aged specimens were reduced by 36 and 30 percent,
respectively, by partial bonding Partial bonding re-
duced by 50 percent the velocity of impact that could
be survived while under compression Also under
compression, the prestrain threshold level for failure
was about one-half that under tension for all bonding
percentages Lattle benefit of partial bonding was un-
covered for tension, and serious degradation occurred
for compression

Partial bonding reduced the maximum load-
carrymg capacity of all three types of loaded-hole
specimens It was concluded that, overall, the partial
mterlaminar bonding concept was detrimental both
to 1mpact resistance and to the bearing capacity of
holes Notwithstanding these negative results, much
was learned about the effects of weakened mterlami-
nar nterfaces

Introduction

Graphite/epoxy laminates are widely used 1n sec-
ondary structures such as flaps and ailerons on com-
mercial aircraft because this material 1s hight, strong,
stiff, and commands a weight advantage over alu-
minum 1n such structures Secondary structures are
generally designed for properties other than strength,
thus making strength-degradation problems of less
mmportance Aircraft with composite tails are 1n ser-
vice, these too are critical in stiffness rather than
strength But in primary structures hike wings and
fuselages, strength 1s of utmost concern There,
the effects of structural damage on residual strength
must be calculable to assess flight safety and repair
procedures

Residual strengths of laminates containing crack-
like defects (through shts) have been studied ex-
tensively Those data indicate that graphite/epoxy

1 Mylar Regstered trademark of E I du Pont de Nemours
& Co, Inc

laminates are significantly weakened by shts and
fail m a brittle manner with lLttle stable crack
growth In 1964, Cook and Gordon (ref 1) proposed
that certain debonding phenomena occur ahead of
cracks 1 tension-loaded umidirectional composites,
thus abating the locally elevated fiber stresses In
1973, Marston (ref 2) suggested that intermittent
weak bonds between fiber and matrix could enhance
fracture toughness by encouraging a Cook-Gordon
mechanism to create beneficial interfacial disbonding
ahead of a tenston crack To evaluate this suggestion,
Atkins (ref 3) performed experiments on compact
tension specimens that were fabricated using boron
fibers that were mtermittently coated with varnish
and set 1n an epoxy matrix He found up to a four-
fold increase m fracture toughness

The application of this principle to graphite/
epoxy required a new concept for weakening be-
cause fibers as fine as graphite cannot be individ-
ually coated An alternate concept was proposed
by Wolf Elber (US Patent No 4,229,473) that
provided weakened interlaminar planes rather than
weak fiber/matrix interfaces. In his concept, thin
(7 pm) perforated Mylar sheets were interleaved with
graphite/epoxy prepreg, strong bonding occurs only
at the perforations Thus, total bond strength 1s con-
trolled by net perforation area and hole spacing El-
ber performed exploratory tests of this concept of
partial interlaminar separation and reported the re-
sults 1n reference 4 His specimens were 150 mm
wide, and the perforated Mylar was mserted in the
region of the shit to within 12 5 mm of each edge Us-
g 40- to 50-percent bonding, he found a 60-percent
increase 1n fracture load for centrally shtted speci-
mens Specimens under tensile load survived impacts
for prestresses up to 375 MPa if they contained per-
forated Mylar Without Mylar, specimens failed at
prestresses as low as 250 MPa

In 1977, Felbeck (ref 5) used 11-, 22-, and
6 8-mm-diameter holes 1n Mylar to develop par-
tial bonding from 0 to 100 percent n sIx imcre-
ments Specimens were of the double-cantilever type
Fracture toughness was increased by 190 percent
for about 14-percent bonding, whereas the tensile
strength was reduced by only 26 percent In 1979,
Jea (ref 6) reported results on a larger number of
modified compact tension specimens, he used only
1 1-mm-diameter holes in the Mylar Jea found up
to a four-fold increase 1n fracture toughness for bond-
ing fractions of 18 and 36 percent Surprisingly,
he observed no sigmificant difference between tensile
strengths at these two bonding fractions and no loss
of tensile strength due to the presence of the My-
lar interleaves themselves Jea suggested that opti-
mum bonding for T300/5208 graphite/epoxy quasi-




1sotropic laminates occurred at about 18-percent
perforations

Finally, im 1980, Felbeck and Jea (ref 7) per-
formed additional tests on modified compact tension
specimens and concluded that fracture toughness
was ncreased from about 100 to about 500 kJ/m?,
whereas tensile strength dropped from 500 to
400 MPa Reference 8 supports the concept of inter-
laminar weakening to improve fracture toughness In
that paper, Poe concluded that easy crack-tip dam-
age raised the fracture toughness of graphite/epoxy,
whereas strong, tough matrices inhibited such dam-
age and depressed the fracture toughness

These studies showed that the intermittent
bonding concept can significantly enhance fracture
toughness yet maintain a reasonable tensile strength
Before this concept 1s considered for composite struc-
tures, 1ts effects on other desirable properties must
be determined In the present work, the capabihity
to carry load while being subjected to impact was ex-
amined experimentally for T300/5208 laminates In
addition, the effects of partial bonding on the behav-
1or of specimens with load-bearing holes were inves-
tigated

Materials and Specimens

Quasi-1sotropic laminates were laid up with
24 plies of T300/5208 prepreg and were cured using
the manufacturer’s standard autoclave procedure
Nine panels that were 172 cm by 30 cm were fab-
ricated and ultrasonically scanned Specimens were
laid out as shown 1n figure 1 and were cut into the
shapes shown 1n figure 2 The impact specimens were
labeled with two digits, the first 1s the panel number
and the second 1s the number of the specimen within
the panel For example, “3-1” denotes the first spec-
imen 1 panel 3 Partial interlaminar bonding was
attained by alternating prepreg plies with perforated
Mylar sheets. The hole patterns in the Mylar sheets
are shown 1n figure 3 Holes for both patterns had the
same diameter. Therefore, varymng hole spacing pro-
duced two different bonding fractions The presence
of the 7-um-thick Mylar sheets added approximately
8 pm to the thickness of each ply The extra 1 um was
probably due to excess epoxy retained i the lami-
nate Thus, the normal 24-ply lammnate thickness
averaged 3 12 mm, whereas those with Mylar sheets
averaged 332 mm The perforation fractions that
were estimated using a X30 microscope were 25 and
15 percent Throughout this paper, the three degrees
of bonding are referred to as “100-percent bonded”,
“25-percent bonded”, and “15-percent bonded”

The pmn-loading holes 1 these loaded-hole spec-
mmens were machined with an ultrasonic drill Ra-
diographs showed that machining damage around
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the holes was mmsignificant Three types of loaded-
hole specimens were tested (fig 2): bearing critical
(B), shear critical (S), and tension critical (T). The
loaded-hole specimens were labeled with a letter and
a number The letter refers to the critical mode of
farlure and the number 1s the panel number Thus,
S-2 1s the shear-critical specimen from panel num-
ber 2

Apparatus

Impact Tests

The 1mpact apparatus shown in figures 4 and 5
1s the same system that was used for the impact
work published n reference 9 A 1 3-cm-diameter
aluminum sphere was propelled within a steel barrel
by air pressure The desired velocity was controlled
by presetting the pressure-control valve Figure 6
shows how air pressure 1s related to velocity for
various hole si1zes 1n the orifice plate At the exit end
of the barrel, a two-diode detector senses the passage
of the sphere An event timer indicates the elapsed
time between the two diodes from which exit velocity
may be accurately calculated The mmpact event
1s imitiated by opening the quick-acting solenoid air
valve

Shown 1n figure 5(b) are the steel antibuckling
frames They are 2 5 cm thick and 15 cm square over-
all with a 7 6-cm-square window centrally located
Calculations showed that an undamaged 24-ply lam-
inate would not buckle within a 7 6-cm window under
axial compressive preloads up to the highest preload
contemplated for the present test series Figure 5(c)
shows the gun aligner used to aim the gun at the cen-
ter of each specimen The transparent safety shield
helped retain the aluminum spheres after impact A
new sphere was used for each impact. The centering
clamps held the antibuckling frames 1n line with the
grips Figure 5(d) shows the reverse side of the test
setup A DCDT (direct-current differential trans-
former) was mounted to the upper grip to monitor
the distance between grips

Axial tensile or compressive loads produced by
a hydraulic cylinder beneath the lower grip were
sensed by a load cell that controlled the loads through
servovalves The plastic-lined box grips relied on
friction to transfer loads to the specimens Six
0 5-in-diameter screws in each grip were torqued to
100 ft-Ibf The two halves of the antibuckhing frame
were held aganst the specimen with light pressure
by carefully torquing eight screws connecting the two
frames




Loaded-Hole Tests

Because the primary purpose of the tests of
loaded-hole specimens was to track damage accu-
mulation, each test was iterrupted periodically for
NDE Hence, the loads measured after the first load-
ing cycle were probably influenced by previous load
cycles

A special apparatus for continuously measuring
elongation of loaded holes 1s shown m figure 7 A
drop of glue held the wire to the edge of the hole
This method was conceived by Crews and 1s de-
scribed fully in reference 10 One end of the spec-
imen was gripped by friction Load was introduced
mto the hole by a clevis with a 0 25-1n-diameter steel
bolt that was torqued to 50 in-1bf, a moderate torque
for this size of bolt Hole-bolt clearance was 0 005 1n
Two steel washers separated the clevis from the spec-
men The washers and the bolt were slotted so
that a bent wire could bear on the edge of the hole
and transmat the displacement to two transducers at-
tached to the clevis Thus, as a tensile load was ap-
plied, the transducers measured the changing diame-
ter of the hole in the direction of loading The clevis
and bolt were too stiff to perturb this measurement
matenally

Loading was by a hydraulically actuated testing
machine using hole-elongation control to avoid sud-
den destruction of the specimens In some cases, this
strategy did not prevent sudden fracture Loading
rate was slaved to produce a hole-elongation rate of
0005 mm/s To monitor the accumulation of dam-
age, each specimen was periodically unloaded, in-
jected with X-ray opaque dye (zinc 10dide), and ra-
diographed Specimens were radiographed whenever
significant damage was indicated by a sudden noise
and/or a sudden drop mn load This procedure was
continued until either gross failure occurred or de-
flection increased while the load remained constant—
essentially a pseudoplastic condition

Results and Discussion

Tensile Tests of Undamaged Specimens

Tensile tests were performed on 4 8-cm-wide spec-
imens to determine the basic properties of this lay-
up Strains were sensed with a foil x-y gauge at the
center of the back and front faces The results are
given 1n table I Typical tensile stress-strain curves
are sketched n figure 8 It 1s apparent that the sur-
face phes (45°) of the laminates contamning Mylar
sheets delaminated early and voided the gauges The
sudden decrease 1n strains at the breaks indicates
that 45° surface plies had decoupled from the oth-
ers The 100-percent-bonded laminates maintained

mtegrity until final fracture The breaks in the stress-
strain curves for 25- and 15-percent-bonded speci-
mens occurred at strains that were proportional to
their bonding fractions, thus showing that they were
triggered by the weakened interfaces It should be
noted that throughout this paper a “standard ply”
thickness of 0 140 mm was assumed, which leads to
a 24-ply standard thickness of 3 36 mm A standard
thickness 1s desirable because the strength and stiff-
ness of a laminate with a plastic matrix 1s overwhelm-
ingly dependent on the fiber content regardless of the
proportion of plastic to fiber Thus, when stresses are
calculated herein, the effective area 1s the standard
thickness multiplied by the actual laminate width

Figure 9 shows photographs of a typical tensile
failure for each bonding percentage For 100-percent
bonding, the fracture damage was confined to a short
distance from the transverse separation In contrast,
the partially bonded specimens delaminated to con-
siderable lengths, almost reaching the grips in the
15-percent-bonded case  These failures illustrate
that weakened interlaminar bonds encourage wide-
spread delamination

Compressive Tests of Undamaged Specimens

Tests for compressive properties were done on
specimens of the same width as those used for impact
tests (99 cm) The results are given 1n table II The
first number 1n the specimen designation 1s the panel
from whence 1t came The specimens for compressive
property tests were made from different panels than
those for the impact specimens However, auxilary
tensile tests showed that these three panels (15, 16,
and 17) were nearly 1dentical to the impact panels (1
to 9) and so may be considered equivalent for general
compansons of data Compressive strengths dropped
monotonically with the percent of bonding

Impact and Residual-Strength Tests

Since prestrain could not be monitored on the
specimens because of mterference with the impactor,
the prestrains were set up for each test assuming that
the distance between grips changed in correspon-
dence with the total deflection of the specimen After
the impact tests were completed, this assumption was
checked with an undamaged specimen that was 1n-
strumented across the midline with three foil gauges
on each face The specimen was loaded to 89 kN
tension (or 269 MPa stress) and compression using
the same carefully controlled gripping procedure that
was used for the impact tests The results are shown
in figure 10 It was found that the average of six foil
gauges produced a hnear load-stramn trace in both
tension and compression But the DCDT between
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grips produced decidedly nonlinear curves It is prob-
able that the specimens and the plastic grip pads
deformed significantly within the grips during load-
ing, the higher the load, the greater the proportion
of deformation within the grips Consequently, the
actual prestrains were obtamned after the fact using
the actual loads and the moduli from tables I and II
and Hooke’s law Thus, specimens were impacted
under tensile or compressive prestrains varying from
0 0018 to 0 0065

Impact velocities were varied from 12 to 75 m/s
The object was to define a boundary that separates
those specimens that survived from those that col-
lapsed or fractured during impact Table III sum-
marizes the impact test results, figure 11 shows the
results for impact under tensile prestrain No dif-
ferences were discerned for the survival threshold
1n tension for the 100-percent-, 25-percent-, or 15-
percent-bonded specimens Some improvement had
been expected 1n light of the gains in fracture tough-
ness brought about by partial bonding as reported
in references 4 to 7 Also, Kennedy (ref 11), using
16-ply quasi-1sotropic laminates, showed increases n
fracture strength up to 37 percent for specimens of
widths from 2 2 to 10 1 cm with shits of one-third the
width

Apparently, increased fracture toughness does
not necessarily translate into improved impact resis-
tance More troubling 1s the improvement in 1mpact
resistance found by Elber (ref 4) for two specimens
that contained Mylar interleaves with 40-percent per-
forations made with a computer-card puncher The
greater percent of bonding may have contributed to
that improvement, but another factor may be that
his Mylar interleaves extended only to 12 5 mm from
the edges This feature may have prevented prema-
ture failure of the 45° ples at the edges

In contrast to the tensile results, figure 12 for
compressive prestrains shows a serious degradation
of mmpact resistance for the partially bonded speci-
mens The specimens with 25-percent and 15-percent
bonding were equally degraded The thresholds for
compressive prestrain, even for 100-percent bonding,
were much lower than those for tensile prestrain for
the same impact velocities These results for com-
pression are not unexpected because 1t 1s known that
the compressive strength of composites 1s quite sensi-
tive to delaminations The data suggest that failures
will not occur below a certain prestrain level regard-
less of velocity This agrees with previous research
which suggested that as penetration velocity 1s ap-
proached, the damage done by impacts levels off and
actually decreases somewhat (ref 12)

In tension the Iimit 1s about 0 0047. This 1s about
one-half the ultimate strain for undamaged speci-
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mens The prestrain level for the limit in compres-
sion (fig 12) of 0 0024 1s close to the 0 0028 reported
in reference 13 for the same material but twice as
thick (48 plies) The thicker material was more re-
sistant to impact collapse as evidenced by the knee
of the threshold curve being at a velocity of 110 m/s,
whereas m the present tests 1t was at 50 m/s The
threshold for faillure when impacted under load pro-
vides guidelines for in-flight survivability. Having
survived a damaging mmpact, 1t 1s of interest to as-
certain the capabilities of the weakened but ntact
specimens The remainder of the discussion will con-
cern the damage detected by ultrasonic C-scan -
spection and the residual strengths of the survivors
The survivors of the impact tests were scanned ul-
trasonically to detect the extent of impact damage
The C-scans are shown in figure 13 The outhne
of the window 1n the antibuckling guide 1s shown
as dashed hnes The attenuation ratio between the
light and dark areas was 6 dB The X-radiographs
are arranged 1n order of increasing area of delami-
nation The most noticeable features of the scans
for tension prestrain are the “ears” that protrude at
45°. No ears occurred for compressive prestrains.
Similar impact ears were reported 1n the hterature
For example, reference 14 reported C-scans with ears
for 8-ply graphite/epoxy that was impacted with a
12 7-mm sphere while clamped 1n a 101-mm circular
ring. Although those specimens were not preloaded,
membrane deformation during impact induced some
tensile mplane stress Apparently, impact in the
presence of tensile stress will produce C-scan ears
parallel to a 45° ply The ears are probably elon-
gated delaminations at one interface that projected
beyond the symmetric delaminations at other inter-
faces

The surviving specimens were tested for residual
tensile or compressive strengths using the same an-
tibuckling frame that was used for the impact tests
The results are listed in table III and are shown
figure 14 plotted against velocity In the figure the
prestresses during impact are indicated as short hori-
zontal bars The threshold curves from figures 11 and
12 are also shown with the ordinate converted from
strain to stress using Young’s modulus Two spec-
mmens, labeled “(1)”, were impacted in compression
but were failed 1n tension For tension (fig 14(a)),
two failure points lie below the threshold The point
marked “(1)” was impacted while under compression,
but that does not explain 1ts low strength because
another such test (Just to the left) fell well above
the threshold For compression (fig 14(b)), failing
stresses were all above the threshold curves It ap-
pears that the residual strengths are not related to
the threshold curves in a simple way




Number of correlations for -
Sense
of Bonding, | Maximum Damage area Damage width

preload percent possible | Velocity |Prestrain | Velocity [Prestramn

Tension 100 1 1 0 1 1

25 2 2 0 2 0

15 3 3 0 3 0

Total 6 6 0 6 1

Compression 100 6 4 1 4 2

25 3 2 2 2 1

15 2 0 1 1 0

Total 11 6 4 7 3

Residual strengths are also given 1n table III
as fractions of the strengths of undamaged
specimens  The tensile strength of undamaged
100-percent-bonded material exceeded the compres-
sive strength by 6 percent The effect of 25-percent
and 15-percent bonding, in the absence of damage,
was to lower the tensile strengths to 84 and 64 per-
cent, respectively (See fig 8 ) For compression, the
25- and 15-percent-bonding strengths were lowered
to a single level —70 percent

The relation between residual strengths and dam-
age areas 1s shown 1n figure 15 Generally, strengths
decreased with increased damage area for all three
degrees of bonding, as indicated by the faired trend
lines In tension, the 100-percent strengths fell con-
siderably below those for 25 and 15 percent for
a given damage area. In compression, strengths
for 100-percent bonding fell, with the lowest val-
ues found for partially bonded specimens These
two observations could indicate that for the same ar-
eas of delamination, fiber failure caused by impact
was more extensive In the 100-percent specimens
It appears that partial bonding improves the resid-
ual strengths of the survivors somewhat C-scanning
can detect the projected areas of delamination, but
1t cannnot detect the extent within individual layers
or detect fiber failures It 1s clear that this method
of NDE 1s not appropriate for determining residual
strengths after impact

Significance of Velocity Versus Prestrain

The extent of delamination 1s affected by both
the velocity of impact and the prestrain levels The
relative importance of these two factors on damage
could not be determimned directly because of the
paucity of data However, two representations of
the data giving evidence toward this end will now
be discussed

First, the senses of changes in velocity and pre-
strain (positive, neutral, or negative) are compared

with the senses of changes in damage area and dam-
age width, as seen by the C-scans Delamination
areas and widths are plotted, respectively, in fig-
ures 16 and 17 aganst velocities and prestrains
The velocity data are connected with solid lines
and the prestrain data are connected with dashed
limes Correlations are indicated by positive slopes
because damage 1s expected to increase monotoni-
cally with increases of an effective parameter A tab-
ular summary of correlations 1s shown in the table
above For tension preload, velocity had the max-
imum possible number of correlations with damage
area and width, prestrain correlated only once with
width and never with area For compression, ve-
locity correlated in shightly more than one-half the
events, whereas prestrain correlated in about one-
third This comparison supports velocity as the ma-
jor delamination driver when prestram is tensile and
as a somewhat less dominant driver when prestrain 1s
compressive

Second, the residual tensile and compressive
strengths of the impact survivors were plotted 1n fig-
ure 18 against velocity and prestrain Lines were
drawn through the symbols whenever a definite trend
was indicated Velocity again correlated well, this
time with residual strength, in both tension and
compression  The prestrain data show a general
trend that 1s contrary to expectations That 1s,
strength increased with prestran levels Two spec-
mmens that were mmpacted under compression but
pulled 1n tension to failure (marked “C”) fell outside
the trends If these two data points are discounted,
mpact damage at a given velocity weakened the
100-percent-bonded specimens to a greater extent in
tension than the partially bonded specimens

Therefore, the evidence from figures 16, 17, and
18 indicates a strong correlation between 1mpact
velocity and specimen damage 1n both tension and
compression, prestrain had minimal effect and then
only 1n compression




Although these data showed little increase 1n 1m-
pact resistance under tensile preload and a seri-
ous degradation for compressive preloads, they are
still very useful for evaluating the general effects of
weakened interfaces on some laminate properties

Loaded-Hole Tests

Recall that to monitor the accumulation of dam-
age, each spectmen was unloaded and radiographed
whenever significant damage was 1ndicated by sight
or sound Table IV summarizes the results in terms
of peak loads and deflections for both the first cycle
and the final cycle and 1n terms of the overall maxi-
mum values obtained for each specimen The shapes
of the load-deflection curves are shown schemati-
cally in figure 19 Some of the shear-critical and
tension-critical specimens failled i the first cycle
without warning However, 1if the first cycle did not
cause failure of the bearmg-critical or shear-critical
specimens, repetitions expanded the hysteresis loops
None of the bearing-critical specimens failed com-
pletely but instead developed apparent pseudoplas-
ticity, that 1s, further deflections did not increase
the load Conversely, all the tension-critical speci-
mens failed without showing signs of pseudoplastic-
ity Four shear-critical specimens developed pseu-
doplasticity and five failled completely The effect
of partial bonding 1n the bearing case was to 1n-
crease the maximum hole elongation émax prior to
pseudoplasticity For the shear-critical and tension-
critical cases, not much effect of partial bonding on
the cyclic loop shapes 1s seen For the tension-critical
and shear-critical specimens, modes of damage other
than bearing were activated before reaching the bear-
ing first-damage load P; Other features are better
expressed mn subsequent figures

The effects of partial bonding on maximum bear-
ing stress (Sp = P;/td) can be seen 1n figure 20 For
all three specimen types, the maximum stresses were
highest for 100-percent bonding For bearing and
shear specimens, the maxima were reduced by 18
and 28 percent for 25 and 15 percent bondings, re-
spectively Bearing strength 1s dependent on interply
integrity because 1t 1s essentially a compressive phe-
nomenon Therefore, the lower strengths for partial
bonding of bearing-critical specimens are expected
because of the weakened interfaces

Also shown in figure 20 are the values of S
from reference 15 for thinner (16-ply) quasi-1sotropic
loaded-hole specimens of the same material and
design as the present specimens but fully bonded
(ponts A and B 1n fig 20) For bearing-critical spec-
imens, the first-damage stress 1s much lower for the
referenced 16-ply matenial although the maximum
stresses are equal Probably, the mitial local bearing
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damage 1s delayed 1n the thicker material because
of the extra lateral support The partially bonded
thicker material also carried higher bearing stresses
than the thinner fully bonded material Conversely,
for shear-critical tests, the stresses for imtial damage
are similar although the maximum stress 1s higher
for the thicker laminate For tension-critical tests,
both mmitial and maximum stresses are unaffected by
thickness

Damage was visualized with radiographs taken
after each cycle using a contrast-enhancing zinc 10-
dide solution. The radiographs of the damaged re-
gions of all specimens are shown in figures 21, 22,
and 23 together with the loads and hole elonga-
tions that were reached prior to each radiograph
The radiographs for three of the peaks for specimens
B-4 and B-5 are not shown i figure 21 for conve-
nience The letters B, S, and T followed by a num-
ber refer to specimen type and panel number, re-
spectively. In figure 21(a) note that all radiographs
of the 100-percent-bonded bearing-critical specimens
except one were made with a gold chloride enhancer
One can see by the final view of specimen B-3
that zinc 10dide penetrates deeper and shows more
damage

The accumulation of damage as revealed by these
radiographs proceeded differently in the three types
of specimens, as described in the following discussion

First, the bearing-critical specimens (fig 21) for
100-percent bonding, damage apparently began as
semictrcumferential local crushing followed by wave-
like spreading from the loaded side of the hole Par-
tial bonding encouraged the early appearance of 45°
shear strips (which did not reach any edge) in concert
with the wavelike spreading

Second, the shear-critical specimens (fig 22)
for 100-percent bonding, early damage appeared as
small tension cracks transverse to the load followed
by 45° shear strips that ran to the end and edges
The partially bonded specimens generated no tension
cracks but developed 45° shear strips as in the 100-
percent-bonded case.

Third, the tension-critical specimens (fig 23) for
100-percent bonding, damage again started as tiny
tension cracks However, 1n this case, the tension
cracks were accompanied by short 45° shear cracks
The shear cracks grew as the tension cracks advanced
to the edges For the partially bonded specimens, no
initial tension cracks or bearing crushing appeared
before final faillure. However, delaminated strips de-
veloped along the longitudinal edges of the speci-
mens and extended to the ends of the specimens
In general, this edge damage was greater for those
specimens with partial bonding The following ta-
ble summarizes the senses of the effects of partial




Specimen critical mn -

Parameter Bearing l Shear Tension
Load

First damage, Py - 0 +

Failure, Pp (a) - -

Maximum, Pmax - - -

Hole elongation

First damage, 6; - 0 +
Failure, ép (a) - -

Maximum, Smax + — -

@Test terminated before complete failure

bonding on measured loads and hole elongations
(from table IV) In bearing-critical specimens, par-
tial bonding reduced the loads and elongations for
first damage but the maximum elongations were sig-
nificantly increased As noted earher, this 1s not
surprising because bearing resistance depends on
mterlaminar strength to maintain the fibers in align-
ment, and the greater values of épax were the
result of softening due to damage spread In shear-
critical specimens, the first-damage loads and elonga-
tions were unaffected by partial bonding This would
suggest that the imtial damage was primarily inter-
fiber rather than interlammar Maximum loads and
faillure loads and elongations fell with partial bond-
ing The reductions 1n elongation showed that bear-
ing was not a major contributor to the shear-critical
fallures In tension-critical specimens, the greater
loads and elongations to exhibit first damage indi-
cate that partial bonding enhanced the load at first
damage without reducing imtial stiffnesses Failure
loads (maximum loads) were only slightly depressed,
a result supporting the notion that phenomena other
than bearing or interlaminar shear were opérative 1n
these specimens As 1n other published fracture data,
weakened interlammar bonding can beneficially blunt
the .dects of a stress ratser when tension 1s the major
mode of failure (ref 8)

These data for loaded holes show that partial
bonding can raise the load for first damage 1n cases
where a joint 1s tension critical On the other hand,
all other load milestones were degraded or unaffected

Conclusions

An nterlaminar weakening concept that was de-
veloped to improve fracture toughness of graphite/
epoxy laminates was evaluated for 1ts effects on resis-
tance to impact and for 1ts behavior around a loaded
hole The following conclusions were based on this
study

Impact Tests

1 The threshold for impact fracture under ten-
sile loads was unaffected by partial bonding The
mimmum prestran for fracture was 0 0047 at veloc-
1ties greater than 50 m/s This 1s about one-half the
ultimate stramn for undamaged specimens

2 Under compression, the minimum prestrain for
collapse was about one-half that for tension

3 Under compression, partial bonding seriously
degraded the impact resistance of the laminate The
survivable velocity of impact was lowered by a factor
of 2

4 Damage was nfluenced more by the velocity of
umpact than by the prestrain level

5 For undamaged specimens, partial bonding
lowered the tensile and compressive strengths to 64
and 70 percent, respectively, when compared with
100-percent-bonded laminates

6 Residual tensile strengths after impact were
generally higher for partially bonded specimens than
for fully bonded specimens

Loaded-Hole Tests

1 Partial bonding reduced the maximum load-
carrying ability for bearing-critical specimens, shear-
critical specimens, and, to a lesser extent, tension-
critical specimens

2 First-damage loads were increased by partial
bonding 1n the tension-critical case although maxi-
mum loads were somewhat depressed

3 Maximum hole elongations were increased for
bearing-critical specimens but were decreased for
shear-critical and tension-critical specimens by par-
tial bonding

4 When shear and tension failures were pre-
cluded, bearing damage led to pseudoplastic
behavior

NASA Langley Research Center
Hampton, VA 23665-5225
March 13, 1986
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TABLE I EFFECTS OF PERFORATED MYLAR SHEETS ON TENSILE PROPERTIES
[[45/90/0/-45/-45/0/90/45/45/90/0/-45]s, two tests per panel]

Young’s

Bonding, Sult, MPa Poisson’s modulus, GPa
percent Panel (a) Strain rat1o, pzy (b)
100 1 €437 9375 x 10~° €0 296 505
2 479 9308 302 51 4
3 489 9518 296 514
Average 468 9400 x 10~° 0298 511
25 4 411 48470 x 10~° 0 257 50 1
5 403 48150 295 50 5
6 405 47675 297 50 7
Average 406 8098 x 10~° 0 283 50 4
15 7 359 %5000 x 10~ 0294 529
8 363 45340 293 52 1
9 358 45025 278 515
Average 360 5122 x 10~° 0 288 522

2Specimen standard cross section 4 80 cm by 0 335 cm = 1 61 cm?

bInitial slope
¢One test only

dSurface plies separated at these strains, thus voiding further measurements

TABLE II EFFECTS OF PERFORATED MYLAR SHEETS ON COMPRESSIVE PROPERTIES
[[45 /90/0/-45/-45/0/90/45/45/90/0/-45]s, tested with 7 6-cm-square wmdow]

Young’s
Bonding, Specimen Sut, MPa modulus, GPa
percent (a) (b) (¢)
100 15-1 511 504
15-2 481
Average 496
25 16-1 340 494
16-2 363
Average 352
15 17-2 355
17-3 347 496
Average 351

2No compressive-strength tests run on panels 1 to 9

bSpecimen standard cross section 9 88 cm by 0335 cm = 3 31 cm?

®Imitial slope, blank spaces indicate no data obtained
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TABLE III RESULTS OF IMPACT AND RESIDUAL-STRENGTH TESTS

(a) Tensile prestramn

Damage?
Residual
Bonding, Specimen Preload, Velocity, Kinetic Failed Area, Width, ktrength, MPa| Strength
percent (a) Prestrain kN m/s energy, J | on impact? cm? cm (¢) fraction
100 )} 0 9484 100
3-5 5701 x 106 970 448 301 Yes
2-5 6407 1090 488 357 Yes
3-4 4879 830 338 172 No 22 28 312 64
1-6 4924 823 494 366 No 134 62 290 60
25 0 0 2407 100
6-5 5899 x 10~6 990 409 2 50 Yes
4-5 5819 96 5 48 8 357 Yes
6-4 4892 821 58 2 509 Yes
4-4 4764 790 48 2 348 No 294 61 399 98
5-4 4230 707 579 503 No 372 81 314 77
5-5 4313 721 65 5 644 No 43 4 84 239 59
15 0 0 2360 100
7-1 4826 x 1076 845 488 357 Yes
8-2 5607 96 7 314 148 No 116 39 410 114
9-1 5778 985 402 243 No (e) (e)
9-2 4986 850 473 335 No 359 63 362 101
8-1 4100 707 54 6 447 No 397 70 326 91
7-2 4015 703 753 851 No 65 4 89 309 86

%First number 15 panel of origin
bDamage detected by C-scanming

Based on nommal thickness of 3 35 mm and area of 2 21 cm?
dAverage tensile strength of 2-in-wide specimens (from table I)

€Delaminated far beyond window




TABLE III Concluded

(b) Compressive prestramn

Damage®
Bonding, Preload, Veloaty, Kimnetic Failed Area, Width, Residual Strength
percent Specimen Prestrain kN m/s energy, J {on impact? cm? cm L:trength, MPa fraction
100 0 0 5496 100
1-5 -5425 x 1076 -905 338 172 Yes
1-4 —-4466 -745 409 250 Yes
1-1 —4106 —685 470 331 Yes
2-4 -3669 612 470 331 Yes
2-1 —2745 —45 8 48 8 357 Yes
1-2 —4508 752 259 101 No 19 5 —512 103
3-1 —-2679 —-447 363 197 No 328 23 =317 64
2-2 -3357 —56 0 409 250 No 581 34 —200 40
3-2 -2398 -400 457 314 No 355 27 —191 39
2-3 —2242 =374 476 339 No 697 34 €431 120
1-3 -1798 -300 506 384 No 129 53
3-3 —2320 -387 527 417 No 109 42 —141 28
25 0 0 8351 100
5-1 —3425 x 10~6 -560 180 049 Yes
6-2 —2832 —46 3 247 92 Yes
6-3 —-2391 -391 280 118 Yes
5-2 —-2856 —46 7 305 139 Yes
4-1 —-3620 -59 2 311 145 Yes
5-3 —4458 =729 140 30 No 277 23 —-231 66
4-3 —-3510 -574 119 21 No 58 13 —383 109
4-2 -2813 —-46 0 180 49 No 426 28 —266 76
6-1 -1878 -307 183 50 No 327 22 —242 68
15 0 0 b351 100
8-4 —4538 x 1076 —-745 180 0 49 Yes
9-3 —-2778 —456 210 66 . Yes
8-3 —2765 —454 250 94 Yes
7-4 —-4337 -712 137 28 No 432 28 —-425 121
7-3 —3588 -589 155 36 No 758 32 —370 105
9-4 —2235 —36 7 213 68 No 439 32 —150 43

1T

%Damage detected by C-scannng
Average compressive strength for 4-in-wide specimens (from table II)
cTested for residual strength m tension
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TABLE IV RESULTS OF LOADED-HOLE TESTS

Bearmng-critical specimen Shear-critical specimen Tension-critical specimen
Bonding, | Panel
percent order Panels 1 to 9 Average Panels 1 to 9 Average Panels 1 to 9 Average
Values of Pj, kN

100 1,2,3 199, “(a), 188 194 126, 126, 127 126 102, 114, 110 109
25 4,5,6 17 3, 177, 170 173 (%), 11, 133 137 120, 116, 114 117
15 7,89 159, 159, 151 156 13 6, 118, 12 4 126 118, 122, 122 121

Values of 65, mm

100 1,2,3 0299, (a), 0284 0292 0197, 0198, 0169 0188 0 159, 0 200, 0169 0176
25 4,5,6 255, 260, 250 255 ), 207, 216 212 185, 190, 189 188
15 7,8,9 273, 280, 245 266 193, 165, 179 179 190, 206, 198 198

Vaues of Pr, kN

100 1,2,3 17 3, 172, 172 12 8, 12 3, 129 127
25 4,56 (c) 150, 14 3, (c) 147 120, 116, 124 120
15 7,8, 9 13 6, (e), 13 6, 117, 12 3, 122 121

Values of 6p, mm

100 1,2,3 0408, 0310, 0359 0 253, 0 249, 0257 0253
25 4,5,6 (c) 253, 255, (¢) 254 185, 190, 228 201
15 7,8,9 193, (c), 193 209, 216, 198 208

Values of Prnax, kN%

100 1,23 221, (a), 212 217 17 3, 172, 179 175 12 8, 12 3, 129 127
25 4,5,6 173, 177, 170 173 150, 14 3, 146 146 120, 11 6, 124 120
15 7,8,9 159, 159, 151 156 13 6, 124, 124 128 117, 12 3, 122 121

Values of §mpay, mm?

100 1,2,3 0575, (a), 0539 0557 0 408, 0314, 0378 0367 0253, 0 249, 0257 0253
25 4,56 979, 1 043, 1057 1026 (%), 255, 335 295 185, 190, 228 201
15 7,89 939, 550, 473 654 193, 385, 400 326 209, 216, 198 208

%No data recorded

bData for first cycle not recorded

¢Tests terminated before complete failure because of pseudoplasticity
4Bold maximum values comerde with failure values
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Critical in: Shear Bearing Tension
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Figure 2 Specimen shapes Dimensions are given in millimeters unless otherwise noted
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Figure 7. Test apparatus for loaded-hole specimens.
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Figure 8. Typical shapes of tensile stress-strain curves.
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Figure 10. Strain determined in two ways: foil gauges and direct-current differential transformer (DCDT).
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Figure 11. Effect of tensile prestrain and impact velocity on threshold curve for fracture. T300/5208; 24 plies.
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Figure 12. Effect of compressive prestrain and impact velocity on threshold curve for collapse. T300/5208;
24 plies.
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80 -7 . 0055
—~ . 0050
Tensile
prestrain
Velocity, — . 0045
m/s
i v €  Bonding
O @100%
20 ] B 5% -, 0040
A A D%
5 Velocity data
— — — Prestrain data
| | | | | I |
0 10 20 30 40 50 60 70
Area of delamination, cm2
(a) Tensile prestrain.
—.0045
—.0040
~1.0035
Velocity, Compressive
m/s prestrain
—.0030
— . 0025
—.,0020
|
14

Area of delamination, cm2
(b) Compressive prestrain.

Figure 16. Combined effects of velocity and prestrain on area of delamination.
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(a) Bearing critical; none failed.

Figure 19. Traces of load-deflection curves for loaded-hole specimens.
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Figure 19. Continued.
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Figure 19. Concluded.




1200 /N\aximum
— irst da
1000 |- B /-F damage
v
800 |- =
B..
Bearing A--- —_—
stress, 000 |- e B —
MP a A -
400 B
200
0
%bonded: 100 25 15 100 25 15 100 25 15
Critical in:  Bearing Shear Tension

Figure 20. Effect of partial bonding on maximum bearing stress S,. Points A and B denote first-damage stress

and maximum stress, respectively, for 16-ply laminates in reference 15.
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Specimen B-3

(1)Gold chloride used in place of zinc iodide.
1.-86-325

(a) 100-percent bonded. Gold chloride used as enhancer except for final view of specimen B-3.

Figure 21. Radiographs of bearing-critical specimens. Pin loaded toward left; zinc iodide was used as enhancer
unless otherwise noted.
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Figure 22. Concluded.
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Figure 23. Radiographs of tension-critical specimens. Pin loaded toward bottom; zinc iodide was used as

enhancer.
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