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TECHNICAL PUBLICATION

THE INFLUENCE OF G; AND G;; ON THE COMPRESSION AFTER IMPACT STRENGTH
OF CARBON FIBER/EPOXY LAMINATES AND SANDWICH STRUCTURE

1. INTRODUCTION

Since compression after impact (CAI) strength is often a major design driver of components
made with carbon fiber/epoxy matrix laminates, understanding the failure process would be benefi-
cial to help develop more damage-tolerant laminates and to help with the analytical modeling of the
compressive load-carrying capabilities of impact damaged laminates. In an effort to examine damage
growth during CALl tests to aid in this understanding of the failure process, the author has performed
many experiments in which CAI tests were stopped at approximately 95%-99% of the expected
failure load and the specimens subsequently examined using nondestructive evaluation (NDE) in
an attempt to observe delamination growth. These specimens were then dissected to ensure that any
delamination growth that the NDE might have missed was not present. Upon discovering no observ-
able delamination growth, the author then employed high-speed digital image correlation (DIC), in
which the growing delamination near failure would be captured by examining the of out-of-plane
displacement (blistering) enlargement. Even with this method, in which sublaminate buckling (blis-
tering) appeared evident, the buckled zone (blister size) was never bigger than the original damage
area; thus, no damage growth was found, even on lay-ups that should have facilitated delamination
growth. It should be noted that within milliseconds of failure, damage extension across the specimen
width was detected, but whether this was delamination growth or kink band formation and propa-
gation could not be determined. All CAI failures were catastrophic, and the only tests that resulted
in any kind of progressive damage growth well before failure consisted of fiber microbuckling (kink
band) growth emanating from the edge of the damage area if 0° plies were clumped on the outside
of the specimen. These CAI specimens were sandwich structure, and the DIC data indicated that
the sublaminate buckling was inward towards the core; thus, it was deduced that the core may have
suppressed the delamination growth. However, these results brought into question the mechanism of
failure of most CAI tests, since delamination growth appears to be the most popular model.1-2?

Experimental evidence of delamination growth during a CAI test is rather sparse, but has
been noted to various extents.-3:9:18.24.28 To the author’s knowledge, there have been no claims of
finding delamination growth along the length of a specimen during experiments. The growth, if
observed, has always been perpendicular to the loading direction.

In order to more closely interrogate the sequence and mode of failure of carbon/epoxy lami-
nates during a CAI test, the basic mechanisms of the test can be isolated and some simple observa-
tions made. These observations are based on the assumption that CAI strength is driven by both



mode I (opening) and mode II (sliding) interlaminar strength between plies. It is also assumed that
the damage resistance component is more mode II dominant and that the residual compression
strength testing component is more mode I dominated. This is sketched for clarity in figure 1 (mode
IT governing damage formation) and figure 2 (mode I governing residual compression strength). This
is a key assumption—and a rather simplistic one—since some combination of mode I, mode II, and
mode III fracture is likely present in all phases of the CAI test.
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Figure 1. Schematic of the damage resistance phase
of the CAI test.
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Figure 2. Schematic of the residual strength phase
of the CAI test: (a) Start of compression test
and (b) delamination growth during test.



One observation that can be made to determine if delamination growth is a mechanism gov-
erning CAI strength values is by first varying a parameter that is expected to affect delamination
growth, and then noting the differences in experimental results of the CAI tests. This can be done
without having to actually witness the delamination growth which, if it does occur, is difficult to
detect since the failure is usually catastrophic. Since it is assumed that delamination growth during
in-plane loading is mainly (not totally) an opening or mode I type separation of plies (as sketched in
fig. 2), then having laminates with varying fracture toughness (Gy) values should produce different
CAI strength results for a given damage state. This concept is sketched on the two plots in figure 3 as
a visual representation. If two fiber/resin systems have equal mode II toughness values, but one has
a higher mode I toughness value, then the damage size is expected to be about the same for both for
any given impact energy. Subsequently, upon compressive loading, the system with the higher mode
I toughness 1s assumed to resist damage growth more—resulting in a higher CAI strength value—
compared to the system with the lower mode I toughness value.
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Figure 3. Schematic of increased CAI strength due to increased mode I
toughness for two fiber/resin systems: (a) Formation of damage—
similar Gy values should give similar damage sizes and (b) higher
Gy value should give higher CAI strength values for a given dam-
age size.

In three studies that measured CAI strength and both mode I and mode II toughness modes,30-32
there was found to be an approximate linear correlation between CAI strength and mode II fracture
toughness, but there was no discernable correlation between mode I toughness and CAI strength. In
these studies, it was noted that the damage area formed due to the impact event was much smaller for
specimens with a higher mode II toughness and this caused most of the CAI strength improvement.

This dependence of CAI strength on mode II toughness (smaller damage size) rather than
mode I toughness (resistance to delamination growth) is evidenced by CAI strength versus impact
energy plots showing distinct differences between toughened and untoughened systems; but when
plotted as CAI strength versus damage size, the CAI strength curves are more similar for both tough-
ened and untoughened systems.33-3° This concept is sketched for clarity in figure 4. These results



indicate that the CAI strength of laminates is not heavily affected by delamination growth during in-
plane loading since the tougher laminates would be expected to have a notably higher CAI strength
for a given damage size considering that delamination growth should be suppressed.
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Figure 4. Schematic of the residual compressive strength of laminates: (a) As
a function of impact energy and (b) as a function of damage size.

Since CAI strength is related to damage size in much the same way as open-hole compression
(OHC) strength is related to hole size,40-42 a fiber microbuckling (kink band) mode of failure simi-
lar to holes has been suggested for the failure mechanism of a CAI test. The kink band formation-
equivalent hole model has been used by others to assess CAI strength of laminates.43-1 In this
model, for a given damage size, the remaining compression strength of an impact-damaged laminate
should be relatively independent of changes in G} and Gy; since failure is by 0° fiber kink band forma-
tion and propagation, not delamination growth. An examination of vendor data reveals that OHC
strength is fairly independent of resin toughness and most published values are in the 310-345 MPa
range (for IM7 carbon fiber-based quasi-isotropic laminates) despite different toughness resins, thus
kink band formation (the mechanism of failure for OHC laminates) does not appear to be dependent
on Gj or Gy.

If the opening mode (Gj toughness) was significant in CAl tests, then through thickness rein-
forced laminates—such as those that are stitched—would derive the majority of their CAI strength
improvement as a result of increased delamination growth resistance for a given damage size, not from
a reduction in damage size during the impact event. The results in the open literature on stitched lami-
nates tend to show improvement in CAI strength due to the stitching, causing a smaller damage area,
but in at least one case, there is evidence of an even greater CAI strength improvement other than
what would be expected—just to a smaller damage area;>? i.e., the behavior in figure 3(b) was seen for
one specimen.

Recent work>3 has suggested a model of CAI failure whereby delamination growth within
the already existing damage zone (undamaged cone of material directly under the impact site) is
a contributor to the CAI strength of laminates. It specifically mentions the two competing failure



mechanisms of load-bearing fiber microbuckling and delamination growth, with this model hav-
ing aspects of both. This study used interrupted testing (stopping the test just before failure) with
ex situ microfocus computed tomography to examine the state of damage so that the specimen could
be reloaded for further testing. To the author’s knowledge, the only other CAI testing programs in
which interrupted tests showed any damage evolution are in references 49 and 50. In these studies,
kink band formation was evident and quantified. Some delamination growth was noted from an
embedded defect (as opposed to impact damage) in interrupted testing in references 9 and 29; how-
ever, this study is concerned with damage due to impact, not foreign object debris (FOD) between
plies.

In order to help determine the relative mode I and mode II toughness contributions to CAI
strength, a systematic series of tests was performed at NASA Marshall Space Flight Center in which
the CAI strength of IM7 carbon fiber composites in a variety of epoxy resins of various toughness
values was assessed. The toughness values of the fiber/resin systems were established by the double
cantilever beam (DCB) test and the end notched flexure (ENF) test. In addition, OHC testing was
also performed to see if resin toughness values had any eftect on this strength value, since modeling
impact damage as an equivalent hole has been suggested.43-30 By having all specimen preparation
and testing of the various fiber/epoxy systems performed by the same personnel at the same labora-
tory, variations due to specimen preparation and testing are thought to be minimized and a more
representative database than those in references 30 through 32, which had only a few resin systems
or data from many different studies combined. Since much of the author’s work is with sandwich
structure, four of the seven carbon fiber/resin systems used were tested as face sheets of honeycomb
core sandwich structure to assess any differences that this may or may not cause.



2. MATERIAL

All of the laminates and sandwich structure tested in this study had unidirectional IM7 fiber
as the reinforcement. This was done so that the resins, and not the fibers, could be compared. A total
of seven IM7/epoxy systems were used. The ultimate goal of having a variety of resins was to obtain
a wide range of mode I and mode II toughness values.

Since some of the prepregs used were out of shelf life, or during the processing, the manufac-
turer’s recommended cure cycle was not strictly adhered to, the trade names of the matrix resins will
be replaced by identification numbers. The identification numbers were chosen in order of measured
Gyp values, with the highest Gy being called resin 1, the next highest resin 2, etc.

A list of the laminates used in this study are given in table 1, along with the nominal ply

thickness and fiber volume fraction of each laminate. All laminates were void free. The fiber volume
fraction was calculated using digital photo microscopy.

Table 1. Fiber/resin systems used in this study.

Resin | Nominal Cured Ply Vi
Identifier | Thickness (mm) (%)
1 0.137 56

2 0.135 58

3 0.135 58

4 0.119 61

5 0.137 57

6 0.137 57

7 0.142 54

The CAI and OHC laminates consisted of a 32-ply lay-up with the stacking sequence
[45,0,-45,90],5. Sections of the laminates produced were checked for void content and fiber volume
fraction, and results showed good repeatability for any given fiber/resin system. The sandwich struc-
ture tested for CAI strength consisted of 16-ply quasi-isotropic lay-ups with a stacking sequence of
[45,0,-45,90],. The face sheets were cured on a flat caul plate before bonding to the glass/phenolic
honeycomb core, thus no fiber waviness was present as is typical of a co-cured honeycomb sandwich
structure. The glass/phenolic core had a nominal density of 88 kg/m3.



3. EXPERIMENTAL

Some of the details of the experimental tests are given in this section. The most important aspect of
the tests conducted in this program was to be consistent between all fiber/resin systems. In order to achieve
this, all specimens were prepared and tested in an identical manner by the same personnel, so any biases
would be minimized and a better comparison of material response could be measured. Thus, sufficient
detail of each test will be given so the reader will have a better understanding of the resulting toughness
and strength values presented.

3.1 End Notch Flex

Approximate values for the mode II toughness of the various fiber/resin systems was established
using the ENF test, as outlined in reference 54. A schematic of this test is shown in figure 5. Initially, the
compliance calibration method was used; however, the areas method was eventually favored, since similar
results in mode II fracture toughness values were being obtained by this method. Since the relative tough-
ness between fiber/resin systems in this study was more important than the actual strain energy release rate
values (since design data were not being generated), this was deemed acceptable for comparison purposes
of values within this study.

Dimensions (mm)
Score Mark
Crack—\ Q
N g 5
> i
Q e

50.8 | 50.8

Figure 5. Schematic of the ENF test used in this study.

The ENF specimens were manufactured as 24-ply unidirectional laminates with a teflon insert at
the midplane on one end of the specimens. A precrack was made from the end of this insert by placing the
specimen in a three-point-bend fixture and loading until a crack grew from the end of the teflon insert to
produce a ‘natural’ crack front. The end of this natural crack was marked on the specimen by observation
under a microscope and cutting a score mark at the end of the crack using a razor blade. Afterwards, the



specimen was placed back in the three-point-bend fixture and loaded until another increment of crack
growth occurred. The specimen was then removed, and the new end of the crack was noted on each side
and marked on the specimen. To obtain a value for crack length, these length measurements on both sides
were averaged. This distance was multiplied by the specimen width to obtain the amount of new surface
area formed. The energy required to create this surface area was calculated from the area under the load-
displacement curve, as shown in figure 6. The mode II fracture toughness, denoted by Gy;, was calculated
by dividing the energy by the surface area created. This process was repeated down the length of the
specimen until the crack reached within 7 cm of the end of the specimen. Each specimen could yield three
or four measurements before the crack reached the end of the specimen. At least six specimens were tested
for each fiber/resin system.

Crack
Growth

Deflection

Figure 6. Schematic of load-displacement curve for ENF test
with the energy to create the new surface area noted
by the shaded region.

3.2 Double Cantilever Beam

Approximate values for the mode I toughness of the various fiber/resin systems were established
using the DCB test as outlined in reference 55. A schematic of this test is shown in figure 7. Initially, the
modified beam theory was used; however, the areas method was eventually favored since similar results
in mode I fracture toughness values were being obtained by this method. Since the relative toughness
between fiber/resin systems in this study was more important than the actual strain energy release rate val-
ues (considering that design data were not being generated), this was deemed acceptable for comparison
purposes within this study.
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Figure 7. Schematic of the DCB test.

The DCB specimens were manufactured as 30-ply unidirectional laminates with a teflon insert
embedded in the midplane at one end to start the crack growth process. Once the initial crack was started
from the end of the teflon insert (to produce a natural crack front), the specimens were removed and the
end of the natural crack tip was noted on each side of the specimen. The specimen was then reloaded, and
the test was performed continuously until the crack had grown approximately 10 cm. The specimen was
then removed and the new end of the crack was noted on both sides of the specimen. These two lengths
were averaged to obtain the overall length of the new crack formed. This length was multiplied by the
specimen width to obtain the amount of surface area created during the test. The energy needed to grow
the crack was calculated from the load-displacement curve, as shown schematically in figure 8. The G;
value was calculated by dividing this energy by the surface area created. At least five specimens from each
fiber/resin system were tested.

Load

Force

Return

Deflection

Figure 8. Schematic of load-displacement curve for DCB test
with the energy to create the new surface area noted
by the shaded region.



3.3 Open-Hole Compression

Values for the OHC strength of the various fiber/resin systems was established using ASTM
D6484.°% Specimens consisted of 32-ply quasi-isotropic laminates with a stacking sequence of
[45/0/—45/90]4¢. The results were normalized to 60% fiber volume fraction (Vf= 60%).

3.4 Compression After Impact
3.4.1 Laminates

Values for the CAI strength of the monolithic laminates of the various fiber/resin systems was
established using ASTM D-7137.37 Specimens consisted of 32-ply quasi-isotropic laminates with a stack-
ing sequence of [45/0/~45/90],. The strain on both faces of the specimen, away from the damage area,
was monitored during each compression test to make sure no deviation greater than 10% occurred. The
CAI strength results were normalized to 60% fiber volume fraction (Vf =60%). At least six specimens
were tested for each fiber/resin system.

The damage was induced by clamping each specimen over a 6.35-cm-diameter opening and
impacting at the center with a 12.7-mm instrumented tup. The laminates were all impacted with about
10.8 J of impact energy, and flash thermography was used to assess the planar extent of damage. This
impact energy value was chosen because it produced barely visible impact damage (BVID) on a common
toughened 32-ply carbon/epoxy laminate and BVID is typically the impact severity level of most interest.
An example of flash thermography indication with the damage width used to assess the severity of damage
is given in figure 9.

Figure 9. Flash thermography example
with damage width noted.
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The CAI strength results were normalized to 60% fiber volume fraction (Vf =60%). At least
six specimens were tested for each fiber/resin system.

3.4.2 Sandwich Structure

Values for the CAI strength of sandwich structures with face sheets of the four various fiber/resin
systems used to make these structures was established using the methodology detailed in reference 58.
Specimens consisted of 16-ply quasi-isotropic laminates that were precured before bonding to the glass/
phenolic core, with a stacking sequence of [45/0/-45/90],¢. The strain on both faces of the specimen,
away from the damage area, was monitored during each compression test to ensure no deviation greater
than 10% occurred. The CALI strength results were normalized to 60% fiber volume fraction ( Vf =60%).
At least six specimens were tested for each fiber/resin system.

The damage was induced by placing each specimen on a steel plate and impacting at the center
with a 12.7-mm instrumented tup. The laminates were all impacted with about 10.8 J of impact energy,
and flash thermography was used to assess the planar extent of damage. This value of impact energy was
chosen because it produced BVID on a common toughened 16-ply carbon/epoxy sandwich structure, and
BVID is typically the impact severity level of most interest. It is assumed to be happenstance that the same
value of impact energy was needed to cause BVID in both the 32-ply monolithic laminates and the 16-ply
face sheet sandwich structure.

11



4. RESULTS

The results of the ENF, DCB, OHC, and CALI tests will be summarized in this section.
4.1 End Notch Flex and Double Cantilever Beam
The results of the ENF and DCB tests are shown in table 2.

Table 2. Results of ENF and DCB testing
(averages and standard deviations).

Resin ENF-G,, DCB-G,
System (JIm2) (JIm2)
1 2,275+280 420+ 35

2 1,995+157 507 + 87

3 1,487 +£245 455+ 87

4 1,452+210 665 + 157

5 1,120+ 105 35070

6 857 £ 157 245 + 35

7 840+70 402 £ 70

In order to examine any relationship between Gy and Gy, the average values presented in
table 2 are plotted against each other and presented in figure 10. Perhaps a general correlation is
noted between Gy and Gy, but the correlation has enough variation such that a range of Gy and Gy;
values, not dependent on each other, will be available to isolate each of the toughness values to draw
conclusions about the contribution of each to CAI strength.

12
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Figure 10. Values of Gyy versus Gy for the fiber/resin
systems tested in this study.

4.2 Open-Hole Compression

The average strength results with standard deviations of the OHC tests are shown in table 3. Each
resin system had at least seven repeat tests.

Table 3. Results of the OHC tests.

Resin
System

OHC Strength
(MPa)

1

3469

2 326+5
3 324+9
4 3318
5
6
7

339+ 11
No data
328+14

These OHC strength results are plotted in figure 11 as a function of each of the mode I and
mode II toughness values, as given in table 2. Since the strength results differ so little, no discernable
trend between the toughness values and the OHC strengths can be established. All of the values are
in the 310-345 MPa range, which are similar to the vendor data as mentioned in the introduction.

13
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Figure 11. OHC strength values versus (a) Gy and (b) Gy; .
4.3 Laminate Compression After Impact
The average strength results with standard deviations of the 32-ply CAI tests are shown in

table 4. Each fiber/resin system had six repeat specimens.

Table 4. Results of the laminate CAI tests.

Impact Damage CAl

Resin Energy Width Strength
System (J) (mm) (MPa)

1 11£0.5 142+15 | 452430

2 11+0.3 21.1+1 365+26

3 10.8+0.3 | 25.1+£1.3 3046

4 10.7£01 | 254+15 | 303+14

5 10.8+0.1 | 29.7£1.8 | 288+22

6 10.6+0.05 | 31.2%1 279+12

7 11.1£01 | 328+1.3 269+6

These CAI strength results are plotted in figure 12 as a function of each of the mode I and
mode II toughness values, as given in table 2. The results are similar to those found in references 3032,
in which no distinct relationship between G; and CAI was found and a direct relation between Gy and
CAI appears to be present. The relationship between Gy; and CAI does not appear linear, especially at
the higher values of Gyj.
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Figure 12. CAI strength values versus (a) Gy and (b) Gy; for monolithic 32-ply laminates.
4.4 Sandwich Structure Compression After Impact
The strength results with standard deviations of the 16-ply CAI tests on sandwich structure

are shown in table 5. Each fiber/resin system had six repeat specimens.

Table 5. Results of the sandwich structure CAI tests.

Impact Damage CAl
Resin Energy Width Strength
System () (mm) (MPa)
1 N/A N/A N/A
2 10.7+0.04 | 27.4%1 293+ 14
3 11+£0.11 30£0.8 | 26515
4 N/A N/A N/A
5 10.7£0.23 | 36.3%2 238+9
6 N/A N/A N/A
7 10.6+0.68 | 39.9+1 235+14

These CAI strength results are plotted in figure 13 as a function of each of the mode I and
mode II toughness values, as given in table 2. The results are somewhat similar to those found for the
32-ply monolithic laminates, in which a lesser relationship between Gy and CAI was found compared
to the relation between Gy; and CAlL although only one type of specimen did not follow a trend for
the G; versus CAI data.
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5. DISCUSSION

Open-hole compression strength does appear to be independent of Gy and Gyy; thus, kink band for-
mation is assumed to be independent of these toughness values also. As a check that the OHC specimens
were indeed failing by kink band formation and propagation, a few OHC test specimens where taken to
near failure loads, and then removed from the load frame and cut and polished at the zone shown in figure
14. The accompanying photomicrograph shows kink band formation in the load-bearing 0° plies.

~————— Thickness Direction ——

Figure 14. Photomicrograph of 0° fiber kink bands (X 50)
from an OHC specimen taken to near expected
failure load.

For the 32-ply monolithic laminates, the CAI strength values appear to be independent of the mea-
sured Gy values and directly dependent on Gy; values, as shown in figure 12(b), with higher Gy; values,
giving a higher CAI strength. Since the higher mode I values have no noticeable effect on CAI strength,
the indication is that mode I delamination growth during the in-plane compressive loading does not occur,
or if it does, it has no effect on the ultimate CAI strength.

For the 16-ply face sheet sandwich structure, the results are less conclusive about the nonrelation-
ship between Gy and CAI strength, although only four of the resin systems were tested. As with the 32-ply
monolithic laminates, the Gy; versus CAI results see a distinctive trend, with higher Gy; values giving
higher CAI strength values.

Figure 15 is a plot of CAI strength versus damage size for all the resin systems, with an exponen-
tial best fit curve applied. This type of best fit curve has been shown to characterize CAI strength versus
damage size data well.’® If the mode I toughness values (noted next to each data point) had any effect on
the CAI failure mechanism, these data would not fit the curve so well. The laminates with the higher G;
values should have strengths above the best fit curve, as shown schematically in figure 3(b). Conversely,
the data with low Gy values would be expected to fall below the best fit curve, but neither is the case. Either
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next to each data point for all seven fiber/resin systems tested.

delamination growth of the mode I type is not occurring during the compressive loading phase, or if it
does, the damage growth due to opening-type delamination growth as measured by the DCB test is not
responsible for the ultimate compressive failure.

Figure 15 indicates that CAI strength is only dependent on the size of damage that is incurred dur-
ing the impact event for any given impact energy. If this is true, the damage size should be directly related
to Gy; for a given impact energy level and show no dependence on G, based on the assumptions made in
figure 1. As a check, the damage sizes incurred are plotted versus Gy and Gy in figure 16, and a relationship
between Gand damage size is seen to be present. This is not unexpected, as it has been suggested that the
relationship between damage size formed and Gy is so well defined that an instrumented drop weight test
has been suggested as a method to measure Gy
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Figure 16. Damage size versus (a) Gy and (b) Gy .

Thus, increasing the mode I toughness has little to no effect on the damage tolerance of the lami-
nates tested in this study. There is assumed to be some lower bound of which the mode I toughness would
have an effect on CAI strength, as it is hard to envision a laminate with virtually no mode I toughness
having the same damage tolerance as the laminates tested in this study. However, for the practical ranges
of mode I toughness values typically encountered in structural applications, the magnitude of Gy appears
to have little effect.

Since the impact damaged region of the laminate had sublaminate buckling occur (which has been
noted by the author on most CAI specimens tested using digital image correlation and sometimes even
seen with the unaided eye), the assumption is both that the buckled region cannot carry more load and
any additional in-plane compressive load is now transferred around the buckled sublaminate. This causes
stress concentrations on either side of the buckled laminate, just like a hole would cause stress redistribu-
tion around it. This being the case, at some applied stress, the load-bearing fibers at the edge of the damage
zone that experience added loads due to the sublaminate buckling reach their ultimate stress value and
microbuckle in the same fashion as laminates with holes. This is consistent with the observation that OHC
strength is independent of mode I and mode II fracture toughness values.

With the data presented thus far, it is apparent that once damage is induced in a laminate, the
mode I toughness value has no effect on the residual compression strength. However, since the residual
strength is directly related to damage size, which in turn is directly related to mode II toughness, the
effects of varying mode II toughness values on the residual compressive strength of a damaged laminate
cannot be directly assessed. Because only one impact energy level was used and effects of changing mode
II toughness values on residual strength may be attributed solely to damage size; i.e., if damage growth
during a CAlI test is governed by mode II toughness and not mode I toughness, as assumed in figure 2, then
this cannot be ascertained with the data generated thus far.
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As a check on the damage tolerance of laminates with similar size damage, but with differing
Gy and Gy values, a limited series of CAI tests was performed comparing the CAI strength of resin
systems 2 and 7 with equal size damage. It is recognized that although the damage sizes are equal, the
through-thickness distribution of damage may not be, but if delamination growth is a driver, then lower
CAI strength should still be seen for low toughness values despite small differences in damage morphol-
ogy. In the first series of tests, resin system 2 was hit with about 22.4 J of impact energy to produce a dam-
age size of about 33 mm. This was compared to CAI specimens of resin system 7 hit with 10.8 J of impact
energy to produce a similar 33-mm damage size. A comparison of the NDE indications and cross sections
through the damage zone are shown in figure 17.

Figure 17. NDE indications and photomicrographs of cross sections
for resin systems 2 and 7 with equal size damage (33 mm).

Subsequent CAI testing showed resin system 7 having a CAI strength of 269+ 6 MPa and resin
system 2 having a CAl strength of 284+ 8 MPa. If G|; was a driver in the failure mechanism, the more than
double value of Gy; for resin system 2 should cause a notably higher CAI strength other than the measured
6% for the similar states of damage.

This type of test was repeated on the same two material systems using a smaller size damage.
Resin system 2 was hit with 12.3 J and resin system 7 was hit with 5 J to create a damage size of about
23 cm in both. A comparison of the NDE indications and cross sections through the damage zone of these
specimens with smaller damage are shown in figure 18.
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Figure 18. NDE indications and photomicrographs of cross sections
for resin systems 2 and 7 with equal size damage (23 mm).

Subsequent CAI testing showed resin system 7 having a CAI strength of 373+ 14 MPa and resin
system 2 having a CAI strength of 346+19 MPa. If Gy; was a driver in the failure mechanism, the more
than double value of Gy; for resin system 2 should cause a notably higher CAI strength for the similar
states of damage, but resin system 7 actually has the higher CAI strength. This is thought to be a result of
less through-thickness damage to get a damage size of 23 mm in resin system 7, which supports the notion
that damage formation is key to CAI strength, not delamination growth either by mode I or mode II during
the subsequent in-plane compression event.

Even if delamination growth were present, at some point during the growth, the load not being
carried by the new, bigger delamination would dump even more load on the 0° fibers at the edge of the
damage zone. At some point, these fibers would be overloaded and fail by kink band formation. A recent
paper>? looked at these failure mechanisms analytically using finite element analysis and concluded that
both delamination growth and/or fiber failure could occur depending on where (through the thickness) and
how many artificial delaminations were inserted. The authors concluded that for most CAI cases, ‘in-plane
failure due to stress concentration is the dominant damage mechanism and delamination propagation is
unlikely,” since many delaminations distributed through the thickness tend to occur. It should be noted that
compression failure mechanisms due to foreign object debris (FOD) may differ from impact damage since
FOD has one delamination and no microcracks, and impact damage typically contains numerous delami-
nations and microcracks.

21



6. CONCLUSIONS

Within the assumptions made in figures 1 and 2, the results of this study indicate that the
mode I fracture toughness (as measured by the DCB test) have no effect on either the formation of
damage due to impact or on the resulting residual compression strength of carbon/epoxy laminates,
either as monolithic laminates or as face sheets of honeycomb sandwich structure. Thus, a delamina-
tion growth failure mechanism (that directly leads to failure) as assumed in figure 2 is not apparent in
this study. The mode II fracture toughness (as measured by the ENF test) has a direct correlation on
the size of the damage formed (verifying the assumption in fig. 1 and in ref. 39) and this size is what
governs the CAI strength. The effects of mode II fracture toughness on any damage growth mecha-
nisms during in-plane compressive loading also appeared to have no effect on the CAI strength of
laminates with similar damage morphologies based on the limited tests performed in this study.

From the data in this study, it is apparent that the majority of damage tolerance of a quasi-
1sotropic laminate is attributed to its resistance to forming damage due to an impact event, and this
damage formation is directly related to Gy;. Once damage has developed, the CAI strength appears
to be independent of G} and Gy, and the equivalent hole model seems to describe CAI behavior well.
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