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ABSTRACT

Damage Tolerance of Unidirectional Fiberglass and Carbon
Composites with Aramid Sleeves

Charles Andrew Sika
Department of Civil and Environmental Engineering, BYU
Master of Science

Unidirectional carbon fiber and fiberglass epoxy composite elements consolidated with
aramid sleeves were radially impacted at 5 J (3.7 ft-lbs) and 10 J (7.4 ft-Ibs), tested under
compression, and compared to undamaged control specimens. These structural elements
represent local members of open three-dimensional composite lattice structures (e.g., based on
isogrid or IsoTruss® technologies). Advanced three-dimensional braiding techniques were used
to continuously fabricate these specimens. The unidirectional core specimens, 8 mm (5/16 in) in
diameter, were manufactured with various sleeve patterns. Bi-directional braided sleeves and
unidirectional spiral sleeves ranged from a nominal full to half coverage. These specimens were
tested for compression strength after impact. This research used an unsupported length of 50.8
mm (2.0 in) specimens to ensure a strength-controlled compression failure. Compression
strength of undamaged unidirectional carbon fiber and fiberglass epoxy composites is virtually
unaffected by sleeve type and sleeve coverage. Fiberglass/epoxy configurations exhibited
approximately 1/2 and 2/3 reduction in compression strength relative to undamaged
configurations after impact with 5 J (3.7 ft-lbs) and 10 J (7.4 ft-1bs), respectively. Increasing
aramid sleeve coverage and/or increasing the interweaving of an aramid sleeve (i.e., braid vs.
spiral) increases the damage tolerance of fiberglass/epoxy composite elements. Damaged
carbon/epoxy composites exhibited an approximate decrease in strength of 70% and 75% after 5
Jand 10 J of impact, respectively, relative to undamaged configurations. The results verify that
an aramid sleeve, regardless of type (braid or spiral), facilitates consolidation of the carbon fiber
and fiberglass epoxy core. Not surprisingly, full coverage configurations exhibit greater
compression strength after impact than half coverage configurations.

Keywords: carbon, fiberglass, fiber/epoxy composite, damage tolerance, 1soTruss®, compression
strength after impact (CSAI), unidirectional, kevlar/aramid sleeves
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1 INTRODUCTION

The damage tolerance of unidirectional carbon fiber and fiberglass epoxy composite
elements with aramid sleeves subjected to impact damage has been examined. These cylindrical
elements represent the local members of open 3-dimensional lattice structures based on
IsoTruss® or isogrid technologies [1], where unidirectional fibers in an epoxy matrix are
consolidated and co-cured using various aramid sleeve patterns. Specimen configurations varied
in their sleeve type (bi-directional braid or unidirectional spiral) and the nominal amount of
coverage provided by the sleeve (half or full). Various specimens were radially impacted at
either 5 J (3.7 ft-Ibs.) or 10 J (7.4 ft-Ibs.) prior to measuring the residual Compression Strength
After Impact (CSAI). These results were compared to the compression strength of non-impacted
control specimens and to the results from related tests previously performed by Allen on
basalt/epoxy [2] [3].

This research extends the work conducted by Allen [2-3] from basalt/epoxy to carbon fiber
and fiberglass epoxy composite elements. The primary purpose of sleeves in this research was to
properly consolidate the core fibers. Presence of sleeves has been shown to confine the core
fibers, thus eliminating micro-buckling [4] when compressed, and effectively consolidating the
core fibers, which increases the tensile capacity of the resin [5]. Because of the brittle nature of
composite materials, even low impact energies can degrade structural performance, particularly

in compression. Sleeves were therefore, used as a secondary purpose to improve damage



tolerance. Wisnom [6] has shown that an aramid sleeve protects the core and increases the
compression strength by nearly half. A related study on basalt/epoxy composites, performed by
Allen [2] [7] showed that aramid sleeves improve the damage tolerance by diffusing impact
energy: i.e., sleeves absorb a portion of the total impact energy and spread out the impact energy
over a larger area of the core. The influence of both type and coverage of such sleeves was
quantified in the current research document.

Manufacturing IsoTruss structures with braided rather than spiral sleeves increases the
manufacturing complexity since it requires a larger machine capability [8], but even the most
complex IsoTruss structure geometries can be manufactured with automated processes, as shown
by Kesler [9] [10]. The interlocking inherent in braided sleeves provides a mechanical
advantage over spiral wrapped sleeves, which could potentially unravel if damaged. On the
other hand, a full spiral sleeve yields a smoother surface on the core composite because of the
uniform pressure applied by the consistent pattern, whereas full braided sleeves produce a
dimpled pattern on the surface. With regards to impact, full coverage sleeves obviously provide
better protection to the core than half coverage sleeves. Conversely, half coverage saves material

and manufacturing time, which, in turn, reduces cost.

1.1 Description of IsoTruss® Grid Structure

IsoTruss® structures offer a lightweight [11] and efficient alternative to typical steel,
wood, aluminum, and even other traditional composite structures. The unique geometry of the
IsoTruss not only poses an advantage when it comes to inspection, but also enables tremendous
support to axial, torsional, and flexural loads. The IsoTruss is composed of longitudinal and
helical members. Typical orientations with joints for the longitudinal and helical members are

illustrated in Figure 1.1. The longitudinal and helical members are composed of transversely

2



isotropic composite tows consolidated with sleeves (the influence of sleeves on damage tolerance
was quantified in this research). In IsoTruss structures, axial loads are carried primarily by the
longitudinal members, while torsional loads are carried by the helical members. Helical
members also increase the overall stiffness of the structure by reducing the un-braced length of

the longitudinal members which can be susceptible to buckling [1] [12].

1.2 Automated Manufacturing of IsoTruss Structures

The unidirectional carbon and fiberglass composite members were manufactured using an
IsoTruss machine built specifically for the purpose of creating automated and continuous
production [8] [13]. These members were continuously fabricated with dry aramid fiber sleeves,
tension wound around the core composite members [10]. The details and specifics of how these

cylindrical unidirectional members were fabricated are documented by Allen [2].

Figure 1.1: Example of a Typical Geometry of IsoTruss® Structures



1.3 Related Research

The geometric specifics including equations and nomenclature used in IsoTruss
descriptions and analysis were documented by Kesler [9], Winkel [14], Scoresby [15] and
McCune [16]. Kesler [9] revealed a significant reduction in scatter in both stiffness and strength
with an increased number of braiders.

Stoutis [4] tested pultruded carbon/epoxy rods under compression, similar to the tests
done for this thesis except Stoutis only used undamaged specimens. In the research described in
this current document, sleeves were used to confine the core fibers and minimize the effects of
micro buckling, which was the failure mode observed by Stoutis.

Hansen [5] tested encapsulated and interwoven joints of IsoTruss structures. Different
sleeve types were used to consolidate the core fibers resulting in a significant improvement in
stiffness and strength. His specimens were undamaged, leading to the conclusion that braided
sleeves exhibited a more consistent strength and stiffness than other sleeve types.

Wisnom [6] post-wrapped carbon fiber rods with aramid sleeves and tested for residual
Compression Strength After Impact (CSAI). Research in the current thesis used aramid sleeves
to consolidate the core fibers, and aramid sleeves were co-cured with members during
manufacture. The aramid sleeves improve performance by confining the cores, preventing
splitting of the core fibers, and acting as an impact energy diffuser.

The current research on the CSAI of carbon/epoxy and fiberglass/epoxy composites
compliments the previous CSAI research on basalt/epoxy composites by Allen [2], and buckling
strength research of longer members on basalt, carbon, and fiberglass fiber/epoxy composites

conducted by Embley [17] [18].



General conclusions from related research by Allen [2] [3] are as follows:

1. Braided and spiral sleeves properly consolidate continuously-manufactured

unidirectional basalt/epoxy composites.

The ultimate compression strength and compression stiffness of undamaged
basalt/epoxy composites are not significantly affected (for better or worse) by sleeve
type or sleeve coverage.

The ultimate strength of basalt/epoxy composites decreases with increasing impact
energy levels (approximately one-third and two-thirds with 5 and 10 J (3.7 and 7.4 ft-
Ibs), respectively).

Basalt/epoxy composites with an 8 mm (5/16 in) diameter (same diameter as in this
research) are not significantly affected by sleeve type. Full coverage specimens,

however, exhibit 45% higher CSAI than partial coverage.

Conclusions from related research by Embley [17] [18] are as follows:

1.

The influence of sleeve type and sleeve coverage is not consistent among carbon,
fiberglass, and basalt fiber/epoxy composite rods.

Braided sleeves can be up to 34% stronger than spiral sleeves.

Full coverage can be up to 38% stronger than half coverage.

Buckling strength of carbon/epoxy composites decreases with increasing impact
energy. Fiberglass and basalt composites, however, are more flexible and some
configurations do not exhibit degradation in compression strength after impact at lower

impact energy levels.



1.4 Scope of Investigation

The specific geometry of open composite lattice structures determines the dominant type
of failure mode. In particular, the length-to-diameter ratio of the individual members controls
the failure mode. For example, composite lattice structures with short bay lengths are more
likely to exhibit local compression failure of members (depending on the member diameter, of
course); whereas composite lattice structures with longer bay lengths are generally more likely to

experience local buckling failure (see IsoTruss structure examples in Figure 1.2) [19].

Figure 1.2: IsoTruss® Structure: A) Bicycle Frame (Left); and, B) Tower (Right)

The focus of this research was to quantify the influence of sleeves on damaged

unidirectional carbon fiber and fiberglass epoxy composite rods under compression failure.



Specifically, this research answers the following design questions about fiber/epoxy composite

rods under compression after radial impact:

1.

2.

Is the compression strength of undamaged carbon/epoxy composite rods
manufactured using the automated continuous machine, independent of sleeve
type or sleeve coverage, as demonstrated by Hansen [5]?

Are the conclusions from related research by Allen [2] on basalt/epoxy
composites equally applicable to carbon/epoxy and/or fiberglass/epoxy
composites?

0 Do co-cured braided sleeves on carbon/epoxy and fiberglass/epoxy

composites yield sufficiently higher mechanical properties than spiral
sleeves to justify the increased manufacturing complexity?

Do full coverage sleeves on carbon/epoxy and fiberglass/epoxy
composites yield sufficiently higher mechanical properties than half
coverage sleeves to justify the increased manufacturing complexity?

Do carbon/epoxy and fiberglass/epoxy composites exhibit similar damage
tolerance characteristics to basalt/epoxy composites with respect to sleeve
type and coverage?

Do carbon/epoxy and fiberglass/epoxy composites exhibit similar damage
tolerance characteristics to basalt/epoxy composites as a function of

impact energy?

To answer these fundamental questions, unidirectional carbon fiber and fiberglass epoxy

composite rods with different aramid sleeve patterns were fabricated and tested in longitudinal

compression with and without radial impact damage. Sleeve configurations were either bi-



directional braids or unidirectional spiral wraps and sleeve coverage was either full or half,
nominally. Specimens were nominally 8 mm (5/16 in) in diameter and short enough to ensure
local compression failure. Various specimens were radially impacted about mid-length with
impact energy levels of 5 and 10 J (3.7 and 7.4 ft-lbs) prior to performing compression tests.
The CSAI was measured and compared to the results of undamaged specimens and to the results

of previous tests by Allen [2] and Hansen [5].

1.5 Thesis Overview

The experimental approach and data reduction procedure are described in Chapter Two.
Chapter Three contains the test results for each test configuration. Chapters Four and Five
summarize the averages for carbon fiber and fiberglass epoxy configuration results, respectively.
Chapter Six describes normalized average compression stress and strain for all fiber/epoxy
composites. Chapter Seven compares the test results for all tested fiber/epoxy materials, and Chapter

Eight summarizes the final conclusions and provides recommendations.



2 EXPERIMENTAL APPROACH

This chapter details the test variables, manufacturing process, specimen preparation, and

testing procedure used in this research.

2.1 Experimental Variables
Variables examined in this research include fiber material in the core, sleeve type, sleeve

coverage, and impact energy.

2.1.1 Material

Fiber/epoxy composites using carbon fiber and fiberglass epoxy were investigated as
specimen cores. These unidirectional rods were consolidated and co-cured with aramid sleeves.
A list of each of the materials, manufacturers, and type is shown in Table 2.1. The nominal

mechanical properties for each of the materials are shown in Table 2.2 [20-24].

Table 2.1: List of Specimen Materials, Manufacturer, and Type

Material and Use ~ Manufacturer Type

Carbon Fiber Core  Toho UTS50 E13 12K 800 Tex
Fiberglass Core Owens Corning X-Strand HPXSS EPX10 600 Tex
Epoxy Matrix TCR Composites  UF3330-100

Aramid Sleeve Dupont 49- 7100 Denier




Table 2.2: Properties of Specimen Materials

Material Tensile Tensile Density F!Iament Filaments
Modulus Strength Diameter per Tow
[GPa (10° psi)] [MPa (ksi)] [g/cm? (Ib/ft%)] [um]
Carbon 243 (35.2) 4860 (705) 1.79 (112 7 12,000
Fiberglass 91.7 (13.3) 3300-4060  (479-589) 2.45 (153) 17 10,000
Epoxy 112 (16.3) 3000 (435) 1.44  (89.9) 12 4,700
Aramid 2830  (410) 68.9 (10.0) 1.21 (75.5) - -

2.1.2 Sleeve Type and Coverage

Sleeve type was either bi-directional (asymmetric) braid wrap or unidirectional spiral
wrap and sleeve coverage ranged from full to half nominally. Figure 2.1 shows all four sleeve
configurations (full braid, half braid, full spiral, and half spiral). In this research, specimens

without sleeves were not considered, since the sleeves were needed to consolidate the specimens.

Figure 2.1: Sleeve Configurations from Left to Right: Full Braid, Half Braid,
Full Spiral, and Half Spiral
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2.1.3 Impact Energy

For consistency and future comparison purposes, the same impact energy levels that
Allen [2] used were repeated in this research. This research used 50.8 mm (2 in) long specimens
with 8 mm (5/16 in) diameter carbon and fiberglass cores, impacted at 5 and 10 J (3.7 and 7.4 ft-

Ibs) of impact energy, and later compared to non-impacted specimens.

2.1.4 Test Matrix
The different test variables resulted in a total of twenty-four possible configurations.
Each of the twenty-four possible configurations is shown in Table 2.3. Nominally, five

specimens of each configuration were tested.

Table 2.3: Test Matrix

Diameter Sleeve Impact Energy
[mm(in)] Type Coverage [J (ft-1bs)]
0 (0.0
Full 5 (3.7
10 (7.4)
(0.0
Half 5 3.7
10 (7.4)
0 (0.0
Full 5 (3.7
10 (7.4)
0 (0.0
Half 5 (3.7
10 (7.4)
0 (0.0
5 (3.7)
10 (7.4)
0 (0.0
Half 5 (3.7)
10 (7.4)
0 (0.0
Full 5 (3.7)
10 (7.4)
0 (0.0
Half 5 (3.7)
10 (7.4)

Material

Braid

o

Carbon 8 (5/16)

Spiral

Full

Braid

Fiberglass 8 (5/16)

Spiral
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2.2 Specimen Manufacturing

The specimens were fabricated on an advanced three-dimensional, prototype braiding
machine developed specifically for the manufacture of IsoTruss® and isogrid type composite
lattice structures, see Figure 2.2. For a complete and detailed report outlining the manufacturing
method, creation of sleeve patterns, and consolidation, refer to Allen [2]. The member was kept

in constant tension while cured in an in-line oven.

Figure 2.2: Test Specimen Being Fabricated on Prototype IsoTruss Machine

2.3 Specimen Preparation
This section contains a summary of the specimen preparation procedure. The preparation
steps in this research were followed in a manner similar to parallel research previously conducted

by Allen [2] and Embley [17].
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2.3.1 Unsupported Length

Preliminary tests by Allen [3] determined the critical length of 50.8 mm (2 in) long
specimens to be used in the current research. This unsupported length of carbon fiber and
fiberglass epoxy composite rods ensured compression failure. Similar but longer elements
created a separate research performed by Embley [17-18]. To allow room for bonding in end
caps, an additional 38 mm (1.5 in) was added to the specimens’ unsupported length. The total
specimen length was therefore, 88.9 mm (3.5 in).

Leco CM-10 cutting jig with a diamond tip blade was used to cut the specimens to length,
as shown in Figure 2.3. To create a flat end surface, a polishing machine, Leco Spectrum
System 2000, was used together with a special sanding fixture attachment, as shown in Figure

2.3. The attachment ensured a proper vertical alignment of specimens to polishing surface.

Figure 2.3: Specimen Preparation Equipment: A) Cutting Jig with Diamond Tip Blade
(Left); and, B) Polisher with Vertical Aligning Attachment (Right)
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2.3.2 Label Notation

Using a random number generator the specimens were assigned impact energy levels and
testing order. Each specimen was labeled in the 5CA43FLC-2 notation. This example denotes
an 8 mm (5/16 in) diameter specimen using Carbon fiber for the core and Aramid fiber for the
sleeve. The three-dimensional braiding machine wall pattern used to make the braided sleeve
was the 43 pattern [2]. This specimen sleeve coverage was Full, impacted with Low energy, and
tested for Compression failure. This was Specimen #2 of 5 for this configuration. The details of

this notation (number and letter designation) for each of the test variables are listed in Table 2.4.

Table 2.4: Specimen Label Notation Convention

Diameter 8 mm (5/16 in) 5
. Carbon C
Core Material Fiberglass G
Sleeve Material Aramid A
Braid 43
Sleeve Type Spiral 10
Full F
Sleeve Coverage Half H
Undamaged N
Impact Energy 57 (3.7 ft-1bs) L
10 J (7.4 ft-1bs) S
Test Compression C
Specimen Number 1-6

2.3.3 Bonding in End Caps

Loctite 5-minute epoxy was used to bond steel caps to each end of the specimens. End
caps prevented splaying of the ends of each specimen when compressed; and allowed proper
alignment in the test fixture by creating an even surface for uniform load distribution. A setting

fixture specifically designed for this research, shown in Figure 2.4, was used to vertically align

14



the specimens when bonding on end caps. Excess epoxy was cleaned off the end caps using the

Leco Spectrum System 2000 polishing machine (see Figure 2.3).

Figure 2.4: Vertical Aligning Fixture used to Bond Specimens in End Caps

2.4 Microscope Measurements

Precise measurements of specimen cross-sectional area, specimen offset from center, and
the percent of sleeve coverage were recorded using Leco Olympus SZX12 microscope and Pax-it
software. The software enabled 7X magnified pictures of the ends and sleeves of each specimen

to be recorded.

2.4.1 Cross-Sectional Area

The magnified pictures of each end of the specimens were used to take cross-sectional area
measurements. Using the Pax-it software, the core of the specimen was changed to a bright
green color and the area of the green was measured as shown in Figure 2.5. The average of both
ends’ cross-sectional area was used as the final area for the individual specimen. The cross-

sectional areas for each specimen are listed in Table A.1 — Table A.4.
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Figure 2.5: Cross-Sectional Area Measurements with Microscope and Pax-it Software

2.4.2 Offset Measurements

Specimens were not always perfectly bonded in the center of end caps. To later determine
if this misalignment had any effect on specimen stiffness or strength, the offsets from center
were measured were recorded. Crosshairs printed on a transparent sheet were placed on the end
of the specimen and aligned with crosshairs on the Pax-it software. The offset was measured as
the distance from the center of the crosshairs to the center of the specimen as shown in Figure

2.6. Offset measurements for each individual configuration is listed in Table A.5 — Table A.8.

Figure 2.6: Offset from Center Measurements with Microscope and Pax-it Software

16



2.4.3 Sleeve Coverage

Measurements were taken to determine the actual percent coverage for the nominally half
covered specimens only. Similar to the cross-sectional area measurements, the visible portion of
the core was colored green with the Pax-it software and the area of the green was measured as
shown in Figure 2.7. Each half coverage specimen was rotated approximately every 90 degrees
to take four pictures for sleeve coverage measurement. The average of the four recorded
measurements was reported as the actual percent coverage. Coverage measurements for each

individual specimen are listed in Table A.9 — Table A.10.

Figure 2.7: Sleeve Coverage Measurements with Microscope and Pax-it Software

2.5 Test Procedure
This section is a summary of the impact and compression test procedure, similarly

conducted in related research by Allen [2] and Embley [17].

2.5.1 Impact Test Procedure
Impact tests were performed using the Dynatup® 8200 drop weight impact test machine

shown on the right in Figure 2.8. The different levels of impact energy (5 and 10 J (3.7 and 7.4
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ft-1bs)) were achieved by adjusting the drop weight height. Although the direct measure of
damage inflicted on specimens was not measured, the total impact energy still provides a basis
for comparison [25]. In this research, the internal damage was not investigated, only the impact
energy was quantified.

Specimens were clamped in v-blocks fixed to a steel plate and radially impacted at mid-
length with a cylindrical tup as shown in Figure 2.8. It is important to note that the specimens
were bonded in end caps prior to impact, resulting in fixed-end conditions. This is a
conservative approach compared to practical applications. Typically, three dimensional lattice

structures will be flexible and absorb impact energy, resulting in less damage to local members.

Figure 2.8: Dynatup® 8200 Drop Weight Impact Test Machine

2.5.2 Compression Test Procedure
Compression tests were performed using 89 kN (20 kip) Instron model 1321, as shown in

Figure 2.9. Also shown in Figure 2.10, is the alignment of the test specimen in the test fixture.
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The test specimen receptacles were designed specifically to hold the end caps, making it quick
and easy to align each specimen. The receptacles were clamped in the machine and a tungsten-
carbide puck was used between the receptacle and the specimen to eliminate repeated use
damage and to ensure uniform load introduction. The specimens were loaded at a stroke-
controlled rate of 1.27 mm/min (0.05 in/min). Refer to Figure B.1-Figure B.8 for a picture of
each specimen after failure.

Preliminary tests showed that the extensometer provided unreliable results [2-3]. An
extensometer was therefore not used to measure deformation in this research. A correction
factor was derived to remove deformations in the system from the measured machine
displacement. The details of this correction factor derivation are found in Appendix E in Allen’s

thesis [2].

Figure 2.9: Instron Test Machine
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2.6 Data Reduction and Statistical Analysis

A statistical conservative criterion, Chauvenet’s criterion, used in parallel research by
Embley [17], was repeated to determine if any tested specimens qualify as outliers and should
therefore be excluded from the averages. This criterion provides an envelope based on a 1/2n
probability and is calculated using a specified ratio (1.65 and 1.73 for 5 and 6 samples,
respectively), the average, and the standard deviation.

A range of probable values representing 90% reliability with 95% confidence are shown
for the average stress-strain curves and the average ultimate strengths of each test configuration.
Details of this statistical analysis and equations for computation of the lower and upper limit

envelope were documented in previous related research by Embley [17].

20



2.7 Offset Adjustment

Curve plots of the offset angle vs. compression strength after impact were prepared for
each specimen (see Appendix D). For the most part, offset angle had insignificant or no effect
on the specimens’ compression modulus nor ultimate compression strength. Therefore, test

results were not adjusted due to offsets in this research.
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3 TEST RESULTS

Detail of results for each of the twenty-four test configurations along with the statistical
analysis procedures used in this research are illustrated in this chapter. Tables that summarize
average values (compression Young’s modulus, compression strain at ultimate strength, and
ultimate compression strength) for each test configuration are followed by their respective stress-

strain curve plots.

3.1 Test Results

This section contains summary tables and stress-strain plots for each configuration. For a
cleaner stress-strain plot presentation for each configuration, the stress-strain curves were
truncated the first time stress dropped below 60% of the maximum stress. In the plots, 90%
reliability and 95% confidence envelope are shown to illustrate ranges where data points are

within averages and specimens that were ultimately discarded due to outlier characteristics.

3.1.1 Full Braid Carbon Specimens

Test results for undamaged full braid carbon/epoxy specimens (5CA43FNC) are
summarized in Table 3.1 and the stress-strain curves are shown in Figure 3.1.

Test results for full braid carbon/epoxy specimens impacted at 5 J (3.7 ft-1bs)

(5CA43FLC) are summarized in Table 3.2 and the stress-strain curves are shown in Figure 3.2.
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Table 3.1: Properties of Full Braid, Undamaged, Carbon Specimens (5CA43FNC)

Compression Ultimate Compression
Full Braided Sleeve at Young's Modulus Compression Strain at Ultimate
No Impact Strength Strength
[GPa (10° psi)] [MPa  (ksi)] [10° pe]
1 123.3 17.88 964 139.8 8.42
2 144.6 20.97 1025 148.7 7.82
3 139.8 20.27 976 1415 7.36
4 1249 18.12 889 129.0 7.58
5 144.4 20.94 796 115.4 5.87
Average 135.4 19.64 930 134.9 7.41
Standard Deviation 105 1.52 90 13.0 0.95
[%0] 7.8 10 13
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Figure 3.1: Stress-Strain Curves for Full Braid, Undamaged, Carbon Specimens
(5CA43FNC)
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Table 3.2: Properties of Full Braid, 5 J (3.7 ft-Ibs) Impact,
Carbon Specimens (5CA43FLC)

Compression Ultimate Compression
Full Braided Sleeve at Young's Modulus Compression Strain at Ultimate
5 J (3.7 ft-Ibs) Impact Strength Strength
[GPa (10° psi)] [MPa (ksi)] [10° pe]
1 929 1347 293 425 3.76
2 92.1 13.35 334 484 10.70
3 1245 18.05 265 384 2.48
4 105.2 15.26 247 35.9 3.22
5 1111 16.11 325 47.2 11.85
Average 105.1 15.25 293 425 6.40
Standard Deviation 13.5 1.96 37 54 4.49
[%0] 13 13 70
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Figure 3.2: Stress-Strain Curves for Full Braid, 5 J (3.7 ft-lbs) Impact, Carbon Specimens
(5CA43FLC)
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Test results for full braid carbon/epoxy specimens impacted at 10 J (7.4 ft-lbs)
(5CA43FSC) are summarized in Table 3.3 and the stress-strain curves are shown in Figure 3.3.
After the initial test for full braid carbon/epoxy specimens impacted at 10 J (7.4 ft-lbs)
(5CA43FSC), the compression modulus of Specimen 1 was lower than the Chauvenet minimum.
A sixth specimen was tested and after reapplying Chauvenet’s criterion to all six specimens, the
stress-strain curve of Specimen 1 fell 28.4% outside Chauvenet’s envelope (see Figure C.1)

verifying that Specimen 1 was an outlier and was therefore excluded from the final data set.

Table 3.3: Properties of Full Braid, 10 J (7.4 ft-Ibs) Impact,
Carbon Specimens (5CA43FSC)

Compression UItimat(_e C(_)mpress!on
Full Braid Sleeve at Young's Modulus Compression Strain at Ultimate
10 J (7.4 ft-Ibs) Impact Strength Strength
[GPa (10 psi)] [MPa (ksi)] [10° pe]
1* 575 8.33" 334 484 11.43
2 78.8 11.43 303 43.9 6.12
3 92,2 13.38 263 38.1 7.79
4 91.0 13.20 274 39.7 17.23
5 99.1 14.38 290 421 16.71
6 1184 17.17 288 41.8 7.44
Average [1-5] 83.7 12.14 293 425 11.85
Standard Deviation [1-5] 164 2.38 28 4.0 5.05
[%0] 20 9.5 43
Average [2-6] 959 1391 284 41.1 11.06
Standard Deviation [2-6] 146 211 16 23 5.4
[%0] 15 55 49

*Specimen eliminated using Chauvenet’s criterion; italicized values not included in average or standard deviation.
“Properties used to eliminate specimen.
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Figure 3.3: Stress-Strain Curves for Full Braid, 10 J (7.4 ft-Ibs) Impact, Carbon Specimens
(5CA43FSC)

3.1.2 Half Braid Carbon Specimens

Test results for undamaged half braid carbon/epoxy specimens (5CA43HNC) are
summarized in Table 3.4 and the stress-strain curves are shown in Figure 3.4. After the initial
test for undamaged half braid carbon/epoxy specimens (5CA43HNC), the compression stiffness
and ultimate strength of Specimen 5 were lower than Chauvenet’s minimum. One more
specimen was tested and after reapplying Chauvenet’s criterion to all six specimens, the
compression modulus and ultimate strength of Specimen 5 were still lower than the Chauvenet
minima and its stress-strain curve fell 87.3% outside Chauvenet’s envelope (see Figure C.3).

Specimen 5 was an outlier and was therefore excluded from the final data set.
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Table 3.4: Properties of Half Braid, Undamaged, Carbon Specimens (5CA43HNC)

Compression Youna's Ultimate Compression
Half Braided Sleeve at P g Compression Strain at Ultimate
Modulus
No Impact Strength Strength
[GPa (108 psi)] [MPa (ksi)] [10° pe]
1 140.4 20.36 954 138.4 7.42
2 133.8 19.41 1016 147.4 8.41
3 143.9 20.87 940 136.3 7.23
4 151.7 22.00 1078 156.3 8.22
5* 117.7 17.06+ 480 69.7+ 4.55+
6 142.1 20.62 947 137.4 7.33
Average [1-6] 138.3 20.05 903 130.9 7.19
Standard Deviation [1-6] 116 1.69 214 310 1.39
[%] 8.4 24 19
Average [1-4,6] 142.4  20.65 987 143.2 7.72
Standard Deviation [1-4,6] 6.4 0.93 59 85 0.6
[%0] 4.5 6.0 7.1

*Specimen eliminated using Chauvenet’s criterion; italicized values not included in average or standard deviation.
"Properties used to eliminate specimen.
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Figure 3.4: Stress-Strain Curves for Half Braid, Undamaged, Carbon Specimens
(5CA43HNC)
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Test results for half braid carbon/epoxy specimens impacted with 5 J (3.7 ft-lbs)
(5CA43HLC) are summarized in Table 3.5 and the stress-strain curves are shown in Figure 3.5.
After the initial test, the compression modulus of Specimen 1 was higher than the Chauvenet
maximum. One more specimen was tested, and after reapplying Chauvenet’s criterion to all six
specimens, the stress-strain curve of Specimen 1 fell 57.9% outside Chauvenet’s envelope (see
Figure C.4). Specimen 1 was an outlier and was therefore excluded from the final data set.

Test results for half braid carbon/epoxy specimens impacted with 10 J (7.4 ft-lbs)

(5CA43HSC) are summarized in Table 3.6 and the stress-strain curves are shown in Figure 3.6.

Table 3.5: Properties of Half Braid, 5 J (3.7 ft-1bs) Impact,
Carbon Specimens (5CA43HLC)

Compression UItimatg Cgmpress!on
Half Braided Sleeve Young's Modulus Compression Strain at Ultimate

Impacted at 5 J (3.7 ft-Ibs) Strength Strength

[GPa (108 psi)] [MPa  (ksi)] [10% pe]
1* 149.3 21.66+ 309 44.8 2.25
2 106.8 15.49 295 4238 3.03
3 106.5 15.44 216 31.3 2.58
4 104.8 15.20 260 37.6 2.82
5 123.7 17.94 332 482 2.79
6 107.3 15.56 207 30.0 2.21
Average [1-5] 118.2 17.15 282 409 2.69
Standard Deviation [1-5] 19.0 2.76 45 6.6 0.30
[%] 16 16 11
Average [2-6] 109.8 15.93 262 38.0 2.69
Standard Deviation [2-6] 78 113 53 7.7 0.3
[%0] 7.1 20 11

*Specimen eliminated using Chauvenet’s criterion; italicized values not included in average or standard deviation.
"Properties used to eliminate specimen.
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Figure 3.5: Stress-Strain Curves for Half Braid, 5 J (3.7 ft-Ibs) Impact, Carbon Specimens
(5CA43HLC)

Table 3.6: Properties of Half Braid, 10 J (7.4 ft-Ibs) Impact,
Carbon Specimens (5CA43HSC)

Compression UItimatg Cc_nmpress!on
Half Braided Sleeve Young's Modulus CoSTrp;Lessmn Strain at Ultimate
Impacted at 10 J (7.4 ft-Ibs) gth Strength
[GPa (10° psi)] [MPa (ksi)] [10° ne]
1 116.4 16.88 199 28.8 2.35
2 113.3 16.43 193 28.1 243
3 66.4 9.63 123 17.8 2.99
4 55.5 8.04 121 17.6 291
5 83.2 12.07 165 23.9 2.56
Average 87.0 12.61 160 23.2 2.65
Standard Deviation 27.3 3.96 37 54 0.29
[9%6] 31 23 11
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3.1.3 Full Spiral Carbon Specimens

Test results for undamaged full spiral carbon/epoxy specimens (5CAL10FNC) are
summarized in Table 3.7 and the stress-strain curves are shown in Figure 3.7. After the initial
test of undamaged full spiral carbon/epoxy specimens (5SCA10FNC), the compression stiffness of
Specimen 1 was lower than the Chauvenet minimum. One more specimen was tested and after
reapplying Chauvenet’s criterion to all six specimens, the modulus of Specimen 1 was still lower
than the Chauvenet minimum and the stress-strain curve fell 89.4% outside Chauvenet’s
envelope (see Figure C.5). Specimen 1 was therefore eliminated and its properties are not

included in the final average test results.
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Table 3.7: Properties of Full Spiral, Undamaged, Carbon Specimens (5CA10FNC)

Compression UItimatg C(_)mpress!on
Full Spiral Sleeve at No Young's Modulus Compression Strain at Ultimate
Impact Strength Strength
[GPa (108 psi)] [MPa (ksi)] [10° pe]
1* 126.6 18.36" 902 130.8 7.45
2 136.8 19.84 903 130.9 6.97
3 140.2 20.33 896 129.9 6.96
4 138.1 20.03 915 132.7 7.16
5 1334 19.34 899 130.4 7.20
6 137.4 19.93 883 128.0 6.93
Average [1-6] 1354 19.64 899 130.4 7.11
Standard Deviation [1-6] 48 0.70 10 15 0.20
[9%6] 3.6 1.2 2.8
Average [2-6] 137.2 19.89 899 130.4 7.04
Standard Deviation [2-6] 2.5 0.36 12 1.7 0.1
[%6] 1.8 1.3 1.8

*Specimen eliminated using Chauvenet’s criterion; italicized values not included in average or standard deviation.
“Properties used to eliminate specimen.
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Figure 3.7: Stress-Strain Curves for Full Spiral, Undamaged, Carbon Specimens
(5CA10FNC)
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Test results for full spiral carbon/epoxy specimens impacted with 5 J (3.7 ft-lbs)
(5CA10FLC) are summarized in Table 3.8 and the stress-strain curves are shown in Figure 3.8.
After the initial test of full spiral carbon/epoxy specimens impacted with 5 J (3.7 ft-lbs)
(5CA10FLC), the ultimate strength and strain of Specimen 4 were higher than the Chauvenet
maximum and its stress-strain curve fell 9.1% outside Chauvenet’s envelope (see Figure C.6).
One more specimen was tested, and after reapplying Chauvenet’s criterion to all six specimens,
Specimen 4 was excluded from the final data set.

Test results for full spiral carbon/epoxy specimens impacted with 10 J (7.4 ft-lbs)

(5CA10FSC) are summarized in Table 3.9 and the stress-strain curves are shown in Figure 3.9.

Table 3.8: Properties of Full Spiral, 5 J (3.7 ft-1bs) Impact,
Carbon Specimens (5CA10FLC)

Compression UItimatg C(_)mpress!on
Full Spiral Sleeve Impacted Young's Modulus Compression Strain at Ultimate
at’5J (3.7 ft-Ibs) Strength Strength
[GPa (10° psi)] [MPa (ksi)] [10° pe]
126.0 18.27 348 50.5 3.21
2 124.2 18.02 324 470 3.08
89.9 13.04 261 37.8 3.07
4% 842 1221 399 57.9° 3.70
5 1019 14.78 272 395 2.77
6 1139 16.51 276 40.0 2.99
Average [1-5] 105.2 15.26 321 46.5 3.17
Standard Deviation [1-5] 19.2 279 57 8.2 0.34
[%] 18 18 11
Average [1-3,5-6] 1112 16.13 296 43.0 3.02
Standard Deviation [1-3,5-6] 153 222 38 55 0.2
[%] 14 13 5.4

*Specimen eliminated using Chauvenet’s criterion; italicized values not included in average or standard deviation.
“Properties used to eliminate specimen.
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Table 3.9: Properties of Full Spiral, 10 J (7.4 ft-Ibs) Impact,
Carbon Specimens (5CA10FSC)

Ultimate Compression

Compression Compression  Strain at Ultimate

Full Spiral Sleeve Impacted Young's Modulus

at 10 J (7.4 ft-Ibs) Strength Strength
[GPa (10°psi)] [MPa (ksi)] [10° pe]
1 108.4 15.72 250 36.3 3.53
2 110.3 16.00 279 405 3.80
3 97.2 14.10 263 38.1 3.61
4 82.1 1191 206 29.9 4.92
5 65.4 9.48 223 324 4.11
Average [1-5] 92.7 13.44 244 354 3.99
Standard Deviation [1-5] 18.9 2.75 30 43 0.57
[%] 20 12 14
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Specimens (5CAL10FSC)

3.1.4 Half Spiral Carbon Specimens

Test results for undamaged half spiral carbon/epoxy specimens (5CA10HNC) are
summarized in Table 3.10 and the stress-strain curves are shown in Figure 3.10. After the initial
test of undamaged half spiral carbon/epoxy specimens (5CA10HNC), the ultimate compression
strength of Specimen 3 was lower than the Chauvenet minimum. One more specimen was tested
and after reapplying Chauvenet’s criterion to all six specimens, the stress-strain curve for
Specimen 3 fell 17.1% outside Chauvenet’s envelope and was therefore excluded from the final

data set (see Figure C.8).
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Table 3.10: Properties of Half Spiral, Undamaged, Carbon Specimens (5CA10HNC)

Compression Ultimate Compression
Half Spiral Sleeve 'p Compression Strain at Ultimate
Young's Modulus

at No Impact Strength Strength

[GPa (10° psi)] [MPa (ksi)] [10° pe]
1 1457 21.13 934 1355 7.11
2 162.0 23.50 1060 153.7 7.71
3* 135.3 19.62 729 105.8* 5.62
4 1345 19.50 895 129.9 6.98
5 132.2 19.17 913 1324 7.21
6 159.4 23.12 989 1435 6.91
Average [1-5] 1419 20.59 906 1315 6.93
Standard Deviation [1-5] 124 1.79 118 17.1 0.78
[%0] 8.7 13 11.3
Average [1-2,4-6] 146.8 21.28 958 139.0 7.18
Standard Deviation 138 1.99 67 9.7 0.3
[%0] 9.4 7.0 4.4

*Specimen eliminated using Chauvenet’s criterion; italicized values not included in average or standard deviation.
“Properties used to eliminate specimen.

T 160
o !
L)
1000 ’:' \
/! - 140
/
!;
l’ !
i I
i 1 - . 120
'E' 800 £/ Sl Specimen #1 —
Fd S =
s i Specimen #2 o
= /
" S /! Specimen #3* 100 a
H ! /! Q
L / ! : =]
S 600 £ ' Specimen #4 &
w ¥ s
s
e I Specimen #5 0 o
S g ke
/
] / / Specimen #6 H]
2 7//44 0 o
o 400 ,.’ J — SCALOHNC Average £
E ] J
8 also e 90% Reliability 8
’ g .
) '," 95% Confidence a0
ol
2001 Y7
.
i
- 20
0 T T o
i} 0.005 0.01 0.015 0.02 0.025

Compression Strain

Figure 3.10: Stress-Strain Curves for Half Spiral, Undamaged, Carbon Specimens
(5CA10HNC)
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Test results for half spiral carbon/epoxy specimens (5CA10HLC) impacted with 5 J (3.7
ft-Ibs) are summarized in Table 3.11 and the stress-strain curves are shown in Figure 3.11.

Test results for half spiral carbon/epoxy specimens impacted with 10 J (7.4 ft-1bs)
(5CA10HSC) are summarized in Table 3.12 and the stress-strain curves are shown in Figure
3.12. After the initial test of half spiral carbon/epoxy specimens impacted with 10 J (7.4 ft-1bs)
(5CA10HSC), the ultimate compression strength of Specimen 2 was lower than the Chauvenet
minimum. One more specimen was tested and after reapplying Chauvenet’s criterion to all six
specimens, the ultimate strength of Specimen 2 was still lower than the Chauvenet minimum and
the stress-strain curve fell 45.2% outside Chauvenet’s envelope (see Figure C.10). Specimen 2

was therefore excluded from the final data set.

Table 3.11: Properties of Half Spiral, 5 J (3.7 ft-Ibs) Impact,
Carbon Specimens (5CA10HLC)

Ultimate Compression

Compression Compression Strain at Ultimate

Full Spiral Sleeve Impacted  Young's Modulus

at5 J (3.7 ft-Ibs) Strength Strength
[GPa (108 psi)] [MPa  (ksi)] [10° pe]
1 109.6 15.89 180 26.1 2.41
2 106.8 15.49 372 54.0 3.64
3 138.7 20.11 313 454 3.54
4 118.7 17.22 262 38.0 2.69
5 87.9 12.75 283 41.0 2.98
Average 112.3 16.29 282 40.9 3.05
Standard Deviation 185 2.68 71 103 0.53
[%0] 16 25 17
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Table 3.12: Properties of Half Spiral, 10 J (7.4 ft-1bs) Impact,
Carbon Specimens (5CA10HSC)

Compression

Half Spiral Sleeve Impacted Young's Modulus

Ultimate

Compression

Compression
Strain at Ultimate

at 10 J (7.4 ft-lbs) Strength Strength
[GPa (108 psi)] [MPa (ksi)] [10° pe]
1 79.2 11.49 182 26.4 2.33
2* 68.0 9.86 117 17.0+ 341
3 79.8 11.57 187 27.1 2.39
4 69.3 10.05 185 26.8 2.70
5 79.1 11.47 183 26.5 2.65
6 79.4 1152 173 25.1 2.97
Average [1-6] 75.8 10.99 171 248 2.74
Standard Deviation [1-6] 56 081 27 39 0.40
[%] 7.3 16 15
Average [1,3-6] 774 11.22 182 26.4 2.61
Standard Deviation [1,3-6] 45 0.65 5 08 0.3
[96] 5.8 3.0 9.9

*Specimen eliminated using Chauvenet’s criterion; italicized values not included in average or standard deviation.

*Properties used to eliminate specimen.
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3.1.5 Full Braid Fiberglass Specimens

Test results for undamaged full braid fiberglass specimens (5GA43FNC) are summarized
in Table 3.13 and the stress-strain curves are shown in Figure 3.13.

Test results for full braid fiberglass specimens (5GA43FLC) impacted with 5 J (3.7 ft-
Ibs) are summarized in Table 3.14 and the stress-strain curves are shown in Figure 3.14. After
the initial test of full braid fiberglass specimens impacted with 5 J (3.7 ft-Ibs) (5GA43FLC), the
ultimate compression strength of Specimen 4 was lower than the Chauvenet minimum. One
more specimen was tested and after reapplying Chauvenet’s criterion to all six specimens, the
ultimate strength of Specimen 4 was still lower than the Chauvenet minimum and the stress-
strain curve fell 28.4% outside Chauvenet’s envelope (see Figure C.12). Specimen 4 was

therefore eliminated and its properties are not included in the final test results.
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Table 3.13: Properties of Full Braid, Undamaged, Fiberglass Specimens (5GA43FNC)

Compression Ultimate Compression
Eull Braided Sleeve Young's Modulus Compression Strain at Ultimate
at No Impact Strength Strength
[GPa (10 psi)] [MPa (ksi)] [10° pe]
1 576 8.35 985 142.9 16.78
2 59.2 8.58 825 119.7 14.88
3 61.2 8.87 851 123.4 15.65
4 60.3 8.75 972 141.0 17.25
5 619 8.97 955 138.6 16.77
Average [1-5] 60.0 8.70 918 133.1 16.27
Standard Deviation [1-5] 17 025 74 108 0.97
[%0] 2.8 8.1 6.0
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Figure 3.13: Stress-Strain Curves for Full Braid, Undamaged, Fiberglass Specimens
(5GA43FNC)
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Table 3.14: Properties of Full Braid, 5 J (3.7 ft-Ibs) Impact,
Fiberglass Specimens (5GA43FLC)

Compression UItimatg Cgmpression
Full Braided Sleeve Young's Modulus Compression Strain at Ultimate
Impacted at 5 J (3.7 ft-Ibs) Strength Strength
[GPa (10° psi)] [MPa (ksi)] [10° pe)
1 64.9 9.42 559 81.1 10.29
68.7 9.96 597 86.6 10.00
3 61.8 8.96 506 73.4 9.01
4* 63.9 9.27 342 496 5.60"
5 63.3 9.19 498 722 9.15
6 68.0 9.87 481 69.8 8.08
Average [1-5] 64.5 9.36 501 72.6 8.81
Standard Deviation [1-5] 26 038 97 141 1.88
[%0] 4.0 19 21
Average [1-3,5-6] 65.4 9.48 528 76.6 9.31
Standard Deviation [1-3,5-6] 30 043 48 7.0 0.9
[%0] 4.6 9.1 9.4

*Specimen eliminated using Chauvenet’s criterion; italicized values not included in average or standard deviation.
“Properties used to eliminate specimen.
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Figure 3.14: Stress-Strain Curves for Full Braid, 5 J (3.7 ft-lbs) Impact, Fiberglass
Specimens (5GA43FLC)
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Test results for full braid fiberglass specimens impacted with 10 J (7.4 ft-lbs)
(5GA43FSC) are summarized in Table 3.15 and the stress-strain curves are shown in Figure
3.15. After the initial test of full braid fiberglass specimens impacted with 10 J (7.4 ft-1bs)
(5GA43FSC), the ultimate compression strength and compression modulus of Specimen 3 were
higher than the Chauvenet maximum. One more specimen was tested and after reapplying
Chauvenet’s criterion to all six specimens, the ultimate strength and modulus of Specimen 3
were still higher than the Chauvenet maximum and the stress-strain curve fell 84.9% outside
Chauvenet’s envelope (see Figure C.13). Specimen 3 was therefore eliminated and its properties

are not included in the final test results.

Table 3.15: Properties of Full Braid, 10 J (7.4 ft-Ibs) Impact,
Fiberglass Specimens (5GA43FSC)

Compression UItimatt_e C(_)mpress!on
Full Braided Sleeve Young's Modulus Compression Strain at Ultimate
Impacted at 10 J (7.4 ft-Ibs) Strength Strength
[GPa (10 psi)] [MPa (ksi)] [10° pe]
1 60.7 8.80 301 437 5.85
62.9 9.13 335 48.6 6.31
3* 705 10.23 599 86.9" 9.98
4 61.2 8.88 380 55.1 6.70
5 59.9 8.69 395 57.3 7.24
6 57.0 8.26 283 41.1 6.32
Average [1-5] 63.1 9.15 402 58.3 7.21
Standard Deviation [1-5] 43 0.63 116 16.9 1.63
(%] 6.9 29 23
Average [1-2,4-6] 60.3 8.75 339 49.2 6.48
Standard Deviation [1-2,4-6] 22 032 48 7.0 0.5
[%0] 3.6 14 8.0

*Specimen eliminated using Chauvenet’s criterion; italicized values not included in average or standard deviation.
“Property used to eliminate specimen.
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Figure 3.15: Stress-Strain Curves for Full Braid, 10 J (7.4 ft-1bs) Impact, Fiberglass
Specimens (5GA43FSC)

3.1.6 Half Braid Fiberglass Specimens

Test results for undamaged half braid fiberglass specimens (5GA43HNC) are
summarized in Table 3.16 and the stress-strain curves are shown in Figure 3.16.

Test results for half braid fiberglass specimens impacted with 5 J (3.7 ft-lbs)
(5GA43HLC) are summarized in Table 3.17 and the stress-strain curves are shown in Figure
3.17. After the initial test of half braid fiberglass specimens impacted with 5 J (3.7 ft-lbs)
(5GA43HLC), the compression modulus of Specimen 4 was lower than the Chauvenet
minimum. One more specimen was tested and after reapplying Chauvenet’s criterion to all six
specimens, the modulus was still lower than the Chauvenet minimum and the stress-strain curve
fell 57.1% outside Chauvenet’s envelope (see Figure C.15). Specimen 4 was therefore

eliminated and its properties are not included in the final test results.
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Test results for half braid fiberglass specimens impacted with 10 J impact (5GA43HSC)

are summarized in Table 3.18 and the stress-strain curves are shown in Figure 3.18.

Table 3.16: Properties of Half Braid, Undamaged, Fiberglass Specimens (5GA43HNC)

Compression UItimatg C(_)mpress!on
Half Braided Sleeve Youna's Modulus Compression Strain at Ultimate
at No Impact g Strength Strength
[GPa (10° psi)] [MPa (ksi)] [10° pe]
1 63.3 9.18 827 119.9 14.46
2 555 8.05 968 140.4 16.79
3 56.1 8.13 953 138.2 17.16
4 56.3 8.17 993 144.0 17.02
5 61.1 8.86 831 1205 14.35
Average [1-5] 585 8.48 914 132.6 15.96
Standard Deviation [1-5] 35 051 79 115 13
[90] 6.0 8.7 8.0
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Figure 3.16: Stress-Strain Curves for Half Braid, Undamaged, Fiberglass Specimens
(5GA43HNC)
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Table 3.17: Properties of Half Braid, 5 J (3.7 ft-Ibs) Impact,
Fiberglass Specimens (5GA43HLC)

Compression UItimatg Cgmpress!on
Half Braided Sleeve Young's Modulus Compression Strain at Ultimate
Impacted at 5 J (3.7 ft-Ibs) Strength Strength
[GPa (108 psi)] [MPa (ksi)] [10° pe)
1 755 10.95 693 100.5 11.38
2 72.8 10.56 589 85.5 10.74
3 70.5 10.22 457 66.2 9.07
4* 63.7 9.24+ 458 66.5 9.15
5 74.2 10.76 488 70.8 9.50
6 77.0 11.17 565 81.9 9.91
Average [1-5] 71.3 10.35 537 77.9 9.97
Standard Deviation [1-5] 46 0.67 102 149 1.03
[%] 6.5 19 10
Average [1-3,5,6] 74.0 10.73 558 81.0 10.12
Standard Deviation [1-3,5,6] 25 0.36 93 134 0.9
[%%6] 34 17 9.2

*Specimen eliminated using Chauvenet’s criterion; italicized values not included in average or standard deviation.
“Property used to eliminate specimen.
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Figure 3.17: Stress-Strain Curves for Half Braid, 5 J (3.7 ft-Ibs) Impact, Fiberglass
Specimens (56GA43HLC)
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Table 3.18: Properties of Half Braid, 10 J (7.4 ft-1bs) Impact,
Fiberglass Specimens (5GA43HSC)

Compression Ultimate Compression
Half Braided Sleeve .p Compression Strain at Ultimate
Young's Modulus
Impacted at 10 J (7.4 ft-Ibs) Strength Strength
[GPa (10° psi)] [MPa (ksi)] [10° pe)
1 62.6 9.08 289 419 5.80
2 645 9.36 321 46.5 6.26
3 68.6 9.95 342 49.6 6.17
4 69.5 10.08 286 414 5.66
5 67.5 9.80 369 53.5 8.60"
Average [1-5] 66.6 9.65 321 46.6 6.50
Standard Deviation [1-5] 29 042 3B 51 1.20
[%] 4.3 11 18
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Figure 3.18: Stress-Strain Curves for Half Braid, 10 J (7.4 ft-lbs) Impact, Fiberglass
Specimens (56GA43HSC)
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3.1.7 Full Spiral Fiberglass Specimens

Test results for undamaged full spiral fiberglass specimens (5GA10FNC) are summarized
in Table 3.19 and the stress-strain curves are shown in Figure 3.109.

Test results for full spiral fiberglass specimens at 5 J (3.7 ft-Ibs) (5GA10FLC) of impact,
are summarized in Table 3.20 and the stress-strain curves are shown in Figure 3.20.

Test results for full spiral fiberglass specimens impacted with 10 J (7.4 ft-lbs)
(5GAL10FSC) are summarized in Table 3.21 and the stress-strain curves are shown in Figure
3.21. After the initial test of full spiral fiberglass specimens impacted with 10 J (7.4 ft-1bs)
(5GA10FSC), the compression stiffness of Specimen 2 was lower than the Chauvenet minimum.
One more specimen was tested and after reapplying Chauvenet’s criterion to all six specimens,
the modulus was still lower than the Chauvenet minimum and the stress-strain curve fell 59.6%
outside Chauvenet’s envelope (see Figure C.19). Specimen 2 was therefore eliminated and its

properties are not included in the final test results.

Table 3.19: Properties of Full Spiral, Undamaged, Fiberglass Specimens (5GA10FNC)

) . Ultimate Compression
Full Spiral Sleeve Com'pressmn Compression Strain at Ultimate
Impacted at 5 J Young’s Modulus Strength Strength
(3.7 ft-lbs)
[GPa (10 psi)] [MPa  (ksi)] [10° pe]
1 56.8 8.24 903 131.0 16.60
2 57.0 8.27 975 1414 17.57
3 575 8.34 977 141.7 17.43
4 56.7 8.23 964 139.8 17.71
5 56.8 8.23 943 136.8 16.95
Average 57.0 8.26 952 138.1 17.25
Standard Deviation 03 0.05 31 44 0.46
[%0] 0.6 3.2 2.7
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Figure 3.19: Stress-Strain Curves for Full Spiral, Undamaged, Fiberglass Specimens
(5GA10FNC)

Table 3.20: Properties of Full Spiral, 5 J (3.7 ft-Ibs) Impact,
Fiberglass Specimens (5GA10FLC)

Compression UItimatg Cgmpress!on
Full Spiral Sleeve Young's Modulus Compression Strain at Ultimate
Impacted at 5 J (3.7 ft-Ibs) Strength Strength
[GPa (10 psi)] [MPa (ksi)] [10° pe]
1 58.5 8.48 671 97.3 12.44
2 60.5 8.77 310 45.0 5.21
3 63.9 9.27 686 99.5 12.33
4 64.7 9.39 584 84.6 9.58
5 62.2 9.02 471 68.3 8.17
Average 62.0 8.99 544 79.0 9.55
Standard Deviation 25 0.37 156 22.7 3.04
[%%6] 4.1 28.7 31.8
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Figure 3.20: Stress-Strain Curves for Full Spiral, 5 J (3.7 ft-1bs) Impact, Fiberglass
Specimens (5GA10FLC)

Table 3.21: Properties of Full Spiral, 10 J (7.4 ft-1bs) Impact,
Fiberglass Specimens (5GA10FSC)

Compression UItimatg C(_)mpress!on
Full Spiral Sleeve Young's Modulus Compression Strain at Ultimate
Impacted at 10 J (7.4 ft-Ibs) Strength Strength
[GPa (108 psi)] [MPa (ksi)] [10° pe)
1 64.2 9.31 354 51.3 6.04
2* 39.0 5.66+ 156 22.6+ 13.51+
3 59.5 8.63 198 28.7 441
4 67.9 9.85 433 62.7 7.05
5 535 7.77 213 309 5.06
6 616 8.93 273 39.6 5.38
Average [1-5] 56.8 8.24 271 39.3 7.21
Standard Deviation [1-5] 11.3 1.64 117 17.0 3.66
[%0] 20 43 51
Average [1,3-6] 61.3 8.90 294 427 5.59
Standard Deviation [1,3-6] 54 0.78 99 143 1.0
(%] 8.8 34 18

*Specimen eliminated using Chauvenet’s criterion; italicized values not included in average or standard deviation.
“Property used to eliminate specimen.
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Figure 3.21: Stress-Strain Curves for Full Spiral, 10 J (7.4 ft-lbs) Impact, Fiberglass
Specimens (5GA10FSC)

3.1.8 Half Spiral Fiberglass Specimens

Test results for undamaged half spiral fiberglass specimens (5GA10HNC) are
summarized in Table 3.22 and the stress-strain curves are shown in Figure 3.22.

Test results for half spiral fiberglass specimens impacted with 5 J (3.7 ft-lbs)
(5GAL10HLC) are summarized in Table 3.23 and the stress-strain curves are shown in Figure
3.23. After the initial test of half spiral fiberglass specimens impacted with 5 J (3.7 ft-1bs)
(5GA10HLC), the ultimate compression strength of Specimen 2 was higher than the Chauvenet’s
maximum. A sixth specimen was tested and after reapplying the Chauvenet’s criterion to all six
specimens, the ultimate compression strength of Specimen 2 was still higher than Chauvenet’s

maximum (see Figure C.21). Specimen 2 was therefore excluded from the final data results.
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Test results for half spiral fiberglass specimens at 10 J (7.4 ft-Ibs) (5GA10HSC) of

impact, are summarized in Table 3.24 and the stress-strain curves are shown in Figure 3.24.

Table 3.22: Properties of Half Spiral, Undamaged, Fiberglass Specimens (5GA10HNC)

. Compression Ultimate Compression
Full Spiral Sleeve Youn g Modulus  Compression  Strain at Ultimate
Impacted at 0 J (3.7 g Strength Strength
ft-lbs)
[GPa (10%psi)] [MPa (ksi)] [10° pe]
1 55.2 8.01 913 1324 16.25
2 59.2 8.59 902 130.9 15.70
3 56.9 8.25 942 136.6 17.39
4 57.7 8.37 958 138.9 17.29
5 542 7.86 928 134.6 17.01
Average 56.7 8.22 929 134.7 16.73
Standard Deviation 2.0 0.29 22 3.2 0.73
[%6] 3.5 2.4 4.3
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Figure 3.22: Stress-Strain Curves for Half Spiral, Undamaged, Fiberglass Specimens
(5GA10HNC)
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Table 3.23: Properties of Half Spiral, 5 J (3.7 ft-1bs) Impact,
Fiberglass Specimens (5GA10HLC)

Compression UItimatg Cgmpression
Half Spiral Sleeve Young's Modulus Compression Strain at Ultimate
Impacted at 5 J (3.7 ft-Ibs) Strength Strength
[GPa (10° psi)] [MPa (ksi)] [10° pg]
1 69.9 10.13 364 52.8 5.47
2* 62.8 9.11 667 96.7+ 11.82
3 649 9.42 465 67.5 9.19
4 616 8.93 230 333 4.19
5 68.8 9.97 377 54.7 7.92
6 60.7 8.81 308 44.7 5.58
Average [1-5] 65.6 9.51 421 61.0 7.72
Standard Deviation [1-5] 3.6 0.3 161 23.4 3.02
[%0] 5.5 38 39
Average [1,3-6] 65.2 9.45 349 50.6 6.47
Standard Deviation [1,3-6] 41 0.60 87 12.6 2.0
[%0] 6.3 25 31

*Specimen eliminated using Chauvenet’s criterion; italicized values not included in average or standard deviation.
“Property used to eliminate specimen.
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Figure 3.23: Stress-Strain Curves for Half Spiral, 5 J (3.7 ft-Ibs) Impact, Fiberglass
Specimens (5GA10HLC)
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Table 3.24: Properties of Half Spiral, 10 J (7.4 ft-1bs) Impact,
Fiberglass Specimens (5GA10HSC)

Compression Ultimate Compression
Half Spiral Sleeve Young's Modulus Compression Strain at Ultimate
Impacted at 10 J (7.4 ft-Ibs) Strength Strength
[GPa (106 psi)] [MPa  (ksi)] [10° pe]

1 67.1 9.73 253 36.6 451
2 62.5 9.06 295 427 7.48
3 55.2 8.01 212 30.7 6.52
4 69.0 10.00 333 484 6.43
5 538 7.81 174 25.2 3.90
Average [1-5] 615 8.92 253 36.7 5.77
Standard Deviation [1-5] 6.8 0.99 64 9.2 1.50
[9%%6] 11 25 26
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Figure 3.24: Stress-Strain Curves for Half Spiral, 10 J (7.4 ft-Ibs) Impact, Fiberglass
Specimens (5GA10HSC)
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4 CONFIGURATION AVERAGES FOR CARBON/EPOXY COMPOSITES

This chapter presents the average stress-strain curves, the compression Young’s modulus,
compression strain at ultimate strength, and ultimate compression strength for carbon/epoxy
configuration test results. Carbon/epoxy averages are summarized by configuration, impact
energy level, sleeve type, and sleeve coverage. Figure 4.1 shows the average stress-strain curves
for the twelve carbon/epoxy configurations (four sleeve types at each impact energy levels).
Carbon/epoxy configurations exhibited a significant degradation in stiffness and strength due to

impact damage. These observations are more closely examined in subsequent sections.
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Figure 4.1: Average Stress-Strain Curves of All Twelve Carbon Configurations
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4.1 Compression Young’s Modulus

A summary of the average compression Young’s modulus results for carbon/epoxy
configurations is presented in Table 4.1. At no impact energy, there are insignificant variations
in the stiffness among all four undamaged configurations, as illustrated 6% average variation in
standard deviation. At 5 and 10 J (3.7 and 7.4 ft-lbs) of impact, however, compression modulus
yielded slightly more variations, as shown by an average of 13% and 20% in standard deviation,
respectively. Not surprisingly, the compression Young’s modulus decreases with increasing
impact energy; 22% and 38% reduction in stiffness relative to undamaged for the 5 and 10 J (3.7

and 7.4 ft-1bs) of impact energy.

Table 4.1: Compression Young's Modulus of Carbon Configurations

Compression Young’s Modulus RMIO(tj'Uqu

&Cl(r):;:fcl:ré;'g%y Average Standard Deviation Ur?dirlr:/:gec:j
[GPa (10 psi)]  [GPa(10 psi)]  [%] [%]
Undamaged 135 (19.6) 10.5 (1.52) 8 --
Full Braid 5J (3.7 ft-Ibs) 105 (15.3) 13.5 (1.96) 13 -22
10 J (7.4 ft-Ibs) 89.5 (13.0) 20.4 (2.96) 23 -34
Undamaged 142 (20.7) 7.44 (1.08) 5 --
Half Braid 5J (3.7 ft-Ibs) 110 (15.9) 7.80 (1.13) 7 -23
10 J (7.4 ft-lbs) 87.0 (12.6) 27.3 (3.96) 31 -39
Undamaged 138 (20.0) 1.45 (0.21) 1 --
Full Spiral 5J (3.7 ft-Ibs) 111 (16.1) 15.3 (2.22) 14 -20
10 J (7.4 ft-lbs) 92.7 (13.4) 18.9 (2.75) 20 -33
Undamaged 147 (21.3) 13.8 (1.99) 9 --
Half Spiral 5J (3.7 ft-Ibs) 112 (16.3) 18.5 (2.68) 16 -24
10 J (7.4 ft-Ibs) 76.8 (11.1) 5.04 (0.73) 7 -48
Undamaged 1405 (20.4) 8.30 (1.20) 6 -
Coni gAu':ations 53 (37ft-los) 1095 (15.9) 138 (2.01) 13 22
10J (7.4 ft-lbs) 865 (12.5) 17.9 (2.60) 20 -38
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4.2 Compression Strain at Ultimate Strength

A summary of the average compression strain at ultimate strength results for
carbon/epoxy configurations is shown in Table 4.2. At no impact, there is virtually no difference
in strain at ultimate strength among the four different undamaged sleeve configurations, as
shown by less than 6% average in standard deviation. At both 5 and 10 J (3.7 and 7.4 ft-1bs) of
impact energy, however, strain at ultimate strength yielded 25% and 19% average variations in

standard deviation among all sleeve configurations, respectively.

Table 4.2: Compression Strain at Ultimate Strength of Carbon Configurations

Compression Strain at Max Stress

Specimen
Configuration & Average Standard
Max Deviation
Impact Energy 3 3
[10° pe] [10° pe] [%0]
0J 7.4 0.95 13
Full Braid 5J 6.4 4.49 70
10J 11 4.86 44
0J 7.8 0.58 7
Half Braid 5J 2.7 0.31 11
10J 2.6 0.29 11
0J 7.0 0.10
Full Spiral 57 3.0 0.16
10J 4.0 0.57 14
0J 7.2 0.32 4
Half Spiral 5J 3.1 0.53 17
10J 2.5 0.19 7

4.3 Ultimate Compression Strength
Average ultimate compression strength results for carbon/epoxy configurations are
summarized in Table 4.3. Again, at no impact, there is virtually no variation in ultimate

compression strength among all four sleeve configurations, as shown by 6% average in standard
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deviation. At 5 and 10 J (3.7 and 7.4 ft-lbs) of impact, however, ultimate compression strength
yielded slightly more variations, as shown by an average of 18% and 11% in standard deviation,
respectively. The average ultimate compression strength of all undamaged carbon/epoxy
configurations is 945 MPa (137.1 ksi) with a standard deviation of 59.7 MPa (8.7 ksi). The
results for 5 and 10 J (3.7 and 7.4 ft-Ibs) of impact energy exhibited significant effect on the
ultimate compression strength among all sleeve configurations. Carbon configurations yielded
71% and 77% average reduction in ultimate strength relative to undamaged specimens for

specimens with 5 and 10 J (3.7 and 7.4 ft-1bs) of impact energy, respectively.

Table 4.3: Ultimate Compression Strength of Carbon Configurations

Ultimate Compression Strength Ultimate Strength
&Cl(r):;:fcl:ré;'g%y Average Standard Deviation Llfr?(!iztrlr:/:gtec:j

[MPa (ksi)] [MPa (ksi)] [%] [%0]
Undamaged 930 (135) 89.6 (13) 10 --
Full Braid 5J (3.7 ft-Ibs) 293 (42.5) 374 (5.49) 13 -68
10 J (7.4 ft-lbs) 292 (42.3) 24.9 (3.6) 9 -67
Undamaged 997 (145) 63.0 (9.1) 6 --
Half Braid  5J (3.7 ft-Ibs) 262 (38.0) 52.9 (7.7) 20 -74
10 J (7.4 ft-Ibs) 160 (23.2) 37.1 (5.4) 23 -84
Undamaged 896 (130) 19.5 (2.8) 2 --
Full Spiral 5J (3.7 ft-Ibs) 296 (43.0) 37.7 (5.5) 13 -67
10 J (7.4 ft-Ibs) 244 (35.4) 29.7 (4.3) 12 -73
Undamaged 958 (139) 66.8 (10) 7 --
Half Spiral ~ 5J (3.7 ft-Ibs) 282 (40.9) 70.7 (10) 25 71
10 J (7.4 ft-lbs) 184 (26.7) 2.3 (0.3) 1 -81
Undamaged 945 (137.2) 59.7 (8.66) 6 --
Conﬁét':ations 5J(37ft-los) 283 (411) 497 (7.21) 18 71
10J (7.4 ft-lbs) 220 (31.9) 23.5 (3.41) 11 77
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4.4 Configuration Stress-Strain Curves

Stress-strain curves for carbon/epoxy full braid, half braid, full spiral, and half spiral
configurations are shown in Figure 4.2, Figure 4.3, Figure 4.4, and Figure 4.5, respectively. Not
surprisingly, compression modulus and ultimate compression strength decrease with increasing
impact energy for each configuration. At each of the four sleeve configuration, there was an
approximate 70% decrease in strength when impacted with 5 J (3.7 ft-Ibs) of energy. Full braid
carbon/epoxy configuration showed relatively no difference in strength at either impact levels (5

Jand 10 J).
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4.5 Influence of Impact Energy

A plot of the compression strength as a function of impact energy was prepared to
illustrate the effect of impact energy on compression strength, as a function of sleeve type and
coverage. Figure 4.6 compares trends of all sleeve configurations (full braid, full spiral, half
braid, and half spiral) at each impact level (0 J,5J, 10 J). The dashed trend lines simply connect
the averages of each sleeve configuration and should not be used for extrapolation. This plot
shows that 5 J (3.7 ft-lbs) of impact energy significantly affects the ultimate strength of
carbon/epoxy configurations and subsequently show an insignificant difference in strength when
compared to specimens with 10 J (7.4 ft-1bs) of impact energy. More configurations would need
to be tested with 1-4 J (0.7-3.0 ft-1bs) of impact energy to see if the carbon/epoxy configurations

retain any compression strength after impact. Configurations impacted with 10 J (7.4 ft-Ibs) of
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energy show that the amount of coverage does matter; i.e., both full braided and full spiral

sleeves have a higher strength than either of the half coverage sleeves.
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Figure 4.6: Compression Strength After Impact vs. Impact Energy for
Carbon Configurations

4.6 Influence of Sleeve Type

To illustrate the effect of sleeve type (full braid vs. full spiral and half braid vs. half
spiral) at each impact energy level, Figure 4.7 and Figure 4.8 were created to allow comparison
of results for full coverage braided and spiral samples, and half coverage braided and spiral
sleeves. For all undamaged configurations, there exhibits virtually no difference for modulus,
strain at ultimate strength, or ultimate strength between sleeve types. For full coverage (braid vs.
spiral), there isn’t a clear distinction between the 5 and 10 J (3.7 and 7.4 ft-1bs) of impact energy.

For half coverage (braid vs. spiral), however, there is more of a distinction between the impact
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energy levels (5 and 10 J); interestingly, half braid and half spiral sleeves exhibited very similar
behavior, and in fact almost identical as shown by Figure 4.8. The average stress-strain curves
comparing full coverage braid vs. spiral and half coverage braid vs. spiral carbon/epoxy

configurations are shown in Figure 4.7 and Figure 4.8, respectively.

4.7 Influence of Sleeve Coverage

Average stress-strain curves comparing full vs. half coverage braided sleeves for
carbon/epoxy configurations are shown in Figure 4.9. Undamaged configurations exhibit
virtually no difference between full and half coverage. With both 5 and 10 J (3.7 and 7.4 ft-Ibs)

of impact, however, full coverage specimens perform slightly better than half coverage.
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Average stress-strain curves comparing full vs. half coverage spiral sleeves for
carbon/epoxy configurations are shown in Figure 4.10. Again, there is virtually no difference in
modulus, strain at ultimate strength, or ultimate strength between full and half coverage for
undamaged configurations. Similarly, at both 5 and 10 J (3.7 and 7.4 ft-lbs) of impact, full

coverage performs better than half coverage sleeves.
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5 CONFIGURATION AVERAGES FOR FIBERGLASS/EPOXY COMPOSITES

This chapter presents the average stress-strain curves, the compression Young’s modulus,
compression strain at ultimate strength, and ultimate compression strength for fiberglass/epoxy
configuration test results. Fiberglass/epoxy averages are summarized by configuration, impact
energy level, sleeve type, and sleeve coverage. Figure 5.1 shows the average stress-strain curves
for the twelve fiberglass/epoxy configurations (four sleeve types at each of the three impact
energy levels). Unlike carbon/epoxy configurations, fiberglass/epoxy specimens exhibited a

distinctive reduction in compression strength for all three levels of impact energy.
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5.1 Compression Young’s Modulus

Average compression Young’s modulus results for fiberglass configurations are
summarized in Table 5.1. Variations of compression modulus for all configurations rest within
the typical range, which is less than 10% variations for composites, except for the half spiral
specimens with 10 J (7.4 ft-Ibs) of impact, as shown by 19% variations. At 5 J (3.7 ft-1bs) of

impact, the compression stiffness yielded 14% difference relative to undamaged specimens.

Table 5.1: Compression Young’s Modulus of Fiberglass Configurations

Compression Young’s Modulus Modulus Relative
Configuration -
Average Standard Deviation to Undamaged
& Impact Energy 6 6
[GPa (10 psi)] [GPa (10 psi)] [%] [%]
Undamaged 60.0 (8.70) 1.70 (0.25) 3 --
Full Braid 5J (3.7 ft-lbs) 65.4  (9.48) 298 (0.43) 5 9
10J (7.4 ft-lbs) 60.3 (8.75) 2.19  (0.32) 4 0
Undamaged 59.3 (8.59) 3.69 (0.54) 6 --
Half Braid 5J (3.7 ft-Ibs) 740 (10.7) 251  (0.36) 3 25
10J (7.4 ft-lbs) 67.5 (9.79 393  (0.57) 6 14
Undamaged 57.0 (8.26) 0.31  (0.05) 1 --
Full Spiral 5J (3.7 ft-lbs) 62.0 (8.99) 253  (0.37) 4 8
10J (7.4 ft-lbs) 61.3  (8.90) 5.38 (0.78) 9 7
Undamaged 56.7 (8.22) 1.77  (0.26) 3 --
Half Spiral 5J (3.7 ft-Ibs) 65.2  (9.45) 412  (0.60) 6 15
10J (7.4 ft-lbs) 57.8 (8.38) 11.0 (1.60) 19 2
Undamaged 58.3  (8.44) 1.87  (0.28) 3 --
All
. . 5J (3.7 ft-lbs) 66.7  (9.66) 3.04 (0.44) 5 14
Configurations
10J (7.4 ft-lbs) 61.7  (8.96) 5.63 (0.82) 10 5
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5.2 Compression Strain at Ultimate Strength

Average compression strain at ultimate strength results for fiberglass configurations are
summarized in Table 5.2. As expected, the compression strain at maximum strength decreases
with increasing impact energy for all configurations. At no impact, there is virtually no
difference in strain at ultimate strength among the four different undamaged sleeve
configurations. For spiral configurations, in particular, both 5 and 10 J (3.7 and 7.4 ft-lbs) of
impact energy, exhibited more variation on strain at ultimate strength, demonstrated with 32%

and 18%, and 31% and 18% variations, respectively.

Table 5.2: Compression Strain at Ultimate Strength of Fiberglass Configurations

Compression Strain at Max Stress

Specimen

Configuration & Average Standard
Impact Energy Max Dsewatlon
[10° pe] [10° pe] [%0]
0J 16.3 0.97 6
Full Braid 5J 9.31 0.88 9
10J 6.48 0.52 8
0J 16.0 1.27 8
Half Braid 5J 10.1 0.93 9
10J 5.69 0.67 12
0J 17.3 0.46 3
Full Spiral 5J 9.55 3.04 32
10J 5.59 1.01 18
0J 16.7 0.72 4
Half Spiral 5J 6.47 2.03 31
10J 5.89 1.37 23

5.3 Ultimate Compression Strength
Average ultimate compression strength results for fiberglass configurations are

summarized in Table 5.3. Again, at no impact energy, there is virtually no variation in ultimate
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compression strength among all four sleeve configurations. The average ultimate compression
strength of all undamaged carbon/epoxy configurations is 934 MPa (135.5 ksi) with a standard
deviation of 53.8 MPa (7.8 ksi). The results for 5 and 10 J (3.7 and 7.4 ft-Ibs) of impact energy
exhibited significant effect on the ultimate strength among all sleeve configurations, as
illustrated by 47% and 69% reduction in strength relative to undamaged configurations,
respectively. All other configurations except for half spiral with 5 J (3.7 ft-Ibs) of impact,
achieved just a little over half the ultimate compression strength of their respective undamaged

configurations, and logically much less for the specimens with 10 J of impact.

Table 5.3: Ultimate Compression Strength of Fiberglass Configurations

Ultimate Compression Strength Ultimate Strength
&Cl(r):;:fcl:ré;'g%y Average Standard Deviation Llfr?(!iztrlr:/:gtec:j

[MPa (ksi)] [MPa (ksi)] [%] [%0]

Undamaged 918 (133) 74.2 (10.8) 8 --
Full Braid 5J (3.7 ft-lbs) 528 (76.6) 48.3 (7.01) 9 -42
10 J (7.4 ft-Ibs) 339 (49.2) 48.4 (7.03) 14 -63

Undamaged 926 (134) 76.4 (11.1) 8 --
Half Braid 5J (3.7 ft-lbs) 558 (81.0) 92.6 (13.4) 17 -40
10 J (7.4 ft-lbs) 306 (44.3) 24.7 (3.58) 8 -67

Undamaged 952 (138) 30.7 (4.45) 3 --
Full Spiral 5J (3.7 ft-lbs) 544 (79.0) 156 (22.7) 29 -43
10 J (7.4 ft-Ibs) 294 (42.7) 98.7 (14.3) 34 -69

Undamaged 940 (136) 34.0 (4.93) 4 --
Half Spiral 5J (3.7 ft-lbs) 349 (50.6) 87.1(12.6) 25 -63
10 J (7.4 ft-Ibs) 238 (34.5) 68.4 (9.92) 29 -75

Undamaged 934 (136) 53.8 (7.81) 6 --
Al 53 (37ft-los) 495 (77.9) 96.0 (13.9) 20 47

Configurations

10 J (7.4 ft-1bs) 294 (42.6) 60.1 (8.72) 21 -69
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5.4 Configuration Stress-Strain Curves

Stress-strain curves for fiberglass full braid, half braid, full spiral, and half spiral
configurations are shown in Figure 5.2, Figure 5.3, Figure 5.4, and Figure 5.5, respectively. Not
surprisingly, compression modulus and ultimate compression strength decrease with increasing
impact energy for each configuration.
reduction in strength when impacted with 5 J (3.7 ft-1bs) of energy. At 10 J (7.4 ft-Ibs) of impact

energy, all configurations achieved an approximate of 30% in strength relative to undamaged

specimens.
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5.5 Influence of Impact Energy

A plot of the compression strength as a function of impact energy was prepared to
illustrate the effect of impact energy on compression strength, as a function of sleeve type and
coverage. Figure 5.6 compares trends of all sleeve configurations (full braid, full spiral, half
braid, and half spiral) at each impact level (0 J, 5J, 10 J). The dashed trend lines simply connect
the averages of each sleeve configuration and should not be used for extrapolation. This plot
shows that 5 J (3.7 ft-lbs) of impact energy significantly affects the ultimate strength of half
spiral fiberglass configurations. Configurations impacted with 10 J (7.4 ft-lbs) of energy show

that braided sleeves dominate the spiral sleeves.
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5.6 Influence of Sleeve Type

In a similar manner conducted on carbon/epoxy specimens, Figure 5.7 and Figure 5.8
were to illustrate the effect of full braid vs. full spiral and half braid vs. half spiral, respectively,
at each impact energy level. This approach allows comparison of results for full coverage
braided and spiral samples, and half coverage braided and spiral sleeves. For all undamaged
configurations, there exhibits virtually no difference (for modulus, or ultimate strength) between
sleeve types. For full coverage (braid vs. spiral), there isn’t a clear distinction in strength for
fiberglass specimens with 5 J (3.7 ft-lbs). At 10 J (7.4 ft-lbs) of impact, braided sleeves

performed better than spiral sleeves.
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5.7 Influence of Sleeve Coverage

An average stress-strain curves comparing full vs. half coverage braided sleeves for
fiberglass configurations are shown in Figure 5.9. For undamaged and 5 J of impact specimens,
there is essentially no difference in strength between full and half braided sleeves. With 10 J
(7.4 ft-lbs) of impact, however, full coverage specimens perform slightly better than half
coverage specimens.

An average stress-strain curves comparing full vs. half coverage spiral sleeves for
fiberglass configurations are shown in Figure 5.10. Again, for undamaged specimens, there is
essentially no difference in strength between full and half spiral sleeves. With both 5 and 10 J
(3.7 and 7.4 ft-lbs) of impact, however, full coverage specimens perform better than half

coverage specimens.
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Figure 5.10:
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6 DISCUSSION OF RESULTS

This chapter discusses the significance of the damage tolerance results for carbon/epoxy
and fiberglass/epoxy composite configurations and compares them to the results of basalt/epoxy
composites recently completed by Allen [2]. To illustrate the effect of sleeve type (braid vs.
spiral) and coverage (full vs. half) for carbon/epoxy and fiberglass/epoxy composites, in a
manner similar to Allen’s research on basalt/epoxy composites [2], summary tables and figures
are presented. In the tables, the differences in compression modulus and strength between
configurations (in percentages) are normalized to the first row in the table. For example, -15%
means that the performance of the configuration represented in that row exhibited 15% lower
value than the previous row. In the figures, the error bars represent £1 standard deviation. This
chapter further compares the relative difference in modulus and ultimate strength of carbon,
fiberglass, and basalt fiber/epoxy composites, with the intent to determine how the current results
agree with the conclusions reached in Allen’s parallel research [2].

In addition, an attempt to normalize the behavior of the various materials investigated, for
comparative purposes, yielded a set of figures (Figure E.1- Figure E.12) that are included in

Appendix E for future consideration.
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6.1 Influence of Sleeve Type

To examine the influence of sleeve type, Figure 6.1 (for carbon/epoxy) and Figure 6.2
(for fiberglass/epoxy) were created by combining results of all braided sleeves (full and half),
and all spiral sleeves (full and half), respectively. This approach allows comparison of just the
sleeve type. The stress-strain curves for carbon/epoxy (Figure 6.1) indicate a very significant
reduction in strength for damaged configurations. The plot also show a decreasing compression
modulus with increasing impact energy, indicated by the shift of slopes to the right. On the other
hand, slopes of the curves at each impact energy level remains unchanged, suggesting no effect
of sleeve type on stiffness at each impact energy level. The stress-strain curves for fiberglass
epoxy (Figure 6.2) yield a distinct difference in strength between configurations impacted with 5
J and 10 J. The plot for fiberglass epoxy also show consistent initial stiffness for all impact
levels.

A summary of the relative difference between braided and spiral sleeves for
carbon/epoxy composites is shown in Table 6.1. At no impact, there is essentially no difference
in modulus and ultimate strength between the two sleeve types. Furthermore, for all damaged
carbon/epoxy configurations, compression modulus and strength are virtually unaffected by
sleeve type, as shown by less than 6% difference between braided and spiral sleeve types.

Similarly, a summary of the relative difference between braided and spiral sleeve for
fiberglass/epoxy configurations is shown in Table 6.2. Again, at no impact, there is virtually no
difference in modulus and ultimate strength between the two sleeve type configurations. In both
5 J and 10 J of impact cases, spiral sleeve type exhibited lower compression strength (18%
lower) than braided sleeve type. Braided sleeve configurations also generally exhibited a slightly

higher compression stiffness at both (5 J and 10 J) impact energy levels (9% and 4% higher,
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respectively) than the comparable spiral sleeved configurations, although neither of these
differences is significant given that it is not uncommon for composites to have a £10% variation
in mechanical properties [1] [12].

In summary, sleeve type does affect the compression strength of fiberglass/epoxy
composites subjected to damage, as illustrated by an 18% lower strength for spiral sleeves.
Carbon/epoxy composites, on the other hand, exhibited an insignificant difference in strength to

justify manufacturing of braided over spiral sleeves.
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Figure 6.1: Average Stress-Strain Curves Comparing Braid vs. Spiral Carbon Composites,
Independent of Coverage
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Figure 6.2: Average Stress-Strain Curves Comparing Braid vs. Spiral Fiberglass
Composites, Independent of Coverage

Table 6.1: Compression Properties of Carbon Composites with Braided and Spiral
Sleeves for Combined Full and Half Coverage

Specimen Configuration
and Impact Energy

Average Compression
Young's Modulus

Average

Compression Strain
at Ultimate Strength

Average Ultimate
Compression Strength

[GPa (10%psi)]  Diff.  [10° pe] Diff. [MPa (ksi)] Diff.
All Braid 136.4 (19.8) 7.6 960.2 (139.3)
Undamaged .
All Spiral 1415 (20.5) +4% 7.1 -6% 931.1 (135.0) -3%
All Braid 1075 (15.6) 4.5 276.6 (40.1)
5J (3.7 ft-Ibs) .
All Spiral 111.8 (16.2) +4% 3.0 -33% 288.7 (41.9) +4%
All Braid 883  (12.8) 7.3 231.7 (33.6)
10 J (7.4 ft-Ibs) .
All Spiral 839  (12.2) -5% 3.3 -54% 217.2 (31.5) -6%
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Table 6.2: Compression Properties of Fiberglass Composites with Braided and Spiral
Sleeves for Combined Full and Half Coverage

Average

Average Compression - .
g P Compression Strain

Young's Modulus

Average Ultimate

Specimen Configuration Compression Stress

and |mpact Energy at Ultimate Stress
[GPa (10%psi)]  Diff. [10° pe] Diff. [MPa (ksi)] Diff.
All Braid 59.2 (8.59) 16.1 921.8 (133.7)
Undamaged .
All Spiral 56.8  (8.24) -4% 17.0 +5% 945.2 (137.1) +3%
All Braid 69.7 (10.11) 9.8 543.2 (78.8)
5J (3.7 ft-lbs) .
All Spiral 636 (9.22) -9% 8.0 -18% 446.6  (64.8) -18%
All Braid 643 (9.32) 6.1 322.0 (46.7)
10 J (7.4 ft-Ibs) .
All Spiral 614 (8.91) .-4% 5.8 5% 263.0 (38.1) -18%

6.2 Influence of Sleeve Coverage

To illustrate the effect of sleeve coverage (full vs. half), independent of the sleeve type,
Figure 6.3 (for carbon/epoxy) and Figure 6.4 (for fiberglass/epoxy) were created by combining
the results from full braid and spiral sleeve samples, and half braided and spiral sleeve samples
for carbon/epoxy and fiberglass/epoxy samples, respectively. This combination of results
approach allows comparison of just the sleeve coverage. The stress-strain curves for
carbon/epoxy (Figure 6.3) indicate a very significant reduction in strength for damaged
configurations, although there is no distinction between configurations impacted with 5 J and 10
J. The plot also show a decrease in compression modulus with increasing impact energy,
indicated by the shift of slopes to the right. The stress-strain curves for fiberglass epoxy (Figure
6.4) yield a more distinct difference in strength between configurations impacted with 5 J and 10
J. The plot for fiberglass epoxy also show consistent initial stiffness for all impact levels.

A summary of the relative difference between full and half sleeve coverage for

carbon/epoxy configurations is shown in Table 6.3. At no impact and 5 J (3.7 ft-lbs) impact,
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there is virtually no difference in modulus, and ultimate strength between full and half sleeve
coverage, as illustrated by the less than 8% difference. At 10 J (7.4 ft-lbs) of impact, however,
half coverage exhibited lower compression stiffness (11% lower) and significantly lower

compression strength (37% lower) than full coverage.
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Figure 6.3: Average Stress-Strain Curves Comparing Full vs. Half Coverage for Carbon
Configurations, Independent of Sleeve Type

Similarly, a summary of the relative difference between full and half coverage for
fiberglass/epoxy configurations is shown in Table 6.4. Compression modulus is essentially
unaffected by sleeve coverage, for undamaged and damaged configurations, as illustrated by less
than 9% difference between sleeve coverage. In both 5 J and 10 J of impact energy levels,
however, the half coverage exhibited lower compression strength (15% lower) than full

coverage.

80



1200

160

1000
140

120
800

100
® Full Sleeve 0 )
600
® Half Sleeve 0 80

Full Sleeve 51

400 60

A Half Sleeve 5

Average Compression Stress [MPa]
Average Compression Stress [ksi]

® Full Sleeve 10 40

200 Half Sleeve 101

20

SGAxxxxC

0 0.005 0.01 0.015 0.02 0.025
Compression Strain

Figure 6.4: Average Stress-Strain Curves Comparing Full vs. Half Coverage for Fiberglass
Configurations, Independent of Sleeve Type

Table 6.3: Compression Properties of Carbon Composites with Full and Half
Coverage for Combined Braided and Spiral Sleeves

. Average .
Average Compression C ion Strai Average Ultimate
Impact Energy & Young's Modulus ompression strain Compression Stress
Configuration at Ultimate Stress
[GPa (10%psi)]  Diff.  [10° pg] Diff. [MPa (ksi)] Diff.
Full 136.5 (19.8) 7.2 915.2  (132.8)
Undamaged
Half 1415 (20.5) +4% 7.5 +3% 976.0 (1416) +7%
Full 108.2 (15.7) 4.7 294.2 (42.7)
5J (3.7 ft-Ibs)
Half 1111 (16.1) +3% 29 -39% 271.2 (39.3) -8%
Full 909 (13.2) 7.9 270.0 (39.2)
10 J (7.4 ft-1bs)
Half 81.0 (11.8) -11% 2.6 -67% 170.5 (24.8) -37%
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Table 6.4: Compression Properties of Fiberglass Composites with Full and Half
Coverage for Combined Braided and Spiral Sleeves

. Average .
Average Compression C ion Strai Average Ultimate
Impact Energy & Young's Modulus ompression strain Compression Stress
Configuration at Ultimate Stress
[GPa (10° psi)] ~ Diff.  [10° pg] Diff. [MPa  (ksi)] Diff.
Full 58.5 (8.48) 16.8 934.6 (135.6)
Undamaged
Half 57.6 (8.35) -2% 16.3 -3% 932.6 (135.3) 0%
Full 63.7 (9.23) 9.4 536.1 (77.8)
5J (3.7 ft-Ibs)
Half 69.6 (10.09) +9% 8.4 -11% 453.6  (65.8) -15%
Full 60.8 (8.82) 6.1 316.4  (45.9)
10 J (7.4 ft-lbs)
Half 64.8 (939) +7% 5.8 -5% 268.2 (38.9) -15%

In summary, the amount of sleeve coverage shows an effect on the mechanical properties
of both carbon fiber and fiberglass epoxy configurations subjected to damage. As mentioned
above, carbon/epoxy configurations experienced a significant reduction of 37% in compression
strength at 10 J (7.4 ft-Ibs) of impact relative to undamaged configurations. Fiberglass/epoxy,
however, exhibited a similar reduction in strength (15% lower for half coverage) at both 5 and 10

J (3.7 and 7.4 ft-Ibs) of impact energy levels.

6.3 Influence of Impact Energy

The tables in this section compare the damage tolerance characteristics of carbon and
fiberglass to basalt fiber/epoxy composites. The percentages in each row represent a percentage
difference in strength of a particular configuration, relative to the corresponding undamaged
configuration.

Table 6.5 compares the compression strength reduction of carbon, fiberglass and basalt
fiber/epoxy configurations impacted with (5 J and 10 J) relative to undamaged configurations,

isolating just the sleeve type (braid and spiral). Not surprisingly, the compression strength
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decreases with increasing impact energy. At 5 J (3.7 ft-lbs) of impact, carbon/epoxy
configurations exhibited a 70% reduction in strength compared to the undamaged configurations.
Impacted fiberglass/epoxy configurations, on the other hand, exhibited about half of the
undamaged strength. Basalt/epoxy configurations achieved about a third of the undamaged
strength. For 10 J (7.4 ft-lbs) of impact, carbon/epoxy and fiberglass/epoxy composites
decreased about two-thirds in strength compared to undamaged configurations, whereas
basalt/epoxy exhibited just a little under one half the compression strength of undamaged

configurations.

Table 6.5: Relative Difference in Compression Strength for Carbon, Fiberglass
and Basalt Epoxy Composites, Braid vs. Spiral

Ultimate Compression Strength

Impact_ Energy & Carbon Fiberglass Basalt
Configuration . . ) . ) )
[MPa (ksi)] Diff. [MPa (ksi)] Diff. [MPa (ksi)] Diff.
i 960 (139.3 - 921 (133.7 - 762 (1105 -
Undamaged Br_ald ( ) ( ) ( )
Spiral 931 (135.0) - 945 (137.1) - 704  (102.0) -
5 7 (3.7 ft-lbs Braid 276 (40.1) -71% 543 (78.8) -41% | 459 (66.6) -40%
@ ) Spiral 288  (41.9) -69% 446 (64.8) -53% | 528 (76.5) -25%
Braid 231 33.6) -76% 322 (46.7) -65% | 338 49.0) -56%
103 (7.4 ft-lbs) ' (33.6) ’ (46.7) ’ (49.0) °
Spiral 217 (315) -77% 263 (38.1) -72% | 309 (44.8) -56%

Table 6.6 compares compression strength difference of impacted configurations (5 J and
10 J) relative to undamaged configurations by examining just the sleeve coverage (full and half).
Similarly, compression strength decreases with increasing impact energy level. Carbon/epoxy
configurations exhibited significant decrease in strength of approximately 70% and 75% for 5 J
and 10 J of impact, respectively. Fiberglass/epoxy revealed a smaller reduction difference of
47% and 41% in strength at 5J and 10 J of impact, respectively. Basalt/epoxy showed similar

reduction results compared to fiberglass configurations. For 10 J (7.4 ft-lbs) of impact, carbon
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fiber and fiberglass epoxy configurations decreased about two-thirds in strength compared to

undamaged configurations, whereas basalt/epoxy exhibited just a little under half in strength.

Table 6.6: Relative Difference in Compression Strength for Carbon, Fiberglass
and Basalt Epoxy Composites, Full vs. Half

Ultimate Compression Strength

Irré%a;]cfti i?;?g’n& Carbon Fiberglass Basalt
g [MPa (ksi)] Diff. [MPa (ksi)] Diff. | [MPa (ksi)] Diff.
Undamaged Full 915 (132.8) - 934 (135.6) - 743 (108) --
Half 976 (141.6) -- 932 (135.3) - 723 (105) --
53 (3.7 ft-Ibs) Full 294 (42.7) -68% 536 (77.8) -43% | 617 (89) -17%
' Half 271 (39.3) -72% 453 (65.8) -51% | 370 (54) -49%
10 3 (7.4 ft-Ibs) Full 270  (39.2) -70% 316 (45.9) -41% | 416 (60) -33%
Half 170 (24.8) -83% 268 (38.9) -41% | 230 (34) -38%

6.4 Comparison of Carbon, Fiberglass and Basalt Core Fibers
This section compares the combined average compression Young’s modulus and ultimate
compression strength test results to illustrate the influence of sleeve type and coverage on

carbon, fiberglass and basalt fiber/epoxy cores.

6.4.1 Compression Young’s Modulus Comparison

The relative difference in compression Young’s modulus between braided and spiral
sleeves for carbon, fiberglass, and basalt fiber/epoxy configurations is summarized in Table 6.7.
Compression stiffness is unaffected by sleeve type, as shown by very little difference in stiffness
(less than 9% difference), comparing braided to spiral sleeves for all fiber/epoxy materials.
Compression modulus for carbon/epoxy decreases with increasing impact energy. On the other
hand, compression stiffness for fiberglass and basalt epoxy configurations remains unchanged

with increasing impact energy.
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Table 6.7: Compression Stiffness of Braided and Spiral Sleeves for
Carbon, Fiberglass, and Basalt Configurations

Compression Stiffness

Impact Energy &

Configuration Carbon Fiberglass Basalt
[GPa (10° psi)]  Diff. | [GPa (10°psi)]  Diff. | [GPa (10° psi)]  Diff.

Undamaged Braid 136 (19.8) 59.2 (8.59) 60.6 (8.79)
Spiral 141 (20.5) +4% | 56.8 (8.24) -4% | 585 (8.48) -3%

53 (37 ft-Ibs) Braid 107 (15.6) 69.7 (10.11) 58.9 (8.54)
' Spiral 111 (16.2) +4% | 63.6 (9.22) -9% | 59.9 (8.69) +2%

Braid 88.3 (12.8) 64.3 (9.32) 57.6 (8.35
10 J (7.4 t-1bs) Spiral  83.9 (12.2) 5% | 61.4 (8.91) -4% | 53.6 57.783 7%

The relative difference in compression Young’s modulus between full and half coverage
for carbon, fiberglass, and basalt fiber/epoxy configurations is summarized in Table 6.8. When
undamaged and impacted with 5 J, there is very little difference in stiffness, comparing full to
half coverage for all fiber/epoxy materials, as shown by less than 9% difference. At 10J (7.4 ft-
Ibs) of impact, however, only carbon/epoxy configurations show an effect on stiffness; half
coverage exhibit 11% lower modulus relative to full coverage. Again, compression stiffness
decreases with increasing impact energy for carbon/epoxy configurations, while stiffness

virtually remains unchanged with increasing impact energy.

Table 6.8: Compression Stiffness of Full and Half Coverage for
Carbon, Fiberglass, and Basalt Configurations

Compression Stiffness

! nc]:%icftigir:’g;?gn& Carbon Fiberglass Basalt
[GPa (10° psi)]  Diff. | [GPa (10°psi)]  Diff. | [GPa (10° psi)] Diff.

Undamaced Pl 136 (19.9) 585  (8.48) 589 (8.54)
9 Half 141 (205) +4% | 57.6 (835 -2% | 60.2 (8.73)  +2%

] Full 108 (15.7) 63.7  (9.23) 611 (8.86)
SIETIEIS) e 111 (161) +3% | 69.6  (10.09) +9% | 57.8 (8.38)  -5%

] Full 909 (13.2) 60.8  (8.82) 585 (8.48)
103(74ttbs) i 810 (11.8)  -11% | 648  (9.39) +7% | 527 (7.64)  -10%
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6.4.2 Ultimate Compression Strength Comparison

The relative difference in ultimate compression strength between braided and spiral
sleeves for carbon, fiberglass, and basalt fiber/epoxy composites is summarized in Table 6.9.
When undamaged, the ultimate compression strength of braided sleeve configurations is similar
to spiral sleeve configurations for all core materials, as shown by less than 8% difference.
Sleeve type significantly affects fiberglass and basalt fiber/epoxy configurations at the 5 J (3.7 ft-
Ibs) impact energy level; spiral sleeves exhibit 18% lower and 15% higher strength than braided
sleeves, respectively. At 10 J (7.4 ft-1bs) of impact energy, only fiberglass epoxy configurations

show significant effect; spiral sleeves exhibited 18% lower strength than braided sleeves.

Table 6.9: Ultimate Compression Strength of Braided and Spiral Sleeves for
Carbon, Fiberglass, and Basalt Composites

Ultimate Compression Strength

Impact Energy &

Configuration Carbon Fiberglass Basalt
[MPa (ksi)]  Diff. | [MPa (ksi)]  Diff. | [MPa (ksi)] Ditf.

Undamaged  ET@d 960 (1393) 921 (133.7) 762 (110.5)
Spiral 931 (135.0) -3% | 945 (137.1) +3% | 704 (1020) -8%

51(G7fuby Brad 26 (@01 543 (78.9) 459 (66.6)
: Spiral 288 (41.9) +4% | 446  (64.8) -18% | 528  (765) +15%

Brad 231 (33.6) 322 (46.7) 338 (49.0)
103(74ttlbs) ool 217 (315) 6% | 263  (38.1) -18% | 309  (44.8) -9%

The relative difference in ultimate compression strength between full and half coverage
for carbon, fiberglass, and basalt fiber/epoxy configurations is summarized in Table 6.10. When
undamaged, sleeve coverage virtually has no effect on the ultimate strength of either fiber/epoxy
material. At 5 J (3.7 ft-Ibs) of impact, however, all core materials exhibit a similar trend,
revealing that full coverage performs better than half coverage, particularly fiberglass and basalt

fiber/epoxy configurations, illustrated with 15% and 40% reduction in strength, respectively.
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For all three core materials, at 10 J (7.4 ft-Ibs) of impact, the ultimate strengths are significantly
affected by the amount of sleeve coverage; i.e., full coverage exhibited 37%, 15%, and 45%
higher strengths than half coverage for carbon, fiberglass, and basalt fiber/epoxy composites,

respectively.

Table 6.10: Ultimate Compression Strength of Full and Half Coverage for
Carbon, Fiberglass, and Basalt Composites

Ultimate Compression Strength

! ”(]:%?]Cftl gir:,gl;?gn& Carbon Fiberglass Basalt
[MPa (ksi)]  Diff. | [MPa (ksi)]  Diff. | [MPa (ksi)] Ditf.
Oncammgeq  FUl 915 (1328) 934 (135.6) 743 (108)
g Half 976 (141.6) +7% | 932 (1353) 0% | 723 (105) -3%
Full 204 (42.7) 536 (77.9) 617 (89)
SIETTIS) it 271 (39.3) -8% | 453  (65.8) -15% | 370  (54)  -40%
Full 270 (39.2) 316 (45.9) 416 (60)
103@4ttbs) i 170 (248) -37% | 268 (38.9) -15% | 230  (34)  -45%

6.5 Summary of Results

In summary, braided sleeves yielded higher compression strength for fiberglass/epoxy
composites subjected to damage, and contrarily yielded insignificant difference in strength for
carbon/epoxy composites. Therefore braided sleeves on fiberglass/epoxy composites yielded
sufficiently higher CSAI than spiral sleeves to justify the increased manufacturing complexity.

Full coverage exhibited higher CSAI than half coverage on both carbon fiber and
fiberglass epoxy configurations. Carbon/epoxy configurations experienced up to 37% reduction
in strength on damaged relative to undamaged configurations. Fiberglass/epoxy configurations
also exhibited a similar reduction in strength (18% reduction). Not surprisingly, the compression
strength decreases with increasing impact energy for both carbon fiber and fiberglass epoxy

composites. Therefore, full coverage sleeves on carbon fiber and fiberglass epoxy composites
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yielded sufficiently higher CSAIl than half coverage sleeves to justify the increased
manufacturing complexity.

The results of all fiber/epoxy composites yielded very little difference in compression
stiffness between braided and spiral sleeves, and between full and half coverage. The
compression modulus of carbon/epoxy composites decreases with increasing impact energy. On
the other hand, the compression stiffness of fiberglass and basalt fiber/epoxy configurations
virtually remains unchanged with increasing impact energy. Carbon/epoxy composites are about
twice as stiff as fiberglass and basalt fiber/epoxy composites. Carbon fiber and fiberglass epoxy
composites exhibited similar damage tolerance characteristics (compression stiffness) to
basalt/epoxy composites with respect to sleeve type and coverage.

For all three core materials, the ultimate strengths are significantly affected by sleeve
coverage; i.e., full coverage exhibited 37%, 15%, and 45% higher strengths than half coverage
for carbon fiber, fiberglass, and basalt fiber epoxy composites, respectively. Fiberglass/epoxy is
about as strong as carbon/epoxy and about 20% stronger than basalt/epoxy composites. Both
fiberglass and basalt fiber epoxy composites retained about half the strength when impacted with
5 J (3.7 ft-Ibs), whereas carbon/epoxy composites retained only a third of the strength at 5 J (3.7
ft-lbs) of impact. Carbon fiber and fiberglass epoxy composites exhibited similar damage
tolerance characteristics (compression strength) to basalt/epoxy composites with respect to
sleeve coverage.

In terms of impact energy, all fiber/epoxy composites yielded a reduction in compression
strength with increasing impact energy. And therefore, carbon fiber and fiberglass epoxy
composites exhibited similar damage tolerance characteristics to basalt epoxy composites as a

function of impact energy, i.e., compression strength decreases with increasing impact energy.
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7 CONCLUSIONS

This chapter presents general conclusions reached in the current research, and describes
recommendations for future research. Compression tests were conducted to quantify the damage
tolerance of unidirectional carbon fiber and fiberglass epoxy composite rods consolidated with
various aramid sleeve configurations. The rod elements represent individual members of
IsoTruss structures. Test variables include core materials, impact energy levels, sleeve type, and

sleeve coverage.

7.1 General Conclusions for Carbon/Epoxy and Fiberglass/Epoxy Composites

1. Co-curing dry fiber over unidirectional fiber/epoxy composites effectively
consolidates the core materials.

2. When undamaged, the ultimate compression strength and compression stiffness
are virtually unaffected by sleeve type (braid or spiral) and coverage (half or full),
as demonstrated by Hansen [5], for carbon/epoxy composites with carbon/epoxy
braided sleeves.

3. Increasing aramid sleeve coverage increases the damage tolerance of carbon fiber
and fiberglass epoxy composite elements.

4. Not surprisingly, ultimate compression strength and compression stiffness after

impact decrease with increasing impact energy levels.
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7.2 Conclusions Drawn from Comparison to Basalt/Epoxy Results

In general, the conclusions from related research by Allen [2] [3] on basalt/epoxy
composites are equally applicable to carbon fiber and/or fiberglass epoxy composites. The
comparison of conclusions drawn in the current research are as follows:

1. Braided sleeves on fiberglass/epoxy composites yield sufficiently higher CSAI
than spiral sleeves to justify the increased manufacturing complexity.

2. Full coverage sleeves on carbon fiber and fiberglass epoxy composites yield
sufficiently higher CSAI than half coverage sleeves to justify the increased
manufacturing complexity.

3. Carbon fiber and fiberglass epoxy composites exhibit similar damage tolerance
characteristics (compression stiffness) to basalt/epoxy composites with respect to
sleeve type and coverage.

4. Carbon fiber and fiberglass epoxy composites exhibit similar damage tolerance
characteristics (compression strength) to basalt/epoxy composites with respect to
sleeve coverage.

5. Carbon fiber and fiberglass epoxy composites exhibit similar damage tolerance
characteristics to basalt epoxy composites as a function of impact energy; i.e.,

compression strength decreases with increasing impact energy.

7.3 Recommendations
1. Perform compression strength after impact tests on carbon/epoxy composites
consolidated and co-cured with sleeves at impact energy levels ranging from 1-4 J

(0.7-3.0 ft-Ibs) to see if carbon/epoxy retains any strength after impact.
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2. Investigate internal damages inflicted on specimens under impact to further

understand the scatter in test results.
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APPENDIX A: MICROSCOPE MEASUREMENTS

Appendix A contains cross-sectional area, offset angle, and sleeve coverage microscopic
measurements for carbon fiber and fiberglass epoxy composite elements used in this research.
Cross-sectional areas for carbon fiber and fiberglass epoxy are shown in Table A.1-Table A.4.
Offset angle measurements for carbon and fiberglass specimens are summarized in Table A.5-
Table A.8. Table A.9 and Table A.10 summarize sleeve coverage measurements for carbon and

fiberglass specimens, respectively.
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Table A.1: Cross-Sectional Area Measurements for Carbon
Specimens with Braided Sleeves

Cross-sectional Area

Specimen Configuration [mm?]
End 1 End 2 Average  Std. Dev.
1 50.66 50.33 50.50 0.23
2 48.41 48.81 48.61 0.28
5CA43FNC 3 48.85 48.96 48.90 0.08
4 48.74 48.42 48.58 0.23
5 49.68 49.12 49.40 0.40
Average 49.20 0.24
1 48.74 49.17 48.95 0.30
2 49.34 48.88 49.11 0.32
5CA43FLC 3 50.17 50.90 50.54 0.52
4 50.36 49.81 50.09 0.39
5 49.34 48.88 49.11 0.32
Average 49.56 0.37
1 49.31 51.21 50.26 1.35
2 50.21 49.85 50.03 0.26
3 50.55 49.72 50.14 0.59
SCA43FSC 4 50.00 50.02 50.01 0.02
5 49.41 50.14 49.78 0.52
Average 49.98 0.46
1 48.22 48.05 48.13 0.12
2 45.63 47.54 46.59 1.35
3 49.37 48.82 49.10 0.39
SCA43HNC 4 47.34 47.76 47.55 0.30
5 47.53 47.19 47.36 0.24
Average 47.75 0.48
1 46.60 49.01 47.81 1.71
2 48.34 48.59 48.46 0.18
3 48.04 49.47 48.75 1.01
SCA4SHLC 4 49.23 48.88 49.06 0.25
5 48.27 48.05 48.16 0.15
Average 48.45 0.66
1 47.95 48.14 48.04 0.13
2 47.19 47.86 47.52 0.47
3 48.50 47.41 47.95 0.77
SCA43HSC 4 48.70 50.00 49.35 0.92
5 47.91 49.11 48.51 0.85
Average 48.23 0.55
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Table A.2: Cross-Sectional Area Measurements for Carbon Specimens with Spiral Sleeves

Cross-Sectional Area

Specimen Configuration [mm?]
End 1 End 2 Average  Std. Dev.
1 48.32 48.36 48.34 0.03
2 50.10 50.71 50.40 0.43
3 49.77 50.26 50.01 0.34
5CA10FNC 4 49.60 49.79 49.69 0.13
5 49.82 49.68 49.75 0.10
6 49.84 49.84 49.84 0.00
Average 49.67 0.17
1 48.77 49.93 49.35 0.82
2 48.98 48.45 48.71 0.37
3 47.97 48.81 48.39 0.60
5CAL0FLC 4 47.99 48.34 48.17 0.25
5 50.22 48.91 49.57 0.93
6 51.09 52.34 51.72 0.88
Average 49.32 0.64
1 47.32 48.45 47.89 0.80
2 49.48 49.12 49.30 0.25
3 48.90 49.90 49.40 0.71
5CA10FSC 4 48.88 49.40 49.14 0.37
5 50.17 49.98 50.07 0.13
6 49.70 49.68 49.69 0.01
Average 49.25 0.38
1 50.18 49.36 49.77 0.58
2 48.30 46.90 47.60 0.99
3 50.72 50.69 50.70 0.02
SCALOHNC 4 47.66 47.25 47.45 0.29
5 47.35 48.74 48.04 0.98
Average 48.38 0.51
1 49.79 50.19 49.99 0.28
2 49.98 49.39 49.69 0.42
3 46.30 48.54 47.42 1.58
SCALOHLC 4 49.38 49.68 49.53 0.21
5 49.08 49.84 49.46 0.54
Average 49.22 0.61
1 49.23 50.72 49.97 1.06
2 47.05 46.77 46.91 0.20
3 48.18 46.07 47.13 1.50
SCAIOHSC 4 49.02 49.21 49.11 0.14
5 45.20 46.08 45.64 0.62
Average 48.10 0.75
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Table A.3: Cross-Sectional Area Measurements for Fiberglass
Specimens with Braided Sleeves

Cross-Sectional Area

Specimen Configuration [mm?]
End1 End 2 Average  Std. Dev.
1 43.24 43.29 43.27 0.04
2 42.85 44.45 43.65 1.13
3 43.62 43.58 43.60 0.03
SGA43FNC 4 42.50 42.72 42.61 0.15
5 40.90 40.78 40.84 0.09
Average 42.90 0.36
1 43.71 43.85 43.78 0.10
2 43.05 43.70 43.38 0.46
3 44.62 42.80 43.71 1.29
5GA43FLC 4 43.16 43.17 43.17 0.00
5 43.73 43.68 43.71 0.04
6 42.04 41.55 41.80 0.35
Average 43.26 0.37
1 42.94 42.80 42.87 0.10
2 42.94 43.37 43.15 0.30
3 44.24 43.13 43.68 0.79
5GA43FSC 4 43.76 43.19 43.48 0.40
5 43.04 44.42 43.73 0.98
6 42.18 42.32 42.25 0.10
Average 43.19 0.45
1 44.29 44.26 44.27 0.03
2 43.76 44.45 44.11 0.49
3 40.82 43.61 42.21 1.98
SGA4SHNC 4 44.89 43.99 44.44 0.64
5 45.40 44.61 45.01 0.56
Average 43.97 0.62
1 43.76 44.03 43.89 0.20
2 44.00 44.18 44.09 0.12
3 44.78 44.02 44.40 0.54
5GA43HLC 4 45.32 45.16 45.24 0.11
5 44.42 43.88 44.15 0.38
6 43.95 43.81 43.88 0.10
Average 44.28 0.24
1 44.36 44.22 44.29 0.10
2 44.47 44.22 44.34 0.17
3 44.52 44.77 44.64 0.18
SGA43HSC 4 44.28 44.74 44.51 0.32
5 43.75 43.73 43.74 0.01
Average 44.28 0.13
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Table A.4: Cross-Sectional Area Measurements for Fiberglass
Specimens with Spiral Sleeves

Cross-Sectional Area

Specimen Configuration [mm?]
End 1 End 2 Average  Std. Dev.
1 44.85 44.76 44.80 0.06
2 44.29 44.59 44.44 0.21
3 43.87 44.06 43.97 0.13
SGALOFNC 4 45.18 43.88 44.53 0.92
5 44.58 44.20 44.39 0.26
Average 44.39 0.36
1 43.58 43.19 43.39 0.27
2 43.69 44.42 44.05 0.52
3 44.87 44.20 44.53 0.47
5GAL10FLC 4 43.73 43.36 43.55 0.26
5 45.12 44.00 44.56 0.80
6
Average 44.02 0.46
1 44.73 45.15 44.94 0.29
2 44.29 45.00 44.64 0.50
3 44.00 43.62 43.81 0.27
SGALOFSC 4 42.28 43.10 42.69 0.58
5 44.25 43.77 44.01 0.34
Average 43.94 0.40
1 45.31 43.82 44.57 1.06
2 45.57 44.87 45.22 0.50
3 44.86 45.20 45.03 0.24
SGALOHNC 4 44.73 45.32 45.02 0.42
5 45.32 45.21 45.27 0.07
Average 45.19 0.41
1 44.80 43.25 44.03 1.09
2 44.21 44.36 44.28 0.10
3 44.19 45.31 44.75 0.79
5GA10HLC 4 43.83 44.79 44.31 0.68
5 44.15 43.88 44.02 0.19
6 43.06 45.66 44.36 1.84
Average 44.29 0.78
1 44.92 44.50 44.71 0.29
2 44.76 43.73 44.25 0.73
3 45.22 45.44 45.33 0.16
SGALOHSC 4 44.19 45.38 44.79 0.84
5 45.42 45.24 45.33 0.13
Average 44.95 0.37
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Table A.5: Offset Measurements for Carbon Specimens with Braided Sleeves

Offset
Specimen Top Bottom

Configuration X Y X Y Total Angle
[mm] [Deg.]
1 -0.238 -0.429 0.357 -0.190 0.6411 0.4132
2 0.071 -0.595 0.429 0.333 0.9949 0.6412
3 0.119 0.048 -0.357 0.286 0.5324 0.3431
5CA43FNC 4 0.905 0.405 0.500 -0.095 0.6433 0.4146
5 -0.500 -0.571 -0.071 0.429 1.0880 0.7012
Average 0.7799 0.5026
St Dev. 0.2451 0.1580
1 0.024 -0.333 0.071 0.190 0.5260 0.3390
2 0.048 -0.548 -0.357 -0.286 0.4821 0.3107
3 -0.071 -0.595 -0.119 -0.071 0.5260 0.3390
4 0.381 0.333 0.000 0.167 0.4158 0.2680
SCA4FLC 5 0.500 -0.286 -0.095 -0.357  0.5995 0.3864
Average 0.5099 0.3286
St Dev. 0.0674 0.0434
1 0.476 0.619 0.667 -0.619 1.2527 0.8073
2 -0.238 -0.310 -0.333 0.214 0.5324 0.3431
3 -0.071 -0.048 0.000 -0.524 0.4815 0.3103
5CA43ESC g 0.048 -0.238 0.119 -0.190 0.0858 0.0553
6 -0.643 0.048 -0.762 0.071 0.1214 0.0782
Average 0.4948 0.3189
St Dev. 0.2342 0.1510
1 -0.167 -0.286 -0.167 0.167 0.4524 0.2916
2 -0.143 -0.262 -0.167 0.429 0.6909 0.4453
3 0.238 0.048 -0.214 0.000 0.4549 0.2932
5CA43HNC 4 0.262 0.333 -0.119 0.214 0.3991 0.2572
5 -0.286 0.262 -0.167 0.167 0.1524 0.0982
Average 0.4299 0.2771
St Dev. 0.1918 0.1236
1 -0.381 0.048 -0.167 -0.119 0.0532 0.0343
2 0.048 0.048 0.024 0.000 0.1448 0.0933
3 0.048 -0.071 -0.095 -0.048 0.9246 0.5959
ECA43HLC g 1.357 -0.119 0452 0.071 0.3941 0.2540
6 -0.143 -0.071 0.024 -0.429 0.7619 0.4910
Average 0.4557 0.2937
St Dev. 0.3794 0.2446
1 0.143 0.190 -0.095 0.548 0.4292 0.2766
2 0.048 0.310 0.000 0.048 0.2662 0.1716
3 0.024 0.095 0.214 0.357 0.3238 0.2087
5CA43HSC 4 0.357 -0.286 -0.429 -0.500 0.8144 0.5249
5 0.524 0.214 0.000 0.286 0.5287 0.3407
Average 0.4725 0.3045
St Dev. 0.2159 0.1392
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Table A.6: Offset Measurements for Carbon Specimens with Spiral Sleeves

Offset
Specimen Top Bottom
Configuration X Y X Y Total Angle
[mm] [Deg.]
1 0.143 0119 0.452 -0.095 0.3765 0.2426
2 0476 0310 -0.286 0.000 0.8224 0.5300
3 -0.310 -0.095 -0.095 0.119 0.3030 0.1953
5CA10FNC 4 -0.714 -0.071 -0.643 0.286 0.3642 0.2347
5 -0.119 -0.357 -0.238 0.310 0.6772 0.4364
6 0.000 -0.429 0.119 -0.214 0.2451 0.1580
Average 0.4647 0.2995
St Dev. 0.2303 0.1485
1 0.262 0.048 -0.071 0.524 0.5813 0.3746
2 -0.119 -0.048 -0.071 -0.071 0.0532 0.0343
3 0.071 -0.619 0.405 0.310 0.9866 0.6358
5CA10FLC 4 -0.167 0.048 -0.167 -0.262 0.3095 0.1995
5 -0.214 0.262 0.000 0.119 0.2575 0.1660
6 0476 0.214 0.167 0.119 0.3238 0.2087
Average 0.4187 0.2698
St Dev. 0.3253 0.2097
1
2 -0.048 -0.119 0.310 -0.071 0.3603 0.2322
3 0.119 0.000 -0.119 0.071 0.2486 0.1602
5CA10FSC 4 0.881 -0.500 0.524 0.286 0.8631 0.5562
5 0.190 0.048 0.119 -0.119 0.1813 0.1169
6 0.095 0.095 -0.500 0.190 0.6028 0.3885
Average 0.4512 0.2908
St Dev. 0.2805 0.1808
1 0.262 0.190 -0.595 -0.071 0.8963 0.5776
2 0.357 -0.119 0.143 -0.167 0.2195 0.1415
3 -0.167 0.048 -0.095 -0.071 0.1388 0.0895
SCALOHNC 4 -0.286 -0.333 0.000 -0.119 0.3571 0.2302
5 -0.024  0.167 -0.286 0.143 0.2630 0.1695
Average 0.3749 0.2416
St Dev. 0.3018 0.1946
1 -0.524 -0.476 -0.119 -0.405 0.4110 0.2649
2 -0.143 0.262 -0.143 0.119 0.1429 0.0921
3 0.500 -0.143 -0.524 -0.429 1.0629 0.6850
5ECALOHLC g -0.214 -0.071 0.119 -0.071 0.3333 0.2148
6 -0.071 0.262 0.000 0.167 0.1190 0.0767
Average 0.3449 0.2223
StDev. -0.143 0.190 0.000 0.405 0.3823 0.2464
1 0.143 0190 -0.095 0.548 0.2130 0.1373
2 0.048 0310 0.000 0.048 0.6709 0.4324
3 0.024 0.095 0.214 0.357 0.4580 0.2952
SCALOHSC 4 0.357 -0.286 -0.429 -0.500 0.1065 0.0686
5 0.524 0.214 0.000 0.286 0.3839 0.2474
Average 0.3562 0.2296
St Dev. 0.1978 0.1275
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Table A.7: Offset Measurements for Fiberglass Specimens with Braided Sleeves

Offset
Specimen Top Bottom
Configuration X Y X Y Total Angle
[mm] [Deg.]
1 -0.595 0.119 0.333 0.095 0.9289 0.5986
2 -0.095 -0.048 -0.071 -0.095 0.0528 0.0340
3 0.190 -0.452 0.071 0.214 0.6772 0.4365
5GA43FNC 4 0.024 -0.238 -0.619 -0.095 0.6585 0.4244
5 0.833 -0.429 -0.548 -0.262 1.3910 0.8964
Average 0.7417 0.4780
St Dev. 0.4853 0.3128
1 0.738 -0.357 -0.381 -0.190 1.1314 0.7291
2 0.071 -0.452 0.238 -0.143 0.3515 0.2266
3 -0.476 0.262 1.262 0.714 1.7960 1.1574
4

SGAGSFLC g 0119 0357 -0119 -0143  0.5538 0.3569
6 0.262 -0.405 0.095 -0.429 0.1684 0.1085
Average 0.8002 0.5157
St Dev. 0.6638 0.4278
1 -0.119 -0.167 0.310 -0.452 0.5151 0.3320
2 0.095 0.167 0.095 -0.071 0.2381 0.1535

3 -0.286 0.071 0.762 -0.905
4 0.214 -0.071 0.262 -0.119 0.0673 0.0434
SGA43FSC 5 1.095 0.524 -1.619 0.024 2.7600 1.7782
6 -1.071 0.286 0.310 -0.238 1.4769 0.9518
Average 1.0115 0.6519
St Dev. 1.1191 0.7212
1 -0.238 -0.119 0.262 0.095 0.1024 0.0660
2 0.095 0.095 0.214 -0.095 0.2867 0.1848
3 0.190 0.143 -0.429 0.071 0.0957 0.0617
5GA43HNC 4 -0.429 0.119 -0.286 -0.095 0.2575 0.1660
5 0.286 0.000 -0.286 -0.048 0.5734 0.3695
Average 0.2632 0.1696
St Dev. 0.1941 0.1251
1 -0.119 -0.095 0.214 -0.024 0.3409 0.2197
2 -0.238 -0.119 0.262 0.095 0.5440 0.3506
3 0.095 0.095 0.214 -0.095 0.2246 0.1448
4 0.190 -0.238 0.095 -0.262 0.0982 0.0633
SGAGHLC 5 0286 0005 -0071 -0.190 02345 0.1511
6 -0.048 0.143 0.167 -0.048 0.2867 0.1848
Average 0.2881 0.1857
St Dev. 0.1491 0.0961
1 0.095 0.000 -0.024 -0.167 0.2048 0.1320
2 0.119 -0.143 -0.238 -0.262 0.3765 0.2426
3 -0.143 -0.333 0.381 -0.190 0.5429 0.3499
5GA43HSC 4 0.119 0.000 0.095 -0.214 0.2156 0.1390
5 -0.095 -0.048 -0.071 -0.095 0.0532 0.0343
Average 0.2786 0.1796
St Dev. 0.1868 0.1204
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Table A.8: Offset Measurements for Fiberglass Specimens with Spiral Sleeves

Offset
Specimen Top Bottom

Configuration X Y X Y Total Angle

[mm] [Deg.]

1 -0.071  0.167 -0.095 -0.190 0.3579 0.2307

2 -0.048 0.238 0.333 -0.071 0.4908 0.3163

3 -0.143 -0.486 0.095 0.024 0.5624 0.3625

5GA10FNC 4 -0.452 0238 -0.119 0.071 0.3727 0.2402

5 -0.190 0.214 -0.095 0.000 0.2345 0.1511

Average 0.4037 0.2602

St Dev. 0.1269 0.0818

1 0.286 0500 0.452 -0.524 1.0373 0.6685

2 -0.143 -0.486 -0.195 -0.164 0.3261 0.2102

3 -0.152  0.238 -0.119 0.271 0.0471 0.0304

4 0.190 0.190 0.524 -0.048 0.4096 0.2640

SGAIOFLC g 0352 0119 -0071 0262  0.4472 0.2882
6

Average 0.4535 0.2923

St Dev. 0.3619 0.2333

1 0.119 -0.952 -0.214 0.024 1.0316 0.6648
2

3 -0.405 -0.333 -0.262 -0.452 0.1860 0.1199

4 -0.119 0.357 -0.143 0.095 0.2630 0.1695

SGAIOFSC 5 0.143 -0.071 0.024 -0.190 0.1684 0.1085

6 0.452 0119 -0.071 0.262 0.5429 0.3499

Average 0.4384 0.2825

St Dev. 0.36406 0.2346

1 -0.214 0.548 0.000 0.333 0.3031 0.1953

2 -0.405 -0.095 -0.524 0.024 0.1684 0.1085

3 -0.024 0.000 0.310 0.333 0.4714 0.3038

5GA10HNC 4 0.190 -0.238 0.095 -0.262 0.0980 0.0632

5 -0.286 -0.095 -0.071 -0.190 0.2351 0.1515

Average 0.2552 0.1645

St Dev. 0.1429 0.0921

1 -0.119 -0.095 0.214 -0.024 0.3409 0.2197

2 -0.238 -0.119 0.262 0.095 0.5440 0.3506

3 0.095 0.095 0.214 -0.095 0.2246 0.1448

4 0.190 -0.238 0.095 -0.262 0.0982 0.0633

SGAIOHLC 5 5286 0095 -0071 -0.190 02345 0.1511

6 -0.048 0.143 0.167 -0.048 0.2867 0.1848

Average 0.2881 0.1857

St Dev. 0.1491 0.0961

1 -0.048 0.238 0.143 0.000 0.3049 0.1965

2 0.071 -0.071 -0.119 0.024 0.2130 0.1373

3 0.095 -0.095 0.405 0.500 0.6709 0.4324

5GA10HSC 4 -0.071 -0.167 0.381 -0.095 0.4580 0.2952

5 0.143 -0.310 0.048 -0.262 0.1065 0.0686

Average 0.3507 0.2260

St Dev. 0.2206 0.1422
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Table A.9: Sleeve Coverage Measurements for Half Coverage Carbon Specimens

Not Covered Average
Specimen [%0] Coverage
Configuration St. o

1 2 3 4 Avg. Dev. [9%6]

1 3491 1175 1194 18.72 19.33 10.88 80.7

2 13.47 1165 1461 26.82 16.64  6.89 83.4

3 20.51 48.19 15.76 8.02 2312 17.49 76.9

5CA43HNC 4 9.10 25.69 43.04 1337 2280 15.22 77.2

5 26.10 9.79 25.23 757 1717  9.86 82.8

Average 80.2

St Dev. 3.0

1 50.62 3.34 423 34.07 23.06 23.27 76.9

2 28.37 1871 5115 27.23 3136 13.88 68.6

3 2181 17.82 1194 26.92 19.62  6.33 80.4

4 30.46 0.36 1489 5891 26.15 25.06 73.8

SCAGSHLC ¢ 2126 895 2271 396 1422 921 858
6

Average 74.6

St Dev. 9.7

1 2281 1535 2417 10.08 1810 6.61 81.9

2 555 34.83 31.06 415 1890 16.31 81.1

3 33.66 557 37.02 3795 2855 1543 715

5CA10HSC 4 11.31 23.84 744 35.00 19.40 1254 80.6

5 3419 8322 11.00 112 32.38 36.62 67.6

Average 75.2

St Dev. 6.7

1 63.89 5454 5864 46.72 5595 7.25 44.1

2 60.98 54.04 59.01 64.01 5951 4.18 40.5

3 4443 5255 51.88 4576 4866  4.16 51.3

5CA10HNC 4 5430 67.57 66.81 5450 60.79 @ 7.39 39.2

5 56.62 5256 4751 46.67 50.84 465 49.2

Average 44.3

St Dev. 4.9

1 4939 4842 5245 48.03 4958  2.00 50.4

2 51.75 5725 53.68 47.64 5258  4.00 47.4

3 7328 7184 7353 7826 7423 279 25.8

4 4452 3599 2788 3292 3533 6.98 64.7

SCAIOHLC ¢ 3832 47.82 4868 46.67 4537 477 546
6

Average 48.6

St Dev. 14.3

1 5347 53.88 5493 6122 5588 @ 3.62 44.1

2 4502 3184 3536 4336 3890 6.32 61.1

3 6481 7292 5836 65.88 6549 596 345

5CA10HSC 4 61.95 53.67 49.63 5216 54.35 533 45.6

5 5410 4424 4183 5325 4835 6.23 51.6

Average 45.2

St Dev. 10.4
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Table A.10: Sleeve Coverage Measurements for Half Coverage Fiberglass Specimens

Not Covered Average
Specimen [%0] Coverage
Configuration St. o

1 2 3 4 Avg. Dev. [9%6]

1 3491 1175 1194 18.72 19.33 10.88 80.7

2 13.47 1165 1461 26.82 16.64  6.89 83.4

3 20.51 48.19 15.76 8.02 2312 17.49 76.9

5GA43HNC 4 9.10 25.69 43.04 1337 2280 15.22 77.2

5 26.10 9.79 25.23 757 1717  9.86 82.8

Average 80.2

St Dev. 3.0

1 50.62 3.34 423 34.07 23.06 23.27 76.9

2 28.37 1871 5115 27.23 3136 13.88 68.6

3 2181 17.82 1194 26.92 19.62  6.33 80.4

4 30.46 0.36 1489 5891 26.15 25.06 73.8

SGA4HLC ¢ 2126 895 2271 396 1422 921 858
6

Average 74.6

St Dev. 9.7

1 2281 1535 2417 10.08 1810 6.61 81.9

2 555 34.83 31.06 415 1890 16.31 81.1

3 33.66 557 37.02 3795 2855 1543 715

5GA43HSC 4 11.31 23.84 744 35.00 19.40 1254 80.6

5 3419 8322 11.00 112 32.38 36.62 67.6

Average 75.2

St Dev. 6.7

1 63.89 5454 5864 46.72 5595 7.25 44.1

2 60.98 54.04 59.01 64.01 5951 4.18 40.5

3 4443 5255 51.88 4576 4866  4.16 51.3

5GA10HNC 4 5430 67.57 66.81 5450 60.79 @ 7.39 39.2

5 56.62 5256 4751 46.67 50.84 465 49.2

Average 44.3

St Dev. 4.9

1 4939 4842 5245 48.03 4958  2.00 50.4

2 51.75 5725 53.68 47.64 5258  4.00 47.4

3 7328 7184 7353 7826 7423 279 25.8

4 4452 3599 2788 3292 3533 6.98 64.7

SGAIOHLC ¢ 3832 47.82 4868 46.67 4537 477 546
6

Average 48.6

St Dev. 14.3

1 5347 53.88 5493 6122 5588 @ 3.62 44.1

2 4502 3184 3536 4336 3890 6.32 61.1

3 6481 7292 5836 65.88 6549 596 345

5GA10HSC 4 61.95 53.67 49.63 5216 54.35 533 45.6

5 5410 4424 4183 5325 4835 6.23 51.6

Average 45.2

St Dev. 10.4
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APPENDIX B: PICTURES OF SPECIMENS AT FAILURE

Appendix B contains failure pictures of all tested specimens investigated in this research.
Figure B.1 and Figure B.2 show full braided and half braided sleeves of carbon/epoxy elements,
respectively. Full and half spiral carbon specimens are shown in Figure B.3 and Figure B.4,
respectively. Figure B.5 and Figure B.6 show full braided and half braided sleeves of
fiberglass/epoxy elements, respectively. Full and half spiral fiberglass specimens are shown in

Figure B.7 and Figure B.8, respectively.
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Figure B.1: Pictures of Full Braid Carbon Specimens After Failure
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Figure B.2: Pictures of Half Braid Carbon Specimens After Failure
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Figure B.3: Pictures of Full Spiral Carbon Specimens After Failure
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Figure B.4: Pictures of Half Spiral Carbon Specimens After Failure
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Figure B.5: Pictures of Full Braid Fiberglass Specimens After Failure
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Figure B.6: Pictures of Half Braid Fiberglass Specimens After Failure
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Figure B.7: Pictures of Full Spiral Fiberglass Specimens After Failure
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Figure B.8: Pictures of Half Spiral Fiberglass Specimens After Failure
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APPENDIX C: JUSTIFICATION FOR DISCARDED OUTLIERS

This section demonstrates stress-strain curves with Chauvenet’s envelope that justifies
specimens that were considered outliers and were not included in the final data results.
Specimens that were excluded from the final data results are color coded and shown in dotted

line.
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Figure C.2: Chauvenet’s Envelope and Stress-Strain Curves for Full Braid, Undamaged,
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Figure C.3: Chauvenet’s Envelope and Stress-Strain Curves for Half Braid, Undamaged,
Carbon Specimens (5CA43HNC)
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Figure C.4: Chauvenet’s Envelope and Stress-Strain Curves for Half Braid, 5 J (3.7 ft-lbs)
Impact, Carbon Specimens (5CA43HLC)
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Figure C.5: Chauvenet’s Envelope and Stress-Strain Curves for Full Spiral, Undamaged,
Carbon Specimens (5CA10FNC)
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Figure C.6: Chauvenet’s Envelope and Stress-Strain Curves for Full Spiral, 5 J (3.7 ft-lbs)
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Figure C.7: Chauvenet’s Envelope and Stress-Strain Curves for Full Spiral,10 J (7.4 ft-Ibs)
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Figure C.8: Chauvenet’s Envelope and Stress-Strain Curves for Half Spiral, Undamaged,
Carbon Specimens (5CA10HNC)
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Figure C.9: Chauvenet’s Envelope and Stress-Strain Curves for Half Spiral,5 J (3.7 ft-1bs)
Impact, Carbon Specimens (5CA10HLC)
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Figure C.10: Chauvenet’s Envelope and Stress-Strain Curves for Half Spiral, 10 J (7.4 ft-
Ibs) Impact, Carbon Specimens (5CA43HNC)

160
1
1
1
1000 ]
| 140
——— —_————1
i
% ! L 120
~— 500
© ! —
a ! 7]
s ! =
- 100 wn
ﬂ Specimen #1 3
w f=
a 600 Specimen #2 b
c Specimen #3 80 g
o —_—
‘n Specimen #4 3
g 8
= Specimen #5 L
o 400 - 60 g.
£ ——5GA43IFNC Average o
] . o
o — - =Chauvenet's
40
200 -
- 20
0 T 0
1] 0.005 0.01 0.015 0.02 0.025
Compression Strain

Figure C.11: Chauvenet’s Envelope and Stress-Strain Curves for Full Braid, Undamaged,
Fiberglass Specimens (5GA43FNC)
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Figure C.14: Chauvenet’s Envelope and Stress-Strain Curves for Half Braid, Undamaged,
Fiberglass Specimens (5GA43HNC)
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Figure C.15: Chauvenet’s Envelope and Stress-Strain Curves for Half Braid, 5 J (3.7 ft-
Ibs) Impact, Fiberglass Specimens (5GA43HLC)
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Figure C.16: Chauvenet’s Envelope and Stress-Strain Curves for Half Braid, 10 J (7.4 ft-
Ibs) Impact, Fiberglass Specimens (5GA43HSC)
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Figure C.17: Chauvenet’s Envelope and Stress-Strain Curves for Full Spiral, Undamaged,
Fiberglass Specimens (5GA10FNC)
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Figure C.18: Chauvenet’s Envelope and Stress-Strain Curves for Full Spiral, 5 J (3.7 ft-
Ibs) Impact, Fiberglass Specimens (5GA10FLC)
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Figure C.19: Chauvenet’s Envelope and Stress-Strain Curves for Full Spiral, 10 J (7.4 ft-
Ibs) Impact, Fiberglass Specimens (5GA10FSC)
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Figure C.20: Chauvenet’s Envelope and Stress-Strain Curves for Half Spiral, Undamaged,
Fiberglass Specimens (5GA10HNC)
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Figure C.21: Chauvenet’s Envelope and Stress-Strain Curves for Half Spiral, 5 J (3.7 ft-
Ibs) Impact, Fiberglass Specimens (5GA10HLC)
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Figure C.22: Chauvenet’s Envelope and Stress-Strain Curves for Half Spiral, 10 J (7.4 ft-
Ibs) Impact, Fiberglass Specimens (5GA10HSC)
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APPENDIX D: OFFSET PLOTS

This section illustrates CSAI vs. offset angle plots that were used in this research. As
previously described, offset angles had insignificant effect on the CSAI of specimens. Offset
angles were therefore not incorporated in the adjustment of the final data results. Figure D.1 and
Figure D.2 summarize misalignment results for carbon fiber and fiberglass epoxy composites,

respectively.
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APPENDIX E: NORMALIZED AVERAGE CURVES

To investigate the mechanical behavior of carbon, fiberglass, and basalt fiber/epoxy
composites, normalized average compression stress and deformation curves were prepared.
These curves were obtained by normalizing compression stress-strain curves of impacted
configurations to their corresponding undamaged maximum compression stress and strain.
Subsequently, normalized stress and deformation plots of all fiber/epoxy core materials
examining braided and spiral sleeve, and full and half coverage are presented in this section,

respectively.

E.1 Normalized Average Curves for Braided and Spiral Sleeve Configurations

Figure E.1 contains all 18 normalized configurations. Figure E.2— Figure E.4 compares
the normalized compression stresses as a function of impact energy levels.

Figure E.5 and Figure E.6 compare the normalized compression stresses as a function of

sleeve coverage (full and half), respectively.
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Figure E.5: Normalized Compression Stress-Deformation Curves of All Braided Sleeve
Configurations
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Figure E.6: Normalized Compression Stress-Deformation Curves of All Spiral Sleeve
Configurations
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E.2 Normalized Average Curves for Full and Half Coverage Configurations

Figure E.7 contains all 18 normalized configurations. Figure E.8 — Figure E.10 compare
the normalized compression stresses as a function of impact energy levels.

Figure E.11 and Figure E.12 compare the normalized compression stresses as a function

of sleeve coverage (full and half), respectively.
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Figure E.7: Normalized Compression Stress-Deformation Plot, Full vs. Half Coverage
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Figure E.8: Normalized Compression Stress-Deformation Curves, Undamaged, Full vs.
Half Coverage Configurations
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Figure E.9: Normalized Compression Stress-Deformation Curves, 5 J of Impact, Full vs.
Half Coverage Configurations
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Figure E.10: Normalized Compression Stress-Deformation Curves, 10 J of Impact, Full vs.
Half Coverage Configurations
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Figure E.11: Normalized Compression Stress-Deformation Curves of All Full Coverage
Configurations
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Figure E.12: Normalized Compression Stress-Deformation Curves of All Half Coverage
Configurations

136



	Brigham Young University
	BYU ScholarsArchive
	2012-03-14

	Damage Tolerance of Unidirectional Carbon and Fiberglass Composites with Aramid Sleeves
	Charles Andrew Sika
	BYU ScholarsArchive Citation


	TITLE PAGE

	ABSTRACT
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	1 INTRODUCTION
	1.1 Description of IsoTruss® Grid Structure
	1.2 Automated Manufacturing of IsoTruss Structures
	1.3 Related Research
	1.4 Scope of Investigation
	1.5 Thesis Overview

	2 EXPERIMENTAL APPROACH
	2.1 Experimental Variables
	2.1.1 Material
	2.1.2 Sleeve Type and Coverage
	2.1.3 Impact Energy
	2.1.4 Test Matrix

	2.2 Specimen Manufacturing
	2.3 Specimen Preparation
	2.3.1 Unsupported Length
	2.3.2 Label Notation
	2.3.3 Bonding in End Caps

	2.4 Microscope Measurements
	2.4.1 Cross-Sectional Area
	2.4.2 Offset Measurements
	2.4.3 Sleeve Coverage

	2.5 Test Procedure
	2.5.1 Impact Test Procedure
	2.5.2 Compression Test Procedure

	2.6 Data Reduction and Statistical Analysis
	2.7 Offset Adjustment

	3 TEST RESULTS
	3.1 Test Results
	3.1.1 Full Braid Carbon Specimens
	3.1.2 Half Braid Carbon Specimens
	3.1.3 Full Spiral Carbon Specimens
	3.1.4 Half Spiral Carbon Specimens
	3.1.5 Full Braid Fiberglass Specimens
	3.1.6 Half Braid Fiberglass Specimens
	3.1.7 Full Spiral Fiberglass Specimens
	3.1.8 Half Spiral Fiberglass Specimens


	4 CONFIGURATION AVERAGES FOR CARBON/EPOXY COMPOSITES
	4.1 Compression Young’s Modulus
	4.2 Compression Strain at Ultimate Strength
	4.3 Ultimate Compression Strength
	4.4 Configuration Stress-Strain Curves
	4.5 Influence of Impact Energy
	4.6 Influence of Sleeve Type
	4.7 Influence of Sleeve Coverage

	5 CONFIGURATION AVERAGES FOR FIBERGLASS/EPOXY COMPOSITES
	5.1 Compression Young’s Modulus
	5.2 Compression Strain at Ultimate Strength
	5.3 Ultimate Compression Strength
	5.4 Configuration Stress-Strain Curves
	5.5 Influence of Impact Energy
	5.6 Influence of Sleeve Type
	5.7 Influence of Sleeve Coverage

	6 DISCUSSION OF RESULTS
	6.1 Influence of Sleeve Type
	6.2 Influence of Sleeve Coverage
	6.3 Influence of Impact Energy
	6.4 Comparison of Carbon, Fiberglass and Basalt Core Fibers
	6.4.1 Compression Young’s Modulus Comparison
	6.4.2 Ultimate Compression Strength Comparison

	6.5 Summary of Results

	7 CONCLUSIONS
	7.1 General Conclusions for Carbon/Epoxy and Fiberglass/Epoxy Composites 
	7.2 Conclusions Drawn from Comparison to Basalt/Epoxy Results
	7.3 Recommendations

	REFERENCES
	APPENDIX A:  MICROSCOPE MEASUREMENTS
	APPENDIX B:  PICTURES OF SPECIMENS AT FAILURE
	APPENDIX C:  JUSTIFICATION FOR DISCARDED OUTLIERS
	APPENDIX D:  OFFSET PLOTS
	APPENDIX E:  NORMALIZED AVERAGE CURVES
	E.1  Normalized Average Curves for Braided and Spiral Sleeve Configurations
	E.2  Normalized Average Curves for Full and Half Coverage Configurations


