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EXECUTIVE SUMMARY

This report contains the supplemental static test results of an investigation carried out to further
understand the influence of sandwich parameters—such as core type, cell size, core density,
disbond location, fabrication process, ribbon direction, and crack tip location—on the onset
damage in sandwich composites. This investigation was conducted using single-cantilever beam
static and fatigue testing for Mode | fracture toughness of a core-facesheet disbond. The initial
static test data, including fluid-ingression data and fatigue test data, were published as VVolumes |
and Il. Core properties, such as core density, cell size, and core type, influenced fracture toughness,
whereas fabrication processes had no effect. The information gathered through this research will
be instrumental in developing analytical methods and validating finite element analysis procedures
to further investigate the damage growth mechanics of sandwich composite structures. The data
can also be used in the design of composite sandwich structures constructed with materials and
geometries similar to those tested here.
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1. INTRODUCTION

Over the past 25 years, the use of advanced composite materials in aircraft primary structures has
increased significantly. In 1994, with the Advanced General Aviation Transport Experiments
program, NASA and the FAA revitalized the use of composites in general and commercial
aviation. Driven by the demand for fuel-efficient, lightweight, and high-stiffness structures that
have fatigue durability and corrosion resistance, large modern commercial aircraft are designed
with more than 50% composite materials. The certification for composites must meet rigorous
structural integrity, safety, and durability requirements. Despite the many advantages of composite
structures, composite structural certification becomes challenging because of the lack of
experience involving large-scale structures, complex interactive failure mechanisms, sensitivity to
temperature and moisture, and scatter in the data, especially fatigue data.

The onset of damage propagation and the critical damage threshold (CDT) is a function of the
stress level for a particular damage configuration. Typically, certification programs adopt the “no-
growth” damage-tolerant design concept, whereby a composite structure is required to demonstrate
the ability to contain intrinsic manufacturing defects and the maximum allowable service
damage(s) in adverse operational conditions and throughout the design life of the structure (i.e.,
the allowable damage limit is selected so that the fatigue stress level corresponding to the limit
load of the structure will not cause the onset of damage propagation prior to a life corresponding
to the design service goal). In contrast, a “stable-growth”
damage-tolerance design concept must consider the damage growth only if all of the following

apply:

1. Damage growth is stable or an arrest mechanism is in place prior to the damage reaching
CDT.

2. Damage growth can be predicted through analysis and can be verified by testing.

3. At least two inspection intervals occur prior to the damage reaching the CDT, if applicable.

Because the onset of damage propagation depends on several design parameters, such as load
spectrum/severity, damage configuration, environmental exposure, facesheet parameters, and
sandwich core parameters, the application of load-enhancement factors to a structure that exhibits
stable damage growth during test substantiation may significantly alter the fatigue life. Damage-
tolerance substantiation through the stable-growth approach for a specific structure requires
knowledge of the onset (initiation) and growth rate (propagation) of damage as well as factors that
influence both of them. Based on experimental validation, fracture toughness of the adhesive or
core can be used to predict the damage initiation [1]. The influence of key parameters, such as
initial damage configuration, environmental exposure, facesheet parameters, and sandwich core
parameters on both initiation and propagation must be studied in detail and incorporated into the
certification process to mitigate risks associated with the stable-growth approach. The data
contained in this report and the preceding volumes (I and Il) encompass information regarding the
fracture toughness of sandwich structures; the influence of facesheet and core parameters provide
an understanding of sandwich structure design space and failure mechanism. The influence of
sandwich parameters, such as core type, cell size, core density, disbond location, fabrication
process, ribbon direction, and crack tip location on the onset and damage growth of sandwich
composites was investigated. These sandwich variables were not investigated in tests reported in
Volume I. This investigation used single-cantilever beam (SCB) static testing for Mode | fracture



toughness (GIC) of a core-facesheet construction, because the failures occurred in core, core
adhesive interface, and adhesive. The effects of fluid ingression will not be evaluated in this report;
those results are found in VVolume I. The flow chart (see figure 1) demonstrates how the data
generated in this program will result in guidance for durability and damage tolerance of sandwich
composite structures.
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Figure 1. Objective of current research program

Crack growth can be characterized by three modes [2, 3]: Mode | (opening mode), Mode 1l (sliding
or in-plane shear mode), and Mode I11 (tearing or out-of-plane shear mode), as shown in figure 2.
It is common for combinations of these three modes to be present at a crack tip unless care is taken
to isolate them, especially in coupon-level testing. All three volumes of these test reports address
the Mode | (opening mode) fracture toughness of sandwich structures.



Mode I: Opening Mode Mode II: Sliding Mode Mode III: Tearing Mode
In-Plane Shear QOut-of-Plane Shear

Figure 2. Fracture modes

GIC opening mode is considered a material property. For the tests performed here, GIC has a
broader meaning. It should be best understood as a structural property of a given sandwich
construction. Different failure modes are encountered and, therefore, a strict definition of a
material property does not apply.

2. EXPERIMENTAL PROCEDURE

It is important to note that the procedures involved in testing sandwich composite specimens for
strain energy release rate (SERR or G) has no engineering standard dictating proper methods.
Similar test procedures and data reduction themes were investigated [4-8], and a new procedure
was developed modifying the existing procedure for testing laminate double-cantilever beam
(DCB) specimens in combination with work done by Cantwell and Davies on SCB specimens [7,
8].

2.1 SANDWICH SCB TEST

The primary objective of this report was to determine the GIC of several sandwich composite
material systems. Therefore, it was imperative to develop and use a test configuration that isolated
Mode | crack propagation and mitigated Mode II-/Mode Ill-induced crack growth. Volume |
presented an in-depth analysis of how the test procedure was selected, so only a brief synopsis is
contained herein. The DCB test method was compared with the SCB test, as shown in figure 3. It
was determined that the DCB test was unsuitable for sandwich testing because of unsymmetric
loading and a stiffness mismatch. The SCB test proved to mitigate the unfavorable conditions
found in DCB testing. Furthermore, once the SCB test was placed on a sliding foundation, as
shown in figure 4, mode mixity was mitigated, and Mode | loading was obtained.



(b)
Figure 3. The (a) DCB and (b) SCB test configurations [9]
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Figure 4. Sandwich SCB test

2.1.1 Test Fixture

As determined in Volume I, the SCB test method provides a reliable means of determining GIC.
Furthermore, the SCB test diminishes the effects of the unsymmetric loading of sandwich
specimens and the effects of a stiffness mismatch. In addition, it reduces the effects of mode
mixity. This mode mixity can be further mitigated by creating a very long loading arm, thereby
reducing the component of force in the shear direction, or by placing the specimen on a sliding
foundation, which releases the force in the shear direction every time it overcomes static friction.
The latter was used in the design of this test configuration. Also, the clamping method could be
carried out in many ways. For example, each specimen could be perfectly bonded to the sliding
foundation; however, this is illogical and time and cost intensive. Instead an adjustable clamping
system was used, as shown in figure 5.



Figure 5. Sliding SCB test fixture design

The SCB test fixture shown in figure 5 holds the bottom facesheet while loading the hinge bonded
to the facesheet closest to the prescribed crack. The assembly is mounted onto a traveling stage so
that Mode 1l loading, which develops during crack-opening displacement, is relieved. This test
setup prevents mixed-mode mechanics.

2.1.2 Test Specimen

Test specimens consisted of a sandwich core bonded between two composite facesheets. Specimen
sizing was based on the sizing results and conclusions determined both empirically (large
deflections during testing) and theoretically (based on methods presented by Ratcliffe [10]) during
the first round of testing (i.e., Volume I). It was determined that the specimens would have a 1.0”
prescribed crack length (ao), identical to the shortened specimens from VVolume I; furthermore, the
overall dimensions were reduced from 2" in width (b) by 10” in length (L), as those tested in
Volume I, to 8” in L. Specimen geometry is seen in figure 6.

Piano Hinge |

Figure 6. Sandwich SCB specimen geometry



2.2 TEST MATRIX

Experiments proposed in the current task were carried out using four-ply Cytec 5320-T650-3K
plain-weave facesheets bonded to Hexcel HexWeb HRH-10 aramid fiber/phenolic honeycomb
core using Cytec FM300-2 film adhesive. Sandwich SCB specimens were 2" x 8" with an a, of
1.0”. Table 1 shows the test matrix for determining the GIC of sandwich specimens using the SCB
test configuration. As shown, two different core types (hexagonal and over-expanded), three
different cell sizes (1/8", 3/16", and 3/8"), and three different core densities (2.0, 3.0, and 6.0 pcf)
were selected. The 1/8" 2.0 pcf core was actually 1.8 pcf, but was assumed to be 2.0 for
comparisons. Typical nomenclature for the core designation is material-cell size-density
(i.e., HRH-10-1/8-3.0) indicating HRH-10 hexagonal honeycomb material with 1/8" cell size, and
3.0 lb/ft® (pcf) density. In addition, two different disbond locations (top and bottom), two different
fabrication processes (pre-cured facesheets [PCFS] and co-cured facesheets [CCFS]), two ribbon
directions (longitudinal and lateral), and two different crack tip locations (center and edge of the
core) were selected. The test matrix was reduced so that a design of experiments model could be
used for evaluating other (untested) combinations within the design space considered in table 1.
To uniquely identify different specimen configurations, the nomenclature shown in figure 7 was
used.



Table 1. SCB sandwich specimen test matrix

Cell Core
Core | Size | Density | Disbond | Fabrication Ribbon | Crack Tip | Number of
Type | (in) (pcf) Location Process Direction | Location | Specimens
1.8=2.0 ; PCFS LONG C g
T 6
LONG ¢ 6
B E 6
T PCFS 5
1/8 3.0 : LAT C 5
E 6
T 6
B CCFS LONG C 5
T 6
6.0 B PCFS LONG C 5
T 6
2.0 B PCFS LONG C 5
HX ; LONG C g
3/16 3.0 T PCFS 5
B LAT C 5
T 6
6.0 B PCFS LONG C 5
T 6
2.0 B PCFS LONG C 5
T 6
LONG ¢ 6
B E 6
3/8 PCFS
3.0 T C 0
' B LAT 6
E 6
T 6
B CCFS LONG C 5
'BI' LONG C 2
OX | 3/16 3.0 T PCFS 5
B LAT C 5




soT | - | FACESHEET | - CORE i CELL i CORE DISBOND i FABRICATION i RIBBON i CRACKTIP SPECIMEN
TYPE SIZE DEMNSITY LOCATION PROCESS DIRECTION LOCATION NUMEBER
¥
Project Core Type Disbond Location Ribbon Direction Specimen
Title Hi- Hemagonal T - Tap LONG - Longitudinal Number
Sandwich DX-0Over-Expanded E - Bottom LAT - Lateral 1
Damage + v 2
Tolerance - - - 3
(SDT) Core Density Fabrication Process 4
2.0 - 2 pof PCFS - Pre-cured 5
¥ 3.0 - 3 pef Facesheet 6
Faceshect 6.0 - B pCE COFS - Co-cured 7
04 - 4 Ply Facesheset g
¥ L 4
Cell Size Crack Tip Location
1.8 - 178 in C - Center
3.16 - 3-16 in E - Edge
3.8 - 3-8 in

Figure 7. Specimen nomenclature




Figure 8 shows the basic core geometry for both the hexagonal (HX) core and over-expanded (OX)
core. Note that the OX cell size is the normal HX cell size before expansion/compression to the
rectangular shape. Figure 9 illustrates how both cell size and core density are determined. Figure
10 illustrates the disbond (Teflon™ insert) location during the final layup and curing process. It is
important to note that both disbond locations were tested with the piano hinge being bonded to the
facesheet closest to the disbond (i.e., so that the facesheet would act as the cantilevered beam and
the facesheet/core would be clamped onto the fixture). The purpose of the different Teflon
locations was to interrogate cure processes on the disbond. Figure 11 shows the two fabrication
processes: PCFS are first laid up and cured in a preliminary cure process and then secondarily
bonded to the core, whereas CCFS are laid up in conjunction with the core and cured in a single
process. Figure 12 shows the ribbon direction with respect to crack growth direction for both
hexagonal and over-expanded cores, with longitudinal defined as when the ribbon direction is
aligned with the crack growth direction, and lateral defined as when the ribbon direction is normal
to the crack growth direction. Finally, figure 13 shows the crack tip location (i.e., where the front
edge of the Teflon insert is located with respect to cell geometry) for both ribbon directions.

Hexagonal Over-Expanded

—=m— Fill Direction ——— =

~m— Ribbon Direction —— g

Figure 8. Core types: hexagonal vs. over-expanded core
Nodal Bond

Cell Size

Core Density
(Cell Wall Thickness)

Thickness

—sm—— Fill Direction ———m=—

—-a—— Ribbon Direction ——

Figure 9. Cell size and core density



0T

Bottom

I I

B Facesheet Core WM Adhesive [ Resin/Adhesive Build-up
Bl Tefloninsert HH Tool Bag

Figure 10. Disbond location, determined with respect to final layup and cure

Pre-cured Facesheet Co-cured Facesheet

L

B Facesheet Core HHM Adhesive [ Resin/Adhesive Build-up
Bl Tefloninsert HH Tool Bag

Figure 11. Fabrication process
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Figure 12. Ribbon direction: (a) longitudinal vs. (b) lateral
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Figure 13. Crack tip location for ribbon direction, center vs. edge: (a) longitudinal vs. (b) lateral




2.3 SPECIMEN FABRICATION

Specimens were fabricated in 13 panels. The Cytec 5320-T650-3K plain weave facesheet material
was cut and kitted, and the Hexcel HexWeb HRH-10 aramid fiber/phenolic honeycomb core was
cut, cleaned with compressed air, dried, and kitted separately from the facesheet material.

For the PCFS, the facesheet material was laid up with a [0/45]s ply sequence, then cured. Once
cured, the facesheet was laid up with film adhesive. The core then had Teflon inserts attached
(using tape placed in the trim area) at the predefined locations (top/bottom, longitudinal/lateral and
center/edge). The core was then added to the layup, film adhesive and the other facesheet were
added, and the final layup was cured, as shown in table 2.

Table 2. Panel layups

Preliminary-Cure Cycle Single-Cure Cycle
Top Bottom 0°
Facesheet Facesheet 45°
0° 0° o
> 9 45
< c 45° 45° 0°
X O
g o 45° 45° @ - -
B3 o Film adhesive
o o (5]
0 0 = Teflon insert
Secondary-Cure Cycle & Core
(@]
Top facesheet _§ Teflon insert
o . .
% Film adhesive (cng Film adhesive
;g)_ Teflon insert 0°
()]
o Core 45°
i~ Teflon insert o
—;‘, : : 45
&3 Film adhesive 0°
Bottom facesheet

For the CCFS, the facesheet material was laid up with a [0/45]s ply sequence, and film adhesive
was added. Teflon inserts were then attached to the core (using tape placed in the trim area) at the
predefined locations (top/bottom, longitudinal/lateral, and center/edge). The core was added to the
layup, film adhesive was added, and the other facesheet was laid up with the same ply sequence
as previously. The layup was then cured, as shown in table 2.
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Both cure cycles for PCFS and the single-cure cycle for CCFS all followed the same procedure.
The layup was vacuum bagged and cured at 250°F for 75 minutes, then 300°F for 120 minutes,
with ramp rates of 5°F per minute. The cure cycle is shown in figure 14. Once the panels underwent
the final cure cycle, they were c-scanned, and no issues were observed.
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Figure 14. Cure cycle

The prescribed crack locations were then identified and confirmed by removing just the facesheet
from the trim areas (leaving the core and Teflon insert). The crack tip location was indicated by
drawing a line across the panel, which was used as the reference datum during machining. The
panels were then machined into individual test specimens. Following this, the specimens
underwent a quality control inspection to ensure crack tip location and overall dimensions. Lastly,
the specimens had the piano hinges bonded to the facesheet closest to the insert. EA 9394 paste
adhesive was used, and the specimens underwent an accelerated cure.

2.4 TEST PROCEDURE

The fracture toughness was measured using the SERR, because this is the most applicable with the
specimen test configuration and geometry. Furthermore, the fracture toughness is often represented
graphically by a resistance curve (R-curve). The fracture behavior of a material for a given mode
was studied by developing an R-curve that could be used to predict the load required for
propagation. The R-curve is traditionally the SERR plotted against the crack extension for a given
material. It provides a basic description of how a fracture behaves in a particular material because
it depicts the energy required for a crack to propagate. Furthermore, an R-curve can predict the
stable/unstable regions of the propagation by plotting the driving force against crack length over
the R-curve, as shown in figure 15 [2].
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Figure 15. Driving force/R-curve: (a) flat R-curve and (b) rising R-curve [2]

R-curves for two types of materials are shown. The first case, as shown in figure 15(a), is a material
with a flat curve, indicating brittle behavior. The crack does not extend for the first stress level and
becomes unstable once the driving force increases beyond the second stress level, but the resistance
remains constant. The second case, as shown in figure 15(b), is a material with a rising curve,
indicating ductile behavior. The crack propagates slowly with increasing stress levels (1st through
4th) until it reaches a critical point (4th stress level) and becomes unstable as the rate of change in
the driving force exceeds the slope of the R-curve. In both cases, the fracture toughness is
represented by Gc (critical SERR).

2.4.1 Static Test Procedure

The static test procedure for determining GIC was based very closely on the ASTM standard for
Mode | Interlaminar Fracture Toughness of Unidirectional Fiber-Reinforced Polymer Matrix
Composites (D5528). Excluding the test specimen configuration (SCB vs. DCB) and
data-reduction method, the test procedures are nearly identical.

Similarly to the practices outlined in the D5528 standard, the side of each specimen was painted
white so that the crack propagation would be clearly visible. Because the edge was not planar but
rather contoured with the honeycomb core, shadowing and depth played a part in visually
determining the crack tip location and crack propagation; therefore, crack length was a subjective
measurement. Crack tip location was monitored using a traveling digital microscope, setting the
magnification to 20x, as shown in figure 5.

One key difference in the test setup was the SCB test fixture. Specimens were clamped in the
widthwise direction into the test fixture, and the torque value was determined empirically so that
the facesheets were not damaged. The clamping torque was 20-25 in.-1bs.

As recommended in the D5528 standard, the specimen was preloaded to produce a natural (sharp)
crack tip. This test was conducted under a displacement control mode with a crosshead speed of 2
mm/min, while continuously recording the load and actuator displacement. Actuator displacement
was assumed to be equal to the crack opening displacement (3). The crack was then propagated
for approximately 5 mm, and the data collected during this phase were used for determining the
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precrack fracture toughness. The specimen was then reloaded and the crack propagated for
approximately 50 mm.

Three distinct values of GIC were determined from the sandwich SCB test. The first and most
conservative value was the non-linear (NL) GIC, based on the load at onset of nonlinearity in the
load versus displacement curve. The second and most subjective value was the visual (VIS) GIC,
which corresponds to the load at which the crack initiates (visible crack). Lastly, the 5% offset or
max load GIC (5%/max) was determined by plotting the intersection of the load versus
displacement curve and a 5% radial offset curve or the maximum load, whichever occurs first.
These three values as well as all propagation points were then plotted, producing an R-curve, as
shown in figure 16. The D5528 standard procedure includes details for determining these three
values of GICs.

E@ﬁ/_\.& A A
o

¢ Non-Linear (NL)

< Q© visual (VIS)

O 5% offset/ Max Load (5%/Max)
ﬁ Propagation

Load [P]
-~
Fracture Toughness [Gc]

Y

Displacement [&] Crack Length [a]

(@) (b)
Figure 16. Image of sample (a) load vs. displacement diagram and (b) resistance curve

2.5 DATA REDUCTION

2.5.1 Modified Beam Theory

The modified beam theory (MBT) data-reduction scheme is identical to that used in Volume 1. It
is repeated here for convenience.

2.5.1.1 GIC Derivation

The SERR is the energy dissipated during crack growth normalized by the newly created fracture
surface. Several data-reduction methodologies can be used to determine the SERR, the most
common of which is derived from beam theory [11, 12].

The SERR or G is a material (and geometric) constant that characterizes the amount of energy
required to open the crack. It is best to start the derivation process in its simplest form [2] as:

G=p3 (1)

First, the strain energy (U) is reviewed, which is defined as the volume integral [11, 12]:
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1
U= Efvae av (2)

Consider these relationships and assume that the stiffness and cross-sectional area remain constant
[11, 12] as:

—_—
e= 1 ©)
then,

_ 1 2
U= —[,0*dv (4)
o= (5)

_ 1 M2y?
U= —[,—=% dv (6)
I= [ y*dA (7)

_ 1 2
U= — J M? dx (8)

Consider only the beam from the crack tip to the end load and the following relationships:

M =P (a—x) 9)
1 ra P
U= Efo [P(a — x)]? dx (10)
Solve for strain energy:
_ P2a3
U= 6EI (11)
Normalize by the crack front width:
1
B=1 (12)
Solve for SERR:
dU _ P?%a?
GIC =B —=—— (13)

Consider crack-opening displacement, derived from the Euler-Bernoulli beam theory [11, 12], as:

__ Pa?
= 0 (14)
Substituting, the SERR’s final form is obtained as:
__ 3PS
GIC = —— (15)
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2.5.1.2 “Aa” Crack Tip Rotation Correction

Beam theory has many assumptions, one of which is being perfectly built in or clamped. This
implies that the crack front is perfectly normal to the loading direction and that there is no rotation
or displacement. In reality, however, the crack front does rotate and may be displaced vertically.
To remedy this issue, the crack is theoretically lengthened, Aa, to the point at which the crack front
would be normal to the loading direction. When this adjustment is applied to beam theory, it is
called the MBT.

Start by considering the displacement derived by Euler-Bernoulli beam theory [11, 12]:

__ Pad
= 5 (16)
Consider compliance:
5
C=- (17)
3
C = % (18)
Rewrite:
= ()" a+0 (19)
— \3EI
Consider the function of a line:
y=mx+B (20)

Ideally the y-intercept would be zero and the line would intersect the origin; however, because the
Euler beam is not perfectly built in (displacement and rotation at the crack tip do not equal zero),
the curve does not intersect the origin. Therefore, additional terms are added to the above equations
to shift the experimental dataset and force the curve to intercept the origin.

Increase the crack length by Aa:
__ P(a+hAa)

S 5 (21)
Consider compliance and rewrite:
¢ = (%)1/ *(a+Aa)+B (22)
Solve for Aa, where B is obtained empirically:
(BCEN'Y3 —B@BENY3 —a=Aa (23)
Set C® and a to zero (forcing the function to pass through the origin):
B(3ED'? = Aa (24)
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Solve either analytically or graphically using a plot similar to the one in figure 17.

13

—2a — ' ' >

Crack Length [a]
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Figure 17. Graphical solution for Aa

2.5.1.3 “F” Large Deflection Correction

Another assumption associated with beam theory entails small deflections. This implies that the
tip deflection cannot be larger than one-tenth of the beam length. Large deflection causes two
distinct issues. The first is the direction of the load application. Because load is applied through a
piano hinge, the loading direction is always perfectly normal to the crack front. The second is an
artificial shortening of the moment arm. To remedy this issue, a correction factor, F, is applied to
reduce the moment arm or the force felt at the crack tip.

Start by considering the correction factor F presented by the ASTM standard. The first variable

term refers to shortening caused by the beam in large deflection, and the second refers to shortening
caused by the piano hinge in large deflection:

F=1-2(2) -3(%) 25)

Now recall that the ASTM standard refers to DCBs, and 6 refers to the total displacement, which
is the displacement of both the top and bottom beams. Therefore, the § in the above equation must
be replaced with 20:

P15 -3 (3) (26)

F=1-5() -3(3) @)

Reduce:
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To further validate the correction factor, it was compared to an analytical model developed by
Williams [13]. The two solutions are shown in figure 18.
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Figure 18. Comparison of correction factor (F) and analytical solution

2.5.2 Area Method

2.5.2.1 GIC Derivation

Once more, the derivation process is started in its simplest form:
au
G= B (28)

The differential change in strain energy with respect to the differential change in crack length will
be approximated by considering the overall change in strain energy with respect to the overall
change in crack length:

G=p2 (29)

The overall change in strain energy will be determined by finding the area under the load versus
displacement curve, whereas the overall change in crack length will be taken from the test sheets
[14], as shown in figure 19.
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>

Displacement [&]

Figure 19. Change in strain energy; area under load vs. displacement curve

Normalize by twice the crack front width, and substitute to obtain the final form:

Area
G= 2bAA (30)

This report determined only the AREA GIC for specimens with an overall change in crack length
of approximately 2", within a 10% tolerance.
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2.6 FAILURE MODES

2.6.1 Adhesive Interface Disbond

Adhesive interface disbond or adhesion failure, occurs when a crack is formed between the
adhesive and the facesheet (see figure 20). This failure, identified by the letter A in this report, is
typically an indication of poor adhesion of film adhesive to the facesheet during the curing
(bonding) process.

I racesheet [ Adhesive o Core I crack

Figure 20. The (a) adhesive interface failure surface and (b) side view
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2.6.2 Adhesive Pullout Failure

Adhesive pullout failure (APO) (or pullout failure) occurs when a crack is formed within the
adhesive (see figure 21). This type of failure often takes place in combination with an adhesive

interface disbond.
0‘0‘

"

,. !.353

[ rFacesheet [ Adhesive o Core I crack
(b)
Figure 21. The (a) APO surface and (b) side view
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2.6.3 Tensile Core Failure

Tensile core failure (or core failure) (C) occurs when a crack is formed within the core (see figure
22). Soon after initiation, the crack propagates into the core and often stays there.

I racesheet [ Adhesive e Core I crack

Figure 22. The (a) tensile core failure surface and (b) side view
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2.6.4 Tensile Core Pullout Failure

Tensile core pullout failure (CPO) occurs when a crack is formed between the adhesive and the
core (see figure 23). This failure mode was not seen during this program but can occur because of
improper core preparation (i.e., a roughly cut/dry sanded core).

I rFacesheet [ Adhesive . Core I Crack
Figure 23. CPO

2.6.5 Adherend First-Ply Facesheet Delamination

An adherend first-ply facesheet delamination (FPD) (adherend failure) is very rare and occurs
when a crack is formed between the first ply and the remaining plies of a composite facesheet and
propagates through the laminate (see figure 24). This failure mode was not seen in this report.

I racesheet [ Adhesive o Core I cCrack

Figure 24. Adherend FPD and interlaminar facesheet delamination

2.6.6 Interlaminar Facesheet Delamination

Typically, interlaminar facesheet delamination (IFD) often forms on very thick facesheets (see
figure 24) when a crack is formed within the laminate. This crack is predominantly caused by shear
(Mode I1) loads, whereas a facesheet is in the process of bending. This failure mode was not seen
in this report.
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2.6.7 Facesheet Shear Failure

Facesheet shear failure (FSF) occurs when the crack abruptly changes from one of the
aforementioned failure modes and propagates through the thickness of the facesheet (see figure
25). This failure mode is a result of large displacements and shear loads within the facesheet.

I Facesheet [ Adhesive T Core I crack

Figure 25. The (a) FSF and (b) side view
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3. RESULTS AND DISCUSSION

Tables 3 and 4 represent the fracture toughness obtained for different sandwich parameters in terms
of average values. Figures 26-30 show a graphical comparison of these results. Test data include
the GIC values for different core types, cell sizes, and core densities. In addition, the test data
include the GIC values for differing disbond locations, fabrication processes, ribbon directions,
and crack tip locations at growth onset. It is important to note that other variables can contribute
to GIC, such as paper thickness.! Therefore, the discussion and conclusions herein are solely based
on the results included in this report. Individual test results, including failure modes, are found in
appendices A-C.

Though the master summary tables and charts show a comparison of GICs, the effects of these
variables on fracture toughness are coupled across different variables and require detailed data
analysis for determining the impact of each variable. This section discusses the impact of the
following sandwich parameters on GIC in detail:

Core type—HX versus OX

Cell size—1/8" versus 3/16" versus 3/8"

Core density—2.0 pcf versus 3.0 pcf versus 6.0 pcf

Disbond location—top (T) versus bottom (B)

Fabrication process—PCFS versus CCFS

Ribbon direction—Ilongitudinal (LONG) versus lateral (LAT)
Crack tip location at onset—center (C) versus edge (E)

@rooo0oTw

Furthermore, the failure modes for each specimen are included. In the appendices, the progressive
failure modes are compared against the SERR as the crack propagates so that the change in SERR
can be attributed to corresponding changes in failure mode(s).

Finally, a comparison between the two data-reduction methods is included.

* Hexweb® HRH-10 is manufactured from NOMEX® aramid fiber sheets, referred to as paper. A thermosetting adhesive is used to bond these
sheets at the nodes and after expanding to the hexagonal or OX-Core® configuration, the block is dipped in phenolic resin to obtain targeted
density.
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Table 3. Master summary [English units]

Crack

. . 3 GIC (in-lb/in?)
Core | Cell Core Disbond Ribbon Tip " Crack
Typ | Size | Density | Locatio | Fabricatio | Directio | Locatio Pre-crac rac AREA
e (in) (pcf) n n Process n n NL VIS 5%/Max NL VIS 5%/Max AVE
T 111 1.81 2.11 0.93 2.11 2,51 2.86
20 B PCFS LONG ¢ 143 1.88 2.06 0.85 2.21 2.90 2.79
T c 2.10 3.25 3.34 1.27 3.00 3.69 3.54
B LONG 1.86 N/A 2.89 0.93 3.19 3.27 3.63
PCFS E 154 2.37 2.73 1.07 2.26 2.45 5.26
8 30 T c 170 N/A 2.56 0.66 2.68 2.78 4.03
: B LAT 1.29 2.19 2.28 0.58 2.30 2.25 4.06
E 1.22 3.15 2.58 0.80 2.55 2.38 4.23
T 142 3.34 2.66 0.71 2.89 2.96 3.54
B cers LONG c 1.68 N/A 2.70 0.79 3.15 3.41 4.02
T 1.75 3.72 3.47 0.91 3.43 3.48 7.20
60 B PCFS LONG ¢ 1.77 3.75 3.65 0.61 3.01 3.16 7.65
T 1.03 1.67 1.62 0.68 1.92 2.22 2,53
20 B PCFS LONG ¢ 1.34 2.02 1.93 0.87 2.24 2.34 2.31
T 191 2.06 2.57 0.93 2.68 2.80 3.69
HX 2116 30 B PCES LONG c 1.49 2.32 2.41 1.28 2.36 2.67 3.20
' T LAT c 1.64 2.30 2.32 0.87 N/A 2.11 3.44
B 1.64 2.70 2.53 0.89 2.17 2.38 3.65
T 1.26 2.27 2.28 0.63 2.17 2.05 4.71
60 B PCFS LONG c 1.36 N/A 2.36 0.74 2.24 2,51 3.60
T 0.90 1.06 1.22 0.59 111 1.30 1.30
20 B PCFS LONG ¢ 0.87 2.22 2.22 0.44 143 157 1.40
T c 0.56 N/A 0.86 0.55 2.34 2.43 2.29
B LONG 1.40 2.19 2.03 0.79 2.06 1.82 2.16
38 PCES E 116 178 159 0.68 1.77 1.91 2.13
30 T c 111 1.75 1.91 0.67 1.44 1.62 2.93
' 5 LAT 1.32 2.41 1.89 0.86 1.65 1.82 2.48
E 115 2.52 2.59 0.79 2.01 1.87 2.30
T 1.36 N/A 2.01 1.03 2.63 2.84 4.02
B CCrs LONG c 0.84 1.96 1.40 0.41 2.14 2.36 3.97
T LONG c 1.67 N/A 2.31 0.87 2.41 2.51 2.86
ox | 316 30 B PCFS 143 2.17 2.24 0.64 2.39 2.13 2.88
' T LAT c 1.76 N/A 2.55 0.84 3.02 2.89 3.46
B 150 179 1.88 0.92 1.74 172 3.86
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Table 4. Master summary [SI units]

_ _ Crack GIC (KJ/m?)
Core | Cell Core Disbond Ribbon Tip " Crack
Typ | Size | Density | Locatio | Fabricatio | Directio | Locatio Precrac rac AREA
e (in) (pcf) n n Process n n NL VIS 5%/Max NL VIS 5%/Max AVE
T 0.20 0.32 0.37 0.16 0.37 0.44 0.50
20 B PCFS LONG ¢ 0.25 0.33 0.36 0.15 0.39 0.51 0.49
T c 0.37 0.57 0.59 0.22 0.53 0.65 0.62
B LONG 0.33 N/A 0.51 0.16 0.56 0.57 0.64
PCFS E 0.27 0.41 0.48 0.19 0.40 0.43 0.92
8 30 T c 0.30 N/A 0.45 0.11 0.47 0.49 0.71
: B LAT 0.23 0.38 0.40 0.10 0.40 0.39 0.71
E 0.21 0.55 0.45 0.14 0.45 0.42 0.74
T 0.25 0.59 0.47 0.12 0.51 0.52 0.62
B cers LONG c 0.29 N/A 0.47 0.14 0.55 0.60 0.70
T 031 0.65 0.61 0.16 0.60 0.61 1.26
60 B PCFS LONG ¢ 031 0.66 0.64 0.11 0.53 0.55 1.34
T 0.18 0.29 0.28 0.12 0.34 0.39 0.44
20 B PCFS LONG ¢ 0.24 0.35 0.34 0.15 0.39 0.41 0.40
T 0.33 0.36 0.45 0.16 0.47 0.49 0.65
HX 2116 30 B PCES LONG c 0.26 0.41 0.42 0.22 0.41 0.47 0.56
' T LAT c 0.29 0.40 0.41 0.15 N/A 0.37 0.60
B 0.29 0.47 0.44 0.16 0.38 0.42 0.64
T 0.22 0.40 0.40 0.11 0.38 0.36 0.82
60 B PCFS LONG c 0.24 N/A 0.41 0.13 0.39 0.44 0.63
T 0.16 0.19 0.21 0.10 0.20 0.23 0.23
20 B PCFS LONG ¢ 0.15 0.39 0.39 0.08 0.25 0.28 0.24
T c 0.10 N/A 0.15 0.10 0.41 0.43 0.40
B LONG 0.25 0.38 0.36 0.14 0.36 0.32 0.38
38 PCES E 0.20 0.31 0.28 0.12 0.31 0.33 0.37
30 T c 0.19 0.31 0.33 0.12 0.25 0.28 0.51
' 5 LAT 0.23 0.42 0.33 0.15 0.29 0.32 0.43
E 0.20 0.44 0.45 0.14 0.35 0.33 0.40
T 0.24 N/A 0.35 0.18 0.46 0.50 0.70
B CCrs LONG c 0.15 0.34 0.25 0.07 0.37 0.41 0.70
T LONG c 0.29 N/A 0.40 0.15 0.42 0.44 0.50
ox | 316 30 B PCFS 0.25 0.38 0.39 0.11 0.42 0.37 0.50
' T LAT c 031 N/A 0.45 0.15 0.53 0.51 0.61
B 0.26 0.31 0.33 0.16 0.30 0.30 0.68
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Figure 26. Fracture toughness master summary
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Fracture Toughness [in-lb/in?]
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Figure 27. Fracture toughness (NL) master summary
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Fracture Toughness [in-lb/in?]
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Figure 28. Fracture toughness (VIS) master summary
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Figure 29. Fracture toughness (5%/max) master summary
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Fracture Toughness [in-lb/in?]
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Figure 30. Fracture toughness (AREA) master summary
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3.1 EFFECTS OF CORE TYPE

Two hexagonal and over-expanded core types were tested, both of which had the same cell size of
3/16" and core density of 3.0 pcf. Each core was tested with two disbond locations, top and bottom,
and two ribbon directions, longitudinal and lateral. In addition, both cores, with both disbond
locations and both ribbon directions, had an initial crack tip location at the center of the cell.
Furthermore, both cores, with both disbond locations and both ribbon directions, were fabricated
with PCFS. The combination of the above parameters resulted in four distinct datasets, as
presented in table 5.

Table 5. Core type test matrix

Cell Core Crack
Core | Size | Density | Disbond | Fabrication | Ribbon Tip No. of
Facesheet | Type | (in) (pcf) Location Process Direction | Location | Specimens
4 HX 3/16 3 TOP PCFS LONG | CENTER 6
4 OX 3/16 3 TOP PCFS LONG | CENTER 6
4 HX 3/16 3 BOTTOM PCFS LONG | CENTER 6
CORE 4 OoX 3/16 3 BOTTOM PCFS LONG | CENTER 6
TYPE 4 HX 3/16 3 TOP PCFS LAT CENTER 6
4 OoX 3/16 3 TOP PCFS LAT CENTER 6
4 HX 3/16 3 BOTTOM PCFS LAT CENTER 6
4 OX 3/16 3 BOTTOM PCFS LAT CENTER 6

First, when considering the NL data, no distinct pattern emerges. When examining the longitudinal
data, it can be seen that the HX has greater fracture toughness than the over-expanded core; the
opposite appears to be true for the lateral data (see figure 31).

Second, when investigating the VIS data, similar relationships may be ascertained, once more
correlating to ribbon direction. When considering longitudinal data, the HX again has a greater
fracture toughness than the over-expanded core. However, when looking at the lateral data, the
disbond location has an additional effect. The top disbond data results in the HX having a greater
fracture toughness than the over-expanded core, with the opposite true for the bottom disbond data
(see figure 31).

Third, when examining the 5% offset/max load (5%/max) data, it can be seen that the same patterns
occur as in the VIS data (see figure 31).

Fourth, when taking the AREA data into account a single distinct relationship was identified. The
HX had a greater fracture toughness than the over-expanded core (see figure 31).

Fifth, when considering the behavior of the entire R-curve, two distinct patterns emerge, once
again correlating to ribbon direction. When studying longitudinal data, the HX was identified as
being slightly more fracture resistant than the over-expanded core, regardless of crack length,
whereas the lateral data suggest that both the hexagonal and over-expanded cores have
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approximately the same fracture toughness with respect to crack length. In addition, the core type
seems to have little effect on the shape of the R-curve. Approximate R-curves representing this
behavior are shown in figure 32.

Sixth, when considering load-versus-displacement plots, a similar relationship to the R-curves was
identified. For longitudinal data, the HX appears to have slightly larger loads than the
over-expanded core at corresponding displacements, whereas for lateral data, the hexagonal and
over-expanded cores appear to have approximately the same loads at corresponding displacements.
In addition, it should be noted that both hexagonal and over-expanded cores have stable load
displacement curves, with very small or no load drops, representing slow crack growth.
Approximate load-versus-displacement curves representing this behavior are shown in figure 33.

Lastly, when examining the failure modes, it can be seen that both hexagonal and over-expanded

cores failed in a similar manner, primarily in the core, with some cells partially in adhesive pull
out. An in-depth failure mode analysis is found in appendices A and C.
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Figure 31. NL, VIS, and 5%/max fracture toughness between both core types



LE

Strain Energy Release Rate

s Hexagonal Core

«= e Qver-Expanded Core

emmss Hexagonal Core

«= e (Qver-Expanded Core

Strain Energy Release Rate

Crack Length

(@)

Crack Length

(b)

Figure 32. Typical R-curve pattern between both core types: (a) for longitudinal ribbon direction and
(b) for lateral ribbon direction




8¢

s Hexagonal

e= e Qver-Expanded

Load
=
/
Ji

Displacement

(@)

Load

——— e
———

= Hexagonal

e e Qver-Expanded

SN

Displacement

()

Figure 33. Typical load vs. displacements pattern between both core types: (a) longitudinal ribbon direction and
(b) lateral ribbon direction




3.2 EFFECTS OF CELL SIZE

Three cell sizes of 1/8", 3/16”, and 3/8” were tested. All cell sizes had the same core type (HX),
and were tested at three core densities of 2.0 pcf, 3.0 pcf, and 6.0 pcf (6.0 pcf was not tested for
3/8"). Each cell size was tested with two disbond locations, top and bottom. All three of the cell
sizes at all three core densities and with both disbond locations were tested with the longitudinal
ribbon direction. All three cell sizes (with a core density of 3.0 pcf) and both disbond locations
were tested with the lateral ribbon direction. In addition, all three cell sizes at all three densities
with both disbond locations and both ribbon directions had an initial crack tip location at the center
of the cell. Two 1/8" and 3/8"cell sizes with core densities of 3.0 pcf, bottom disbond locations,
and both ribbon directions had initial crack tip locations at the edge of the cells. Furthermore, all
three cell sizes at all three core densities with both disbond locations, both ribbon directions, and
both crack tip locations were fabricated with PCFS. Two 1/8” and 3/8" cell sizes with core densities
of 3.0 pcf, both disbond locations, longitudinal ribbon directions, and initial crack tip locations at
the center of the cells were fabricated with CCFS. The combination of the above parameters
resulted in 12 distinct datasets, as presented in table 6.
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Table 6. Cell size test matrix

Cell Core Crack
Core Size | Density | Disbond Fabrication | Ribbon Tip No. of
Facesheet | Type (in) (pcf) Location Process Direction | Location | Specimens
4 HX 1/8 1.8=2 TOP PCFS LONG |CENTER 6
4 HX 3/16 2 TOP PCFS LONG |CENTER 6
4 HX 3/8 2 TOP PCFS LONG |CENTER 6
4 HX 1/8 1.8=2 | BOTTOM PCFS LONG |CENTER 6
4 HX 3/16 2 BOTTOM PCFS LONG |CENTER 6
4 HX 3/8 2 BOTTOM PCFS LONG |CENTER 6
4 HX 1/8 3 TOP PCFS LONG |CENTER 6
4 HX 3/16 3 TOP PCFS LONG |CENTER 6
4 HX 3/8 3 TOP PCFS LONG |CENTER 6
4 HX 1/8 3 BOTTOM PCFS LONG |CENTER 6
4 HX 3/16 3 BOTTOM PCFS LONG |CENTER 6
4 HX 3/8 3 BOTTOM PCFS LONG |CENTER 6
4 HX 1/8 3 BOTTOM PCFS LONG EDGE 6
4 HX 3/8 3 BOTTOM PCFS LONG EDGE 6
CELL 4 HX 1/8 3 TOP PCFS LAT CENTER 6
SIZE 4 HX 3/16 3 TOP PCFS LAT CENTER 6
4 HX 3/8 3 TOP PCFS LAT CENTER 6
4 HX 1/8 3 BOTTOM PCFS LAT CENTER 6
4 HX 3/16 3 BOTTOM PCFS LAT CENTER 6
4 HX 3/8 3 BOTTOM PCFS LAT CENTER 6
4 HX 1/8 3 BOTTOM PCFS LAT EDGE 6
4 HX 3/8 3 BOTTOM PCFS LAT EDGE 6
4 HX 1/8 3 TOP CCFS LONG |CENTER 6
4 HX 3/8 3 TOP CCFS LONG |CENTER 6
4 HX 1/8 3 BOTTOM CCFS LONG |CENTER 6
4 HX 3/8 3 BOTTOM CCFS LONG |CENTER 6
4 HX 1/8 6 TOP PCFS LONG |CENTER 6
4 HX 3/16 6 TOP PCFS LONG |CENTER 6
4 HX 1/8 6 BOTTOM PCFS LONG |CENTER 6
4 HX 3/16 6 BOTTOM PCFS LONG |CENTER 6

First, when considering the NL data, no clear pattern emerges, suggesting that cell size has little
impact on non-linearity and that the other parameters play a much more significant role (see figure
34).

Second, when investigating the VIS data, a clear relationship materializes. The fracture toughness

typically decreases with respect to cell size (i.e., 1/8" is larger than 3/16", which in turn is larger
than 3/8") (see figure 34).
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Third, the 5% offset/max load (5%/max) data are shown to behave similarly to the VIS data (see
figure 34).

Fourth, when taking the AREA data into account, the same relationship as the VIS and 5%/max
data was identified (see figure 34).

Fifth, when considering the behavior of the entire R-curve, a distinct pattern similar to the VIS and
5%/max relationship was identified. The overall fracture resistance decreased with respect to cell
size, 1/8" is larger than 3/16"”, which in turn is larger than 3/8”; however, the magnitude of
difference between the cell sizes decreased with respect to crack length (i.e., the shorter the crack
length, the more profound the impact of cell size). Furthermore, it should be noted that the overall
shape of the resistance curve changed with cell size. The 1/8" cell size had a sharp rising region
(stable growth) followed by a sharp falling region (unstable growth). The 3/16" cell size also had
a modest rising region (stable growth) followed by a modest falling region (unstable growth). The
3/8" cell size had a slightly rising region (stable growth) followed by a flat region (unstable growth)
and slightly falling region (unstable growth). When considering all three cell sizes, it becomes
apparent that as the cell size increases, the material system behaves in a more brittle manner, or as
the cell size decreases, it behaves in a more ductile manner. The one exception to this behavior
was found in the co-cured specimens where cell size seemed to be coupled and played a more
complex role diminishing the effects; this coupling could explain the ambiguity found in the
Volume I test results. Approximate R-curves representing this behavior are shown in figure 35.

Sixth, when considering load versus displacement plots, a similar relationship to the R-curves may
be observed, the overall loads decreased with respect to cell size, 1/8” is larger than 3/16”, which
in turn is larger than 3/8", at corresponding displacements. The one exception can once more be
found among the co-cured specimens, which seemed to be coupled with the fabrication process
and resulted in a much smaller difference in load between 1/8” and 3/8". In addition, it should be
noted that 1/8” and 3/16" cores had stable load displacement curves, with very small or no-load
drops, representing slow crack growth, except in the case of the 3/16" core at 6.0 pcf, which had
moderate load drops representing abrupt crack growth, whereas 3/8” cores had small (for 2.0 pcf)
and large (for 3.0 pcf) load drops representing abrupt crack growth. Approximate load versus
displacement curves representing this behavior are shown in figure 36.

Lastly, when examining the failure modes, it can be observed that the failure mode varied among
cell sizes and was coupled with core density. The 1/8"”core with core densities of 2.0 pcf and 3.0
pcf typically failed in the core, and a core density of 6.0 pcf failed in adhesive pullout. The 3/16”
core with a core density of 2.0 pcf typically failed in the core, as did a core density of 3.0 pcf, with
some cells partially in adhesive pullout; a core density of 6.0 pcf failed in adhesive pullout. The
3/8" core with a core density of 2.0 pcf typically failed in adhesive pullout, with some core failure
below the crack surface; a core density of 3.0 pcf typically failed in adhesive pullout. When
considering all failure modes, an overall pattern does emerge—as the cell size increases the failure
mode moves from the core to a mix of core and adhesive pullout to adhesive pullout, with the
magnitude of change being dictated by core density. An in-depth failure mode analysis is in
appendices A and B.
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Figure 34. NL, VIS, and 5%/max fracture toughness among various cell sizes
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3.3 EFFECTS OF CORE DENSITY

Three core densities of 2.0 pcf, 3.0 pcf, and 6.0 pcf were tested, all having the same core type,
hexagonal, and all tested at three cell sizes of 1/8”, 3/16", and 3/8" (except 3/8" cell size with core
density of 6.0 pcf was not tested). All three core densities at all three cell sizes were tested with
two disbond locations, top and bottom. All three core densities at all three cell sizes and at both
disbond locations were tested with the longitudinal ribbon direction. In addition, all three core
densities at all three cell sizes and with both disbond locations had an initial crack tip location at
the center of the cell. Furthermore, all three core densities at all three cell sizes and with both
disbond locations were fabricated with PCFS. The combination of the above parameters resulted
in six distinct datasets as presented in table 7.

Table 7. Core density test matrix

Cell Core Crack
Core | Size | Density | Disbond | Fabrication | Ribbon Tip No. of
Facesheet | Type | (in) (pcf) Location Process Direction | Location | Specimens

4 HX | 1/8 | 1.8=2 TOP PCFS LONG | CENTER 6

4 HX | 1/8 3 TOP PCFS LONG | CENTER 6

4 HX | 1/8 6 TOP PCFS LONG | CENTER 6

4 HX | 1/8 | 1.8=2 | BOTTOM PCFS LONG | CENTER 6

4 HX | 1/8 3 BOTTOM PCFS LONG | CENTER 6

4 HX | 1/8 6 BOTTOM PCFS LONG | CENTER 6

4 HX | 3/16 2 TOP PCFS LONG | CENTER 6

CORE 4 HX | 3/16 3 TOP PCFS LONG | CENTER 6
DENSITY 4 HX | 3/16 6 TOP PCFS LONG | CENTER 6
4 HX | 3/16 2 BOTTOM PCFS LONG | CENTER 6

4 HX | 3/16 3 BOTTOM PCFS LONG | CENTER 6

4 HX | 3/16 6 BOTTOM PCFS LONG | CENTER 6

4 HX | 3/8 2 TOP PCFS LONG | CENTER 6

4 HX | 3/8 3 TOP PCFS LONG | CENTER 6

4 HX | 3/8 2 BOTTOM PCFS LONG | CENTER 6

4 HX | 3/8 3 BOTTOM PCFS LONG | CENTER 6

It is important to note that core density is a function of both paper thickness and resin. The
distinction of which element is impacting the data is beyond the scope of this program.

First, when considering the NL data, a distinct pattern emerges. The fracture toughness first
increases between 2.0 pcf and 3.0 pcf cores and then decreases between 3.0 pcf and 6.0 pcf cores
(see figure 37).

Second, when investigating the VIS data, a similar relationship to the NL data may be ascertained
(see figure 37).

Third, when examining the 5% offset/max load (5%/max) data, similar behavior to both the NL
and VIS data was identified (see figure 37).
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Fourth, when taking the AREA data into account, a single distinct relationship was identified. The
fracture toughness increased as core density increased. This was due to the large loads found at
higher displacements in the 6.0 pcf cores (see figure 37).

Fifth, when considering the behavior of the entire R-curve, three patterns emerge, each coupled
with cell size. In 1/8"” cores, the fracture toughness increased with cell density from 2.0 pcf to 3.0
pcf, then leveled off from 3.0 pcf to 6.0 pcf, with 3.0 pcf and 6.0 pcf being approximately the same.
In 3/16" cores, the fracture resistance behaved in a manner similar to NL, VIS, and 5%/max data,
first increasing with density, from 2.0 pcf to 3.0 pcf, then decreasing with density, from 3.0 pcf to
6.0 pcf, where 2.0 pcf and 6.0 pcf were approximately the same. Furthermore, the magnitude of
the difference decreased as the crack length increased. Lastly, in 3/8” cores, the fracture toughness
increased from 2.0 pcf to 3.0 pcf; however, no 6.0 pcf core was tested, so there is no way of
determining how the fracture resistance responded between 3.0 pcf and
6.0 pcf. In addition, it should be noted that the shape of the resistance curves was unaffected by
core density and only varied with cell size. Approximate R-curves representing this behavior are
shown in figure 38.

Sixth, when considering load versus displacement plots, three distinct relationships emerge,
differing from those identified in the NL, VIS, and 5%/max data as well as the R-curves. Once
more, each relationship is coupled with cell size. The 1/8" core produced load versus displacement
curves that increased with core density, with stable load displacement curves having very small or
no-load drops, representing slow crack growth. The 3/16” cores resulted in load versus
displacement curves that increased between 2.0 pcf and 3.0 pcf, where both 2.0 pcf and 3.0 pcf
had stable load displacement curves, with very small or no-load drops, representing slow crack
growth; however, the 6.0 pcf core initially was between 2.0 pcf and 3.0 pcf at small displacements,
but as the displacements increased, the 6.0 pcf core loads were less affected than those of the 2.0
pcf and 3.0 pcf cores, resulting in higher corresponding loads. In addition, the 6.0 pcf core had
moderate load drops representing abrupt crack growth. The 3/8” cores had load displacement
curves that increased between 2.0 pcf and 3.0 pcf, whereas the 2.0 pcf core had small load drops
representing abrupt crack growth, and the 3.0 pcf core had large load drops, representing more
severe abrupt crack growth. Approximate load versus displacement curves representing in this
behavior are shown in figure 39.

Lastly, when examining the failure modes, it can be seen that the failure mode varied between core
densities and was coupled with cell size. The 2.0 pcf with 1/8” and 3/16" cores failed in the core,
and the 3/8" core typically failed in adhesive pullout, with some core failure below the crack
surface. The 3.0 pcf with 1/8" core primarily failed in the core, and 3/16” and 3/8” cores typically
failed in adhesive pullout. The 6.0 pcf with a 1/8” and 3/16"” cores failed in adhesive pullout. When
considering all failure modes, an overall pattern emerges—as the core density increases, the failure
mode moves from the core to a mix of core and adhesive pullout, to adhesive pullout, with the
magnitude of change being dictated by cell size. An in-depth failure mode analysis is found in
appendix A.
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Figure 37. NL, VIS, and 5%/max fracture toughness among various core densities
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3.4 EFFECTS OF DISBOND LOCATION

Two disbond locations, top and bottom, were tested. Both disbond locations were tested with a
HX with all three cell sizes of 1/8", 3/16”, and 3/8”, and three core densities of 2.0 pcf, 3.0 pcf,
and 6.0 pcf (except 3/8” cell size with core density of 6.0 pcf was not tested). Both disbond
locations were tested with an over-expanded core, a cell size of 3/16”, and a core density of 3.0
pcf. Both disbond locations with both core types, all three cell sizes, and all three core densities
were tested with the longitudinal ribbon direction. Both disbond locations with both core types, all
three cell sizes, and 3.0 pcf were tested with the lateral ribbon direction. In addition, both disbond
locations with both core types, all three cell sizes, all three core densities, and both ribbon
directions had an initial crack tip location at the center of the cell. Furthermore, both disbond
locations, with both core types, all three cell sizes, all three core densities, and both ribbon
directions were fabricated with PCFS. Both disbond locations with an HX, two 1/8" and 3/8" cell
sizes, a core density of 3.0 pcf, and a longitudinal ribbon were fabricated with CCFS. The
combination of the above parameters resulted in 15 distinct datasets, as presented in table 8.
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Table 8. Disbond location test matrix

Cell | Core Crack
Core | Size | Density | Disbond | Fabrication | Ribbon Tip No. of
Facesheet | Type | (in) (pcf) Location Process Direction | Location | Specimens
4 HX | 1/8 | 1.8=2 TOP PCFS LONG | CENTER 6
4 HX | 1/8 | 1.8~2 | BOTTOM PCFS LONG | CENTER 6
4 HX | 1/8 3 TOP PCFS LONG | CENTER 6
4 HX | 1/8 3 BOTTOM PCFS LONG | CENTER 6
4 HX | 1/8 3 TOP PCFS LAT CENTER 6
4 HX | 1/8 3 BOTTOM PCFS LAT CENTER 6
4 HX | 1/8 3 TOP CCFS LONG | CENTER 6
4 HX | 1/8 3 BOTTOM CCFS LONG | CENTER 6
4 HX | 1/8 6 TOP PCFS LONG | CENTER 6
4 HX | 1/8 6 BOTTOM PCFS LONG | CENTER 6
4 HX | 3/16 2 TOP PCFS LONG | CENTER 6
4 HX | 3/16 2 BOTTOM PCFS LONG | CENTER 6
4 HX | 3/16 3 TOP PCFS LONG | CENTER 6
4 HX | 3/16 3 BOTTOM PCFS LONG | CENTER 6
DISBOND 4 HX | 3/16 3 TOP PCFS LAT CENTER 6
LOCATION 4 HX | 3/16 3 BOTTOM PCFS LAT | CENTER 6
4 HX | 3/16 6 TOP PCFS LONG | CENTER 6
4 HX | 3/16 6 BOTTOM PCFS LONG | CENTER 6
4 HX | 3/8 2 TOP PCFS LONG | CENTER 6
4 HX | 3/8 2 BOTTOM PCFS LONG | CENTER 6
4 HX | 3/8 3 TOP PCFS LONG | CENTER 6
4 HX | 3/8 3 BOTTOM PCFS LONG | CENTER 6
4 HX | 3/8 3 TOP PCFS LAT CENTER 6
4 HX | 3/8 3 BOTTOM PCFS LAT CENTER 6
4 HX | 3/8 3 TOP CCFs LONG | CENTER 6
4 HX | 3/8 3 BOTTOM CCFs LONG | CENTER 6
4 OX | 3/16 3 TOP PCFS LONG | CENTER 6
4 OX | 3/16 3 BOTTOM PCFS LONG | CENTER 6
4 OX | 3/16 3 TOP PCFS LAT CENTER 6
4 OX | 3/16 3 BOTTOM PCFS LAT CENTER 6

First, when considering NL data, no consistent patterns explaining the effects of the disbond
location could be identified, because the effects of core type, cell size, core density, fabrication
process, and ribbon direction became coupled and obscured any influence of the disbond location
(see figure 40).

Second, when investigating the VIS data, once again no consistent relationships explaining the
effects of the disbond location were observed, because the effects of core type, cell size, core
density, fabrication process, and ribbon direction became coupled and clouded any influence of
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the disbond location. It is important to note that the VIS relationships differ from those found in
the NL data (see figure 40).

Third, when examining the 5% offset/max load (5%/max) data, once more, no consistent behavior
explaining the effects of the disbond location was found, because the effects of core type, cell size,
core density, fabrication process, and ribbon direction became coupled and masked any influence
of the disbond location. However, it is worth noting that the patterns found in the 5%/max data are
consistent with those found in the VIS data (see figure 40).

Fourth, when taking the AREA data into account, as before, no consistent behavior explaining the
effects of the disbond location was found, because the effects of core type, cell size, core density,
fabrication process, and ribbon direction became coupled and diluted any influence of the disbond
location. It is important to note that the AREA relationships differ from those found in the NL,
VIS and 5%/max data (see figure 40).

Fifth, when considering the behavior of the entire R-curve, two relationships correlating to core
type were observed. The HX resulted in both the top disbond and bottom disbond locations,
resulting in approximately the same fracture resistance. However, within the over-expanded core,
the top disbond location specimens resulted in a greater fracture toughness for small crack lengths
than the bottom disbond location specimens, and the R-curves quickly converged to larger crack
lengths. The shape of the R-curves, however, was dictated by cell size. Approximate R-curves
representing this behavior are shown in figure 41.

Sixth, when considering load versus displacement plots, it was observed that, for most cases, both
the top and bottom disbond locations resulted in approximately the same load displacement plots,
inferring that disbond location played little to no role in load versus displacement plots. The
exception to this rule was found in the hexagonal, 3/16", 6.0-pcf core, where the top disbond
location data resulted in higher loads than the bottom disbond location specimens, regardless of
corresponding displacements. Approximate load versus displacement curves representing this
behavior are shown in figure 42.

Lastly, when examining the failure modes, it became apparent that disbond location played little

to no role and the coupled effect of cell size and core density dictated the failure mode. An
in-depth failure mode analysis is found in appendices — C.
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Figure 40. NL, VIS, and 5%/max fracture toughness between both disbond locations
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3.5 EFFECTS OF FABRICATION PROCESS

Two fabrication processes, PCFS and CCFS, were tested, both with the same HX type, two cell
sizes of 1/8"” and 3/8", and same core density of 3.0 pcf. Both fabrication processes of both cell
sizes were tested with two disbond locations, top and bottom, and the same longitudinal ribbon
direction. In addition, both fabrication processes of both cell sizes at both disbond locations had
an initial crack tip location, at the center of the cell. The combination of these parameters resulted
in four distinct datasets, as presented in table 9.

Table 9. Fabrication process test matrix

Cell Core Crack
Core | Size | Density | Disbond | Fabrication | Ribbon Tip No. of
Facesheet | Type | (in) (pcf) Location Process | Direction | Location | Specimens

4 HX 1/8 3 TOP PCFS LONG |CENTER 6

4 HX 1/8 3 TOP CCFs LONG |CENTER 6

4 HX 1/8 3 BOTTOM PCFS LONG |CENTER 6

FABRICATION 4 HX 1/8 3 BOTTOM CCFS LONG |CENTER 6
PROCESS 4 HX | 3/8 3 TOP PCFS LONG |CENTER 6
4 HX 3/8 3 TOP CCFS LONG |CENTER 6

4 HX 3/8 3 BOTTOM PCFS LONG |CENTER 6

4 HX 3/8 3 BOTTOM CCFsS LONG |CENTER 6

First, when considering the NL data, it was observed that the PCFS specimens typically had a
greater fracture toughness than the CCFS specimens (in all but one case) (see figure 43).

Second, when investigating the VIS data, two distinct patterns emerged, each correlating to cell
size. When examining the 1/8" core, it became apparent that fracture toughness in the PCFS
specimens was greater than in the CCFS specimens, whereas the opposite was true for specimens
with a 3/8" core (see figure 43).

Third, when examining the 5% offset/max load (5%/max) data, two similar relationships may be
observed, once more correlating to cell size. However, when looking at the 1/8” core, the disbond
location appears to be having an additional effect. The PCFS specimens with a top disbond had a
greater fracture toughness than the CCFS specimens, and the opposite appears to be true for bottom
disbond data. When considering the 3/8” core data, it appears that the CCFS specimens had a
greater fracture toughness than the PCFS specimens (see figure 43).

Fourth, when taking the AREA data into account, two similar behaviors may be observed, once
more correlating to cell size. When considering the 1/8” core, the PCFS specimens had
approximately the same or slightly less fracture toughness than the CCFS specimens. When
considering 3/8" core data, it appears that the CCFS specimens had greater fracture toughness than
the PCFS specimens (see figure 43).

Fifth, when considering the behavior of the entire R-Curve, two patterns were observed, similar to
those found in the 5%/max data, again correlating to cell size. When looking at the 1/8” core, the
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PCFS specimens had a larger fracture resistance than the CCFS specimens, regardless of crack
length. However, within the 3/8" core, it appears that the CCFS specimens had a larger fracture
resistance than the PCFS specimens, regardless of crack length. In addition, the fabrication process
seems to have little to no effect on the shape of the R-curve, with cell size seeming to play the
dominate role. Approximate R-curves representing this behavior can be found in figure 44.

Sixth, when considering load versus displacement plots, similar behaviors were observed, once
more correlating to cell size. The 1/8” core initially had larger loads for the PCFS specimens than
for the CCFS specimens at small displacements, but the curves quickly converged as the
displacements increased. However, the 3/8” core produced CCFS loads that were higher than
PCFS loads at corresponding displacements. Furthermore, when considering the shape of the load
versus displacement curves, it becomes apparent that the fabrication process coupled with cell size
and the 1/8" core had stable load displacement curves, with very small or no load drops,
representing slow crack growth, whereas the 3/8” core had small (PCFS) and large (CCFS) load
drops, representing abrupt crack growth. The fabrication process clearly affected the magnitude of
the load drops except of the greater AREA GIC for co-cured facesheet fabrication has no effect.
Approximate load versus displacement curves representing this behavior can be found in figure
45.

Lastly, when examining the failure modes, it becomes apparent that the fabrication process plays

no role, and that failure mode is primarily affected by cell size. An in-depth failure mode analysis
is found in appendices A and C.
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3.6 EFFECTS OF RIBBON DIRECTION

Two ribbon directions were tested (longitudinal and lateral). Both ribbon directions were tested
with an HX at all three cell sizes, 1/8", 3/16” and 3/8", and the same core density, 3.0 pcf. Both
ribbon directions were tested with an over-expanded core, at the same cell size, 3/16”, and the
same core density, 3.0 pcf. Both of the ribbon directions, with both core types and at all cell sizes,
were tested with two disbond locations, top and bottom. In addition, both ribbon directions, with
both core types at all three cell sizes and with both disbond locations, had an initial crack tip
location at the center of the cell. Both ribbon directions (and with an HX) at two cell sizes, 1/8"
and 3/8”, the same core density, 3.0 pcf, and with a bottom disbond location, had an initial crack
tip location at the edge of the cell. Furthermore, both ribbon directions, with both core types, at all
three cell sizes, at all three densities, with both disbond locations, and with both crack tip locations,
were fabricated with PCFS. The combination of the above parameters resulted in ten distinct
datasets as presented in table 10.

Table 10. Ribbon direction test matrix

Cell | Core Crack
Core | Size | Density | Disbond | Fabrication | Ribbon Tip No. of
Facesheet | Type | (in) (pcf) Location Process Direction | Location | Specimens

4 HX | 1/8 3 TOP PCFS LONG |CENTER 6

4 HX | 1/8 3 TOP PCFS LAT |CENTER 6

4 HX | 1/8 3 BOTTOM PCFS LONG |CENTER 6

4 HX | 1/8 3 BOTTOM PCFS LAT |CENTER 6

4 HX | 1/8 3 BOTTOM PCFS LONG EDGE 6

4 HX | 1/8 3 BOTTOM PCFS LAT EDGE 6

4 HX | 3/16 3 TOP PCFS LONG |CENTER 6

4 HX | 3/16 3 TOP PCFS LAT |CENTER 6

4 HX | 3/16 3 BOTTOM PCFS LONG |CENTER 6
RIBBON 4 HX | 3/16 3 BOTTOM PCFS LAT |CENTER 6
DIRECTION 4 HX | 3/8 3 TOP PCFS LONG |CENTER 6
4 HX | 3/8 3 TOP PCFS LAT |CENTER 6

4 HX | 3/8 3 BOTTOM PCFS LONG |CENTER 6

4 HX | 3/8 3 BOTTOM PCFS LAT |CENTER 6

4 HX | 3/8 3 BOTTOM PCFS LONG EDGE 6

4 HX | 3/8 3 BOTTOM PCFS LAT EDGE 6

4 OX | 3/16 3 TOP PCFS LONG |CENTER 6

4 OX | 3/16 3 TOP PCFS LAT |CENTER 6

4 OX | 3/16 3 BOTTOM PCFS LONG |CENTER 6

4 OX | 3/16 3 BOTTOM PCFS LAT |CENTER 6

First, when considering the NL data, four distinct patterns emerged based on core type, cell size,
and disbond location. The HX exhibited two patterns: the longitudinal 1/8” and 3/16" core
specimens typically had a larger fracture toughness than the lateral specimens, whereas the 3/8”
specimens demonstrated the opposite, with lateral specimens exhibiting a higher fracture
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toughness than the longitudinal specimens. The over-expanded core exhibited two patterns. The
top disbond had little or no effect on fracture toughness between longitudinal and lateral
specimens. However, the bottom disbond resulted in the lateral specimens having a greater fracture
toughness than the longitudinal specimens (see figure 46).

Second, when investigating the VIS data, four relationships were ascertained, based on core type,
crack tip location, and disbond location. The HXs with a center disbond location (which should
have played little to no role after the pre-crack) resulted in the longitudinal specimens having a
greater fracture toughness than the lateral specimens; the opposite was true for specimens with an
edge crack tip location. This could be due to the pre-crack being 1-5 mm, because the effect was
not noticed in the entire R-curve. The over-expanded core with a top disbond location resulted in
the lateral specimens having higher fracture toughness, with the opposite being true for the bottom
disbond location (see figure 46).

Third, when examining the 5% offset/max load (5%/max) data, four patterns similar to those found
in the VIS data were observed. The HX with a center disbond was the same as the VIS response.
However, the edge crack location resulted in both longitudinal and lateral specimens having
approximately the same fracture toughness. The over-expanded core had a similar response to the
VIS data (see figure 46).

Fourth, when taking the AREA data into account, a general relationship was identified. The
longitudinal specimens appeared to have a smaller fracture toughness than the lateral specimens.
This was true in all but two cases: hexagonal 1/8” core with a bottom disbond and edge crack tip
location, and hexagonal 3/16"” core with a top disbond location (see figure 46).

Fifth, when considering the behavior of the entire R-curve, three relationships were identified,
based on core type and cell size. The hexagonal 1/8” and 3/16” cores both resulted in the
longitudinal core being more fracture resistant than the lateral core, regardless of crack length, and
the hexagonal 3/8"” core resulted in both longitudinal and lateral fracture toughness being
approximately the same, regardless of crack length. Within the over-expanded core, the lateral
specimens were more fracture resistant than the longitudinal specimens, regardless of crack length.
In addition, the shape of the resistance curves was dictated by the cell size, and ribbon direction
had little to no impact. Approximate R-curves representing this behavior can be found in figure
47,

Sixth, when considering load versus displacement plots, six distinct patterns emerged,
corresponding to core type, cell size, disbond location, and crack tip location. The hexagonal
1/8"core with a center disbond location had higher loads for longitudinal specimens than lateral
specimens at small corresponding displacements, and then approximately the same loads between
longitudinal and lateral specimens for larger corresponding displacements; furthermore, those
cores with an edge disbond location had approximately the same loads between longitudinal and
lateral specimens for small corresponding displacements, and the longitudinal specimens had
higher loads than the lateral specimens for larger corresponding displacements. This behavior is
peculiar because once past the pre-crack region, both datasets should be the same. The reason for
this divergence is not yet understood and beyond the scope of this report. The hexagonal 3/16”
core with a top disbond had a response similar to the 1/8” center crack tip location specimens, and
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the bottom disbond specimens resulted in approximately the same loads between the longitudinal
and lateral specimens for the same corresponding displacements. Between the 1/8” and 3/16"”
cores, ribbon direction seemed to play little or no role in the shape of the load displacement curve.
The 3/8" core resulted in the same average load between longitudinal and lateral specimens, with
varying peak and valley loads, meaning ribbon direction influenced the shape of the load
displacement curve with large (longitudinal) and small (lateral) load drops representing abrupt
crack growth. The over-expanded core resulted in lateral specimens having larger loads than
longitudinal specimens for all corresponding displacements. Within the over-expanded core,
ribbon direction seemed to play little or no role in the shape of the load displacement curve.
Approximate load versus displacement curves representing this behavior can be found in figures
48 and 49.

Lastly, when examining the failure modes, the ribbon direction had little to no effect; cell size
dictated failure mode instead. An in-depth failure mode analysis is found in appendices A and B.
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Figure 46. NL, VIS, and 5%/max fracture toughness between both ribbon directions
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3.7 EFFECTS OF CRACK TIP LOCATION

Two crack tip locations, center and edge, were tested with the same HX type, two cell sizes of 1/8"
and 3/8”, and the same core density of 3.0 pcf. Both crack tip locations of both cell sizes were
tested with a bottom disbond location, and two ribbon directions, longitudinal and lateral. In
addition, crack tip locations of both cell sizes in both ribbon directions were fabricated with PCFS.
The combination of the above parameters resulted in four distinct datasets, as presented in table
11.

Table 11. Crack tip location test matrix

Cell Core Crack
Core | Size | Density | Disbond | Fabrication | Ribbon Tip No. of
Facesheet | Type | (in) (pcf) Location Process Direction | Location | Specimens

4 HX | 1/8 3 BOTTOM PCFS LONG |CENTER 6

4 HX | 1/8 3 BOTTOM PCFS LONG EDGE 6

4 HX | 1/8 3 BOTTOM PCFS LAT |CENTER 6

CRT/I*PCK 4 HX | 1/8 | 3 [BOTTOM]| PCFs LAT | EDGE 6
LOCATION 4 HX | 3/8 3 BOTTOM PCFS LONG |CENTER 6
4 HX | 3/8 3 BOTTOM PCFS LONG EDGE 6

4 HX | 3/8 3 BOTTOM PCFS LAT |CENTER 6

4 HX | 3/8 3 BOTTOM PCFS LAT EDGE 6

The effects of crack tip location were evaluated for both test runs, the most significant being the
pre-crack test run, which grew the crack for 1-5 mm, thereby producing a sharp crack tip. The first
evaluation determined if the crack tip location affected the amount of energy required to start the
crack.

First, when considering the NL data, it was observed that the center crack tip location specimens
resulted in greater fracture toughness than the edge crack tip location specimens (see figure 50).

Second, when investigating the VIS data, two distinct relationships emerge, both correlating to
ribbon direction. Within longitudinal cores, the center crack tip location specimens resulted in a
larger fracture toughness than the edge crack tip location specimens, whereas the opposite was
observed in lateral cores (see figure 50).

Third, when examining the 5% offset/max load (5%/max) data, a similar behavior to the VIS data
was identified (see figure 50).

Lastly, when examining the failure modes, it becomes apparent that the effects of crack tip location
were coupled with cell size and ribbon direction. Within the 1/8” cores with longitudinal ribbon
direction, the center crack tip location specimens failed primarily in the core, whereas the edge
crack tip specimens failed in a mix of adhesive and core. Within the 1/8” core with lateral ribbon
direction, crack tip location seemed to have little or no effect, because both failed in a mix of
adhesive and core. Within the 3/8" core, regardless of ribbon direction, crack tip location appeared
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to have little to no effect, with both failing primarily in adhesive pullout. An in-depth failure mode
analysis is found in appendix A.

The second evaluation was the crack propagation test run, which grew the crack to approximately
50 mm. Theoretically, the crack tip at this point should be random, and the data from both the
center and edge crack tip locations should be identical. This analysis investigated the resultant
behaviors.

First, when considering the NL data, two distinct patterns emerged, correlating to cell size. Within
the 1/8" core, it was observed that the center crack tip location specimens had a slightly higher
fracture toughness than the edge crack tip location specimens, whereas the opposite was observed
among 3/8" cores. These differences could be attributed to the small pre-crack region (1-5 mm)
and the crack tip location still influencing the fracture toughness (i.e., the crack front not yet being
random) (see figure 51).

Second, when investigating the VIS data, two distinct relationships correlating to ribbon direction
were ascertained. Within longitudinal cores, the center crack tip location specimens resulted in a
greater fracture toughness than the edge crack tip location specimens, whereas the opposite was
observed in the lateral cores. These differences could be attributed to the small pre-crack region
(1-5 mm) and the crack tip location still influencing the fracture toughness (i.e., the crack front
not yet being random) (see figure 51).

Third, when examining the 5% offset/max load (5%/max) data, it became apparent that the crack
tip location played little or no effect on fracture toughness, because both the center crack tip
location specimens and edge crack tip location specimens were approximately the same in all but
one case—the 1/8" longitudinal ribbon direction (see figure 51).

Fourth, when taking the AREA data into account, a general relationship similar to the 5%/max
data was identified (see figure 51).

Fifth, when considering the behavior of the entire R-curve, it was observed that regardless of crack
tip location, both center and edge crack tip location specimens produced identical
R-curves, which was to be expected, especially once past the pre-crack region. However, one set
of data did not follow this pattern. The 1/8"” core with lateral ribbon direction resulted in the
fracture toughness being higher within the edge crack tip location specimens than the center crack
tip location specimens, regardless of crack tip location. This behavior is unexplained and beyond
the scope of this program. Approximate R-curves representing this behavior can be found in figure
52.

Sixth, when considering load versus displacement plots, it was observed that regardless of crack
tip location, both center and edge crack tip location specimens produced similar load versus
displacement curves, which was to be expected, especially once past the pre-crack region.
However, one set of data did not follow this pattern. The 1/8” core with longitudinal ribbon
direction resulted in loads that were higher for the center crack tip location specimens than for the
edge crack tip location specimens, regardless of corresponding displacements. This behavior is
unexplained and beyond the scope of this program. In addition, it should be noted that crack tip
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location seemed to play little to no role in the shape of the load versus displacement curves, with
cell size and ribbon direction playing dominant roles. Approximate load-versus-displacement
curves representing this behavior can be found in figure 53.

Lastly, when examining the failure modes, it becomes apparent that crack tip location plays no

role and that failure mode is primarily affected by cell size. An in-depth failure mode analysis is
found in appendix A.
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Figure 50. Pre-crack NL, VIS, and 5%/max fracture toughness between both crack tip locations
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3.8 EFFECT OF FAILURE MODES

The failure mode was dictated by both cell size and core density. When considering cell size with
respect to core density, the failure modes were as follows: the 1/8” core with densities of 2.0 pcf
and 3.0 pcf typically failed in the core, whereas the 1/8" core with a density of 6.0 pcf failed in
adhesive pullout. The 3/16” core with a density of 2.0 pcf typically failed in the core; the 3/16"”
core with a core density of 3.0 pcf primarily failed in the core with some cells partially in adhesive
pullout; and the 3/16” core with a core density of 6.0 pcf failed in adhesive pullout. The 3/8” core
with a density of 2.0 pcf typically failed in adhesive pullout with some core failure below the crack
surface, whereas the 3/8” core with a density of 3.0 pcf typically failed in adhesive pullout. When
considering all failure modes, an overall pattern emerged: as the cell size increases, the failure
mode moves from the core to a mix of core and adhesive pullout, to adhesive pullout, with the
magnitude of change being dictated by core density. When considering core density with respect
to cell size, the failure modes were as follows: The 1/8” and 3/16” cores with a density of 2.0 pcf
failed in the core, whereas the 3/8” core with a density of 2.0 pcf typically failed in adhesive pullout
with some core failure below the crack surface. The 1/8” core with a density of 3.0 pcf primarily
failed in the core, and the 3/16” and 3/8" cores with densities of 3.0 pcf typically failed in adhesive
pullout. The 1/8” and 3/16" cores with densities of 6.0 pcf failed in adhesive pullout. When
considering all failure modes, an overall pattern emerged: as the core density increased, the failure
mode moved from the core to a mix of core and adhesive pullout, to adhesive pullout, with the
magnitude of change being dictated by cell size. The interdependency of both cell size and core
density can be found in table 12. Figures 54-68 show these failure modes. The (1) and (2) in the
figure captions refer to longitudinal crack growth that aligns with ribbon direction and to lateral
crack growth that aligns with fill direction, respectively. An in-depth failure mode analysis is found
in appendices A and B.

Table 12. Failure mode

Cell Size [in]
Failure Mode 1/8 3/16 3/8
2.0 C C C and APO
Core
Density | 3.0 C APO APO
[pcfl |60 APO APO and A

73



SDT-04-HX-1.8-2-T-PCFS-LONG-C-X

i
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SDT-04-HX-1.8-2-B-PCFS-LONG-C-X

Figure 54. Core failure modes for specimens with PCFS and HRH-10-1/8-2.0 core

SDT-04-HX-1.8-3-T-PCFS-LONG-C-X

R %

Figure 55. Core failure modes for specimens with PCFS and HRH-10-1/8-3.0 core (1)
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SDT-04-HX-1.8-3-T-PCFS-LAT-C-X

Figure 56. Core failure modes for specimens with PCFS and HRH-10-1/8-3.0 core (2)
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SDT-04-HX-1.8-3-B-CCFS-LONG-C-X

Figure 57. Core failure modes for specimens with CCFS and HRH-10-1/8-3.0 core
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Figure 58. APO and core failure modes for specimens with PCFS
and HRH-10-1/8-6.0 core
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Figure 59. Core failure modes for specimens with PCFS and HRH-10-3/16-2.0 core
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Figure 60. APO modes for specimens with PCFS and HRH-10-3/16-3.0 core (1)

SDT-04-HX-3.16-3-T-PCFS-LAT-C-X

Figure 61. Failure modes for specimens with PCFS and HRH-10-3/16-3.0 core (2)

7



SDT-04-HX-3.16-6-T-PCFS-LONG-C-X

SDT-04-HX-3.16-6-B-PCFS-LONG-C-X

STEETeTenITE
s

‘.-..0 ‘;.l
R

—6.0 core

10-3/16

Figure 62. Adhesion failure modes for specimens with PCFS and HRH
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Figure 63. APO and core failure modes for specimens with PCFS
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and HRH

78



FS-LONG-E-X

~ I NNy N = N NN
\A / X )\ Ay ~ A
Ay
4

Figure 64. APO modes for specimens with PCFS and HRH-10-3/8-3.0 core (1)
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Figure 66. APO modes for specimens with CCFS and HRH-10-3/8-3.0 core
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Figure 67. Core failure modes for specimens with PCFS and HRH-10/OX-3/16-3.0 core (1)
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Figure 68. Core failure modes for specimens with PCFS and HRH-10/0OX-3/16-3.0 core (2)
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3.9 EFFECTS OF DATA REDUCTION METHOD

As presented in the data reduction section (2.5), two distinct reduction methods were used. MBT
was used to find the instantaneous fracture toughness at each discrete crack propagation location.
This method was applied in determining the recorded values (NL, VIS, and 5%/max). An area
method (AM) was used to obtain the average fracture toughness across the entire crack area. The
two methods were compared (5%/max and AREA).

When comparing the two data-reduction methods, it became apparent that they correlated
primarily with core density and secondarily with ribbon direction and the fabrication process.
When investigating the hexagonal 2.0 pcf core, it became apparent that both data-reduction
methods yielded approximately the same fracture toughness (see figure 69). It is important to note
that the 2.0 pcf core resulted in the most stable failure mode (core failure). When considering the
hexagonal 3.0 pcf core with PCFS, the AM resulted in larger fracture toughness than MBT. The
ribbon direction seemed to play a secondary role, with the longitudinal ribbon direction typically
resulting in a small difference between the AM and MBT, whereas the lateral ribbon direction had
a significant difference between AM and MBT (see figure 70). The hexagonal 3.0 pcf core with
CCFS resulted in the AM being significantly larger than the MBT (see figure 71). When examining
the hexagonal 6.0 pcf core, it was apparent that the AM resulted in significantly larger fracture
toughness than the MBT (see figure 72). It is important to note that the 6.0 pcf cores resulted in
the most unstable failure mode (APO). Lastly the over-expanded 3.0 pcf core resulted in the AM
fracture toughness being larger than the MBT (see figure 73).

MBT method is more suitable to determine crack growth initiation, whereas the AM method
provides a measure of ductility and stable growth potential.

5.0 0.88

B5%/max  BAREA

4.0 0.70

3.0 0.53
2.0 0.35
1.0 ' l 0.18
0.0 0.00
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Figure 69. Fracture toughness of hexagonal 2.0 pcf PCFS cores
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Figure 70. Fracture toughness of hexagonal 3.0 pcf PCFS cores
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Figure 71. Fracture toughness of hexagonal 3.0 pcf CCFS cores
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Figure 73. Fracture toughness of over-expanded 3.0 pcf PCFS cores
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4. CONCLUSION AND RECOMMENDATIONS

A research program was conducted regarding the effects of configurations not tested in Volume |
on fracture toughness of composite sandwich structures. The SCB specimens were found to be the
most suitable for determining the Mode | fracture toughness (GIC) of composite sandwich
specimens. The SCB  test fixture with a  traveling stage  prevents
mixed-mode mechanics. The immaturity of the test procedure and the variation in the initial flaw
can also contribute to the data scatter. Note that the SCB test configuration does not directly relate
to the sandwich damage growth phenomenon in a structure, because the realistic damage is often
a mixed-mode fracture, but it provides a set of comparative data for identifying the effects of
different core parameters on Mode | damage growth. In addition, the data will be used for
analytical models that in turn will be used for predicting the growth phenomenon. This research
will be expanded to larger and more realistic specimen configurations that are representative of
aircraft structures under ground-air-ground cycles.

The impact of several key sandwich parameters on GIC and propagation values, which was not
considered in Volume I, was studied. These included: (1) core type, (2) cell size, (3) core density,
(4) disbond location, (5) fabrication process, (6) ribbon direction, and (7) crack tip location. It is
important to note that several other variables can contribute to GIC; therefore, the conclusions are
solely based on the results of this report. Though the master summary tables and charts show a
comparison of GICs, the effects of these variables on GIC are coupled across different variables
and required detailed data analysis for determining the impact of each variable. The results of these
tests/analyses are summarized below:

. Core type in conjunction with ribbon direction played a key role in fracture toughness.
When considering longitudinal ribbon direction, the HX was more fracture resistant than
the over-expanded core; however, when considering lateral ribbon direction, the opposite
was true. This relationship was prevalent in both the recorded values (NL, VIS, and
5%/max) and the R-curve.

. Cell size played a prominent role in fracture toughness. Fracture resistance decreased as
cell size increased. This behavior manifested itself in both the recorded values and the
R-curve. Furthermore, cell size dictated the shape of the R-curve and, in combination with
core density, governed failure modes. In addition, cell size controlled the shape of the load
displacement curves.

. Core density also played an important role in fracture toughness. Fracture toughness
initially increased between low and moderate core densities, but then decreased between
moderate and high core densities. This relationship may be observed in both the recorded
values and the R-curve. Furthermore, in combination with cell size, core density governed
failure modes. In addition, core density determined the magnitude of the load displacement
curve.

o Disbond location edge or center of core cell played little to no role. This was ascertained
by the lack of any clear and consistent pattern in the recorded values among R-curves and
load displacement curves.

o In combination with cell size, the fabrication process did not play a large role in fracture
toughness. When considering the 1/8” cell size, the PCFS were approximately the same or
slightly more fracture resistant than the CCFS. The 3/8" cell size CCFS were significantly
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more fracture resistant by AREA measurement than the PCFS. This behavior was identified
in both the recorded values and the R-curve.

. Ribbon direction played a complex role in combination with core type on fracture
toughness. When considering the HX, the longitudinal ribbon direction was more fracture
resistant than the lateral ribbon direction; however, when considering the over-expanded
core, the opposite was generally true. This relationship was observed in the recorded values
and the R-curve.

o Crack tip location in conjunction with ribbon direction played no role in the pre-crack
fracture toughness. When considering longitudinal ribbon direction, the center of the core
cell crack tip location was more fracture resistant than the core cell edge crack tip location;
however, the opposite was observed for the lateral ribbon direction. This behavior was
identified in the pre-crack recorded values. However, because of scatter, this conclusion is
speculative.

Failure mode and type in the core or adhesive was a function of the combined effects of cell size
and core density. The smaller the core density and cell size, the greater the likelihood of core
failure.

The MBT data-reduction method resulted in a more conservative fracture toughness than the AM.
The differences between the two methods were correlated with core density; the AM resulted in
significantly larger fracture toughness than the MBT as the core density increased.
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APPENDIX A—STATIC RESULTS FOR THIN PRE-CURED FACESHEET (4-PLY)
AND SECONDARILY BONDED HRH-10 HEXAGONAL CORES TESTED

A.1 HRH-10-1/8-2.0 DATA

AS SINGLE-CANTILEVER BEAMS

A.1l.1 HRH-10-1/8-2.0 LONGITUDINAL RIBBON DIRECTION WITH TOP DISBOND (CENTER) DATA

Table A-1. Test summary for HRH-10-1/8-2.0 longitudinal ribbon direction with top disbond (center) pre-crack

GIC (in-Ib/in?) GIC (KI/m?)
Specimen NL VIS 5%/max NL VIS 5%/max Failure Mode

SDT-04-HX-1.8-2-T-PCFS-LONG-C-1

SDT-04-HX-1.8-2-T-PCFS-LONG-C-2 1.321 N/A | 2078 | 0231 | N/A | 0364 |PrimarilyC

SDT-04-HX-1.8-2-T-PCFS-LONG-C-3 0832 | 1691 | 1.691 | 0146 | 0296 | 0.296 mz'r‘: gce" nA,

SDT-04-HX-1.8-2-T-PCFS-LONG-C-4 0803 | 1.927 | 1.927 | 0141 | 0337 | 0337 EZ': gce" nA,
Primarily C, with

SDT-04-HX-1.8-2-T-PCFS-LONG-C-5 1.184 N/A 2.105 0.207 N/A 0.369 | acouple of cells
half A, then C

SDT-04-HX-1.8-2-T-PCFS-LONG-C-6 1173 | N/A | 2581 | 0205 | N/A | 0452 | Primarily C

SDT-04-HX-1.8-2-T-PCFS-LONG-C-7 1.372 N/A | 2251 | 0240 | N/A | 0394 |PrimarilyC

SDT-04-HX-1.8-2-T-PCFS-LONG-C-8

AVERAGE GIC 1114 | 1809 | 2105 | 0195 | 0317 | 0.369

STANDARD DEVIATION 0243 | 0167 | 0301 | 0042 | 0029 | 0.053

COEFFICIENT OF VARIATION (%) 21769 | 9239 |14.283 | 21.769 | 9.239 | 14.283




v

Table A-2. Test summary for HRH-10-1/8-2.0 longitudinal ribbon direction with top disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max | AREA NL VIS 5%/max | AREA Failure Mode
SDT-04-HX-1.8-2-T-
PCFS-LONG-C-1
SDT-04-HX-1.8-2-T- ) L
PCES-LONG-C-2 0.908 1.744 2.110 2.798 0.159 0.305 0.370 0.490 | PrimarilyinC
SDT-04-HX-1.8-2-T- ) L
PCES-LONG-C-3 1.188 1.615 2.848 2.689 0.208 0.283 0.499 0.471 | PrimarilyinC
SDT-04-HX-1.8-2-T- ) L
PCES-L ONG-C-4 0.792 1.756 1.904 2.845 0.139 0.307 0.333 0.498 | PrimarilyinC
SDT-04-HX-1.8-2-T- ) L
PCES-LONG-C-5 0.883 2.036 2.442 2.847 0.155 0.357 0.428 0.499 | PrimarilyinC
SDT-04-HX-1.8-2-T- ) L
PCES-LONG-C-6 1.091 2.566 2774 2.717 0.191 0.449 0.486 0.476 | Primarily inC
SDT-04-HX-1.8-2-T- ) L
PCES-LONG-C-7 0.730 2.959 2.969 3.239 0.128 0.518 0.520 0.567 | Primarily inC
SDT-04-HX-1.8-2-T-
PCFS-LONG-C-8
AVERAGE GIC 0.932 2.113 2.508 2.856 0.163 0.370 0.439 0.500
STANDARD
DEVIATION 0.176 0.537 0.431 0.199 0.031 0.094 0.075 0.035
COEFFICIENT OF
VARIATION (%) 18.828 | 25.396 17.169 6.964 18.828 | 25.396 17.169 6.964
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Figure A-5. Failure mode image and resistance curve of SDT-04-HX-1.8-2-T-PCFS-LONG-C-X #6 and #7



Displacement [mm]

0 10 20 30 40 50 60
40.00 ‘ ‘ : : : : 177.92
SDT-04-HX-1.8-2-T-PCFS-LONG-C-X
—— AVE — EXP
35.00 155.68
30.00 133.44
25.00 111.20
2 z
'y 20.00 88.96 &
S 8
15.00 66.72
10.00 44.48
5.00 22.24
0.00 ; ; ; ; 0.00
0.00 0.50 1.00 1.50 2.00 2.50

Displacement [in]

Figure A-6. Load vs. displacement curve for HRH-10-1/8-2.0 longitudinal ribbon direction
with top disbond (center)

A-7



8-V

A.1.2 HRH-10-1/8-2.0 LONGITUDINAL RIBBON DIRECTION WITH BOTTOM DISBOND (CENTER) DATA

Table A-3. Test summary for HRH-10-1/8-2.0 longitudinal ribbon direction with bottom disbond (center) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max | Failure Mode
SDT-04-HX-1.8-2-B-PCFS-LONG-C-1 1.409 N/A 2.021 0.247 N/A 0.354 | Primarily C
SDT-04-HX-1.8-2-B-PCFS-LONG-C-2 1.226 N/A 1.921 0.215 N/A 0.336 | Primarily C
SDT-04-HX-1.8-2-B-PCFS-LONG-C-3 1.707 N/A 2.377 0.299 N/A 0.416 | Primarily C
SDT-04-HX-1.8-2-B-PCFS-LONG-C-4 1.498 N/A 1.995 0.262 N/A 0.349 | Primarily C
SDT-04-HX-1.8-2-B-PCFS-LONG-C-5 1.581 N/A 2.142 0.277 N/A 0.375 | Primarily C
SDT-04-HX-1.8-2-B-PCFS-LONG-C-6 1.151 1.877 1.877 0.202 0.329 0.329 | Primarily C
SDT-04-HX-1.8-2-B-PCFS-LONG-C-7
SDT-04-HX-1.8-2-B-PCFS-LONG-C-8
AVERAGE GIC 1.429 1.877 2.056 0.250 0.329 0.360
STANDARD DEVIATION 0.212 N/A 0.182 0.037 N/A 0.032
COEFFICIENT OF VARIATION (%) 14.823 N/A 8.853 14.823 N/A 8.853
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Table A-4. Test Summary for HRH-10-1/8-2.0 longitudinal ribbon direction with bottom disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max | AREA NL VIS 5%/max | AREA Failure Mode
SDT-04-HX-1.8-2-B- . o
PCES-L ONG-C-1 0.740 1.598 3.285 2.782 0.130 0.280 0.575 0.487 | Primarily inC
SDT-04-HX-1.8-2-B- . o
PCES-LONG-C-2 0.777 2.222 2.378 2.845 0.136 0.389 0.417 0.498 | Primarily inC
SDT-04-HX-1.8-2-B- . o
PCES-LONG-C-3 0.702 N/A 2.763 2.824 0.123 N/A 0.484 0.494 | Primarily in C
SDT-04-HX-1.8-2-B- . o
PCES-LONG-C-4 0.906 2.966 2.966 2.719 0.159 0.519 0.519 0.476 | Primarily in C
SDT-04-HX-1.8-2-B- . o
PCES-LONG-C-5 0.783 N/A 2.849 2.628 0.137 N/A 0.499 0.460 | Primarily in C
SDT-04-HX-1.8-2-B- . o
PCES-LONG-C-6 1.209 2.061 3.173 2.923 0.212 0.361 0.556 0.512 | Primarily in C
SDT-04-HX-1.8-2-B-

PCFS-LONG-C-7

SDT-04-HX-1.8-2-B-

PCFS-LONG-C-8

AVERAGE GIC 0.853 2.212 2.902 2.787 0.149 0.387 0.508 0.488
STANDARD

DEVIATION 0.188 0.568 0.323 0.103 0.033 0.099 0.057 0.018
COEFFICIENT OF

VARIATION (%) 22.014 | 25.682 11.120 3.689 22.014 | 25.682 11.120 3.689
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Figure A-7. GIC for HRH-10-1/8-2.0 longitudinal ribbon direction
with bottom disbond (center)
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Figure A-9. Failure mode image and resistance curve of SDT-04-HX-1.8-2-B-PCFS-LONG-C-X #1 and #2



-V

10.00

9.00

o ol o, ~ g
o o o o o
o =] =] = =]

Strain Energy Release Rate [in-lb/in?]
L
o
]

1.00

0.00

12.7 254 381 508 635

O NL

Crack Length [mm]
/6.2 88.9

SDT-04-HX-1.8-2-B-PCFS-LONG-C-3

Ovis 5%/Max PROP

0.50

1 I T T T

1.00 150 200 250 3.00 3.50
Crack Length [in]

1.75

1.58

1.40

1.23

1.05

0.88

0.70

0.53

0.35

0.18

0.00

Strain Energy Release Rate [KJ/m?]

10.00

9.00

Strain Energy Release Rate [in-1b fin?]
e a0 = 9 o o =
o o o o o o o
o o o o o o o

e
o
=)

0.00

Crack Length [mm]

12.7 254 38.1 508 635 76.2 889

)
f. ‘_ %
' -
" e
)
E:y
o ®.
T H
o®.
Sl D
SDT-04-HX-1.8-2-B-PCFS-LONG-C-4
4 ONL Owvis [ 5%/Max APROP
a&‘-m:m
1 - !
MA
T ®
050 1.00 150 2.00 250 3.00 3.50

Crack Length [in]

Figure A-10. Failure mode image and resistance curve of SDT-04-HX-1.8-2-B-PCFS-LONG-C-X #3 and #4
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A.2 HRH-10-1/8-3.0 DATA

A.2.1 HRH-10-1/8-3.0 LONGITUDINAL RIBBON DIRECTION WITH TOP DISBOND (CENTER) DATA

Table A-5. Test summary for HRH-10-1/8-3.0 longitudinal ribbon direction with top disbond (center) pre-crack

GIC (in-lb/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max Failure Mode
SDT-04-HX-1.8-3-T-PCFS-LONG-C-1 2.243 N/A 3.696 0.393 N/A 0.647 | Primarily C
SDT-04-HX-1.8-3-T-PCFS-LONG-C-2 2.304 N/A 3.345 0.404 N/A 0.586 Primarily C
SDT-04-HX-1.8-3-T-PCFS-LONG-C-3 2.261 3.254 3.254 0.396 0.570 0.570 | Primarily C
SDT-04-HX-1.8-3-T-PCFS-LONG-C-4 2.305 N/A 3.146 0.404 N/A 0.551 | Primarily C
SDT-04-HX-1.8-3-T-PCFS-LONG-C-5 1.862 N/A 3.002 0.326 N/A 0.526 | Primarily C
SDT-04-HX-1.8-3-T-PCFS-LONG-C-6 1.628 N/A 3.615 0.285 N/A 0.633 | Primarily C
SDT-04-HX-1.8-3-T-PCFS-LONG-C-7
SDT-04-HX-1.8-3-T-PCFS-LONG-C-8
AVERAGE GIC 2.101 3.254 3.343 0.368 0.570 0.585
STANDARD DEVIATION 0.286 N/A 0.269 0.050 N/A 0.047
COEFFICIENT OF VARIATION (%) 13.625 N/A 8.045 13.625 N/A 8.045
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Table A-6. Test summary for HRH-10-1/8-3.0 longitudinal ribbon direction with top disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS | 5%/max | AREA | NL VIS | 5%/max | AREA | Failure Mode
SDT-04-HX-1.8-3-T- N
S CES.LONG.OA 1108 | 3814 | 3931 | 3511 | 0194 | 0668 | 0.68 | 0.615 | PrimarilyinC
SDT-04-HX-1.8-3-T- N
S CFS LONG.O.2 1484 | N/A | 3922 | 3547 | 0260 | N/A | 0687 | 0621 |PrimarilyinC
SDT-04-HX-1.8-3-T- N
SCES.LONG.C.3 1376 | N/A | 3314 | 3543 | 0241 | N/A | 0580 | 0621 |PrimarilyinC
SDT-04-HX-1.8-3-T- N
S CES.LONG.OA 1167 | 3405 | 3423 | 3363 | 0204 | 059 | 0.600 | 0589 | PrimarilyinC
SDT-04-HX-1.8-3-T- N
S CES.LONG.OE 1516 | N/A | 3612 | 3547 | 0266 | N/A | 0633 | 0621 |PrimarilyinC
SDT-04-HX-1.8-3-T- N
S CESLONG.O6 0.991 | 1777 | 3919 | 3732 | 0174 | 0311 | 0686 | 0.654 |PrimarilyinC
SDT-04-HX-1.8-3-T-
PCFS-LONG-C-7
SDT-04-HX-1.8-3-T-
PCFS-LONG-C-8
AVERAGE GIC 1274 | 2999 | 3687 | 3540 | 0223 | 0525 | 0646 | 0.620
STANDARD
DEVIATION 0.216 | 1.077 | 0277 | 0118 | 0038 | 0189 | 0048 | 0.021
COEFFICIENT OF
VARIATION (%) 16.920 | 35930 | 7.506 | 3.321 | 16.920 | 35.930 | 7.506 | 3.321
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A.2.2 HRH-10-1/8-3.0 LONGITUDINAL RIBBON DIRECTION WITH A BOTTOM DISBOND (CENTER) DATA

Table A-7. Test summary for HRH-10-1/8-3.0 longitudinal ribbon direction with bottom disbond (center) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)
Specimen NL VIS 5%/max NL VIS 5%/max | Failure Mode

SDT-04-HX-1.8-3-B-PCFS-LONG-C-1

SDT-04-HX-1.8-3-B-PCFS-LONG-C-2 1.639 N/A 2.096 0.287 N/A 0.367 | Primarily C
SDT-04-HX-1.8-3-B-PCFS-LONG-C-3 1.737 N/A 2.700 0.304 N/A 0.473 | Primarily C
SDT-04-HX-1.8-3-B-PCFS-LONG-C-4 1.925 N/A 3.088 0.337 N/A 0.541 | Primarily C
SDT-04-HX-1.8-3-B-PCFS-LONG-C-5 1.952 N/A 3.146 0.342 N/A 0.551 | Primarily C
SDT-04-HX-1.8-3-B-PCFS-LONG-C-6 1.898 N/A 3.033 0.332 N/A 0.531 | Primarily C
SDT-04-HX-1.8-3-B-PCFS-LONG-C-7 2.010 N/A 3.263 0.352 N/A 0.571 | Primarily C
SDT-04-HX-1.8-3-B-PCFS-LONG-C-8

AVERAGE GIC 1.860 N/A 2.888 0.326 N/A 0.506

STANDARD DEVIATION 0.142 N/A 0.431 0.025 N/A 0.076
COEFFICIENT OF VARIATION (%) 7.620 N/A 14.941 7.620 N/A 14.941
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Table A-8. Test summary for HRH-10-1/8-3.0 longitudinal ribbon direction with bottom disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS | 5%/max | AREA | NL VIS | 5%/max | AREA | Failure Mode
SDT-04-HX-1.8-3-B-
PCFS-LONG-C-1
SDT-04-HX-1.8-3-B- N
S CES L ONG-C.2 1399 | 3227 | 3604 | 3.770 | 0245 | 0565 | 0.631 | 0.660 | PrimarilyinC
SDT-04-HX-1.8-3-B- N
S CES L ONG-C.3 0.647 | N/A | 3352 | 3838 | 0113 | N/A | 0587 | 0672 |PrimarilyinC
SDT-04-HX-1.8-3-B- N
S CES L ONG-C.4 0921 | 3.021 | 3059 | 3316 | 0161 | 0529 | 0536 | 0581 |PrimarilyinC
SDT-04-HX-1.8-3-B- N
DCES.LONG-C.5 0810 | N/A | 2863 | 3875 | 0142 | N/A | 0501 | 0.679 |PrimarilyinC
SDT-04-HX-1.8-3-B- N
D CES.LONG-C.6 0.906 | 3.257 | 3.288 | 3.782 | 0459 | 0570 | 0576 | 0.662 |PrimarilyinC
SDT-04-HX-1.8-3-B- N
S CES LONGC 0.903 | 3.236 | 3430 | 3202 | 0158 | 0567 | 0601 | 0561 |PrimarilyinC
SDT-04-HX-1.8-3-B-
PCFS-LONG-C-8
AVERAGE GIC 0931 | 3.185 | 3.266 | 3631 | 0163 | 0558 | 0572 | 0.636
STANDARD
DEVIATION 0.251 | 0110 | 0.266 | 0.292 | 0044 | 0019 | 0047 | 0.051
COEFFICIENT OF
VARIATION (%) 27.004 | 3.456 | 8151 | 8.049 | 27.004 | 3456 | 8151 | 8.049
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A.2.3 HRH-10-1/8-3.0 LONGITUDINAL RIBBON DIRECTION WITH BOTTOM DISBOND (EDGE) DATA

Table A-9. Test summary for HRH-10-1/8-3.0 longitudinal ribbon direction with bottom disbond (edge) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max Failure Mode
SDT-04-HX-1.8-3-B-PCFS-LONG-E-1 1.495 N/A 2929 | 0.262 N/A 0513 5'\2:: gce” in A,
SDT-04-HX-1.8-3-B-PCFS-LONG-E-2 1.827 N/A 2956 | 0.320 N/A 0518 ;']2': ‘éce” in A,
SDT-04-HX-1.8-3-B-PCFS-LONG-E-3 1572 N/A 2777 | 0275 N/A 0.486 ;']2': ‘éce” in A,
SDT-04-HX-1.8-3-B-PCFS-LONG-E-4 1859 | N/A | 2760 | 0326 | NA | 0483 ;']2': ‘éce” in A,
SDT-04-HX-1.8-3-B-PCFS-LONG-E-5 1298 | 2367 | 2422 | 0227 | 0415 | 0.424 5'\2:: gce” In A,
SDT-04-HX-1.8-3-B-PCFS-LONG-E-6 1.201 N/A 2541 | 0.210 N/A 0.445 5'\2:: gce” In A,
SDT-04-HX-1.8-3-B-PCFS-LONG-E-7
SDT-04-HX-1.8-3-B-PCFS-LONG-E-8
AVERAGE GIC 1542 | 2367 | 2731 | 0270 | 0415 | 0478
STANDARD DEVIATION 0.269 N/A 0212 | 0.047 N/A 0.037
COEFFICIENT OF VARIATION (%) 17411 | N/A 7757 | 17411 | N/A 7.757




0e-v

Table A-10. Test summary for HRH-10-1/8-3.0 longitudinal ribbon direction with bottom disbond (edge)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max | AREA NL VIS 5%/max | AREA Failure Mode
SDT-04-HX-1.8-3-B- . o
PCES-LONG-E-1 0.755 2.392 2.516 5.131 0.132 0.419 0.441 0.899 | Primarily inC
SDT-04-HX-1.8-3-B- . o
PCES-LONG-E-2 1.419 N/A 2.246 5.376 0.249 N/A 0.393 0.941 | Primarily inC
SDT-04-HX-1.8-3-B- . o
PCES-LONG-E-3 1.564 2.076 2.164 5.226 0.274 0.364 0.379 0.915 | Primarily in C
SDT-04-HX-1.8-3-B- . o
PCES-LONG-E-4 1.377 N/A 2.802 4737 0.241 N/A 0.491 0.830 | Primarily in C
SDT-04-HX-1.8-3-B- . o
PCES-LONG-E-5 0.660 2.298 2.316 5.569 0.116 0.402 0.406 0.975 | Primarily in C
SDT-04-HX-1.8-3-B- . o
PCES-LONG-E-6 0.633 N/A 2.666 5512 0.111 N/A 0.467 0.965 | Primarily in C
SDT-04-HX-1.8-3-B-

PCFS-LONG-E-7

SDT-04-HX-1.8-3-B-

PCFS-LONG-E-8

AVERAGE GIC 1.068 2.256 2.452 5.258 0.187 0.395 0.429 0.921
STANDARD

DEVIATION 0.429 0.162 0.251 0.304 0.075 0.028 0.044 0.053
COEFFICIENT OF

VARIATION (%) 40.133 7.199 10.252 5.790 40.133 7.199 10.252 5.790
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Figure A-25. GIC for HRH-10-1/8-3.0 longitudinal ribbon direction
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Figure A-30. Load vs. displacement curve for HRH-10-1/8-3.0 longitudinal ribbon
direction with bottom disbond (edge)
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A.24 HRH-10-1/8-3.0 LATERAL RIBBON DIRECTION WITH TOP DISBOND (CENTER) DATA

Table A-11. Test summary for HRH-10-1/8-3.0 lateral ribbon direction with top disbond (center) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)
Specimen NL VIS 5%/max NL VIS 5%/max | Failure Mode
SDT-04-HX-1.8-3-T-PCFS-LAT-C-1
SDT-04-HX-1.8-3-T-PCFS-LAT-C-2 1.824 N/A 2.643 0.319 N/A 0.463 | Primarily C
SDT-04-HX-1.8-3-T-PCFS-LAT-C-3 2.019 N/A 2.695 0.354 N/A 0.472 | Primarily C
SDT-04-HX-1.8-3-T-PCFS-LAT-C-4 1.851 N/A 2.793 0.324 N/A 0.489 Primarily C
Primarily C, with
SDT-04-HX-1.8-3-T-PCFS-LAT-C-5 1.485 N/A 2.669 0.260 N/A 0.467 | afew cells half
A
Primarily C, with
SDT-04-HX-1.8-3-T-PCFS-LAT-C-6 1.477 N/A 2.314 0.259 N/A 0.405 | acouple of cells
half A
SDT-04-HX-1.8-3-T-PCFS-LAT-C-7
SDT-04-HX-1.8-3-T-PCFS-LAT-C-8 1.531 N/A 2.241 0.268 N/A 0.392 Primarily C
AVERAGE GIC 1.698 N/A 2.559 0.297 N/A 0.448
STANDARD DEVIATION 0.230 N/A 0.225 0.040 N/A 0.039
COEFFICIENT OF VARIATION (%) 13.558 N/A 8.807 13.558 N/A 8.807
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Table A-12. Test summary for HRH-10-1/8-3.0 lateral ribbon direction with top disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max | AREA NL VIS 5%/max | AREA Failure Mode
SDT-04-HX-1.8-3-T-
PCFS-LAT-C-1
SDT-04-HX-1.8-3-T- . o
PCES-LAT-C-2 0.599 2.519 3.257 3.974 0.105 0.441 0.570 0.696 | Primarily in C
SDT-04-HX-1.8-3-T- . o
PCES-LAT-C-3 0.529 2.173 2.332 3.800 0.093 0.381 0.408 0.665 | Primarily in C
SDT-04-HX-1.8-3-T- . o
PCES-LAT-C-4 0.509 N/A 2.296 4.344 0.089 N/A 0.402 0.761 | Primarily in C
SDT-04-HX-1.8-3-T- . o
PCES-LAT-C-5 0.744 2.918 2.937 4.070 0.130 0.511 0.514 0.713 | Primarily in C
SDT-04-HX-1.8-3-T- . o
PCES-LAT-C-6 0.698 2.718 2.727 4113 0.122 0.476 0.478 0.720 | Primarily in C
SDT-04-HX-1.8-3-T-
PCFS-LAT-C-7
SDT-04-HX-1.8-3-T- . o
PCES-LAT-C-8 0.858 3.052 3.152 3.886 0.150 0.535 0.552 0.681 | Primarily inC
AVERAGE GIC 0.656 2.676 2.783 4.031 0.115 0.469 0.487 0.706
STANDARD
DEVIATION 0.135 0.346 0.407 0.192 0.024 0.061 0.071 0.034
COEFFICIENT OF
VARIATION (%) 20.586 12.936 14.618 4.759 20.586 12.936 14.618 4.759
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Figure A-31. GIC for HRH-10-1/8-3.0 lateral ribbon direction with top disbond (center)
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Figure A-32. Resistance curve for HRH-10-1/8-3.0 lateral ribbon direction with top
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Figure A-36. Load vs. displacement curve for HRH-10-1/8-3.0 lateral ribbon direction
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A.25 HRH-10-1/8-3.0 LATERAL RIBBON DIRECTION WITH A BOTTOM DISBOND (CENTER) DATA

Table A-13. Test summary for HRH-10-1/8-3.0 lateral ribbon direction with bottom disbond (center) pre-crack

GIC (in-Ib/in?) GIC (KJIm?)
Specimen NL VIS 5%/max NL VIS 5%/max | Failure Mode

SDT-04-HX-1.8-3-B-PCFS-LAT-C-1

SDT-04-HX-1.8-3-B-PCFS-LAT-C-2 1.613 N/A 2595 | 0.283 N/A 0.454 5'\2:: gce” in A,

SDT-04-HX-1.8-3-B-PCFS-LAT-C-3 1.289 N/A 2424 | 0.226 N/A 0.425 | Primarily C, with
several half A

SDT-04-HX-1.8-3-B-PCFS-LAT-C-4 1250 | 2195 | 2195 | 0219 | 0384 | 0384 ;']2': ‘éce” in A,

SDT-04-HX-1.8-3-B-PCFS-LAT-C-5 1234 | N/A | 2304 | 0216 | NA | 0419 |PrimarilyC, with
several half A
Primarily C, with

SDT-04-HX-1.8-3-B-PCFS-LAT-C-6 1.262 N/A 2.265 0.221 N/A 0.397 | acouple of cells
half A

SDT-04-HX-1.8-3-B-PCFS-LAT-C-7 1.095 N/A 1813 | 0.192 N/A 0.317 | Primarily C

SDT-04-HX-1.8-3-B-PCFS-LAT-C-8

AVERAGE GIC 1290 | 2195 | 2281 | 0226 | 0384 | 0399

STANDARD DEVIATION 0.172 N/A 0268 | 0.030 N/A 0.047

COEFFICIENT OF VARIATION (%) 13336 | N/A | 11.743 | 13336 | N/A | 11.743
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Table A-14. Test summary for HRH-10-1/8-3.0 lateral Ribbon direction with bottom disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS | 5%/max | AREA | NL VIS | 5%/max | AREA | Failure Mode
SDT-04-HX-1.8-3-B-
PCFS-LAT-C-1
SDT-04-HX-1.8-3-B- o
SCESLAT-C.2 0.697 | N/A | 2196 | 4083 | 0122 | N/A | 0385 | 0715 |PrimarilyinC
SDT-04-HX-1.8-3-B- o
SCESLAT-C.3 0.746 | N/A | 2441 | 4073 | 0131 | N/A | 0428 | 0.713 | PrimarilyinC
SDT-04-HX-1.8-3-B- o
SCESLAT-C.4 0656 | N/A | 193 | 3940 | 0115 | N/A | 0339 | 0.690 | PrimarilyinC
SDT-04-HX-1.8-3-B- o
SCES.LAT-C.5 0.476 | 2304 | 2568 | 4008 | 0083 | 0403 | 0450 | 0.702 | PrimarilyinC
SDT-04-HX-1.8-3-B- o
SCES.LAT-C.6 0383 | N/A | 2371 | 4161 | 0067 | N/A | 0415 | 0.729 | PrimarilyinC
SDT-04-HX-1.8-3-B- o
SCES.LAT-C.7 0529 | N/A | 1986 | 4073 | 0093 | N/A | 0348 | 0.713 | PrimarilyinC
SDT-04-HX-1.8-3-B-
PCFS-LAT-C-8
AVERAGE GIC 0581 | 2304 | 2250 | 4056 | 0102 | 0403 | 0394 | 0.710
STANDARD
DEVIATION 0141 | N/A | 0254 | 0075 | 0025 | N/A | 0045 | 0.013
COEFFICIENT OF
VARIATION (%) 24247 | N/A | 11310 | 1.846 | 24247 | N/A | 11.310 | 1.846
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Figure A-40. Failure mode image and resistance curve of SDT-04-HX-1.8-3-B-PCFS-LAT-C-X #4 and #5

Strain Energy Release Rate [KJ/m?]



8y-v

Crack Length [mm]
12.7 254 38.1 508 635

i
o
=]

<
o
o

5.00 4 ©ONL VIS 5%/Max

Strain Energy Release Rate [in-lbfin?]

L
0.00 T T T T

SDT-04-HX-1.8-3-B-PCFS5-LAT-C-6

76.2 889

PROP

0.50 1.00
Crack Length [in]

Figure A-41. Failure mode image and resistance curve of SDT-04-HX-1.8-3-B-PCFS-LAT-C-X #6 and #7
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A.2.6 HRH-10-1/8-3.0 LATERAL RIBBON DIRECTION WITH BOTTOM DISBOND (EDGE) DATA

Table A-15. Test summary for HRH-10-1/8-3.0 lateral ribbon direction with bottom disbond (edge) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max | Failure Mode
SDT-04-HX-1.8-3-B-PCFS-LAT-E-1 0.942 N/A 2.492 0.165 N/A 0.436 Primarily C
SDT-04-HX-1.8-3-B-PCFS-LAT-E-2 0.959 N/A 2.031 0.168 N/A 0.356 | Primarily C
SDT-04-HX-1.8-3-B-PCFS-LAT-E-3 1.559 N/A 2.816 0.273 N/A 0.493 | Primarily C
SDT-04-HX-1.8-3-B-PCFS-LAT-E-4
SDT-04-HX-1.8-3-B-PCFS-LAT-E-5

Primarily C, with
SDT-04-HX-1.8-3-B-PCFS-LAT-E-6 1.725 N/A 2.637 0.302 N/A 0.462 | acouple of cells
half A
Primarily C, with
SDT-04-HX-1.8-3-B-PCFS-LAT-E-7 0.705 3.152 3.200 0.123 0.552 0.560 | acouple of cells
half A
Primarily C, with
SDT-04-HX-1.8-3-B-PCFS-LAT-E-8 1.413 N/A 2.286 0.247 N/A 0.400 | acouple of cells
half A
AVERAGE GIC 1.217 3.152 2.577 0.213 0.552 0.451
STANDARD DEVIATION 0.405 N/A 0.410 0.071 N/A 0.072
COEFFICIENT OF VARIATION (%) 33.242 N/A 15.892 | 33.242 N/A 15.892
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Table A-16. Test summary for HRH-10-1/8-3.0 lateral ribbon direction with bottom disbond (edge)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max | AREA NL VIS 5%/max | AREA Failure Mode
SDT-04-HX-1.8-3-B- . o
PCES-LAT-E-1 0.778 2.923 2.978 4.029 0.136 0.512 0.522 0.706 | Primarily in C
SDT-04-HX-1.8-3-B- . o
PCES-LAT-E-2 0.902 2.496 2.649 4123 0.158 0.437 0.464 0.722 | Primarily in C
SDT-04-HX-1.8-3-B- . o
PCES-LAT-E-3 1.055 2.236 2.340 4.284 0.185 0.392 0.410 0.750 | Primarily in C
SDT-04-HX-1.8-3-B-

PCFS-LAT-E-4

SDT-04-HX-1.8-3-B-

PCFS-LAT-E-5

SDT-04-HX-1.8-3-B- . o
PCES-LAT-E-6 0.801 N/A 2.044 4.473 0.140 N/A 0.358 0.783 | Primarily in C
SDT-04-HX-1.8-3-B- . o
PCES-LAT-E-7 0.427 N/A 1.919 4.322 0.075 N/A 0.336 0.757 | Primarily in C
SDT-04-HX-1.8-3-B- . o
PCES-LAT-E-8 0.817 N/A 2.378 4132 0.143 N/A 0.416 0.724 | Primarily in C
AVERAGE GIC 0.797 2.552 2.385 4.227 0.140 0.447 0.418 0.740

STANDARD

DEVIATION 0.208 0.347 0.389 0.162 0.036 0.061 0.068 0.028

COEFFICIENT OF

VARIATION (%) 26.065 13.606 16.314 3.842 26.065 13.606 16.314 3.842
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A.3 HRH-10-1/8-6.0 DATA

A.3.1 HRH-10-1/8-6.0 LONGITUDINAL RIBBON DIRECTION WITH TOP DISBOND (CENTER) DATA

Table A-17. Test summary for HRH-10-1/8-6.0 longitudinal ribbon direction with top disbond (center) pre-crack

GIC (in-lb/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max Failure Mode
SDT-04-HX-1.8-6-T-PCFS-LONG-C-1 1.891 N/A 3.933 0.331 N/A 0.689 | Primarily APO
SDT-04-HX-1.8-6-T-PCFS-LONG-C-2 1.931 3.725 3.725 0.338 0.652 0.652 | Primarily APO
SDT-04-HX-1.8-6-T-PCFS-LONG-C-3 2.085 N/A 3.358 0.365 N/A 0.588 | Primarily APO
SDT-04-HX-1.8-6-T-PCFS-LONG-C-4 1.505 N/A 2.716 0.264 N/A 0.476 | Primarily APO
SDT-04-HX-1.8-6-T-PCFS-LONG-C-5 2.387 N/A 3.631 0.418 N/A 0.636 | Primarily APO
SDT-04-HX-1.8-6-T-PCFS-LONG-C-6 1.397 N/A 3.458 0.245 N/A 0.606 Primarily APO
SDT-04-HX-1.8-6-T-PCFS-LONG-C-7 1.799 N/A 3.295 0.315 N/A 0.577 Primarily APO
SDT-04-HX-1.8-6-T-PCFS-LONG-C-8 0.995 N/A 3.678 0.174 N/A 0.644 | Primarily APO
AVERAGE GIC 1.749 3.725 3.474 0.306 0.652 0.608
STANDARD DEVIATION 0.435 N/A 0.370 0.076 N/A 0.065
COEFFICIENT OF VARIATION (%) 24.893 N/A 10.662 | 24.893 N/A 10.662
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Table A-18. Test summary for HRH-10-1/8-6.0 longitudinal ribbon direction with top disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS | 5%/max | AREA | NL VIS | 5%/max | AREA | Failure Mode
SOOI LIS T | 1763 | 4201 | 4266 | NA | 0300 | 0718 | 0747 | NA | ITALYARO
ggg:ﬁg'ﬁ;ggm 1054 | N/A | 2975 | N/A | 0185 | N/A | 0521 | NIA fhréTaFg'g APO,
ﬁggsoﬁg'ﬁGlggT 0674 | 2795 | 289 | 7.100 | 0.118 | 0490 | 0507 | 1.243 | Primarily APO
ﬁggsoﬁgKGlng 0814 | N/A | 3497 | 7154 | 0143 | N/A | 0612 | 1253 | Primarily APO
gggSOﬁg’i(GlggT 0916 | N/A | 3580 | 6591 | 0160 | N/A | 0627 | 1.154 | Primarily APO
SOOI LEOT | 0760 | 3241 | 3142 | 8105 | 0133 | 0568 | 0550 | 1419 | ITalYAPO
ﬁggsoﬁg'&(Glng 0586 | 3406 | 3444 | 7.062 | 0.103 | 0596 | 0.603 | 1.237 | Primarily APO
SOTOHINCLEST | o713 | 3620 | 4075 | NA | 0125 | 0636 | 0714 | NA | TTTATYAPO
AVERAGE GIC 0910 | 3434 | 3484 | 7.202 | 0159 | 0.601 | 0.610 | 1.261
BTE@TADTAISB 0374 | 0482 | 0492 | 0553 | 0.065 | 0.084 | 0.086 | 0.097
Sigf;ﬁg{l\'g, /SF 41.093 | 14.032 | 14118 | 7.673 | 41.093 | 14.032 | 14.118 | 7.673
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A.3.2 HRH-10-1/8-6.0 LONGITUDINAL RIBBON DIRECTION WITH BOTTOM DISBOND (CENTER) DATA

Table A-19. Test summary for HRH-10-1/8-6.0 longitudinal ribbon direction with bottom disbond (center) pre-crack

GIC (in-Ib/in?) GIC (KI/m?)

Specimen NL VIS 5%/max NL VIS 5%/max | Failure Mode
SDT-04-HX-1.8-6-B-PCFS-LONG-C-1 1854 | N/A | 3093 | 0325 | NA | 0542 | Primarily APO
SDT-04-HX-1.8-6-B-PCFS-LONG-C-2 1285 | 4204 | 4253 | 0225 | 0.736 | 0.745 | Primarily APO
SDT-04-HX-1.8-6-B-PCFS-LONG-C-3 0051 | N/A | 4310 | 0166 | N/A | 0.755 | Primarily APO
SDT-04-HX-1.8-6-B-PCFS-LONG-C-4 1762 | N/A | 4007 | 0309 | N/A | 0702 |Primarily APO
SDT-04-HX-1.8-6-B-PCFS-LONG-C-5 0785 | N/A | 2618 | 0137 | NA | 0459 | Primarily APO
SDT-04-HX-1.8-6-B-PCFS-LONG-C-6 2102 | N/A | 4006 | 0368 | N/A | 0717 | Primarily APO
SDT-04-HX-1.8-6-B-PCFS-LONG-C-7 2669 | N/A | 3492 | 0467 | N/A | 0612 | Primarily APO
SDT-04-HX-1.8-6-B-PCFS-LONG-C-8 2781 | 3289 | 3317 | 0487 | 0576 | 0581 5'12': Z;%' nA,
AVERAGE GIC 1774 | 3746 | 3648 | 0311 | 0656 | 0.639
STANDARD DEVIATION 0730 | 0647 | 0614 | 0129 | 0113 | 0.107
COEFFICIENT OF VARIATION (%) 41681 | 17.269 | 16822 | 41681 | 17.269 | 16.822
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Table A-20. Test summary for HRH-10-1/8-6.0 longitudinal ribbon direction with bottom disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS | 5%/max | AREA | NL VIS | 5%/max | AREA | Failure Mode
SOOI LB | 0932 | 3383 | 3658 | NA | 0163 | 0592 | 0641 | NA | ITALYARO
SOTOHINCLOOB | 0421 | 3132 | 3406 | 8614 | 0074 | 0549 | 0596 | 1500 |TmalYAPO
gggsoigleelggB 0377 | 3475 | 3550 | N/A | 0066 | 0609 | 0622 | N/A fhrérr?aFg'g APO,
ﬁggé?ﬁg:\lxégj'B' 0515 | N/A | 3124 | 7594 | 009 | N/A | 0547 | 1330 |Primarily APO
gggsoilgli(elggs 0557 | 3227 | 3.004 | 7.765 | 0.097 | 0565 | 0526 | 1.360 | Primarily APO
gggsoilgli(elggs 0490 | N/A | 338 | 7672 | 008 | NA | 0593 | 1.344 | Primarily APO
gggsoﬁg'NxGlng 0450 | N/A | 2452 | 7521 | 0079 | N/A | 0429 | 1317 |Primarily APO
ﬁggg?ﬁgﬁ;gg'& 1124 | 1851 | 2711 | 6.746 | 0.197 | 0324 | 0475 | 1.181 | Primarily APO
AVERAGE GIC 0608 | 3014 | 3.161 | 7.652 | 0107 | 0528 | 0.554 | 1.340
?)TEQ':'ADTAISR 0270 | 0.664 | 0421 | 0597 | 0047 | 0116 | 0.074 | 0.105
Sigﬁ'ﬁ'oﬁ\'}'&? 44.374 | 22.017 | 13316 | 7.798 | 44.374 | 22.017 | 13316 | 7.798
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Figure A-56. GIC for HRH-10-1/8-6.0 longitudinal ribbon direction
with bottom disbond (center)
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A.4 HRH-10-3/16-2.0 DATA

A.4.1 HRH-10-3/16-2.0 LONGITUDINAL RIBBON DIRECTION WITH TOP DISBOND (CENTER) DATA

Table A-21. Test summary for HRH-10-3/16-2.0 longitudinal ribbon direction with top disbond (center) pre-crack

GIC (in-lb/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max Failure Mode
SDT-04-HX-3.16-2-T-PCFS-LONG-C-1 1.320 2.366 2.416 0.231 0.414 0.423 | Primarily C
SDT-04-HX-3.16-2-T-PCFS-LONG-C-2 1.129 N/A 1.757 0.198 N/A 0.308 Primarily C
SDT-04-HX-3.16-2-T-PCFS-LONG-C-3 1.000 N/A 1.549 0.175 N/A 0.271 Primarily C
SDT-04-HX-3.16-2-T-PCFS-LONG-C-4 0.929 N/A 1.484 0.163 N/A 0.260 | Primarily C
SDT-04-HX-3.16-2-T-PCFS-LONG-C-5 0.823 0.965 0.965 0.144 0.169 0.169 | Primarily C
SDT-04-HX-3.16-2-T-PCFS-LONG-C-6
SDT-04-HX-3.16-2-T-PCFS-LONG-C-7 0.985 N/A 1.572 0.172 N/A 0.275 Primarily C
SDT-04-HX-3.16-2-T-PCFS-LONG-C-8
AVERAGE GIC 1.031 1.665 1.624 0.181 0.292 0.284
STANDARD DEVIATION 0.173 0.991 0.471 0.030 0.174 0.082
COEFFICIENT OF VARIATION (%) 16.780 | 59.493 | 28.987 | 16.780 | 59.493 | 28.987
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Table A-22.

Test summary for HRH-10-3/16-2.0 longitudinal ribbon direction with top disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max | AREA NL VIS 5%/max | AREA Failure Mode
SDT-04-HX-3.16-2-T- . )
PCES-LONG-C-1 0.892 2.425 2.425 2.740 0.156 0.425 0.425 0.480 | Primarily C
SDT-04-HX-3.16-2-T- . )
PCES-LONG-C-2 0.846 N/A 1.905 2.783 0.148 N/A 0.334 0.487 | Primarily C
SDT-04-HX-3.16-2-T- . )
PCES-LONG-C-3 0.422 1.802 2.323 2.321 0.074 0.316 0.407 0.406 | Primarily C
SDT-04-HX-3.16-2-T- . )
PCES-LONG-C-4 0.614 1.602 1.894 2.400 0.108 0.281 0.332 0.420 | Primarily C
SDT-04-HX-3.16-2-T- . )
PCES-LONG-C-5 0.593 1.766 2.662 2.363 0.104 0.309 0.466 0.414 | Primarily C
SDT-04-HX-3.16-2-T-

PCFS-LONG-C-6

SDT-04-HX-3.16-2-T- . )
PCES-LONG-C-7 0.714 2.024 2.083 2.547 0.125 0.354 0.365 0.446 | Primarily C
SDT-04-HX-3.16-2-T-

PCFS-LONG-C-8

AVERAGE GIC 0.680 1.924 2.215 2.526 0.119 0.337 0.388 0.442

STANDARD

DEVIATION 0.174 0.318 0.307 0.198 0.031 0.056 0.054 0.035
COEFFICIENT OF

VARIATION (%) 25.616 16.525 13.861 7.854 25.616 16.525 13.861 7.854
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A.4.2 HRH-10-3/16-2.0 LONGITUDINAL RIBBON DIRECTION WITH BOTTOM DISBOND (CENTER) DATA

Table A-23. Test summary for HRH-10-3/16-2.0 longitudinal ribbon direction with bottom disbond (center) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max | Failure Mode
SDT-04-HX-3.16-2-B-PCFS-LONG-C-1 1.294 N/A 2.158 0.227 N/A 0.378 | Primarily C
SDT-04-HX-3.16-2-B-PCFS-LONG-C-2 1.635 N/A 1.923 0.286 N/A 0.337 | Primarily C
SDT-04-HX-3.16-2-B-PCFS-LONG-C-3 1.556 N/A 1.915 0.273 N/A 0.335 | Primarily C
SDT-04-HX-3.16-2-B-PCFS-LONG-C-4 1.420 N/A 1.856 0.249 N/A 0.325 | Primarily C
SDT-04-HX-3.16-2-B-PCFS-LONG-C-5 1.176 2.020 2.020 0.206 0.354 0.354 | Primarily C
SDT-04-HX-3.16-2-B-PCFS-LONG-C-6 0.987 N/A 1.705 0.173 N/A 0.299 | Primarily C
SDT-04-HX-3.16-2-B-PCFS-LONG-C-7
SDT-04-HX-3.16-2-B-PCFS-LONG-C-8
AVERAGE GIC 1.345 2.020 1.929 0.235 0.354 0.338
STANDARD DEVIATION 0.242 N/A 0.153 0.042 N/A 0.027
COEFFICIENT OF VARIATION (%) 18.025 N/A 7.906 | 18.025 N/A 7.906
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Table A-24. Test summary for HRH-10-3/16-2.0 longitudinal ribbon direction with bottom disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS | 5%/max | AREA | NL VIS | 5%/max | AREA | Failure Mode
SDT-04-HX-3.16-2-B- ey
S CES.LONG.C.1L 0.869 | 2330 | 2354 | 2550 | 052 | 0408 | 0.412 | 0.447 | PrimarilyC
SDT-04-HX-3.16-2-B- ey
S CFS LONG. Cp 0.945 | 2022 | 2204 | 2404 | 0165 | 0354 | 0386 | 0.421 | PrimarilyC
SDT-04-HX-3.16-2-B- ey
SCES.LONG.C.3 0.821 | 2671 | 2688 | 2346 | 0.144 | 0468 | 0471 | 0411 | PrimarilyC
SDT-04-HX-3.16-2-B- ey
S CES.LONG. ot 0.904 | 2243 | 2268 | 2193 | 058 | 0393 | 0397 | 0.384 | PrimarilyC
SDT-04-HX-3.16-2-B- ey
S CES.LONG.C.E 0951 | 1915 | 2288 | 2119 | 0166 | 0335 | 0401 | 0371 | PrimarilyC
SDT-04-HX-3.16-2-B- iy
S CES.LONG.C.b 0719 | N/A | 2224 | 2244 | 0126 | N/A | 039 | 0393 | PrimarilyC
SDT-04-HX-3.16-2-B-
PCFS-LONG-C-7
SDT-04-HX-3.16-2-B-
PCFS-LONG-C-8
AVERAGE GIC 0.868 | 2236 | 2338 | 2309 | 0452 | 0392 | 0.409 | 0.404
STANDARD
DEVIATION 0.088 | 0295 | 0180 | 0.156 | 0015 | 0052 | 0031 | 0.027
COEFFICIENT OF
VARIATION (%) 10.109 | 13.176 | 7.680 | 6.760 | 10.109 | 13.176 | 7.680 | 6.760
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Figure A-70. Resistance curve for HRH-10-3/16-2.0 longitudinal ribbon direction
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A5 HRH-10-3/16-3.0 DATA

A.5.1 HRH-10-3/16-3.0 LONGITUDINAL RIBBON DIRECTION WITH TOP DISBOND (CENTER) DATA

Table A-25. Test summary for HRH-10-3/16-3.0 longitudinal ribbon direction with top disbond (center) pre-crack

GIC (in-lb/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max Failure Mode
SDT-04-HX-3.16-3-T-PCFS-LONG-C-1 2.185 N/A 2.807 0.383 N/A 0.492 *
SDT-04-HX-3.16-3-T-PCFS-LONG-C-2 2.154 N/A 3.154 0.377 N/A 0.552 *
SDT-04-HX-3.16-3-T-PCFS-LONG-C-3 1.563 1.835 1.835 0.274 0.321 0.321 *
SDT-04-HX-3.16-3-T-PCFS-LONG-C-4 2.403 N/A 3.114 0.421 N/A 0.545 *
SDT-04-HX-3.16-3-T-PCFS-LONG-C-5 1.506 2.295 2.295 0.264 0.402 0.402 *
SDT-04-HX-3.16-3-T-PCFS-LONG-C-6 1.660 N/A 2.198 0.291 N/A 0.385 *
SDT-04-HX-3.16-3-T-PCFS-LONG-C-7
SDT-04-HX-3.16-3-T-PCFS-LONG-C-8
AVERAGE GIC 1.912 2.065 2.567 0.335 0.362 0.450
STANDARD DEVIATION 0.381 0.325 0.538 0.067 0.057 0.094
COEFFICIENT OF VARIATION (%) 19.912 15.729 20.954 19.912 15.729 20.954

Notes

Mix of C and APO, with the APO
occurring primarily on the double cell
walls in the ribbon direction.
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Table A-26. Test summary for HRH-10-3/16-3.0 longitudinal ribbon direction with top disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max | AREA NL VIS 5%/max | AREA Failure Mode
SDT-04-HX-3.16-3-T- *
PCES-LONG-C-1 0.900 N/A 3.033 3.435 0.158 N/A 0.531 0.602
SDT-04-HX-3.16-3-T- «
PCES-LONG-C-2 0.725 N/A 2.682 3.876 0.127 N/A 0.470 0.679
SDT-04-HX-3.16-3-T- «
PCES-LONG-C-3 1.264 3.228 3.327 3.958 0.221 0.565 0.583 0.693
SDT-04-HX-3.16-3-T- «
PCES-L ONG-C-4 0.753 2.823 2.874 3.598 0.132 0.494 0.503 0.630
SDT-04-HX-3.16-3-T- «
PCES-LONG-C-5 0.946 1.902 1.918 3.516 0.166 0.333 0.336 0.616
SDT-04-HX-3.16-3-T- «
PCES-LONG-C-6 0.995 2777 2.954 3.758 0.174 0.486 0.517 0.658
SDT-04-HX-3.16-3-T-

PCFS-LONG-C-7

SDT-04-HX-3.16-3-T-

PCFS-LONG-C-8

AVERAGE GIC 0.931 2.683 2.798 3.690 0.163 0.470 0.490 0.646
STANDARD

DEVIATION 0.195 0.558 0.480 0.207 0.034 0.098 0.084 0.036
COEFFICIENT OF

VARIATION (%) 20.970 | 20.814 17.161 5.618 20.970 | 20.814 17.161 5.618

Notes

* Primarily C with many cells partially in APO; APO is primarily on the

double cell walls in the ribbon direction.
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A.5.2 HRH-10-3/16-3.0 LONGITUDINAL RIBBON DIRECTION WITH BOTTOM DISBOND (CENTER) DATA

Table A-27. Test summary for HRH-10-3/16-3.0 longitudinal ribbon direction with bottom disbond (center) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max | Failure Mode
SDT-04-HX-3.16-3-B-PCFS-LONG-C-1 1.524 N/A 2.291 0.267 N/A 0.401 *
SDT-04-HX-3.16-3-B-PCFS-LONG-C-2 1.335 2.155 2.204 0.234 0.377 0.386 *
SDT-04-HX-3.16-3-B-PCFS-LONG-C-3 1.560 N/A 2.192 0.273 N/A 0.384 *
SDT-04-HX-3.16-3-B-PCFS-LONG-C-4 1.324 N/A 2.619 0.232 N/A 0.459 *
SDT-04-HX-3.16-3-B-PCFS-LONG-C-5 1521 2.475 2.475 0.266 0.433 0.433 *
SDT-04-HX-3.16-3-B-PCFS-LONG-C-6 1.691 N/A 2.679 0.296 N/A 0.469 *
SDT-04-HX-3.16-3-B-PCFS-LONG-C-7
SDT-04-HX-3.16-3-B-PCFS-LONG-C-8
AVERAGE GIC 1.492 2.315 2.410 0.261 0.405 0.422
STANDARD DEVIATION 0.141 0.226 0.212 0.025 0.040 0.037
COEFFICIENT OF VARIATION (%) 9.415 9.781 8.789 9.415 9.781 8.789

Notes

Primarily in APO with some partial cells in C
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Table A-28. Test summary for HRH-10-3/16-3.0 longitudinal ribbon direction with bottom disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS | 5%/max | AREA | NL VIS | 5%/max | AREA | Failure Mode
SDT-04-HX-3.16-3-B- .
o CES LONG.C 0.751 | 2352 | 2.685 | 3.160 | 0131 | 0412 | 0470 | 0.553
SDT-04-HX-3.16-3-B- .
o CES LONG. Gt 1501 | 1.993 | 3.248 | 3174 | 0263 | 0349 | 0569 | 0556
SDT-04-HX-3.16-3-B- .
o CES LONG.C.3 1126 | 2459 | 2577 | 3316 | 0197 | 0431 | 0451 | 0581
SDT-04-HX-3.16-3-B- .
S CESLONG.Ct 1826 | N/A | 2171 | 3151 | 0320 | N/A | 0380 | 0552
SDT-04-HX-3.16-3-B- .
o CES.LONG.C.t 1786 | 1.941 | 2149 | 2921 | 0313 | 0340 | 0376 | 0512
SDT-04-HX-3.16-3-B- .
S CFS LONG.C.6 0.714 | 3.066 | 3.166 | 3489 | 0125 | 0537 | 0554 | 0611
SDT-04-HX-3.16-3-B-

PCFS-LONG-C-7

SDT-04-HX-3.16-3-B-

PCFS-LONG-C-8

AVERAGE GIC 1284 | 2362 | 2666 | 3202 | 0225 | 0414 | 0467 | 0.561
STANDARD

DEVIATION 0.495 | 0452 | 0471 | 0189 | 0087 | 0079 | 008 | 0.033
COEFFICIENT OF

VARIATION (%) 38.587 | 19.148 | 17.671 | 5915 | 38587 | 19.148 | 17.671 | 5.915

Notes

- Primarily C with many cells in or partially in APO; APO is primarily on the

double cell walls in the ribbon direction .
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A.5.3 HRH-10-3/16-3.0 LATERAL RIBBON DIRECTION WITH TOP DISBOND (CENTER) DATA

Table A-29. Test summary for HRH-10-3/16-3.0 lateral ribbon direction with top disbond (center) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max | Failure Mode
SDT-04-HX-3.16-3-T-PCFS-LAT-C-1 1.752 2.141 2.213 0.307 0.375 0.388 | Primarily inC
SDT-04-HX-3.16-3-T-PCFS-LAT-C-2 1.570 N/A 2.074 0.275 N/A 0.363 | Primarily in C
SDT-04-HX-3.16-3-T-PCFS-LAT-C-3 1.637 N/A 2.349 0.287 N/A 0.411 | Primarily in C
SDT-04-HX-3.16-3-T-PCFS-LAT-C-4 1.615 N/A 2.267 0.283 N/A 0.397 | Primarily inC
SDT-04-HX-3.16-3-T-PCFS-LAT-C-5 1.359 N/A 2.545 0.238 N/A 0.446 | Primarily inC
SDT-04-HX-3.16-3-T-PCFS-LAT-C-6 1.894 2.461 2.495 0.332 0.431 0.437 | Primarily in C
SDT-04-HX-3.16-3-T-PCFS-LAT-C-7
SDT-04-HX-3.16-3-T-PCFS-LAT-C-8
AVERAGE GIC 1.638 2.301 2.324 0.287 0.403 0.407
STANDARD DEVIATION 0.180 0.227 0.177 0.032 0.040 0.031
COEFFICIENT OF VARIATION (%) 10.986 9.848 7.620 10.986 9.848 7.620
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Table A-30. Test summary for HRH-10-3/16-3.0 lateral ribbon direction with top disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max | AREA NL VIS 5%/max | AREA Failure Mode
SDT-04-HX-3.16-3-T- . .
PCES-LAT-C-1 0.841 N/A 2.120 3.602 0.147 N/A 0.371 0.631 | Primarily C
SDT-04-HX-3.16-3-T- *
PCES-L AT-C-2 1.100 N/A 2.152 3.502 0.193 N/A 0.377 0.613
SDT-04-HX-3.16-3-T- *
PCES-LAT-C-3 0.843 N/A 1.768 3.304 0.148 N/A 0.310 0.579
SDT-04-HX-3.16-3-T- *
PCES-LAT-C-4 0.712 N/A 2.351 3.434 0.125 N/A 0.412 0.601
SDT-04-HX-3.16-3-T- *
PCES-LAT-C-5 0.828 N/A 2.170 3.459 0.145 N/A 0.380 0.606
SDT-04-HX-3.16-3-T- *
PCES-LAT-C-6 0.920 N/A 2.104 3.355 0.161 N/A 0.368 0.588
SDT-04-HX-3.16-3-T-

PCES-LAT-C-7

SDT-04-HX-3.16-3-T-

PCFES-LAT-C-8

AVERAGE GIC 0.874 N/A 2.111 3.443 0.153 N/A 0.370 0.603
STANDARD

DEVIATION 0.130 N/A 0.190 0.106 0.023 N/A 0.033 0.019
COEFFICIENT OF

VARIATION (%) 14.822 N/A 9.009 3.080 14.822 N/A 9.009 3.080

Notes

- Primarily C, with a couple of cells partially in APO; APO is primarily on the

double cell walls in the ribbon direction.
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A.54 HRH-10-3/16-3.0 LATERAL RIBBON DIRECTION WITH BOTTOM DISBOND (CENTER) DATA

Table A-31. Test summary for HRH-10-3/16-3.0 lateral ribbon direction with bottom disbond (center) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max | Failure Mode
SDT-04-HX-3.16-3-B-PCFS-LAT-C-1 1.250 N/A 2.401 0.219 N/A 0.421 *
SDT-04-HX-3.16-3-B-PCFS-LAT-C-2 1.450 N/A 2.359 0.254 N/A 0.413 *
SDT-04-HX-3.16-3-B-PCFS-LAT-C-3 2.081 N/A 2.505 0.365 N/A 0.439 *
SDT-04-HX-3.16-3-B-PCFS-LAT-C-4 1.457 N/A 2.633 0.255 N/A 0.461 *
SDT-04-HX-3.16-3-B-PCFS-LAT-C-5 1.854 2.696 2.774 0.325 0.472 0.486 *
SDT-04-HX-3.16-3-B-PCFS-LAT-C-6 1.761 N/A 2.486 0.308 N/A 0.435 *
SDT-04-HX-3.16-3-B-PCFS-LAT-C-7
SDT-04-HX-3.16-3-B-PCFS-LAT-C-8
AVERAGE GIC 1.642 2.696 2.527 0.288 0.472 0.442
STANDARD DEVIATION 0.309 N/A 0.154 0.054 N/A 0.027
COEFFICIENT OF VARIATION (%) 18.792 N/A 6.087 18.792 N/A 6.087

Notes

Mix of C and APO, with the APO occurring primarily on the double cell
walls in the ribbon direction.
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Table A-32. Test summary for HRH-10-3/16-3.0 lateral ribbon direction with bottom disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max | AREA NL VIS 5%/max | AREA Failure Mode
SDT-04-HX-3.16-3-B- -
PCES-LAT-C-1 0.651 N/A 2.458 3.650 0.114 N/A 0.430 0.639
SDT-04-HX-3.16-3-B- *
PCES-L AT-C-2 0.876 2.469 2.595 3.867 0.153 0.432 0.454 0.677
SDT-04-HX-3.16-3-B- *
PCES-LAT-C-3 0.886 1.871 1.904 3.868 0.155 0.328 0.333 0.677
SDT-04-HX-3.16-3-B- *
PCES-LAT-C-4 0.672 N/A 2.314 3.545 0.118 N/A 0.405 0.621
SDT-04-HX-3.16-3-B- *
PCES-LAT-C-5 1.256 N/A 2.190 3.472 0.220 N/A 0.384 0.608
SDT-04-HX-3.16-3-B- *
PCES-LAT-C-6 1.000 N/A 2.814 3.472 0.175 N/A 0.493 0.608
SDT-04-HX-3.16-3-B-

PCES-LAT-C-7

SDT-04-HX-3.16-3-B-

PCFES-LAT-C-8

AVERAGE GIC 0.890 2.170 2.379 3.646 0.156 0.380 0.417 0.638
STANDARD

DEVIATION 0.224 0.423 0.319 0.184 0.039 0.074 0.056 0.032
COEFFICIENT OF

VARIATION (%) 25.185 19.488 13.397 5.040 25.185 19.488 13.397 5.040

Notes

- Primarily C with many cells in APO and partially in APO; APO is primarily

on the double cell walls in the ribbon direction.
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A.6 HRH-10-3/16-6.0 DATA

A.6.1 HRH-10-3/16-6.0 LONGITUDINAL RIBBON DIRECTION WITH TOP DISBOND (CENTER) DATA

Table A-33. Test summary for HRH-10-3/16-6.0 longitudinal ribbon direction with top disbond (center) pre-crack

GIC (in-lb/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max Failure Mode
SDT-04-HX-3.16-6-T-PCFS-LONG-C-1 1.249 N/A 2.315 0.219 N/A 0.405 | Primarily APO
SDT-04-HX-3.16-6-T-PCFS-LONG-C-2 1.475 2.268 2.290 0.258 0.397 0.401 | Primarily APO
SDT-04-HX-3.16-6-T-PCFS-LONG-C-3 1.189 N/A 2.307 0.208 N/A 0.404 | Primarily APO
SDT-04-HX-3.16-6-T-PCFS-LONG-C-4 1.149 N/A 2.047 0.201 N/A 0.358 | Primarily APO
SDT-04-HX-3.16-6-T-PCFS-LONG-C-5 1.299 N/A 2.209 0.227 N/A 0.387 | Primarily APO
SDT-04-HX-3.16-6-T-PCFS-LONG-C-6 1.201 N/A 2.534 0.210 N/A 0.444 Primarily APO
SDT-04-HX-3.16-6-T-PCFS-LONG-C-7
SDT-04-HX-3.16-6-T-PCFS-LONG-C-8
AVERAGE GIC 1.260 2.268 2.284 0.221 0.397 0.400
STANDARD DEVIATION 0.117 N/A 0.159 0.021 N/A 0.028
COEFFICIENT OF VARIATION (%) 9.297 N/A 6.954 9.297 N/A 6.954
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Table A-34. Test summary for HRH-10-3/16-6.0 longitudinal ribbon direction with top disbond (center)

Specimen GIC (in-Ib/in?) GIC (KJ/m?)
NL VIS 5%/max | AREA NL VIS 5%/max | AREA Failure Mode

SDT-04-HX-3.16-6-T- *
S CES-LONG.C1 0333 | N/A | 1782 | 4594 | 0058 | N/A | 0312 | 0.805
SDT-04-HX-3.16-6-T- -
PCES-LONG-C-2 0.662 1.876 2.009 4.174 0.116 0.328 0.352 0.731
SDT-04-HX-3.16-6-T- *
PCES-LONG-C-3 0.789 2.207 2.234 4.642 0.138 0.386 0.391 0.813
SDT-04-HX-3.16-6-T- *
S CES.L ONG.Ct 0406 | N/A | 1932 | 4854 | 0071 | NA | 0338 | 0850
SDT-04-HX-3.16-6-T- -
S OES.LONG.C.5 0.736 | 2437 | 2472 | 4783 | 0129 | 0427 | 0433 | 0838
SDT-04-HX-3.16-6-T- *
PCES-LONG-C-6 0.845 N/A 1.858 5.191 0.148 N/A 0.325 0.909
SDT-04-HX-3.16-6-T-
PCFS-LONG-C-7
SDT-04-HX-3.16-6-T-
PCFS-LONG-C-8
AVERAGE GIC 0.628 2.173 2.048 4.706 0.110 0.381 0.359 0.824
STANDARD DEVIATION 0.211 0.282 0.260 0.335 0.037 0.049 0.045 0.059
COEFFICIENT OF
VARIATION (%) 33.526 | 12.993 12.672 7.122 33.526 | 12.993 12.672 7.122

Notes

Primarily APO, with a few partial cells in A.
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Figure A-99. GIC for HRH-10-3/16-6.0 longitudinal ribbon direction
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Figure A-104. Load vs. displacement curve for HRH-10-3/16-6.0 longitudinal ribbon
direction with top disbond (center)
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A.6.2 HRH-10-3/16-6.0 LONGITUDINAL RIBBON DIRECTION WITH BOTTOM DISBOND (CENTER) DATA

Table A-35. Test summary for HRH-10-3/16-6.0 longitudinal ribbon direction with bottom disbond (center) pre-crack

GIC (in-1b/in?) GIC (KJIm?)
Specimen NL VIS 5%/max NL VIS 5%/max Failure Mode

SDT-04-HX-3.16-6-B-PCFS-LONG-C-1 1.343 N/A 1906 | 0.235 N/A 0.334 | Primarily APO
with one cell in A
Primarily APO

SDT-04-HX-3.16-6-B-PCFS-LONG-C-2 1.185 N/A 1746 | 0.208 N/A 0.306 | withacell
partially in A
Primarily APO

SDT-04-HX-3.16-6-B-PCFS-LONG-C-3 1516 N/A 2495 | 0.265 N/A 0437 | withacell
partially in A

SDT-04-HX-3.16-6-B-PCFS-LONG-C-4 1.377 N/A 2815 | 0.241 N/A 0.493 | Primarily APO

SDT-04-HX-3.16-6-B-PCFS-LONG-C-5 1257 | NIA | 2615 | 0220 | N/A | 04sg | Primarily APO
with one cell in A
Primarily APO

SDT-04-HX-3.16-6-B-PCFS-LONG-C-6 1460 | N/A | 2565 | 0256 | N/A | 0449 |WithonecellinA
and a couple of
cells partially in A

SDT-04-HX-3.16-6-B-PCFS-LONG-C-7

SDT-04-HX-3.16-6-B-PCFS-LONG-C-8

AVERAGE GIC 1.356 N/A 2357 | 0.238 N/A 0.413

STANDARD DEVIATION 0.123 N/A 0428 | 0.022 N/A 0.075

COEFFICIENT OF VARIATION (%) 9.077 N/A | 18.147 | 9.077 N/A | 18.147
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Table A-36. Test summary for HRH-10-3/16-6.0 longitudinal ribbon direction with bottom disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max | AREA NL VIS 5%/max | AREA Failure Mode
SDT-04-HX-3.16-6-B- *
PCES-LONG-C-1 0.679 N/A 1.488 4.252 0.119 N/A 0.261 0.745
SDT-04-HX-3.16-6-B- «
PCES-LONG-C-2 0.363 2.136 2.461 3.868 0.064 0.374 0.431 0.677
SDT-04-HX-3.16-6-B- «
PCES-LONG-C-3 1.328 N/A 2.132 3.173 0.233 N/A 0.373 0.556
SDT-04-HX-3.16-6-B- «
PCES-L ONG-C-4 0.974 2.503 3.522 3.195 0.170 0.438 0.617 0.560
SDT-04-HX-3.16-6-B- «
PCES-LONG-C-5 0.703 2.087 2.811 3.556 0.123 0.365 0.492 0.623
SDT-04-HX-3.16-6-B- «
PCES-LONG-C-6 0.402 N/A 2.646 3.584 0.070 N/A 0.463 0.628
SDT-04-HX-3.16-6-B-

PCFS-LONG-C-7

SDT-04-HX-3.16-6-B-

PCFS-LONG-C-8

AVERAGE GIC 0.742 2.242 2.510 3.605 0.130 0.393 0.440 0.631
STANDARD

DEVIATION 0.364 0.228 0.681 0.411 0.064 0.040 0.119 0.072
COEFFICIENT OF

VARIATION (%) 49.057 10.150 27.152 11.408 | 49.057 10.150 27.152 11.408

Notes

* Primarily APO, with several cells in A and several partial cells in A.
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Figure A-105. GIC for HRH-10-3/16-6.0 longitudinal ribbon direction
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A.7 HRH-10-3/8-2.0 DATA

A.7.1 HRH-10-3/8-2.0 LONGITUDINAL RIBBON DIRECTION WITH TOP DISBOND (CENTER) DATA

Table A-37. Test summary for HRH-10-3/8-2.0 longitudinal ribbon direction with top disbond (center) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max Failure Mode
SDT-04-HX-3.8-2-T-PCFS-LONG-C-1 1.027 1.037 1.049 0.180 0.182 0.184 | Primarily APO
SDT-04-HX-3.8-2-T-PCFS-LONG-C-2 0.606 1.098 1.120 0.106 0.192 0.196 | Primarily APO
SDT-04-HX-3.8-2-T-PCFS-LONG-C-3 1.157 N/A 1.519 0.203 N/A 0.266 *
SDT-04-HX-3.8-2-T-PCFS-LONG-C-4 0.997 1.306 1.306 0.175 0.229 0.229 *
SDT-04-HX-3.8-2-T-PCFS-LONG-C-5 1.047 N/A 1.526 0.183 N/A 0.267 *
SDT-04-HX-3.8-2-T-PCFS-LONG-C-6 0.588 0.816 0.816 0.103 0.143 0.143 *
SDT-04-HX-3.8-2-T-PCFS-LONG-C-7
SDT-04-HX-3.8-2-T-PCFS-LONG-C-8
AVERAGE GIC 0.904 1.064 1.223 0.158 0.186 0.214
STANDARD DEVIATION 0.244 0.202 0.280 0.043 0.035 0.049
COEFFICIENT OF VARIATION (%) 26.976 18.934 | 22.918 | 26.976 18.934 | 22.918

Notes

Primarily APO on the surface with many cells partially in C right below the
surface; C is primarily not on the double cell walls in the ribbon direction.
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Table A-38. Test summary for HRH-10-3/8-2.0 longitudinal ribbon direction with top disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max | AREA NL VIS 5%/max | AREA Failure Mode
SDT-04-HX-3.8-2-T- *
PCES-L ONG-C-1 0.499 1.150 1.165 N/A 0.087 0.201 0.204 N/A
SDT-04-HX-3.8-2-T- *
PCES-L ONG-C-2 0.829 1.100 1.113 1.323 0.145 0.193 0.195 0.232
SDT-04-HX-3.8-2-T- *
PCES-L ONG-C-3 0.513 N/A 1.551 1.300 0.090 N/A 0.272 0.228
SDT-04-HX-3.8-2-T- *
PCES-LONG-C-4 0.664 N/A 1.227 N/A 0.116 N/A 0.215 N/A
SDT-04-HX-3.8-2-T- *
PCFS-LONG-C-5 0474 | N/A | 1394 | N/A | 0083 | NA | 0244 | NIA
SDT-04-HX-3.8-2-T- *
PCFS-LONG-C-6 0.554 1.090 1.376 1.263 0.097 0.191 0.241 0.221
SDT-04-HX-3.8-2-T-

PCFS-LONG-C-7

SDT-04-HX-3.8-2-T-

PCFS-LONG-C-8

AVERAGE GIC 0.589 1.113 1.304 1.295 0.103 0.195 0.228 0.227
STANDARD

DEVIATION 0.135 0.032 0.165 0.031 0.024 0.006 0.029 0.005
COEFFICIENT OF

VARIATION (%) 22.971 2.907 12.652 2.361 22.971 2.907 12.652 2.361

Notes

- Primarily APO on the surface with many cells partially in C, right below the

surface; C is primarily not on the double cell walls in the ribbon direction.
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A.7.2 HRH-10-3/8-2.0 LONGITUDINAL RIBBON DIRECTION WITH BOTTOM DISBOND (CENTER) DATA

Table A-39. Test summary for HRH-10-3/8-2.0 longitudinal ribbon direction with bottom disbond (center) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max | Failure Mode
SDT-04-HX-3.8-2-B-PCFS-LONG-C-1 0.925 N/A 2.059 0.162 N/A 0.361 *
SDT-04-HX-3.8-2-B-PCFS-LONG-C-2 1.051 1.517 1.517 0.184 0.266 0.266 | Primarily APO
SDT-04-HX-3.8-2-B-PCFS-LONG-C-3 1.055 2.651 2.651 0.185 0.464 0.464 *
SDT-04-HX-3.8-2-B-PCFS-LONG-C-4 0.610 2411 2.432 0.107 0.422 0.426 *
SDT-04-HX-3.8-2-B-PCFS-LONG-C-5 0.800 2.063 2.177 0.140 0.361 0.381 *
SDT-04-HX-3.8-2-B-PCFS-LONG-C-6 0.805 2.472 2.472 0.141 0.433 0.433 | Primarily APO
SDT-04-HX-3.8-2-B-PCFS-LONG-C-7
SDT-04-HX-3.8-2-B-PCFS-LONG-C-8
AVERAGE GIC 0.874 2.223 2218 0.153 0.389 0.388
STANDARD DEVIATION 0.171 0.448 0.404 0.030 0.079 0.071
COEFFICIENT OF VARIATION (%) 19.578 | 20.178 | 18.216 | 19.578 | 20.178 | 18.216

Notes

Primarily APO on the surface with many cells partially in C, right below the
surface; C is primarily not on the double cell walls in the ribbon direction.
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Table A-40. Test summary for HRH-10-3/8-2.0 longitudinal ribbon direction with bottom disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max | AREA NL VIS 5%/max | AREA Failure Mode
SDT-04-HX-3.8-2-B- *
PCES-LONG-C-1 0.391 1.014 1.381 1.533 0.068 0.178 0.242 0.268
SDT-04-HX-3.8-2-B- «
PCES-LONG-C-2 0.492 1.320 1.586 1.578 0.086 0.231 0.278 0.276
SDT-04-HX-3.8-2-B- «
PCES-LONG-C-3 0.333 1.641 1.662 1.369 0.058 0.287 0.291 0.240
SDT-04-HX-3.8-2-B- «
PCES-L ONG-C-4 0.649 1.627 1.649 1.343 0.114 0.285 0.289 0.235
SDT-04-HX-3.8-2-B- «
PCES-LONG-C-5 0.388 N/A 1.621 N/A 0.068 N/A 0.284 N/A
SDT-04-HX-3.8-2-B- «
PCES-LONG-C-6 0.382 1.526 1.532 1.161 0.067 0.267 0.268 0.203
SDT-04-HX-3.8-2-B-

PCFS-LONG-C-7

SDT-04-HX-3.8-2-B-

PCFS-LONG-C-8

AVERAGE GIC 0.439 1.426 1.572 1.397 0.077 0.250 0.275 0.245
STANDARD

DEVIATION 0.115 0.264 0.105 0.166 0.020 0.046 0.018 0.029
COEFFICIENT OF

VARIATION (%) 26.231 18.495 6.653 11917 | 26.231 18.495 6.653 11.917

Notes

- Primarily APO on the surface with many cells partially in C, right below the

surface; C is primarily not on the double cell walls in the ribbon direction.
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A.8 HRH-10-3/8-3.0 DATA

A.8.1 HRH-10-3/8-3.0 LONGITUDINAL RIBBON DIRECTION WITH TOP DISBOND (CENTER) DATA

Table A-41. Test summary for HRH-10-3/8-3.0 longitudinal ribbon direction with top disbond (center) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max Failure Mode
SDT-04-HX-3.8-3-T-PCFS-LONG-C-1 0.574 N/A 0.734 0.100 N/A 0.129 Primarily APO
SDT-04-HX-3.8-3-T-PCFS-LONG-C-2 0.492 N/A 0.693 0.086 N/A 0.121 | Primarily APO
SDT-04-HX-3.8-3-T-PCFS-LONG-C-3 0.487 N/A 0.845 0.085 N/A 0.148 | Primarily APO
SDT-04-HX-3.8-3-T-PCFS-LONG-C-4 0.650 N/A 0.806 0.114 N/A 0.141 | Primarily APO
SDT-04-HX-3.8-3-T-PCFS-LONG-C-5 0.755 N/A 1.054 0.132 N/A 0.185 Primarily APO
SDT-04-HX-3.8-3-T-PCFS-LONG-C-6 0.421 N/A 1.031 0.074 N/A 0.180 | Primarily APO
SDT-04-HX-3.8-3-T-PCFS-LONG-C-7
SDT-04-HX-3.8-3-T-PCFS-LONG-C-8
AVERAGE GIC 0.563 HitHHH 0.860 0.099 HitHHH 0.151
STANDARD DEVIATION 0.123 HittHH 0.151 0.022 HitHHH 0.026
COEFFICIENT OF VARIATION (%) 21.830 HHHHH 17.541 21.830 HHHHH 17.541
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Table A-42. Test summary for HRH-10-3/8-3.0 longitudinal ribbon direction with top disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max | AREA NL VIS 5%/max | AREA Failure Mode
SDT-04-HX-3.8-3-T- .
PCES-LONG-C-1 0.492 N/A 2.301 N/A 0.086 N/A 0.403 N/A Primarily APO
SDT-04-HX-3.8-3-T- .
PCES-L ONG-C-2 0.914 2.005 2.016 2.214 0.160 0.351 0.353 0.388 | Primarily APO
SDT-04-HX-3.8-3-T- .
PCES-LONG-C-3 0.480 N/A 2.871 N/A 0.084 N/A 0.503 N/A Primarily APO
SDT-04-HX-3.8-3-T- .
PCES-LONG-C-4 0.860 2.459 2.547 2.446 0.151 0.431 0.446 0.428 | Primarily APO
SDT-04-HX-3.8-3-T- .
PCFS-LONG-C-5 0.238 2.557 2.648 2.218 0.042 0.448 0.464 0.388 | Primarily APO
SDT-04-HX-3.8-3-T- .
PCES-LONG-C-6 0.338 N/A 2.178 N/A 0.059 N/A 0.381 N/A Primarily APO
SDT-04-HX-3.8-3-T-

PCFS-LONG-C-7

SDT-04-HX-3.8-3-T-

PCFS-LONG-C-8

AVERAGE GIC 0.554 2.341 2.427 2.292 0.097 0.410 0.425 0.401
STANDARD

DEVIATION 0.276 0.294 0.318 0.133 0.048 0.052 0.056 0.023
COEFFICIENT OF

VARIATION (%) 49.764 | 12578 | 13.122 5.788 49.764 | 12578 | 13.122 5.788
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Figure A-128. Load vs. displacement curve for HRH-10-3/8-3.0 longitudinal ribbon
direction with top disbond (center)
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A.8.2 HRH-10-3/8-3.0 LONGITUDINAL RIBBON DIRECTION WITH BOTTOM DISBOND (CENTER) DATA

Table A-43. Test summary for HRH-10-3/8-3.0 longitudinal ribbon direction with bottom disbond (center) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max | Failure Mode
SDT-04-HX-3.8-3-B-PCFS-LONG-C-1 0.846 N/A 1.430 0.148 N/A 0.250 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LONG-C-2 1.473 N/A 2.229 0.258 N/A 0.390 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LONG-C-3 1.336 N/A 1.796 0.234 N/A 0.314 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LONG-C-4 1.440 N/A 2.214 0.252 N/A 0.388 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LONG-C-5 1.859 N/A 2.280 0.326 N/A 0.399 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LONG-C-6 1.447 2.195 2.219 0.253 0.384 0.389 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LONG-C-7
SDT-04-HX-3.8-3-B-PCFS-LONG-C-8
AVERAGE GIC 1.400 2.195 2.028 0.245 0.384 0.355
STANDARD DEVIATION 0.326 N/A 0.343 0.057 N/A 0.060
COEFFICIENT OF VARIATION (%) 23.263 N/A 16.901 | 23.263 N/A 16.901




19T-V

Table A-44. Test summary for HRH-10-3/8-3.0 longitudinal ribbon direction with bottom disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max | AREA NL VIS 5%/max | AREA Failure Mode
SDT-04-HX-3.8-3-B- . )
PCES-L ONG-C-1 0.826 N/A 1.827 2.068 0.145 N/A 0.320 0.362 | Primarily APO
SDT-04-HX-3.8-3-B- . )
PCES-LONG-C-2 0.656 2.058 2.071 2.156 0.115 0.360 0.363 0.378 | Primarily APO
SDT-04-HX-3.8-3-B- . )
PCES-LONG-C-3 0.789 N/A 1.789 2.084 0.138 N/A 0.313 0.365 | Primarily APO
SDT-04-HX-3.8-3-B- . )
PCES-LONG-C-4 0.566 N/A 1.560 1.975 0.099 N/A 0.273 0.346 | Primarily APO
SDT-04-HX-3.8-3-B- . )
PCES-LONG-C-5 0.972 N/A 1.963 2.442 0.170 N/A 0.344 0.428 | Primarily APO
SDT-04-HX-3.8-3-B- . )
PCES-LONG-C-6 0.942 N/A 1.719 2.209 0.165 N/A 0.301 0.387 | Primarily APO
SDT-04-HX-3.8-3-B-

PCFS-LONG-C-7

SDT-04-HX-3.8-3-B-

PCFS-LONG-C-8

AVERAGE GIC 0.792 2.058 1.821 2.156 0.139 0.360 0.319 0.378
STANDARD

DEVIATION 0.158 N/A 0.180 0.162 0.028 N/A 0.032 0.028
COEFFICIENT OF

VARIATION (%) 19.996 N/A 9.891 7.494 19.996 N/A 9.891 7.494
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Figure A-129. GIC for HRH-10-3/8-3.0 longitudinal ribbon direction
with bottom disbond (center)
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Figure A-130. Resistance curve for HRH-10-3/8-3.0 longitudinal ribbon direction
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Figure A-134. Load vs. displacement curve for HRH-10-3/8-3.0 longitudinal ribbon
direction with bottom disbond (center)
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A.8.3 HRH-10-3/8-3.0 LONGITUDINAL RIBBON DIRECTION WITH BOTTOM DISBOND (EDGE) DATA

Table A-45. Test summary for HRH-10-3/8-3.0 longitudinal ribbon direction with bottom disbond (edge) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max | Failure Mode
SDT-04-HX-3.8-3-B-PCFS-LONG-E-1
SDT-04-HX-3.8-3-B-PCFS-LONG-E-2 1.192 1.920 1.920 0.209 0.336 0.336 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LONG-E-3 1.208 N/A 1.212 0.212 N/A 0.212 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LONG-E-4 0.841 N/A 0.841 0.147 N/A 0.147 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LONG-E-5 1.352 1.649 1.673 0.237 0.289 0.293 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LONG-E-6 1.144 N/A 2.131 0.200 N/A 0.373 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LONG-E-7 1.222 1.772 1.772 0.214 0.310 0.310 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LONG-E-8
AVERAGE GIC 1.160 1.781 1.592 0.203 0.312 0.279
STANDARD DEVIATION 0.171 0.136 0.479 0.030 0.024 0.084
COEFFICIENT OF VARIATION (%) 14.724 7.625 30.079 | 14.724 7.625 30.079
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Table A-46. Test summary for HRH-10-3/8-3.0 longitudinal ribbon direction with bottom disbond (edge)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max | AREA NL VIS 5%/max | AREA Failure Mode
SDT-04-HX-3.8-3-B-
PCFS-LONG-E-1
SDT-04-HX-3.8-3-B- . )
PCES-LONG-E-2 0.620 N/A 1.314 1.974 0.109 N/A 0.230 0.346 | Primarily APO
SDT-04-HX-3.8-3-B- . )
PCES-LONG-E-3 0.505 1.728 2.559 N/A 0.088 0.303 0.448 N/A Primarily APO
SDT-04-HX-3.8-3-B- . )
PCES-LONG-E-4 0.335 2.131 2.179 2.294 0.059 0.373 0.382 0.402 | Primarily APO
SDT-04-HX-3.8-3-B- . )
PCES-LONG-E-5 0.432 1.000 1.055 N/A 0.076 0.175 0.185 N/A Primarily APO
SDT-04-HX-3.8-3-B- . )
PCES-LONG-E-6 0.713 1.962 2.283 N/A 0.125 0.344 0.400 N/A Primarily APO
SDT-04-HX-3.8-3-B- . )
PCES-LONG-E-7 1.499 2.012 2.072 2.107 0.263 0.352 0.363 0.369 | Primarily APO
SDT-04-HX-3.8-3-B-
PCFS-LONG-E-8
AVERAGE GIC 0.684 1.767 1.910 2.125 0.120 0.309 0.335 0.372
STANDARD
DEVIATION 0.421 0.453 0.591 0.161 0.074 0.079 0.103 0.028
COEFFICIENT OF
VARIATION (%) 61.556 | 25.636 30.926 7.578 61.556 | 25.636 30.926 7.578
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Figure A-140. Load vs. displacement curve for HRH-10-3/8-3.0 longitudinal ribbon
direction with bottom disbond (edge)
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A.8.4 HRH-10-3/8-3.0 LATERAL RIBBON DIRECTION WITH TOP DISBOND (CENTER) DATA

Table A-47. Test summary for HRH-10-3/8-3.0 lateral ribbon direction with top disbond (center) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max | Failure Mode
SDT-04-HX-3.8-3-T-PCFS-LAT-C-1 0.801 1.699 1.697 0.140 0.298 0.297 | Primarily APO
SDT-04-HX-3.8-3-T-PCFS-LAT-C-2 1.306 2.091 2.091 0.229 0.366 0.366 | Primarily APO
SDT-04-HX-3.8-3-T-PCFS-LAT-C-3 1.2091 1.597 2.071 0.226 0.280 0.363 | Primarily APO
SDT-04-HX-3.8-3-T-PCFS-LAT-C-4 1.378 N/A 2.252 0.241 N/A 0.394 | Primarily APO
SDT-04-HX-3.8-3-T-PCFS-LAT-C-5 0.937 1.447 1.447 0.164 0.253 0.253 | Primarily APO
SDT-04-HX-3.8-3-T-PCFS-LAT-C-6
SDT-04-HX-3.8-3-T-PCFS-LAT-C-7 0.964 1.903 1.903 0.169 0.333 0.333 | Primarily APO
SDT-04-HX-3.8-3-T-PCFS-LAT-C-8
AVERAGE GIC 1.113 1.747 1.910 0.195 0.306 0.335
STANDARD DEVIATION 0.241 0.253 0.295 0.042 0.044 0.052
COEFFICIENT OF VARIATION (%) 21.637 | 14.507 | 15.447 | 21.637 | 14.507 | 15.447
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Table A-48. Test summary for HRH-10-3/8-3.0 lateral ribbon direction with top disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max | AREA NL VIS 5%/max | AREA Failure Mode
SDT-04-HX-3.8-3-T- .
PCES-LAT-C.1 0.897 N/A 1.514 2.630 0.157 N/A 0.265 0.461 | Primarily APO
SDT-04-HX-3.8-3-T- .
PCES.LAT-C.2 0.580 1.867 1.877 2.952 0.102 0.327 0.329 0.517 | Primarily APO
SDT-04-HX-3.8-3-T- .
PCES-LAT-C.3 0.576 1.638 1.681 3.083 0.101 0.287 0.294 0.540 | Primarily APO
SDT-04-HX-3.8-3-T- .
PCES-LAT-Co4 0.978 N/A 1.717 3.046 0.171 N/A 0.301 0.533 | Primarily APO

Primarily APQO,
SDT-04-HX-3.8-3-T- 0.423 0.822 0.840 2.950 0.074 0.144 0.147 0.517 | with one cell
PCFS-LAT-C-5 LR
partially in A
SDT-04-HX-3.8-3-T-
PCFS-LAT-C-6
SDT-04-HX-3.8-3-T- .
PCES-LAT-C.7 0.559 N/A 2.075 2.928 0.098 N/A 0.363 0.513 | Primarily APO
SDT-04-HX-3.8-3-T-
PCFS-LAT-C-8
AVERAGE GIC 0.669 1.442 1.617 2.932 0.117 0.253 0.283 0.513
STANDARD
DEVIATION 0.218 0.549 0.425 0.160 0.038 0.096 0.075 0.028
COEFFICIENT OF
VARIATION (%) 32.537 | 38.084 | 26.309 | 5.449 | 32.537 | 38.084 | 26.309 | 5.449
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Figure A-141. GIC for HRH-10-3/8-3.0 lateral ribbon direction with top disbond (center)
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Figure A-146. Load vs. displacement curve for HRH-10-3/8-3.0 lateral ribbon direction
with top disbond (center)
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A.8.5 HRH-10-3/8-3.0 LATERAL RIBBON DIRECTION WITH BOTTOM DISBOND (CENTER) DATA

Table A-49. Test summary for HRH-10-3/8-3.0 lateral ribbon direction with bottom disbond (center) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max | Failure Mode
SDT-04-HX-3.8-3-B-PCFS-LAT-C-1 1.057 N/A 1.506 0.185 N/A 0.264 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LAT-C-2 1.724 N/A 2.143 0.302 N/A 0.375 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LAT-C-3 1.223 2412 2.412 0.214 0.422 0.422 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LAT-C-4 1.635 N/A 2.047 0.286 N/A 0.358 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LAT-C-5 1.274 N/A 1.805 0.223 N/A 0.316 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LAT-C-6 0.998 N/A 1.414 0.175 N/A 0.248 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LAT-C-7
SDT-04-HX-3.8-3-B-PCFS-LAT-C-8
AVERAGE GIC 1.318 2.412 1.888 0.231 0.422 0.331
STANDARD DEVIATION 0.299 N/A 0.385 0.052 N/A 0.067
COEFFICIENT OF VARIATION (%) 22.684 N/A 20.408 | 22.684 N/A 20.408
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Table A-50. Test summary for HRH-10-3/8-3.0 lateral ribbon direction with bottom disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS | 5%/max | AREA | NL VIS | 5%/max | AREA | Failure Mode
SDT-04-HX-3.8-3-B- iy
SCES.LAT-O1 0816 | N/A | 1742 | 2333 | 0143 | N/A | 0305 | 0409 | Primarily APO
SDT-04-HX-3.8-3-B- ey
SCESLAT-O.2 1.026 | 2.078 | 2124 | 2605 | 0180 | 0364 | 0372 | 0.456 | Primarily APO
SDT-04-HX-3.8-3-B- ey
SCESLAT-0.3 1124 | 1563 | 1578 | 2191 | 0197 | 0274 | 0276 | 0.384 |Primarily APO
SDT-04-HX-3.8-3-B- ey
SCES LAT-C.4 0543 | 1547 | 1553 | 2554 | 0095 | 0271 | 0272 | 0.447 | Primarily APO
SDT-04-HX-3.8-3-B- ey
SCESLAT-OE 0827 | N/A | 2308 | 2528 | 0145 | N/A | 0404 | 0443 | Primarily APO
SDT-04-HX-3.8-3-B- ey
SCESLAT-C.6 0.812 | 1.403 | 1.636 | 2639 | 0142 | 0246 | 0287 | 0462 | Primarily APO
SDT-04-HX-3.8-3-B-

PCFS-LAT-C-7

SDT-04-HX-3.8-3-B-

PCFS-LAT-C-8

AVERAGE GIC 0.858 | 1648 | 1.823 | 2475 | 0450 | 0289 | 0319 | 0433
STANDARD

DEVIATION 0201 | 0295 | 0316 | 0175 | 0035 | 0052 | 0055 | 0.031
COEFFICIENT OF

VARIATION (%) 23474 | 17.932 | 17.350 | 7.084 | 23.474 | 17.932 | 17.350 | 7.084
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Figure A-147. GIC for HRH-10-3/8-3.0 lateral ribbon direction
with bottom disbond (center)
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Figure A-148. Resistance curve for HRH-10-3/8-3.0 lateral ribbon direction

with bottom disbond (center)
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Figure A-149. Failure mode image and resistance curve of SDT-04-HX-3.8-3-B-PCFS-LAT-C-X #1 and #2
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Figure A-150. Failure mode image and resistance curve of SDT-04-HX-3.8-3-B-PCFS-LAT-C-X #3 and #4
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Figure A-152. Load vs. displacement curve for HRH-10-3/8-3.0 lateral ribbon direction
with bottom disbond (center)
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A.8.6 HRH-10-3/8-3.0 LATERAL RIBBON DIRECTION WITH BOTTOM DISBOND (EDGE) DATA

Table A-51. Test summary for HRH-10-3/8-3.0 lateral ribbon direction with bottom disbond (edge) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max | Failure Mode
SDT-04-HX-3.8-3-B-PCFS-LAT-E-1 0.926 3.142 3.142 0.162 0.550 0.550 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LAT-E-2 1.091 N/A 2.910 0.191 N/A 0.510 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LAT-E-3 1.259 2.114 2.136 0.220 0.370 0.374 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LAT-E-4 1.007 2.349 2.371 0.176 0.411 0.415 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LAT-E-5 1.198 2.451 2.451 0.210 0.429 0.429 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LAT-E-6 1.392 2.550 2.550 0.244 0.447 0.447 | Primarily APO
SDT-04-HX-3.8-3-B-PCFS-LAT-E-7
SDT-04-HX-3.8-3-B-PCFS-LAT-E-8
AVERAGE GIC 1.145 2.521 2.593 0.201 0.442 0.454
STANDARD DEVIATION 0.171 0.383 0.369 0.030 0.067 0.065
COEFFICIENT OF VARIATION (%) 14.945 | 15182 | 14.241 | 14.945 | 15182 | 14.241
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Table A-52. Test summary for HRH-10-3/8-3.0 lateral ribbon direction with bottom disbond (edge)

GIC (in-lo/in?) GIC (KI/m?)

Specimen NL VIS 5%/max | AREA NL VIS 5%/max | AREA Failure Mode
SDT-04-HX-3.8-3-B- .
i 049 | N/A | 1673 | 1.966 | 0087 | N/A | 0203 | 0344 |Primarily APO

Primarily APO,
SDT-04-HX-3.8-3-B- 0388 | 1.915 | 1.917 | 2713 | 0068 | 0335 | 0336 | 0475 | withone cell
PCFS-LAT-E-2 | one:
partially in A
Primarily APO,
SDT-04-HX-3.8-3-B- 1581 | 2458 | 2480 | 2041 | 0277 | 0430 | 0434 | 0357 |withone cell
PCFS-LAT-E-3 | one:
partially in A
SDT-04-HX-3.8-3-B- .
o Cra 1068 | 2318 | 2329 | N/A | 0187 | 0406 | 0408 | N/A | Primarily APO
SDT-04-HX-3.8-3-B- .
e pr 0444 | N/A | 1456 | N/A | 0078 | N/A | 0255 | N/A | Primarily APO
SDT-04-HX-3.8-3-B- —
o Cra pr 0761 | 1.332 | 1.378 | 2470 | 0133 | 0233 | 0241 | 0433 | Primarily APO
SDT-04-HX-3.8-3-B-
PCFS-LAT-E-7
SDT-04-HX-3.8-3-B-
PCFS-LAT-E-8
AVERAGE GIC 0790 | 2006 | 1872 | 2298 | 0138 | 0351 | 0328 | 0402
STANDARD
ivlyesvive 0.463 | 0504 | 0455 | 0355 | 0081 | 0088 | 0080 | 0.062
COEFFICIENT OF
VARIATION (%) 58.613 | 25152 | 24.330 | 15.454 | 58.613 | 25152 | 24.330 | 15.454
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Figure A-153. GIC for HRH-10-3/8-3.0 lateral ribbon direction
with bottom disbond (edge)
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Figure A-154. Resistance curve for HRH-10-3/8-3.0 lateral ribbon direction

with bottom disbond (edge)
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Figure A-155. Failure mode image and resistance curve of SDT-04-HX-3.8-3-B-PCFS-LAT-E-X #1 and #2
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Figure A-157. Failure mode image and resistance curve of SDT-04-HX-3.8-3-B-PCFS-LAT-E-X #5 and #6
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Figure A-158. Load vs. displacement curve for HRH-10-3/8-3.0 lateral ribbon direction
with bottom disbond (edge)
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APPENDIX B—STATIC RESULTS FOR THIN CO-CURED FACESHEET (4-PLY) AND
HRH-10 HEXAGONAL CORES TESTED AS SINGLE-CANTILEVER BEAMS
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B.1 HRH-10-1/8-3.0 DATA

B.1.1 HRH-10-1/8-3.0 LONGITUDINAL RIBBON DIRECTION WITH TOP DISBOND (CENTER) DATA

Table B-1. Test summary for HRH-10-1/8-3.0 longitudinal ribbon direction with top disbond (center) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max Failure Mode
SDT-04-HX-1.8-3-T-CCFS-LONG-C-1 1272 | N/A | 199 | 0223 | NA | 0350 ;']2': ‘éce” nA
SDT-04-HX-1.8-3-T-CCFS-LONG-C-2 1446 | NIA | 2092 | 0253 | N/A | 0.366 5'\2:: gce” in A,
SDT-04-HX-1.8-3-T-CCFS-LONG-C-3 1035 | NA | 3706 | 0181 | NA | 0649 5'\2:: gce” in A,
SDT-04-HX-1.8-3-T-CCES-LONG-C-4

Primarily C, with
SDT-04-HX-1.8-3-T-CCFS-LONG-C-5 1.293 N/A 1.861 0.227 N/A 0.326 | acouple of cells
half A
SDT-04-HX-1.8-3-T-CCFS-LONG-C-6 1.459 N/A 2965 | 0.256 N/A 0.519 | Primarily C
Primarily C, with
SDT-04-HX-1.8-3-T-CCES-LONG-C-7 2017 | 3341 | 3341 | 0353 | 058 | 0585 |acoupleofcells
half A
SDT-04-HX-1.8-3-T-CCES-LONG-C-8
AVERAGE GIC 1421 | 3341 | 2660 | 0249 | 0585 | 0.466
STANDARD DEVIATION 0.330 N/A 0781 | 0058 N/A 0.137
COEFFICIENT OF VARIATION (%) 23230 | N/A | 20371 | 23230 | N/A | 29371
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Table B-2. Test summary for HRH-10-1/8-3.0 longitudinal ribbon direction with top disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS | 5%/max | AREA | NL VIS | 5%/max | AREA | Failure Mode
SDT-04-HX-1.8-3-T- N
CCES.LONG.O1 0.988 | 2927 | 3060 | 3320 | 0473 | 0513 | 0536 | 0581 |PrimarilyinC
SDT-04-HX-1.8-3-T- o
CCRS.LONG.C2 0638 | N/A | 2560 | 3874 | 0412 | N/A | 0448 | 0678 |PrimarilyinC
SDT-04-HX-1.8-3-T- N
CCES.LONG. O3 0.458 | 3.481 | 3485 | 3852 | 0080 | 0610 | 0610 | 0.675 |PrimarilyinC
SDT-04-HX-1.8-3-T-

CCFS-LONG-C-4

SDT-04-HX-1.8-3-T- N
CCRS.LONG.Ot 0641 | N/A | 3128 | 3239 | 0112 | N/A | 0548 | 0567 |PrimarilyinC
SDT-04-HX-1.8-3-T- N
COES.LONG.C6 0.702 | 2.661 | 2.866 | 3.353 | 0.123 | 0.466 | 0502 | 0587 |PrimarilyinC
SDT-04-HX-1.8-3-T- N
CCES.LONG.C 0.811 | 2498 | 2633 | 3579 | 0142 | 0437 | 0461 | 0.627 |PrimarilyinC
SDT-04-HX-1.8-3-T-

CCFS-LONG-C-8

AVERAGE GIC 0.706 | 2.892 | 2955 | 3536 | 0124 | 0506 | 0518 | 0.619

STANDARD

DEVIATION 0.179 | 0431 | 0343 | 0277 | 0031 | 0075 | 0.060 | 0.049

COEFFICIENT OF

VARIATION (%) 25404 | 14.894 | 11616 | 7.837 | 25404 | 14.894 | 11.616 | 7.837
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B.1.2 HRH-10-1/8-3.0 LONGITUDINAL RIBBON DIRECTION WITH BOTTOM DISBOND (CENTER) DATA

Table B-3. Test summary for HRH-10-1/8-3.0 longitudinal ribbon direction with bottom disbond (center) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max | Failure Mode
SDT-04-HX-1.8-3-B-CCFS-LONG-C-1 1.564 N/A 2492 | 0274 N/A 0.436 5'\2': gce” in A,
SDT-04-HX-1.8-3-B-CCFS-LONG-C-2 1.228 N/A 2402 | 0.215 N/A 0.421 ;']2': ‘éce” in A,
SDT-04-HX-1.8-3-B-CCFS-LONG-C-3 2014 | NA | 2223 | 0353 | N/A | 0389 E']z'rf ‘éce” in A,
SDT-04-HX-1.8-3-B-CCFS-LONG-C-4 1748 | NIA | 3327 | 0306 | NA | 0583 E']z'rf ‘éce” in A,
SDT-04-HX-1.8-3-B-CCFS-LONG-C-5 1154 | NIA | 2457 | 0202 | NA | 0430 5'\2': gce” In A,
SDT-04-HX-1.8-3-B-CCFS-LONG-C-6 2.369 N/A 3314 | 0415 N/A 0.580 5'\2': gce” in A,
SDT-04-HX-1.8-3-B-CCFS-LONG-C-7
SDT-04-HX-1.8-3-B-CCFS-LONG-C-8
AVERAGE GIC 1.680 N/A 2703 | 0.294 N/A 0.473
STANDARD DEVIATION 0.466 N/A 0488 | 0.082 N/A 0.085
COEFFICIENT OF VARIATION (%) 27729 | N/A | 18.039 | 27729 | N/A | 18.039
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Table B-4. Test summary for HRH-10-1/8-3.0 longitudinal ribbon direction with bottom disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max | AREA NL VIS 5%/max | AREA Failure Mode
SDT-04-HX-1.8-3-B- . o
CCES-LONG-C-1 1.193 N/A 3.288 4192 0.209 N/A 0.576 0.734 | Primarily inC
SDT-04-HX-1.8-3-B- . o
CCES-LONG-C-2 0.664 3.357 3.681 4125 0.116 0.588 0.645 0.722 | Primarily in C
SDT-04-HX-1.8-3-B- . o
CCES-LONG-C-3 0.639 3.377 3.678 3.943 0.112 0.591 0.644 0.691 | Primarilyin C
SDT-04-HX-1.8-3-B- . o
CCES-LONG-C-4 0.682 2.890 3.194 3.930 0.119 0.506 0.559 0.688 | Primarily in C
SDT-04-HX-1.8-3-B- . o
CCES-LONG-C-5 0.796 3.136 3.444 3.974 0.139 0.549 0.603 0.696 | Primarily in C
SDT-04-HX-1.8-3-B- . o
CCES-LONG-C-6 0.772 3.001 3.152 3.952 0.135 0.526 0.552 0.692 | Primarily in C
SDT-04-HX-1.8-3-B-

CCFS-LONG-C-7

SDT-04-HX-1.8-3-B-

CCFS-LONG-C-8

AVERAGE GIC 0.791 3.152 3.406 4.019 0.139 0.552 0.597 0.704
STANDARD

DEVIATION 0.206 0.215 0.234 0.111 0.036 0.038 0.041 0.019
COEFFICIENT OF

VARIATION (%) 26.083 6.812 6.878 2.755 26.083 6.812 6.878 2.755
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B.2 HRH-10-3/8-3.0 DATA

B.2.1 HRH-10-3/8-3.0 LONGITUDINAL RIBBON DIRECTION WITH TOP DISBOND (CENTER) DATA

Table B-5. Test summary for HRH-10-3/8-3.0 longitudinal ribbon direction with top disbond (center) pre-crack

GIC (in-lb/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max Failure Mode
SDT-04-HX-3.8-3-T-CCFS-LONG-C-1 1.324 N/A 2.119 0.232 N/A 0.371 | Primarily APO
SDT-04-HX-3.8-3-T-CCFS-LONG-C-2 1.164 N/A 1.685 0.204 N/A 0.295 | Primarily APO
SDT-04-HX-3.8-3-T-CCFS-LONG-C-3 1.169 N/A 1.705 0.205 N/A 0.299 | Primarily APO
SDT-04-HX-3.8-3-T-CCFS-LONG-C-4 1.000 N/A 1.737 0.175 N/A 0.304 | Primarily APO
SDT-04-HX-3.8-3-T-CCFS-LONG-C-5 1.389 N/A 2.194 0.243 N/A 0.384 | Primarily APO
SDT-04-HX-3.8-3-T-CCFS-LONG-C-6 1.467 N/A 2.301 0.257 N/A 0.403 | Primarily APO
SDT-04-HX-3.8-3-T-CCFS-LONG-C-7 1.381 N/A 2.079 0.242 N/A 0.364 | Primarily APO
SDT-04-HX-3.8-3-T-CCFS-LONG-C-8 1.954 N/A 2.234 0.342 N/A 0.391 | Primarily APO
AVERAGE GIC 1.356 N/A 2.007 0.238 N/A 0.351
STANDARD DEVIATION 0.286 N/A 0.256 0.050 N/A 0.045
COEFFICIENT OF VARIATION (%) 21.063 N/A 12.756 21.063 N/A 12.756
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Table B-6. Test summary for HRH-10-3/8-3.0 longitudinal ribbon direction with top disbond (center)

GIC (in-Ib/in?) GIC (KJ/im?)
Specimen NL VIS 5%/max | AREA NL VIS 5%/max | AREA Failure Mode
?:?:lsof_g@( ngfl” 0591 | 2551 | 3.063 | N/A | 0104 | 0447 | 0536 | N/A fhrérr:‘f‘:g'g APO,
?;[():lsof_gﬁf G3§§T 0733 | 2628 | 2762 | N/A | 0128 | 0460 | 0484 | NIA fhrérr:‘aFg'g APO,
SOTONISOST | wors | 2037 | 3157 | NA | 0188 | 0514 | 0553 | NA | TmalyARO
SOTOAINSOST | og7 | NA | 3235 | NA | 0154 | NA | 0567 | NA | TTATYARO
OIS | 1206 | 253 | 2730 | WA | 0211 | 0444 | 0478 | NA | ITALYARO
SOTOAMXCSEST | 1142 | NA | 273 | NA | 0200 | NA | 0479 | Nia | PimailyAPO
?;'?;lsoig'ﬁfg’gf 1293 | 2517 | 2675 | 4245 | 0226 | 0441 | 0469 | 0.743 | Primarily APO
?;?;.T:sof_gﬁ nggT 1.301 N/A 2.363 | 3.801 | 0.228 N/A 0.414 | 0.666 | Primarily APO
AVERAGE GIC 1027 | 2634 | 2840 | 4023 | 0180 | 0461 | 0497 | 0.705
?)TE@TADTASRI 0.265 | 0175 | 0.291 | 0314 | 0046 | 0.031 | 0051 | 0.055
SgETK'TCIgE,\T&gF 25820 | 6.631 | 10.233 | 7.806 | 25820 | 6.631 | 10.233 | 7.806
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B.2.2 HRH-10-3/8-3.0 LONGITUDINAL RIBBON DIRECTION WITH BOTTOM DISBOND (CENTER) DATA

Table B-7. Test summary for HRH-10-3/8-3.0 longitudinal ribbon direction with bottom disbond (center) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max | Failure Mode
SDT-04-HX-3.8-3-B-CCFS-LONG-C-1 0.556 N/A 0.821 0.097 N/A 0.144 | Primarily APO
SDT-04-HX-3.8-3-B-CCFS-LONG-C-2 0.464 N/A 0.722 0.081 N/A 0.126 | Primarily APO
SDT-04-HX-3.8-3-B-CCFS-LONG-C-3 0.472 N/A 0.860 0.083 N/A 0.151 | Primarily APO
SDT-04-HX-3.8-3-B-CCFS-LONG-C-4 1.109 N/A 1.666 0.194 N/A 0.292 | Primarily APO
SDT-04-HX-3.8-3-B-CCFS-LONG-C-5 1.029 1.963 1.963 0.180 0.344 0.344 | Primarily APO
SDT-04-HX-3.8-3-B-CCFS-LONG-C-6 1.412 N/A 2.378 0.247 N/A 0.416 | Primarily APO
SDT-04-HX-3.8-3-B-CCFS-LONG-C-7
SDT-04-HX-3.8-3-B-CCFS-LONG-C-8
AVERAGE GIC 0.840 1.963 1.402 0.147 0.344 0.245
STANDARD DEVIATION 0.398 N/A 0.697 0.070 N/A 0.122
COEFFICIENT OF VARIATION (%) 47.362 N/A 49.721 | 47.362 N/A 49.721
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Table B-8. Test summary for HRH-10-3/8-3.0 longitudinal ribbon direction with bottom disbond (center)

GIC (in-lb/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max | AREA NL VIS 5%/max | AREA Failure Mode
SDT-04-HX-3.8-3-B- Primarily APQO,
CCES-LONG-C-1 0.320 2.552 3.225 N/A 0.056 0.447 0.565 N/A then ESE
SDT-04-HX-3.8-3-B- ..
CCES-LONG-C-2 0.196 2.811 2.820 3.470 0.034 0.492 0.494 0.608 | Primarily APO
SDT-04-HX-3.8-3-B- L
CCES-LONG-C-3 0.343 2.025 2.206 3.356 0.060 0.355 0.386 0.588 | Primarily APO
SDT-04-HX-3.8-3-B- L
CCES-LONG-C-4 0.369 1.495 1.947 4.682 0.065 0.262 0.341 0.820 | Primarily APO
SDT-04-HX-3.8-3-B- L
CCES-LONG-C-5 0.581 N/A 1.608 4.150 0.102 N/A 0.282 0.727 | Primarily APO
SDT-04-HX-3.8-3-B- L
CCES-LONG-C-6 0.628 1.798 2.355 4.194 0.110 0.315 0.412 0.734 | Primarily APO
SDT-04-HX-3.8-3-B-

CCFS-LONG-C-7

SDT-04-HX-3.8-3-B-

CCFS-LONG-C-8

AVERAGE GIC 0.406 2.136 2.360 3.971 0.071 0.374 0.413 0.695
STANDARD

DEVIATION 0.165 0.540 0.587 0.551 0.029 0.095 0.103 0.097
COEFFICIENT OF

VARIATION (%) 40.654 | 25.266 | 24.850 | 13.886 | 40.654 | 25.266 | 24.850 | 13.886
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APPENDIX C—STATIC RESULTS FOR THIN PRE-CURED FACESHEET (4-PLY) AND
SECONDARILY BONDED HRH-10 OVER-EXPANDED CORES TESTED
AS SINGLE-CANTILEVER BEAMS
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C.1. HRH-10/0X-3/16-3.0 DATA

C.1.1 HRH-10/0X-3/16-3.0 LONGITUDINAL RIBBON DIRECTION WITH TOP DISBOND (CENTER) DATA

Table C-1. Test summary for HRH-10/0X-3/16-3.0 longitudinal ribbon direction with top disbond (center) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max Failure Mode
SDT-04-0X-3.16-3-T-PCFS-LONG-C-1 2.093 N/A 2.545 0.367 N/A 0.446 | *
SDT-04-0X-3.16-3-T-PCFS-LONG-C-2 1.650 N/A 2.156 0.289 N/A 0.378 | Primarily C
SDT-04-0X-3.16-3-T-PCFS-LONG-C-3 1.838 N/A 2.206 0.322 N/A 0.386 | Primarily C
SDT-04-0X-3.16-3-T-PCFS-LONG-C-4 1.687 N/A 2.408 0.295 N/A 0.422 | Primarily C
SDT-04-0X-3.16-3-T-PCFS-LONG-C-5 1.353 N/A 2.284 0.237 N/A 0.400 | Primarily C
SDT-04-0X-3.16-3-T-PCFS-LONG-C-6 1.383 N/A 2.243 0.242 N/A 0.393 | Primarily C
SDT-04-0X-3.16-3-T-PCFS-LONG-C-7
SDT-04-0X-3.16-3-T-PCFS-LONG-C-8
AVERAGE GIC 1.667 N/A 2.307 0.292 N/A 0.404
STANDARD DEVIATION 0.280 N/A 0.145 0.049 N/A 0.025
COEFFICIENT OF VARIATION (%) 16.776 N/A 6.268 16.776 N/A 6.268

Notes

Primarily C with a few cells partially in APO; APO is primarily on the
double cell walls in the ribbon direction.
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Table C-2. Test summary for HRH-10/0X-3/16-3.0 longitudinal ribbon direction with top disbond (center)

GIC (in-Ib/in?) GIC (KI/m?)

Specimen NL VIS | 5%/max | AREA | NL VIS | 5%/max | AREA | Failure Mode
SDT-04-0X-3.16-3-T- .
o CESLONG.C1 0917 | 2749 | 2768 | 2811 | 0161 | 0481 | 0485 | 0.492
SDT-04-0X-3.16-3-T- .
S CES LONG. Gt 1042 | 2156 | 2314 | N/A | 0182 | 0378 | 0405 | N/A
SDT-04-0X-3.16-3-T- .
S CES.LONG.C.3 0870 | N/A | 2575 | 3045 | 0152 | N/A | 0451 | 0.533
SDT-04-0X-3.16-3-T- .
o CESLONG.Ct 0.773 | 2.644 | 2751 | 2890 | 0135 | 0463 | 0482 | 0.506
SDT-04-0X-3.16-3-T- .
S CFS LONG.C.b 0.849 | 2402 | 2533 | 2785 | 0149 | 0421 | 0444 | 0.488
SDT-04-0X-3.16-3-T- .
o CES.LONG.C.6 0.746 | 2.087 | 2145 | 2782 | 0131 | 0365 | 0376 | 0.487
SDT-04-0X-3.16-3-T-

PCFS-LONG-C-7

SDT-04-0X-3.16-3-T-

PCFS-LONG-C-8

AVERAGE GIC 0.866 | 2407 | 2514 | 2863 | 0152 | 0422 | 0.440 | 0501
STANDARD

DEVIATION 0.106 | 0291 | 0245 | 0111 | 0019 | 0.051 | 0.043 | 0.019
COEFFICIENT OF

VARIATION (%) 12.290 | 12.097 | 9759 | 3.867 | 12290 | 12.097 | 9.759 | 3.867

Notes

- Primarily C with a few cells partially in APO; APO is primarily on the

double cell walls in the ribbon direction.
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C.1.2 HRH-10/0X-3/16-3.0 LONGITUDINAL RIBBON DIRECTION WITH BOTTOM DISBOND (CENTER) DATA

Table C-3. Test summary for HRH-10/0X-3/16-3.0 longitudinal ribbon direction with bottom disbond (center) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max | Failure Mode
SDT-04-0X-3.16-3-B-PCFS-LONG-C-1
SDT-04-0X-3.16-3-B-PCFS-LONG-C-2 1.909 N/A 2.182 0.334 N/A 0.382 | Primarily C
SDT-04-0X-3.16-3-B-PCFS-LONG-C-3 1.356 2.170 2.263 0.238 0.380 0.396 | Primarily C
SDT-04-0X-3.16-3-B-PCFS-LONG-C-4 1.460 N/A 2.260 0.256 N/A 0.396 | Primarily C
SDT-04-0X-3.16-3-B-PCFS-LONG-C-5 1.071 N/A 2.753 0.188 N/A 0.482 *
SDT-04-0X-3.16-3-B-PCFS-LONG-C-6 1.238 N/A 1.869 0.217 N/A 0.327 | Primarily C
SDT-04-0X-3.16-3-B-PCFS-LONG-C-7 1.519 N/A 2.120 0.266 N/A 0.371 | Primarily C
SDT-04-0X-3.16-3-B-PCFS-LONG-C-8
AVERAGE GIC 1.426 2.170 2.241 0.250 0.380 0.393
STANDARD DEVIATION 0.286 N/A 0.290 0.050 N/A 0.051
COEFFICIENT OF VARIATION (%) 20.062 N/A 12.933 | 20.062 N/A 12.933

Primarily C with a few cells partially in APO; APO is primarily on the

*
Notes double cell walls in the ribbon direction.
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Table C-4. Test summary for HRH-10/0X-3/16-3.0 longitudinal ribbon direction with bottom disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS | 5%/max | AREA | NL VIS | 5%/max | AREA | Failure Mode
SDT-04-0X-3.16-3-B-
PCFS-LONG-C-1
SDT-04-0X-3.16-3-B- .
S CES.LONG.C.2 0674 | N/A | 2023 | 2861 | 0118 | N/A | 0354 | 0501
SDT-04-0X-3.16-3-B- .
S CES.LONG.C.3 0.668 | 2316 | 2327 | 3025 | 0117 | 0406 | 0408 | 0.530
SDT-04-0X-3.16-3-B- .
S CES.LONG.Cot 0502 | N/A | 1971 | 2928 | 008 | N/A | 0345 | 0513
SDT-04-0X-3.16-3-B- .
S CFS LONG.C.b 0.651 | 2466 | 2530 | 2975 | 0114 | 0432 | 0443 | 0521
SDT-04-OX-3.16-3-B- .
S CFS LONG.C.6 0720 | N/A | 2003 | 279 | 0126 | N/A | 0351 | 0.490
SDT-04-0X-3.16-3-B- .
S CFS LONG. Gt 0648 | N/A | 1930 | 268 | 0114 | N/A | 0338 | 0471
SDT-04-OX-3.16-3-B-
PCFS-LONG-C-8
AVERAGE GIC 0.644 | 2391 | 2131 | 2879 | 0113 | 0419 | 0373 | 0.504
STANDARD
DEVIATION 0.074 | 0106 | 0241 | 0124 | 0013 | 0019 | 0042 | 0.022
COEFFICIENT OF
VARIATION (%) 11545 | 4432 | 11331 | 4309 | 11545 | 4432 | 11.331 | 4.309

Notes

- Primarily C with a few cells partially in APO; APO is primarily on the

double cell walls in the ribbon direction.
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C.1.3 HRH-10/0X-3/16-3.0 LATERAL RIBBON DIRECTION WITH TOP DISBOND (CENTER) DATA

Table C-5. Test summary for HRH-10/0X-3/16-3.0 lateral ribbon direction with top disbond (center) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max | Failure Mode
SDT-04-0X-3.16-3-T-PCFS-LAT-C-1 1.598 N/A 2.334 0.280 N/A 0.409 *
SDT-04-0X-3.16-3-T-PCFS-LAT-C-2
SDT-04-0X-3.16-3-T-PCFS-LAT-C-3 1.735 N/A 2.559 0.304 N/A 0.448 *
SDT-04-0X-3.16-3-T-PCFS-LAT-C-4 1.786 N/A 2.576 0.313 N/A 0.451 *
SDT-04-0X-3.16-3-T-PCFS-LAT-C-5 1.823 N/A 2.930 0.319 N/A 0.513 *
SDT-04-0X-3.16-3-T-PCFS-LAT-C-6 1.952 N/A 2.624 0.342 N/A 0.459 *
SDT-04-0X-3.16-3-T-PCFS-LAT-C-7 1.648 N/A 2.299 0.289 N/A 0.403 *
SDT-04-0X-3.16-3-T-PCFS-LAT-C-8
AVERAGE GIC 1.757 N/A 2.553 0.308 N/A 0.447
STANDARD DEVIATION 0.127 N/A 0.228 0.022 N/A 0.040
COEFFICIENT OF VARIATION (%) 7.241 N/A 8.930 7.241 N/A 8.930

Notes

Primarily APO and C with several cells partially in APO; APO is primarily
on the double cell walls in the ribbon direction.
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Table C-6. Test summary for HRH-10/0X-3/16-3.0 lateral ribbon direction with top disbond (center)

GIC (in-Ib/in?) GIC (KJ/im?)

Specimen NL VIS | 5%/max | AREA | NL VIS | 5%/max | AREA | Failure Mode
SDT-04-0X-3.16-3-T- .
SCESLAT-O1 0.795 | 2.744 | 2759 | 3500 | 0139 | 0481 | 0483 | 0.613
SDT-04-0X-3.16-3-T-

PCFS-LAT-C-2

SDT-04-0X-3.16-3-T- .
SCESLAT-C.3 0841 | N/A | 2827 | 3362 | 0147 | N/A | 0495 | 0.589
SDT-04-0X-3.16-3-T- .
SCESLAT-Cot 0.893 | N/A | 2844 | 3281 | 0156 | N/A | 0498 | 0.575
SDT-04-0X-3.16-3-T- .
SCES L AT.O.5 0.834 | 2928 | 3323 | 3480 | 0146 | 0513 | 0582 | 0.609
SDT-04-0X-3.16-3-T- .
SCES L AT.Ou6 0958 | N/A | 2155 | 338 | 0168 | N/A | 0377 | 0.593
SDT-04-0X-3.16-3-T- .
SCES. L AT 0.730 | 339 | 3418 | 3728 | 0128 | 0595 | 0599 | 0.653
SDT-04-0X-3.16-3-T-

PCFS-LAT-C-8

AVERAGE GIC 0.842 | 3022 | 2888 | 3456 | 0.147 | 0529 | 0506 | 0.605
STANDARD

DEVIATION 0.078 | 0336 | 0454 | 055 | 0014 | 0.059 | 0079 | 0.027
COEFFICIENT OF

VARIATION (%) 90311 | 11119 | 15711 | 4496 | 9311 | 11.119 | 15711 | 4.496

Notes

- Primarily C with many cells partially in APO; APO is primarily on the

double cell walls in the ribbon direction.
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Figure C-15. Failure mode image and resistance curve of SDT-04-OX-3.16-3-T-PCFS-LAT-C-X #1 and #3
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Figure C-17. Failure mode image and resistance curve of SDT-04-OX-3.16-3-T-PCFS-LAT-C-X #6 and #7
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Figure C-18. Load vs. displacement curve for HRH-10/0OX-3/16-3.0 lateral ri
direction with top disbond (center)
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C.14 HRH-10/0X-3/16-3.0 LATERAL RIBBON DIRECTION WITH BOTTOM DISBOND (CENTER) DATA

Table C-7. Test summary for HRH-10/0X-3/16-3.0 lateral ribbon direction with bottom disbond (center) pre-crack

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS 5%/max NL VIS 5%/max | Failure Mode
SDT-04-0X-3.16-3-B-PCFS-LAT-C-1 1.481 1.759 1.759 0.259 0.308 0.308 *
SDT-04-0X-3.16-3-B-PCFS-LAT-C-2 1.367 1.638 1.706 0.239 0.287 0.299 *
SDT-04-0X-3.16-3-B-PCFS-LAT-C-3 1.580 2.237 2.251 0.277 0.392 0.394 *
SDT-04-0X-3.16-3-B-PCFS-LAT-C-4 1.595 N/A 2.198 0.279 N/A 0.385 *
SDT-04-0X-3.16-3-B-PCFS-LAT-C-5 1.710 2.070 2121 0.300 0.362 0.371 *
SDT-04-0X-3.16-3-B-PCFS-LAT-C-6 1.249 1.223 1.249 0.219 0.214 0.219 *
SDT-04-0X-3.16-3-B-PCFS-LAT-C-7
SDT-04-0X-3.16-3-B-PCFS-LAT-C-8
AVERAGE GIC 1.497 1.785 1.881 0.262 0.313 0.329
STANDARD DEVIATION 0.168 0.395 0.385 0.029 0.069 0.067
COEFFICIENT OF VARIATION (%) 11.207 | 22.105 | 20.461 | 11.207 | 22.105 | 20.461

Notes

Primarily APO and C with several cells partially in APO; APO is primarily
on the double cell walls in the ribbon direction.
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Table C-8. Test summary for HRH-10/0X-3/16-3.0 lateral ribbon direction with bottom disbond (center)

GIC (in-Ib/in?) GIC (KJ/m?)

Specimen NL VIS | 5%/max | AREA | NL VIS | 5%/max | AREA | Failure Mode
SDT-04-0X-3.16-3-B- .
SCESLAT-O1 0721 | N/A | 1497 | 3963 | 0126 | N/A | 0262 | 0.694
SDT-04-0X-3.16-3-B- .
SCESLAT-C.2 0.875 | 1228 | 1.383 | 3967 | 0153 | 0215 | 0.242 | 0.695
SDT-04-0X-3.16-3-B- .
SCESLAT-C.3 1456 | N/A | 1836 | 4006 | 0255 | N/A | 0322 | 0.702
SDT-04-0X-3.16-3-B- .
SCESLAT-Cot 0.750 | 2.321 | 2321 | 3621 | 0131 | 0406 | 0406 | 0.634
SDT-04-OX-3.16-3-B- .
SCES L AT.O.5 0.999 | 1659 | 1794 | 3681 | 0175 | 0291 | 0314 | 0.645
SDT-04-0X-3.16-3-B- .
SCES L AT.Ou6 0.742 | N/A | 1505 | 3903 | 0130 | N/A | 0264 | 0.683
SDT-04-OX-3.16-3-B-

PCFS-LAT-C-7

SDT-04-0X-3.16-3-B-

PCFS-LAT-C-8

AVERAGE GIC 0924 | 1736 | 1722 | 3857 | 0162 | 0304 | 0302 | 0.675
STANDARD

DEVIATION 0.281 | 0550 | 0.343 | 0164 | 0049 | 0.096 | 0.060 | 0.029
COEFFICIENT OF

VARIATION (%) 30.433 | 31700 | 19.935 | 4.255 | 30.433 | 31.700 | 19.935 | 4.255

Notes

* Primarily C with many cells partially in APO; APO is primarily on the

double cell walls in the ribbon direction.
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Figure C-19. GIC for HRH-10/0X-3/16-3.0 lateral ribbon direction
with bottom disbond (center)
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Figure C-20. Resistance curve for HRH-10/0OX-3/16-3.0 lateral ribbon direction
with bottom disbond (center)
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Figure C-21. Failure mode image and resistance curve of SDT-04-OX-3.16-3-B-PCFS-LAT-C-X #1 and #2
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Figure C-22. Failure mode image and resistance curve of SDT-04-OX-3.16-3-B-PCFS-LAT-C-X #3 and #4
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Figure C-23. Failure mode image and resistance curve of SDT-04-OX-3.16-3-B-PCFS-LAT-C-X #5 and #6
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Figure C-24. Load vs. displacement curve for HRH-10/0OX-3/16-3.0 lateral ribbon
direction with bottom disbond (center)
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