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Abstract

Ultra-high molecular weight polyethylene (UHMWPE) molecules, with molecular
weights approaching 10" Da and lengths approaching 10 um, can be gel spun and drawn
into highly crystalline fibers with more than 95% of the molecules oriented in the fiber
direction. The very high tensile strength (approaching 4 GPa) and elastic modulus (200
GPa) combined with a very low density (970 kg m™) result in a fiber with very high
specific strength and modulus. While the strength per unit mass of the materials in the
fiber direction is ~25 times greater than that of conventional steels, weak (van der Waals)
bonds between molecules leads to strengths transverse to the fibers of only a thousandth
that in the fiber direction. This weak intermolecular strength also leads to creep
deformation under prolonged loading at ambient temperatures, and complete failure of
the polymer when the intermolecular bonds “melt” at 155°C. These materials are
therefore used in weight sensitive applications, where a high uniaxial stress must be
supported for relatively short periods of time. Examples include mooring cables, the sails
of racing ships and ballistic impact protection panels. For ballistic applications, the

10-20 um diameter fibers are combined with compliant thermoplastic polymer matrices



to form thin (typically 50 um thick) unidirectional plies containing ~85% by weight
fibers. These plies are then layered to form a cross-ply ([0°/90°],) structure, and pressed
(at 127°C) to create a composite panel. This dissertation investigates the structure,
mechanical properties and dynamic deformation and failure mechanisms during the
ballistic impact of these UHMWRPE reinforced [0°/90°] polymer matrix composites by a

model projectile.

Six UHMWPE [0°/90°] polymer composite systems were investigated in the
study. The laminates had measured tensile strengths (a fiber dominated property) in the
range of 800 — 1100 MPa, which was 500-5,000 times higher than the laminates’
measured interlaminar shear strengths (a matrix dominated property). Digital image
correlation techniques have been used to show that the Poisson expansion of a ply under
compressive loading was also highly anisotropic, with a Poisson’s ratio of vp3 = 0.5
transverse to fiber direction, and v;3 = 0 in fiber direction. During uniform out of plane
(through thickness) compressive loading of [0°/90°] composites, this anisotropic Poisson
expansion of adjacent 90° plies has been shown to cause fiber tension in the 0° ply by a
shear lag mechanism. Failure of the compressed sample occurs when the tension induced
stress in the fibers reaches the plies failure strength (in excess of 1 GPa), and agreed well
with experimental data collected on thick laminates with lateral dimensions substantially

larger than the shear lag length.

The out of plane compressive strength of the [0°/90°] composites was discovered
to be dependent upon the laminate thickness; as the laminate thickness was decreased the
strength of the laminates decreased to 60%-70% of the indirect tension strength

prediction. Using a combination of optical and ultrasonic C-scan imaging techniques in



iii
conjunction with micro-X-ray tomography, two classes of defects have been identified in
the [0°/90°] composites. One defect type consisted of tunnel cracks that were parallel to
the fibers in a ply and approximately equally spaced in the transverse direction. These are
shown to form as a result of anisotropic thermal strains within the laminates during
cooling after consolidation processing. The second void-like defect results from missing
groups of fibers within each ply. Like the tunnel cracks, this defect extended many
centimeters in a ply’s fiber direction. While tunnel cracks were healed during ambient
temperature out of plane compression, and therefore had little effect on a laminates out of
plane compressive strength, the missing fiber defects significantly degraded the
compressive strength of thin laminates. Compression tests using pressure sensitive film
and acoustic emission monitoring reveal that regions containing missing fiber defects in
thin laminates are shielded from load by defect free regions, which then fail at lower
sample pressure during loading. A simple statistical model was developed that
successfully predicted the contrast observed in optical and ultrasonic images, and the

effect of missing fiber defects upon the out of plane compressive strength.

The dissertation also investigated the mechanisms of projectile penetration during
impact of UHMWPE fiber-reinforced composites with a spherical projectile using model
targets designed to dynamically load the laminates in different ways. The response of the
samples were studied using a combination of synchronized high speed photography with
three cameras, and 3D digital image correlation together with post-test characterization
via X-ray tomography and optical microscopy. It was found that a rear supported
laminate, which was prevented from deflecting, was progressively penetrated by the

projectile. Since the projectile applied only a compressive pressure to the laminate, it is



argued that penetration occurred by the indirect tension mechanism. Edge clamped
laminates that are allowed to freely deflect have an improved impact resistance,
especially if the projectile is fragmented before impacting the laminate, or the laminate is
given an out of plane velocity prior to direct impact by the projectile. The results are used
to propose a projectile penetration process model that incorporates both the activation of
indirect tension and membrane stretching. It predicts that suppression of high
compressive stress in the [0°/90°] laminate forces the laminate to respond in a bi-axial
membrane stretching mode where the kinetic energy of the projectile is expended in the
very significant work needed to stretch the laminate. This hypothesis was tested with a
model impact target that spatially distributed the load to the laminate and was found to

substantially increase the resistance of the laminate to penetration and failure.
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Chapter 1. Introduction

1.1. Impact resistant polyethylene

Ethylene is the simplest and most common organic monomer [1]. Polymerization
of the ethylene monomer (—CH,-) results in polyethylene (—[CH2-CH,]—). By the use of
appropriate catalysts and synthesis conditions [2], it is possible to manipulate the
molecular weight and molecular architecture of the polymer: both of which have been
shown to govern its strength and modulus [3]. Low-density polyethylene (LDPE), which
has a number-average molecular weight less than 100,000 Da, is extensively used for the
making of films and thin sheet [2]. It is created by free-radical polymerization, which
results in a high degree of chain branching with a mixture of short and long chains giving
it flow characteristics useful for film production [2]. High-density polyethylene (HDPE)
can be made using Zeigler-Natta catalysts that limit chain branching, and this molecule
has a higher tensile strength than LDPE, and is commonly used in commercial products
(e.g. milk containers and bottle caps). Through careful control of the polymerization

process it is now possible to make ultrahigh molecular weight polyethylene (UHMWPE)



with a molecular weight approaching 10’ Da [2]. By dispersing these giant molecules
(whose lengths approach 10 um) in appropriate solvents, patented gel spinning
fabrication methods have been used to make UHMWPE fibers [2,4-6]. If the solvent is
carefully removed after gel spinning, and the fibers are stretched under conditions that
avoid fracture, it is possible to fabricate fibers in which 95% or more of the extended
chain molecules crystallize into an orthorhombic structure with their c-axis aligned in the
fiber direction [7-12]. Commercial fibers made in this way have a density of 970 kg m™
and tensile strengths and moduli controlled by the backbone sp® bonds that are greater
than 3.5 and150 GPa, respectively, implying a specific strength 5-10 times that of steel.
However, the weak (van der Waals) bonds between molecules leads to creep deformation
when loaded at ambient temperatures [13,14], and complete failure of the polymer when
the intermolecular bond “melt” at 155°C [2]. These weak bonds also result in very poor
in-plane shear modulus and strength as well as very low resistance to compressive
loading in the fiber direction, which preclude its use for most structural applications.
Typical applications of UHMWPE are therefore restricted to applications were the
unidirectional tension loads are applied for short times or in applications where the
temperatures are low. Examples include fishing lines and mooring cables. By creating
[0°/90°] composite lay-ups, it also can be used in biaxial loading situations such as for
the sails for racing ships, medical implants, protective gloves and ballistic impact

protection panels [13].

Commercial materials for ballistic applications consist of high performance fibers,
measuring 10-20 um in diameter, that are combined with thermoplastic polymer matrices

to form thin (typically 50 um thick) unidirectional plies containing ~85 % by volume



fibers. Four of these plies are typically combined to form a cross-ply, [0°/90°],, tape,
Figure 1.1(a). The tapes can be stacked and hot pressed to form cross-ply, [0°/90°],
laminates (Figure 1.1(b)) that are molded to form a protective structure [15] or attached

to the rear of an armor system [16,17].

(@) Cross-section of pre-preg tape (b) Laminate lay-up of tapes
4 plies Il”eosli);mer
([0°/90°1,) e

Ply thickness, h I

Figure 1.1. (a) Schematic illustration of the cross-section of a UHMWPE fiber (thermoplastic)
polymer matrix [0°/90°], cross-ply tape used to form the laminate shown in (b) by out of plane
compression at a pressure of 20.6 MPa and temperature of 127°C.

In the ballistic application, they are placed behind a hard (and ideally tough)
material that deforms and/or fragments the projectile, Figure 1.2. This then disperses the
load upon the ultra-high strength fiber reinforced laminate which then serves as a spall
shield to catch debris. In a well-designed protection concept, synergies are sought

between the two components of the armor system to maximize performance.

| Elastic Modulus, Dynamic Strength, Hardness |—>

Deformed projectile Projectile fragments ‘\a \s % A
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Figure 1.2. The effects of material properties on projectile penetration near the ballistic limit of
light targets.



Many studies [18-23] of the transverse impact of fibers suggest that to maximize
performance, the fibers intended for use in spall shields need to possess a balance of
properties including: (i) a high tensile strength to resist the significant stretching forces
during (end restrained) fiber deflection, (ii) a high strain-to-failure to convert debris
kinetic energy in to stored potential (strain) energy, (iii) a high elastic modulus to reduce
dynamic out-of-plane (transverse) displacements and (iv) a low density if intended for
mobile applications. Many fibers have been (or are being) developed for ballistic
applications, and Figure 1.3(a) plots the quasi-static tensile strength and Young’s
modulus of many of these materials'. However, the material property chart does not
address the role of fiber density, which is critical in some applications, nor the influence

of the failure strain, which governs the mechanical work that can be stored.

! The sources of the material data are tabulated in Appendix A.
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Figure 1.3. Material property charts comparing the (a) tensile strength and Young’s modulus and
(b) specific toughness and extensional wave speed, ¢, = (E/p)*?, of high performance fibers.
Contours of the Cunniff [24] velocity, ¢, are also plotted on (b).

Cunniff [24] has used scaling arguments to rationalize the selection of ballistic

resistant fibers. Cunniff argued that the ballistic limit of a fiber, and their composites,



scales linearly with a merit (material property) index called the Cunniff Index, ¢, which
has dimensions of [m] [s]™. The ballistic limit being defined as the minimum impact

velocity to fully perforate a target. For linear elastic fibers, it can be expressed as:

. [ﬂ (E)”] (1-1)

Where o5 is the failure strength, & is the strain-to-failure, E is the tensile Young’s
modulus and p is the density of the fiber. The two material properties that make up the
definition of ¢” are the fiber specific toughness and extensional wave speed, c.. A
material property map with axes of these two properties for various high-performance
fibers is given in Figure 1.3(b), along with overlaid contours of constant ¢ values. Based
on the Cunniff Index, the three highest ballistic limit materials are all polymers: SK76
Dyneema® (an UHMWPE material), Zylon and the M5 fiber. The M5 fiber remains under
commercial development, and Zylon is susceptible to environmental degradation [25].
This dissertation investigates high Cunniff Index UHMWPE fibers that are combined

with compliant matrices to form cross-ply laminated composites.

1.2. Impact response of polymer matrix composites

UHMWPE fiber reinforced polymer matrix composites (PMC) have been shown
to exhibit remarkable resistance to penetration during localized impact loading by blunt
projectiles [24,26-30]. The performance is dependent upon the composite architecture as
well as fiber and (to lesser extent) matrix properties [26,30-33]. The focus of much
research therefore has been in exploring the mechanisms responsible for projectile

penetration in the velocity regime below where hydrodynamic effects dominate



[22,30,34-39]. Such measurements have been used to develop continuum models (e.g.
[35,40,41]) to enable the modelling of the penetration resistance, but these typically have
a narrow range of validity in terms of projectile type, armor geometry, etc. and more
importantly give little insight into the physical basis of the scaling relation proposed by

Cunniff [24].

In an elegant analytical study, Phoenix and Porwal [42] showed that the ballistic
limit of composite plates can scale with ¢* by assuming a membrane stretching mode of
deformation is activated by projectile impact with a [0°/90°] composite plate as
illustrated in Figure 1.4. When a cross-ply laminate is centrally impacted (at zero
obliquity) by a projectile, it exerts a pressure (which scales with the product of the
laminate density with the square of the impact velocity, V;) that induces deflection, with
concomitant stretching once the out of plane deflection exceeds the laminate thickness; a
phenomenon that Cunniff [43] related to single fiber impact studies by Smith and
collaborators [18]. The impact excites longitudinal (extensional) wavelets in the fibers
directly beneath the projectile (termed ‘primary fibers’) that propagate away from the
projectile impact site at the longitudinal wave speed, c.. These elastically extend the
fiber, and enable material motion towards the point of impact, Figure 1.4(b). A slower
shear wave with a displacement vertical to the original laminate surface, travels more
slowly behind the extensional wave, and facilitates out-of-plane motion of this strained
material. The deflection of the primary fibers also induces transverse motion (and
straining) of ‘secondary’ fibers (those not directly beneath the projectile). Due to the
anisotropy of the [0°/90°] laminate, a pyramidal shaped transverse deflection develops,

whose base is bounded by the orientation dependent transverse hinge speed, cy. By



analyzing this deflection in the thin membrane limit, Phoenix and Porwall [42] were able
to predict the tensile stress in the fibers. The model then assumed laminate failure to be a
binary event that was activated when the tensile stress in the stretched laminate reached

the tensile strength of the fibers.

Primary
filaments

Secondary
filaments

Transverse
deflection

Figure 1.4. (a) Schematic illustration of the deformation mechanisms occurring during the
impact of a [0°/90°]; fiber reinforced composite laminate. Magnified views that show (b) the
wave propagation along the laminate and (c) the stress state under the projectile.

A recent experimental investigation by Karthikeyan et al. [30] investigated the
transverse deflection dynamics and impact site damage mechanisms of a 6 mm thick,
[0°/90°]45, Dyneema® HB26 (SK76 fiber reinforced) plate impacted by a 12.7 mm
diameter hardened steel spherical projectile. The plates had an areal density of 5.89 kg m”
2 and were bolted between annular steel plates with an inner radius of 100 mm. The

ballistic limit (impact velocity needed to penetrate the full thickness of a laminate) was



measured and found to be about 445 m s™. They confirmed the formation of a pyramidal
deflection structure following impact Figure 1.2(a), and measured the transverse hinge
velocity in the fiber directions, ¢y =~ 316 m s™. However, examination of the laminate
after impact revealed that penetration of the laminate was progressive, with the number of
failed plies increasing with impact velocity. No plug formation was observed, and the
observation of progressive failure appeared to be inconsistent with the Phoenix and
Porwall [42] model of binary failure in @ membrane-stretching mode (a non-progressive

mode of failure).

This progressive mechanism of penetration is often observed during high velocity
impact of edge restrained panels [27,30,38,44-46], and it is especially evident for very
thick panels impacted at zero obliquity [47]. Woodward et al. [48] have suggested an
alternate failure mechanism for fiber composites by investigating their response under
indentation type loading. They argue that the compressed laminate under the indenter is
stretched but unable to flow laterally (confined) due to the surrounding laminate material.
The stress field underneath the punch intensifies with indentation depth until the group of
plies closest to the punch, which are stretched the greatest, fail in tension (Figure 1.2(c)).
While the mechanics underlying the hypothesis of Woodward et al. [48] are not clear, the
sequence of events leading to failure suggested by Woodward et al. [48] more closely

resembles the observations of Karthikeyan et al. [30].

In a recent submitted paper with Attwood et al. [49], we conducted a series of
quasi-static compression tests on polymer fiber reinforced composite laminates to
investigate the compressive response of these polymer composites. We discovered the

existence of an indirect tension mode of ply failure when cross-ply laminates were
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compressed (the mechanism was absent in unidirectional composites as shown in Section
3.5). Ply tension in the fiber direction of each ply was shown to be activated by lateral
expansion of the orthogonal plies above and below them; a consequence of the very large
anisotropy of the Poisson expansion parallel and transverse to the ply fiber direction,
Figure 1.5. As a result, during out of plane compression of cross-ply laminates, the fibers
become loaded in tension by a shear lag mechanism, Figure 1.5(b). It will be shown later
that when the tensile stress in a ply reaches the ply tensile strength, unstable ply fracture
occurs. The critical pressure for ply failure was shown to be sensitive to the ply thickness,
the tensile strength of the plies, the interlaminar shear strength of the laminate and its

dependence on compressive loading.
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Figure 1.5. (a) Schematic illustration of plies within a cross-ply laminate under a uniform
compressive stress, o,. Poisson lateral expansion in the fiber direction is much less than that
transverse to the fibers. (b) Schematic illustrations of the stress within the composite predicted by
the shear lag model.

Another mechanism that has been proposed as being active during penetration of
a laminate is the shearing of fibers at the edge of, or underneath, the projectile [26,50—
52]. While this mechanism may be of contribution with sharp nosed projectiles, this
claim appears to be a generalization from observations of impacts of rigid fibers (e.g.
glass and carbon) embedded in strong, brittle matrices (e.g. epoxy). In these brittle
composite systems, cone cracks develop below the projectile by a shear mechanism
[30,48,53]. Indentation and ballistic impact experiments [30,48,54] with flat nose and

spherical nosed loading surfaces expose a clear difference in penetration induced failure
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between the two systems, where no shear plug is created when a flexible polymer fiber
reinforced composite (like those reinforced with UHMWPE fibers) fails under a ballistic

impact loading.

The focus of this dissertation is to elucidate the different mechanisms of
perforation and failure of UHMWPE fiber composite cross-ply laminates by impact

scenarios and laboratory tests designed to reveal the fundamental micromechanisms.

1.3. Dissertation goals

This dissertation was written with the aim to better understand UHMWPE fiber
reinforced composite failure behavior due to a dynamic impact. The first goal of the
dissertation is to address the impact performance of the laminate in relation to the
impulsive loading conditions with the ultimate goal of identifying the mechanisms
controlling penetration. A second goal is to improve understanding of the compression
induced indirect tension failure mechanism including the effect of defects up on its
activation pressure. The existence of this mechanism will be addressed in the context of
impact loading situations. The third goal is to see if the fundamental understanding that
emerges from the first two goals can be used to design a model impact target that

improves the impact performance a laminate.

1.4. Dissertation outline

Chapter 2 introduces the UHMWPE materials that are investigated in the

dissertation. Chapter 3 reviews the measurement of their mechanical properties. Chapter
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4 presents an impact experiment using a model target designed to investigate the
penetration behavior of an UHMWPE fiber polymer composite under various impact
scenarios, where a spherical projectile impacts a laminate that is either back supported or
edge gripped. In the latter case, the effects of pre-accelerating the laminate and
fragmenting the projectile prior to impact are revealed. Chapter 5 presents an
investigation and extension of the indirect tension model proposed in the Atwood et al.
study [49]. Pervasive laminate defects are shown to be the cause of significant reductions
in compressive strength, with implications for ballistic performance. In Chapter 6, a
second model target is designed, using the fundamental insights gained in earlier parts of
the dissertation, to delay activation of the indirect tension mechanism. It will be shown
that this substantially increases its impact performance. A comprehensive discussion of
the results and their implications is given in Chapter 7. Concluding remarks (Chapter 8)
address the penetration of polymer matrix composites. Appendices A-C provide

supplemental material in support of the dissertation.
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Chapter 2. UHMWRPE fibers and composites

2.1. Processing, structure, and properties of UHMPWE
fibers

Polyethylene is the simplest hydrocarbon polymer. The molecule is assembled
from the linear repetition of the monomer (—CH,-), where the bonds between the carbon-
carbon (C-C) and carbon-hydrogen (C-H) atoms are covalent and are based on sp®
hybridization of the carbon valence electrons [1]. This results in a C-C bond length of
1.55 A and C-H length of 1.09 A, a C-C-C bond angle of 112° and an H-C-H angle of
108° [2]. The typical ‘zig-zag’ trans-conformation of the molecule is shown in Figure
2.1(a). This is the most stable conformation, but the low steric hindrance (activation
energy of ~12 kJ mol™) allows portions of the molecule to easily rotate about its C-C axis
providing the molecule with the ability to bend and flex [1]. Bonding between
neighboring molecules is by much weaker van der Waals bonds (~1/30™ of the covalent

bond strength) resulting from induced dipole moments between neighboring atoms [1].
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This very weak intermolecular bonding is responsible for polyethylene’s flexibility and

softness.

The first high-performance extended chain configuration polymer fiber was made
by controlling the molecular assembly of UHMWPE [3]. The absence of side chains and
small cross-sectional area of the molecular chain, enable UHMWPE to be packed into an
orthorhombic crystal lattice structure , Figure 2.1(a) [4,5]. This phase can be assembled
from two macro-conformations: i) a folded-chain lamellar structure and ii) an extended-
chain structure, Figure 2.1(c) and (d) [6-9]. In the extended-chain macro-conformation,
the full length of an individual molecule can be aligned in the fiber direction with weak
van der Waals forces binding hydrogen atoms between neighboring extended carbon
chains. The internal cohesive energy between the carbon atoms in these long chain
molecules (~0.1 um in length per 10,000 g mol™ in molecular weight) is orders of
magnitude greater than the C-C bond energy (330 kJ mol™) and immobilizes the

molecules in the ordered crystal formation [10].
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Figure 2.1. (a) Packing of polyethylene molecules in an orthorhombic crystal structure. (b)
Crystal texturing in an UHMWPE drawn fiber, where the molecules are oriented in the fiber
orientation. This crystal structure can assemble as either (c) a folded-chain lamellar structure or
(d) an extended-chain structure.

The theoretical strength can be estimated by differentiating the Morse potential to
obtain the force required to break the C-C covalent carbon bond [4,11]. This gives an
unrealistic value ~30 GPa. A density functional calculation by Hagemon et al. [12] gives
a chain strength estimate of 18 GPa, which is about twice that of measurements. An
alternative model by proposed Smith et al. [13] used thermodynamic arguments to

estimate the tensile strength of a perfect crystalline fiber, Figure 2.1(d). They argued that
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increasing the tensile stress raises the chemical potential of the crystalline phase, which
shifts its melt temperature to lower values. Therefore the fiber fails when the load is high
enough to depress the melting temperature to ambient. This analysis gives an estimated
tensile strength of 7-8 GPa and a modulus of 235-325 GPa. These values match well with
laboratory scale tests that have measured strengths of ~7 GPa and moduli of ~ 250 GPa
[14,15]. If these parameters are combined, they give an upper bound Cunniff Index, c* =

1200 m s™ that is well above that of fibers commercially available today, Figure 1.3(b).

The fibers are typically produced by a gel-spinning process (Figure 2.2) originally
patented by Paul Smith and Pieter Lemstra [5,16-18]. The process consists of three steps:
1) converting UHMWPE polymer to a gel, 2) converting the gel to a xerogel and 3) hot
drawing. A solution, of UHMWPE granules dissolved in a solvent, is used to create a gel,
Figure 2.2(a). Structurally, the gel is composed of 5 nm thick lamellar microcrystals of
folded-chain orthorhombic crystals, Figure 2.2(b). In the second fiber gel spinning step,
clusters of lamellar crystallites form a coplanar arrangement (a sandwich type structure),
Figure 2.2(c). A small amount of the solvent is removed in this step. The hot-drawing
step removes the remaining solvent and extends the folded-chain lamellar crystallites,
forming the extended-chain macro-conformation (and aligning the carbon backbone with
the fiber axis), Figure 2.2 (d). This final step aligns the crystal orientation and decreases
the fiber diameter, leading to increases in the strength and modulus of the fiber [5,9,19—
21]. Crystal orientation in these fibers routinely exceed 95% with >85% crystalline phase

volume fraction [20,15,7,19,22,9].
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Figure 2.2. The (a) gel-spinning process used to make UHMWPE fibers. The (b) gel is composed
of folded-chain lamellar crystals that are spun (with minimal removal of solvent) into (c) a
Xerogel of coplanar lamellar crystals. Red line represents the carbon chain C-C backbone. (d)
Hot drawing removes the remained of the solvent and extends the lamellar chains into a chain-
extended macro-conformation.
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2.2. Investigated materials

The commercially available UHMWRPE fiber-reinforced laminates used in high
intensity loading applications are Dyneema® (DSM; The Netherlands) and Spectra
Shield® (Honeywell; USA). Much of the dissertation will focus on Dyneema® and in
particular upon the cross-ply laminate grade HB26, which is reinforced by a gel-spun
fiber known as grade SK76. However, collaborators at DSM have provided other fibers
for study including the SK90 and X131 grades. A previous investigative effort of the 17
um SK76 fiber revealed it to be highly crystalline (80-90 vol.%), with a highly textured
orthorhombic crystal structure (a lattice parameter spacing of a=7.43 A, b = 4.95 A and
¢ = 2.53 A) with the c-axis (molecular axis) aligned along the fiber direction, and
predominantly in the extended chain macro-conformation [23]. Its as-manufactured

tensile properties are shown in Table 2.1 together with those of the other two fiber types.

Table 2.1. DSM reported yarn tensile properties [From private communications].

Yarn Strength  Modulus  Strain-to-
(GPa) (GPa)  failure (%)
SK76 3.6 115 3.7
SK90 3.8 - -
X131 41+02 163+4 31101

To manufacture an HB26 laminate, a series of collinear yarns (bundles of 780
SK76 fibers) are used in a ply production process in which bundles of fibers are coated in
a polyurethane resin solution to form a four fiber thick, unidirectional ply. Four of these
plies are then assembled into a cross-ply [0°/90°], tape, the solvent is allowed to
evaporate, and the tape is wound onto a 1.6 m wide roll. Strips of tape can then be cut

from the roll, stacked and subjected to a hot-compaction procedure to form a laminate,
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Figure 1.1; as further discussed in Section 2.3. Micro X-ray computerized tomograms
(micro-XCT) and scanning electron micrographs (SEM) of the cross section of a

consolidated HB26 laminate are shown in Figure 2.3.

Figure 2.3. (a) XCT reconstruction of a consolidated HB26 laminate. (d) An SEM micrograph of
a ply from a consolidated laminate cut normal to the filament direction. The 0° filament ends
were slightly smeared from the microtome blade.

To explore the generality of the phenomena discovered here, we also investigated
five other UHMWPE fiber composite laminates. Each was composed of a compliant
thermoplastic resin reinforced with a high volume fraction of UHMWPE fiber, and
provided to us as in the form of [0°/90°], tape. Table 2.2 identifies the six sample types
investigated in the study, and tabulates their constituent materials and architecture. The
fiber diameter was measured using a scanning electron microscope, and the average ply
thickness was calculated from the thickness of a 240 ply consolidated laminate measured
with a digital caliper. Chapter 3 will discuss the remaining material properties shown in

Table 2.2.



Table 2.2. Constituent materials, architecture and mechanical properties of the various laminate grades under study

Spectra Spectra

Dyneema® Dyneema® Dyneema® Dyneema®  Shield® Il Shield® I
HB26 HB50 X106 X131 SR-3124 SR-3136
Manufacturer DSM DSM DSM DSM Honeywell  Honeywell
Fiber Type Dyneema® Dyneema® Dyneema® Dyneema” ® ®
SK76 SK76 SK90 X131 Spectra” Il Spectra™ Il
Resin’ PADP SISTC SISTC SISTC PU SB
Fiber diameter, t (um) 17 17 10 13 26 29
Ply thickness, h (um) 67 60 40 45 65 65
Avg. number of stacked 4.3 3.9 45 3.8 2.7 2.4
fibers per ply thickness
Longitudinal ply modulus,
£, (GPa) 70 70 90 90 70 70
Ply tensile strength,
o1 (GPa) 1.7 1.7 2.2 2.2 1.7 1.7
Inter-laminar shear strength, 18 0.35 0.45 0.35 03 13
70 (I\/IPa)
Pressure sensitivity 0.065 0.065 0.050 0.055 0.065 0.065

coefficient, u

* Resin abbreviations: polyetherdiol-aliphatic diiocyanate polyurethane (PADP); styrene-isoprene-styrene
triblock copolymer (SISTC); polyurethane based (PU); styrene based (SB)
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Dyneema® HB50 uses the same fiber as the HB26 grade, but a more compliant
styrene-isoprene-styrene triblock copolymer (SISTC) resin for the matrix. The
developmental, non-commercial, Dyneema® grades X106 and X131 used the same matrix
as the HB50 grade, but were reinforced with higher strength (see Table 2.1), smaller
diameter SK90 and X131 UHMWPE fibers, and thus had slightly thinner plies. Spectra
Shield® 11 grades SR3124 and SR3136 are similar to HB50 and HB26, respectively, but
are manufactured by Honeywell using Spectra® Il UHMWPE fibers. The grade SR3124
used a more compliant styrene based matrix, while SR3136 used a polyurethane based

matrix.

2.3. Laminate consolidation

UHMWRPE materials are difficult to attach to other materials. This arises from its
surface chemical inertness (lack of polarity and functional groups), very low friction
coefficient and low surface roughness [24-26]. The binding of a fiber to a matrix is a
necessity for stress-transfer into the fibers through the fiber/matrix interface [27]. Various
techniques can be used to improve adhesion which involve modifying the surface of the
fibers, e.g. corona-discharge treatments and chemical oxidation [25,26,28]. However,
they all reduce the fiber strength. For high-performance applications, binding of a fiber
with a chemically similar resin is achieved by van der Waals bonding between hydrogen
atoms on adjacent molecules at the fiber — matrix interface. For this to occur it is

necessary to bring the two phases into close proximity.

Typically, sheets of the fiber/resin pre-preg are stacked and exposed to a low

temperature, high pressure consolidation process. The temperature is raised above the
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flow temperature of the matrix to facilitate the distribution of the resin across the fibers
and between plies, as well as reducing voids within the laminate (investigated in depth in
Chapter 5). All laminates were consolidated by the following procedure unless otherwise
stated: Sections of pre-preg tape were stacked to desired thickness and lay-up. The pre-
preg stack was then positioned between two platens that had been pre-heated to 100 °C,
and a pressure of 20.6 MPa was applied. The temperature was increased to 127°C and
maintained for 15 minutes. The die/sample assembly was then cooled to 90°C, the
pressure released and the sample allowed to cool to ambient. This method was chosen

due to its use in the defense industry and recommendation by DSM.
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Chapter 3. Fiber and composite mechanical

response

This chapter presents the measured mechanical properties of the UHMWPE
materials. Only those properties that will be referenced in the subsequent chapters are
presented and discussed. UHMWPE fibers and the reinforced composite laminates made
from them are highly anisotropic, with tensile properties in the fiber direction orders of
magnitude greater than in the transverse direction (or in flexure and shear) [1-5]. Russell
et al. [1] have shown the tensile response of a [0°/90°] laminate is controlled by that of
the fiber and was ~800 MPa for the HB26 system. Karthikeyan et al. [2] measured
laminated composites with fibers at +45° to the tension axis to determine the in-plane
shear response of the matrix. The matrix shear failure strength was ~15 MPa for the

HB26 system, but only ~1.5 MPa for HB50 which used a different (softer) matrix.

Here, the tensile response of Dyneema® yarns (bundles of fibers) is measured first
and compared to the DSM reported fiber data. The tensile and inter-laminar shear

strengths of the Dyneema® and Spectra Shield® 11 laminates investigated later are then
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reported. An initial exploratory study of the dependence of inter-laminar shear strength
on through-thickness compression stress is also presented for the Dyneema® HB26
composite. This has been investigated because a strong dependence of shear strength
upon transverse compression stress has been reported for bulk polymers [6] and is
utilized in the indirect tension model of Attwood et al. [5]. The indirect tension model
also assumes that the Poisson ratio of a laminate is highly anisotropic, and so the Poisson
ratio of a unidirectional, [0°]45, HB26 laminate has been measured both parallel and
transverse to the fiber direction during out of plane compression. All the measurements
have been made under quasi-static loading. Russell et al. [1] have shown that the fiber
strength is independent of displacement rate, and in this dissertation the assumption is

implicitly carried forward to laminate properties.

3.1. Fiber tensile response

3.1.1.  Methodology

The very low shear strength and friction coefficient of UHMWPE fibers makes it
difficult to grip samples during mechanical testing. Russell et al. [1] developed a means
for doing this with single fibers, and showed that the ambient temperature tensile stress
strain response of the SK76 fiber was strain rate insensitive over the strain rate range 107
s t0 10° s™*. Therefore the tensile responses of yarns of Dyneema® SK76 and X131
measured at low rates and ambient temperature are representative of their properties
when impacted by a projectile. The fiber strength tests performed here were conducted by
sandwiching the ends of a yarn between two pieces of highly adherent tape, and clamping

the taped yarn ends in wedge-action grips equipped with serrated jaw faces. An Instron
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(Norwood, MA) model 4208 screw-driven mechanical testing machine equipped with a
2 kN load cell was then used to extend 100 mm long yarns at a nominal strain rate of

102 s

3.1.2. Results

A typical measured tensile stress versus applied nominal strain response for the
SK76 yarn is plotted in Figure 3.1. The response is consistent with that of a large body of
previous studies (see for example [1,7-9]). The tensile response is elastic-brittle with a
tensile elastic (Young’s) modulus of approximately 110 GPa and a tensile strength of
approximately 3.1 GPa. A similar response was seen for the X131 yarn. The average
strengths of 20 repeated tests were 3.2 + 0.2 GPa for the SK76 and 3.9 + 0.2 GPa for the
X131 yarn. This indicates that SK76 reinforced laminates such as HB26 and HB50, will
have a lower tensile strength than an X131 laminate if laminate strength is fiber
dominated. We also note that the strength values for a yarn are lower than those reported
for a fiber (Table 2.1). Fiber misalignment with the loading axis and fiber waviness
within the yarn leads to uneven loading of individual fibers in a yarn. Some fibers will
then carry a disproportionate share of the load, and prematurely fail. As a result, the

modulus and strength of the yarn is less than that of the fibers.
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Figure 3.1. A typical response of Dyneema® SK76 and X131 yarns when pulled in tension at a
nominal strain rate of 107 s™.

3.2. Laminate tensile response

3.2.1.  Methodology

Tensile testing of UHMWPE laminates commonly employs non-standardized

coupon geometries and gripping methodologies to overcome significant specimen slip at

the grips [1,10,11]. Here a test methodology proposed by Russell et al. [1] was modified

by using hydraulic grips and a hole free gripping area, Figure 3.2. The coupons were

milled from an eight ply, [0°/90°]4 consolidated plate sandwiched between sacrificial

pairs of aluminum plates. The outer 90° ply, whose fibers were transverse to the sample

longitudinal axis, were removed in the grip region to further reduce grip slip, and a pair

of hydraulic grips then applied a 50 MPa pressure to the gripped region of the coupon.

An Instron model 4208 mechanical testing machine extended the sample at a nominal

tensile strain rate of 10 s™ in the gauge section of the test coupon, and a laser

extensometer was used to measure the displacement of two reflective tags attached within

the gauge section.
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Figure 3.2. Cross-ply laminate sample design for measuring the tensile response. All dimensions

3.2.2. Results

are in millimeters.

A typical tensile stress versus strain response for a HB26 laminate is shown

Figure 3.3. It was approximately linear-elastic prior to the start of failure, which occurred

in multiple discrete steps, reaching a peak strength of about 820 MPa. Given that the

matrix contribution to the strength is negligible (given the low in-plane shear [2] and

through-thickness, Section 3.3.2, shear strengths), laminate plate theory [12] predicts that

the [0°/90°] laminate with 83% volume fraction fiber should have a strength of about

1.3 GPa based on the yarn measurements reported in Section 3.1.2. The reduction in

strength from that expected for the laminate given the yarn strengths is thought to be a

consequence of fiber waviness that developed in the laminate during fabrication: the

wavy fibers then straighten out during the loading which gives rise to non-uniform

loading of the constituent fibers of the composite.
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Figure 3.3. The measured laminate tensile response for each grade of material.

A typical tensile response for each of the other five material grades is also shown
in Figure 3.3. The response is fiber dominated. The SK76 fiber based HB26 and HB50
laminates have similar strengths and responses and are both weaker than X106 and X131
laminate grades which used higher strength SK90 and X131 fibers, respectively. The
Spectra Shield® I1 grades SR3124 and SR316 also have similar responses to Dyneema®
HB26. Table 2.2 tabulates the ply strength, which was calculated as twice the laminate

peak strength, for each laminate.

3.3. Inter-laminar shear

3.3.1.  Methodology

The inter-laminar shear strength, 7, was measured using a double-notch specimen
proposed by Liu et al. [4] and others [2,3,5], Figure 3.4(a). The sample design utilizes
three notches (here introduced into the coupon during the tape lay-up stage so as to

minimize coupon damage) to measure a through-the-thickness inter-laminar shear stress.
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Each [0°/90°]40 test coupon was 200 mm long by w = 20 mm wide, and had a gage
length, Ly = 20 mm. The test coupon was longitudinally extended at a displacement rate
of 1 mm min, and a laser extensometer measured the displacement of two reflective tags
adhered to either side of the coupon gage section. The inter-laminar shear stress, zzx, was
defined as 7y = Fx/(2wL,), where Fy is the measured tensile load and the factor of two
accounts for the shear loading occurring over two shear planes, as shown in Figure
3.4(b). The shear stress is presented as a function of Z-direction displacement between
the two laser tags on either side of the gauge length (Figure 3.4(a)) as shear strain could

not be determined from this experiment.
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Figure 3.4. (a) Cross-ply laminate sample design for determining the interlaminar shear strength.

(b) Magnified view of (a) identifying one of two shear planes. (¢) Modified shear test where a out
of plane compressive load is applied over the shear planes.
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3.3.2. Results

A representative inter-laminar shear stress verses displacement response for each
material is shown in Figure 3.5. For HB26, the stress is observed to monotonically
increase with displacement reaching a peak strength, 7o = 1.7 MPa. Continued
displacement was accompanied by a rapid decrease in load towards a plateau strength
near zero. Karthikeyan et al. [2] observed a similar response, and determined that at peak
load shear localizes to an undetermined thin layer on each of the shear planes. A similar
shear response was observed for the other five materials, Figure 3.5, and their average
peak strengths, 7o, (from five repeated tests with different samples) are included in Table
2.2 (the standard deviation of these measurements was 5 to 10%). The HB26 and SR3136
laminates embedded in the polyurethane based matrix had higher peak strengths than
those that used the styrene based matrix. The Dyneema® laminates HB50, X106 and

X131 utilized the same matrix, and had very similar strengths.
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Figure 3.5. The inter-laminar shear stress, 7z, plotted as a function of displacement in the X-
direction for each material.
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3.4. Shear strength dependence on compression

This section presents a preliminary study of the dependence of the inter-laminar

shear strength to out of plane compression for the HB26 laminates.

3.4.1.  Methodology

A mechanism for applying a transverse compression to an inter-laminar shear
strength test sample is shown in Figure 3.6. The external mechanism was designed to
apply a uniform Z-oriented load, F,, over the wLy area of the inter-laminar shear strength
sample, Figure 3.4(c). The load, F,, was measured by an Omega Engineering Inc.
(Stamford, CT) model LC307-1K load cell with a 13.3 kN capacity. The load was
manually applied using a screw-driven ram to press together three 304 steel plates, Figure
3.6(b). The inter-laminar shear sample was sandwiched between the first two plates and
the load cell was between the second and third plates. During the experiment, the sample
was first loaded in through thickness compression, and then the sample was pulled in

tension at a displacement rate of 1 mm min™.

(a) Sample i (b) Sus)%ort ay < Sample usy

rod “Top hat”  driven ram
l load cell

Screw
driven
ram

Load cell
wire S —
Screw

X
7 I driven ram Compressioni  Load cell —_—
platens | backing platen 50 mm

Figure 3.6. Load frame addition applies a compressive load, o, over the sample gauge section,
wLg, while the sample is pulled in tension. (a) shows an oblique view, while the view in (b) is
normal to the XZ plane.
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3.4.2. Results

The inter-laminar shear stress as a function of Z-component displacement for
HB26 under two compressive loadings, oz = 7 and 13 MPa, is shown in Figure 3.7(a). As
before, the stress increased with displacement, reached a peak and was followed by a
reduction in strength with further displacement. Figure 3.7(b) shows that the peak
strength linearly increased with applied compressive stress. The inter-laminar shear

strength almost doubled as the compressive stress, oz, was increased from 0 to 13 MPa.
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Figure 3.7. The influence of out of plane compression, oz, on (a) the inter-laminar shear stress,
7%, plotted as a function of displacement and (b) the shear strength, z, for HB26.

3.5. Compression of unidirectional laminates

3.5.1.  Methodology

Unidirectional [0°]45 laminates were fabricated from 0° ply HB26 pre-preg tape.
Laminate consolidation followed the same procedure outlined in Section 2.3, except the
pre-preg tape stack was heated and pressed in a pocket die to prevent lateral extrusion

and concomitant ply thinning. Compression samples with in-plane dimensions of L x L,
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were cut from the 2.8 mm thick laminated plate, Figure 3.8. Each sample was centered
between two platens of A2 tool steel. The sample/platen set-up was then centered
between the load frame platens of the screw driven testing machine equipped with a 50
kN load cell. The samples were compressed at a displacement rate of 0.6 mm min™. The
displacement was measured using a laser extensometer with laser tags attached to the

sample platens.

Stereo
configured
cameras

Figure 3.8. Schematic illustration of an L square unidirectional sample under uniform out of
plane compression.

3.5.1.1.  Digital image correlation

Poisson expansion due to the out of plane (Z-oriented) compressive loading was
measured using a three-dimensional digital image correlation (DIC) system. The system
tracks the displacement of a speckle pattern applied to a surface. Here the YZ surface
(normal to the fiber direction) was first spray painted white, followed by the application
of a stochastic pattern of 20-100 um diameter black dots that covered approximately 50%
of the surface area. A pair of 5 megapixel CCD cameras equipped with 50 mm lenses was
positioned in a stereo configuration to capture the speckle pattern coated HB26 surface,

Figure 3.8. A typical view captured by each camera is shown in Figure 3.9. Each black
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dot occupied approximately 50 pixels of a camera’s field of view, and the cameras were

synchronized to capture images at 0.25 s intervals.

Platen

Figure 3.9. The field of views as seen from (a) the left and (b) the right cameras of the speckle
coated YZ plane of an L = 10 mm, [0°]4s, unidirectional HB26 sample.

The DIC images were analyzed using Aramis v.6.3 (GOM mbH; Braunschweig,
Germany) 3D image correlation software. The software first divided the left image from
the stereo pair into interrogation areas (facets). Each facet was uniquely defined by the
speckle pattern encompassed within its 25 pixel x 25 pixel area, and each linear raster of
facets was spaced 15 pixels (125 um) apart. A calibration, using images taken of a NIST-
traceable CQ 15 mm x 12 mm calibration panel (GOM mbH), was used to identify each
facet in the right image and convert the facet location into the laboratory frame (X, Y, Z)
coordinate system. The locations of each facet were recorded for each image pair for the
sequence of video images, and the software then calculated the full-field displacements
and strains over the speckled surface as functions of time. Additional details can be found

in references [13,14].



42

3.5.2. Results

The measured engineering out of plane stress, oz, versus strain, €z, responses for
L =9 and 13 mm, [0°]4s HB26 samples are shown in Figure 3.10(a). The responses for
both sample sizes are similar: after an initial compliant response (believed to be due to
voids as discussed in Chapter 5), the stress linearly increases with strain before reaching a
local peak strength of approximately 20 MPa. After the peak, there was a slight reduction
in stress followed by significant hardening with increasing strain. Unloading curves in the
post-peak regime reveal minimal strain recovery which is indicative of significant
permanent deformation. Photographs taken normal to the YZ sample plane (along the
fiber axis) show the progressive deformation of an L = 13 mm sample, Figure 3.10(b).
Peak strength coincided with commencement of shear failure by the formation of shear
bands. This was followed by significant plastic expansion in the Y-direction, while the X-
direction suffered negligible plastic deformation; compare Figure 3.10(c) and (d). The
hardening behavior after the peak in strength is primarily due to this geometric effect, as
the stress was calculated using the original sample area. Furthermore, given failure
occurred by shear localization between fibers, the peak strength and hardening behavior
are believed to be primarily determined by the resin, similar to the situation encountered

during measurements of the inter-laminar shear strength in Section 3.3.
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Figure 3.10. (a) The measured nominal stress versus strain of [0°]4s, HB26 compression samples.

(b) An image sequence showing the deformation of the L = 13 mm sample. The view is normal to

the YZ plane. Images of the L = 13 mm sample, normal to the XY plane, are shown (c) before and
(d) after testing.
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A series of unloading curves were recorded in the regime prior to shear failure,
Figure 3.11(a) (for an L = 10 mm sample). The sample was observed to have in-
elastically deformed in this regime. Figure 3.11(b) plots the in-plane Y-component strain,
€y, determined from DIC measurements as a function of the out of plane (loading axis)
strain, ez. Note that both strain components were measured transverse to the fiber
direction. Therefore an approximate measure of the ply’s (elastic) transverse Poisson’s
ratio can be obtained from the slope —Aey /Ae, of the unload-reload portion of the curve.
This slope is in the range of 0.4 — 0.5, and subsequent models will use a transverse
Poisson’s ratio v,3 or vz = 0.5. Experiments performed in the regime after shear failure
show the ratio of strains increased to a value of 1 or greater. This value is expected to

depend greatly upon sample geometry in this plastic flow dominated regime.
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Figure 3.11. The compressive load-unload response of an L = 10 mm, [0°]4s, HB26 laminate in
the regime prior to shear failure. Plotted as functions of the compressive strain, e, are (a) the
compressive stress, oz, and (b) the transverse strains, ey and e.

Also plotted in Figure 3.11(b) is the strain in the fiber direction, ex. This was

estimated by dividing the DIC recorded displacement in the X-direction by half of the
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sample length L in the X-direction. The factor of ¥z accounts for an expected equal, but
opposite, displacement of the opposing YZ sample face. While unable to account for
rigid body motion, this method was preferred over measuring the surface displacement of
the XZ sample plane because of questionable adhesion of the outer fibers to the bulk
sample. The strain ex is observed to negligibly change with the out of plane strain, e;.
Subsequent models will approximate a unidirectional ply’s longitudinal Poisson’s ratio

(in the fiber direction) as v13 or vxz = 0.

3.6. Conclusions

This chapter has provided measurements of the mechanical properties that will be
used in subsequent chapters to analyze the response of the laminates studied here. The
laminates were highly anisotropic: ply tensile strengths in the fiber direction were 3 to 4
orders of magnitude greater than the inter-laminar shear strength. The tensile strength
was primarily controlled by the fiber strength, while the shear strength was a matrix
dominated property. A preliminary study of the compressive stress dependence of the
inter-laminar shear strength (in the low compression stress regime) showed it had a linear
out of plane compression pressure dependency. This behavior is believed to be active
during the out of plane compression of a cross-ply laminate (reviewed in detail in Chapter
5). The out of plane compression of the unidirectional laminate showed the laminate
failed by shear localization along planes of maximum shear which was followed by
extensive plastic (matrix) deformation. Poisson expansion in the fiber direction was
determined to be negligible, while pronounced expansion was observed transverse to the

fibers. This behavior will be contrasted to the compression response of a cross-ply
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laminate, where the anisotropic Poisson response activates the indirect tension

mechanism (Chapter 5).
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Chapter 4. Mechanisms of projectile penetration

in HB26 encapsulated aluminum structures?

The focus of this study is to elucidate the different mechanisms of ballistic impact
deformation and failure of UHMWPE fiber-reinforced polymer matrix composites in
model systems designed to reveal the fundamental micromechanisms. This was
approached by experimentally observing the penetration of four model systems impacted
by a 12.7 mm diameter spherical steel projectile. The four model targets were: (i) a bare
aluminum plate; (ii) the same plate fully encased in a 5.9 mm thick casing of Dyneema®;
(iii) the fully encased plate with a portion of the Dyneema® removed from the front face
so that the projectile directly impacted the Al plate; and (iv) the fully encased plate with a
portion of the Dyneema® removed from the rear face so that the projectile could exit the
Al plate without again interacting with the Dyneema®. A combination of synchronized
high speed photography with three cameras, together with post-test examination of the

targets via X-ray tomography and optical microscopy was used to elucidate the

2 A paper [1] assembled from the research in this chapter is in press with the International Journal of
Impact Engineering.
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deformation and perforation mechanisms. The measurements show that the ballistic
resistance of these targets increases in the order: bare Al plate, rear face cutout target,
fully encased target and front face cutout target. These observations are explained based
on the following key findings: (a) the ballistic performance of Dyneema® plates
supported on a foundation is inferior to Dyneema® plates supported around their edges;
(b) the apparent ballistic resistance of Dyneema® plates increases if the plates are given
an initial velocity prior to the impact by the projectile thereby reducing the relative
velocity between the Dyneema® plate and projectile; and (c) when the projectile is
fragmented prior to impact, the spatially and temporally distributed loading enhances the

ballistic resistance of the Dyneema®.

The outline of the chapter is as follows. First we describe the four different model
systems and the materials and fabrication methods. Next, the response of the four
different systems to impact by a hard steel sphere is described and compared. Finally,
these observations are assembled to elucidate the different perforation mechanisms of

fiber-reinforced plastic matrix composites.

4.1. Materials and sample fabrication

The dynamic response of Dyneema® HB26 was probed by utilizing variations in
the penetration mechanism of an aluminum plate when impacted by a hardened (low
ductility) chrome steel sphere of diameter 12.7 mm at various impact velocities. The
baseline target investigated in this study comprises a 6061T6 aluminum alloy plate
wrapped in grade HB26 Dyneema® as sketched in Figure 4.1(a). This is the same

Dyneema® grade used by Karthikeyan et al. [2] in their edge clamped plate impact study,
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and this study uses a similar thickness laminate to allow for appropriate comparisons.

However, unlike in [2] the wrapping of the Dyneema® employed here allowed us to avoid

using bolts for attaching the Dyneema® plates. Three additional variants of the baseline

targets are also investigated within this study in order to gain further insights into the

deformation and penetration mechanisms. The four types of targets were:

(i)

(i)

(i)

(iv)

The baseline fully encased target: this target comprised a 31.6 mm thick
606176 aluminum alloy plate wrapped in Dyneema® HB26 cross-ply
composite (Figure 4.1(a)).

The bare Al plate: a 31.6 mm thick 6061T6 aluminum alloy plate used to
characterize the ejecta impacting the rear laminate of the front face cutout
target (Figure 4.1(b)). A 63.5 mm thick 6061T6 aluminum alloy plate was
additionally characterized to understand the projectile/target interaction during
high impact velocity penetration.

The front face cutout target: a 30 x 30 mm central section was cut out from
the impacted face of the baseline target to understand the role of the
Dyneema® on the impacted face (Figure 4.1(c)).

The rear face cutout target: an 80 x 80 mm central section was cut out from
the distal face of the baseline target to understand the role of the Dyneema® on

the rear, or non-impacted, face (Figure 4.1(d)).
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Figure 4.1. Sketches of the four model targets employed in this study. (a) The baseline target with
the Al plate fully encased by Dyneema®, (b) the bare Al plate, (c) the front face cutout target and
(d) the rear face cutout target. All dimensions are shown in mm.

These four target designs enable us to (i) probe the behavior of both an edge
supported Dyneema® plate and a Dyneema® plate supported on a foundation when
impacted by a spherical projectile, and (ii) investigate the behavior of an edge supported
Dyneema® plate impacted by a fragmented projectile. We proceed to first describe the
materials used in the study and then describe the manufacturing processes and the

geometrical details.
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41.1. Materials

41.1.1. Dyneema® HB26
The HB26 grade composite comprises Dyneema® SK76 fibers in a polyurethane
matrix and was received as a [0°/90°], pre-preg tape with a fiber fraction of 83 wt.%.

Please refer to Section 2.2 for additional details.

4.1.1.2.  Aluminum plate

In all the Dyneema® wrapped targets used a 31.6 mm thick aluminum 6061 alloy
plate solutionized and aged to the T6 condition. Quasi-static tensile tests were conducted
on the 6061 plate material in the T6 condition. A typical tensile response at an initial
nominal strain rate of 10 s™ is shown in Figure 4.2. The measured Young’s modulus and
yield strength were 67 GPa and 305 MPa, respectively, and the alloy had an ultimate
tensile strength of 350 MPa at a tensile failure strain of 14%. Readers are referred to [3]
for the dynamic behavior of this alloy, including a Johnson Cook model fit of its

mechanical behavior.
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Figure 4.2. A typical true stress - strain uniaxial tensile of the 6061-T6 aluminum target material.
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4.1.1.3. Projectile
The projectile was a 12.7 mm diameter hardened 52100 chrome steel sphere, with
a mass of 8.4 g (CCR Products, West Hartford, CT). Quasi-static compression tests were
conducted on 6.35 mm diameter by 9.53 mm tall right circular cylinders cut from the
spheres by wire electrical discharge machining (EDM). A typical measured response at
an initial nominal strain rate of 10 s™ is shown in Figure 4.3. The measured Young’s
modulus, yield strength and compressive strength were 205 GPa, 2.4 GPa and 3.4 GPa,

respectively, and its measured hardness was 64 HRC (7.6 GPa).

— E=205GPa

Compressive true stress (GPa)
N
I
1

| | |
8.00 0.10 0.20 0.30
Compressive true strain

Figure 4.3. A typical true stress - strain response when compressing a right circular cylinder cut
from the 52100 spherical projectile.

4.1.2.  Sample fabrication

The three types of Dyneema® encapsulated samples are sketched in Figure 4.1.
Here the manufacturing process is briefly described. All three target types first involved

the manufacture of the baseline target as follows:
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Step I: The 136 mm x 132 mm x 31.6 mm thick rectangular Al plate had its edges
chamfered to a radius of 3 mm to reduce stress concentrations on the Dyneema®

wrapping (Figure 4.4(a)).

a . .
(a) 136 /=| Cut plate to dimension

and round all
sides and
corners.

Al 6061 T6

~ All radii = 3

(b) Wrap HB26 tape around plate,
alternating strips 1 and 2.

Lord 7542 A/B Dyneema
urethane adhesive HB26
(@ Consolidation:
P =20.6 MPa

T=127°C

Wrapped
panel

Figure 4.4. Fabrication of the Dyneema® encased aluminum panels using two strips of HB26
Dyneema® pre-preg tape. All dimensions are given in mm.

Step Il: Two strips of the HB26 pre-preg tape, one 136 mm wide (strip 1) and the
other 132 mm wide (strip 2), were cut in the 0°/90° fiber orientation to a length of 4
meters. The surface of strip 1 was bonded with a Lord grade 7542 A/B urethane adhesive

(Lord Corp., Cary, NC) to the rear surface of the aluminum plate, and strip 2 was
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adhesively bonded to the surface of Strip 1, but rotated 90° to the wrapping direction of
Strip 1; see Figure 4.4(b). The fibers in the outer ply of each strip were oriented parallel
to the sides of the rectangular aluminum plate. Each strip was then alternatively wrapped
around the aluminum plate eleven times without applying significant tension to the
tapes®. Referencing the outer ply of Strip 1 as the 0° orientation, the lay-up from the
aluminum surface on both the 136 mm x 132 mm faces was [(90°/0°),/(0°/90°),]11 with a
thickness of 5.9 mm. The lay-up on the four smaller sides was either [90°/0°], or

[0°/90°]2, and thus only half the thickness of that on the 136 mm x 132 mm faces.

Step 111: The Dyneema® wrapped samples were consolidated in a hot press using
a die, Figure 4.4(c). The procedure outlined in Section 2.3 was followed with the
exception of a 20 minute hold time at temperature and pressure instead of 15 minutes.

The final dimensions of the fully encased panel are indicated in Figure 4.1(a).

The front and rear face cutout targets as indicated in Figure 4.1 were prepared by
first manufacturing the baseline targets as described above and then removing a central
square of Dyneema® from one of the 136 mm x 132 mm faces using an abrasive wheel
attached to a rotary cutting tool. The front and rear face cutout samples had 30 mm x 30
mm and 80 mm x 80 mm regions of Dyneema®, respectively removed as shown in Figure
4.1. The aim was to cutout the minimum amount of Dyneema® wrapping so that the
projectile did not make contact with the Dyneema® casing on the impacted face in the

front face cutout targets. The rear face cutout had to be large enough to ensure that the

® The length of applied pre-preg material per strip was ~5 cm longer than calculated for a perfectly
tight wrap.
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wrapping on the rear face did not interact with the deformation of the rear surface of the

aluminum plate or projectile/target ejecta.

A black ink square grid pattern of grid size 12.7 mm was applied to the (white)
front and rear surfaces of all the Dyneema® encased samples. The grid was aligned with
the 0° and 90° fiber orientations and permitted dynamic tracking of Dyneema®

displacements via high speed photography during the impact events.

4.2. Impact test protocol

High speed ballistic impact tests were conducted by firing the 12.7 mm diameter
hardened steel spheres described in Section 4.1.1.3. The projectile impacted the targets
normally and centrally at velocities in the range 110 to 3300 m s™. The penetration
response of targets at these high velocities was not sensitive to the edge griping
conditions; the fixture sketched in Figure 4.5(a) was employed to hold the targets in

position during the tests.

(@) (b) _
Aluminum Timer / clock Cameras trigger box

Side ? Steel Paper break telncityrecorder) Oblique
pressure 254 screens front view
plate } 127 o0
N L) 412.7 @ High speed Oblique
~
o cameras
Sample ~L ; I \ rear view
127 IP

Steel

sphere 4 205 N]|

i E\ To debris catcher
All dimensions in mm 4 20x20 Mounted
sample in fixture

Sabot stripper l
Gun barrel
H

High speed camera
Profile view

Figure 4.5. Schematic illustration of (a) the test fixture used to grip the targets and (b) the
dynamic testing facility at Chesapeake Testing (Belcamp, MD) used to perform the ballistic
experiments.
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All impact tests with projectile impact velocities V; < 1700 m s™ were performed
at Chesapeake Testing (Belcamp, MD) using the setup sketched in Figure 4.5(b). Two
paper break screens were used to measure the projectile impact velocities, and three v.
7.3 Phantom high speed cameras (Wyane, NJ) were used to obtain simultaneous high
speed images of the profile, front and rear views of the sample. The images were
recorded using 1 ps exposure durations at a 20 ps inter-frame interval. In case the
projectile penetrated the target, the residual velocities V, were estimated from the images
of the profile camera to an accuracy of +2.5%. A debris catcher, consisting of compliant
unconsolidated Dyneema® pre-preg tape, was placed behind the targets in order to arrest
the projectile with minimal additional damage to the projectile. Recovered projectiles
were analyzed for damage and fragmentation. A few select tests at impact velocities in
excess of 1700 m s™ were performed at the University of California, Santa Barbara using
a light gas gun [4] with instrumentation and fixtures similar to those used at the

Chesapeake testing facility.

After impact, most of the samples were water jet sectioned along a central plane
to reveal internal damage. For any laminate that was partially perforated, the number of
surviving plies below the projectile was counted. Some samples were also examined by

high resolution X-ray computed tomography (XCT).

4.3. Impact response of targets

The measured impact velocity V; versus residual projectile/target ejecta (ejected
material from distal side of target) velocity V, responses of all four target types

investigated are plotted in Figure 4.6. In all cases the targets show a typical ballistic
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behavior wherein the projectile does not fully penetrate the target up to a critical velocity
referred to as the ballistic limit Vy,;, and V, = 0 for V; < Vy,. Just above the ballistic limit
the residual velocity of the projectile rises sharply and then V, increases more gradually
with further increases in V;. The ballistic limit Vy, increases in the order: bare Al target,
rear face cutout target, baseline fully encased target, and front face cutout target (with
highest ballistic resistance). While we would have anticipated that the bare Al target
would be the worst performing in terms of the ballistic limit, there are some non-intuitive

observations from these measurements:

Q) The front face cutout target has as higher ballistic limit compared to the
baseline fully encased target.

(i) The rear face cutout target has a significantly lower ballistic limit compared to
the fully encased target. In fact the ballistic limit of the rear face cutout target
was only about 100 m s™* higher that the bare Al target, and ejecta had a

higher residual velocity than the bare aluminum plate for V; > 1500 m s™.

These observations suggest that the Dyneema® on the front and rear of the Al
plate has profoundly different effects on the ballistic resistance of the targets. We proceed
to first describe in detail the penetration responses of the four target types and then use
these observations to explain the apparently anomalous behavior listed above and thereby

gain insight into the ballistic penetration mechanics of Dyneema® composites.
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Figure 4.6. Summary of the measured residual (exit) velocity V, of the projectile/ejecta as a
function of impact velocity V; for the four model targets.

4.3.1.  The bare aluminum plate

The ballistic limit of the 31.6 mm Al plate was significantly lower than the
Dyneema® encased targets. In order to characterize the deformation/fracture of the
projectile and aluminum plate over the larger impact velocity range investigated for the
encased targets, we first performed ballistic tests on 63.5 mm thick bare Al targets made
from the same 6061T6 aluminum used for the 31.6 mm Al plates. These thicker Al plates
had the same in-plane dimensions as the 31.6 mm plates and were impacted normally and
centrally by the same spherical steel projectile as described in Section 4.1.1.3. at
velocities V; in the range 700 to 3300 m s™. After the tests, the targets were water jet
sectioned through the center of the impact crater, and the depth of penetration (DOP)

measured from the bottom of the crater to the pre-impact location of the impact surface.
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In addition, the crater diameter was measured at the original location of the impact

surface.

The DOP and crater diameter are plotted in Figure 4.7 as functions of the
projectile impact velocity Vi. The DOP initially increased with impact velocity reaching a
local maximum of 42 mm at a V; of about 1700 m s™. It then declined to a minimum of
30 mm at an impact velocity of ~2100 ms™ before starting to rise once again and reaching
its previous maximum DOP value (attained at V; ~ 1700 m s) at a V; of about 3300 m s™.
Dehn [5] observed the same phenomena while investigating the DOP into semi-infinite
plates and rationalized them as follows. The impact generates dynamic stresses within the
projectile that scale with impact velocity and, at a sufficiently high impact velocity,
termed the fracture threshold, the stresses surpass the strength of the projectile resulting
in projectile fracture. Further increases in V; increase the number of the fragments and
these fragments begin to spatially spread. Above a critical velocity, termed the shatter
threshold [5], the increased loading area from the severely fragmented projectile causes
the DOP to rapidly decrease with increasing impact velocity, and is accompanied by
increases in the crater diameter. Eventually the DOP begins to rise once again, as the
impact becomes a predominantly hydrodynamic event, and the V; range over which the
DOP shows a dip is referred to as the shatter gap [5]. We observe from Figure 4.7 that
our projectile/aluminum system has a shatter threshold at ~1700 m s™*. Examination of
the recovered projectiles revealed a fracture threshold velocity in the range of 1100 m s™
to 1150 m s™ after a DOP of ~25 mm. Therefore, we will be able to exploit the
fragmentation of the projectile, and accompanying fragment dispersion, with our

31.6 mm plate when impacted at velocities above V; ~1150 m s™.
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Figure 4.7. The measured depth of penetration and crater diameter as a function of impact
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Figure 4.8. Photographs of 31.6 mm thick bare aluminum plates impacted at (a) V; = 1090 m s™,
(b) V; = 1360 ms™, (c) Vi = 1530 ms™ and (d) V; = 1647 ms™ and sectioned along a central plane.
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With the understanding of the projectile fragmentation gained from the DOP
measurements on the thick Al targets, let us now revisit the ballistic measurements of the
31.6 mm thick Al targets in Figure 4.6. Sections through the tested targets at four selected
impact velocities, V;, are included in Figure 4.8. At V; = 1090 m s = Vi, Figure 4.8(a),
the section shows that the spherical projectile is intact within the target and a small plug
is ejected from the target with a residual velocity of about 65 m s™. With increases in V;,
the spherical projectile exits the target and a cylindrical cavity is left behind in the target.
The diameter of this cavity increases with V; as evident from Figure 4.8 and this is
quantified in Figure 4.9, where the measured crater diameter at mid-plate thickness is
plotted as a function of V;. Note that the crater diameter was equal to the projectile
diameter at low impact velocities but increased quadratically for velocities above the
projectile fracture threshold of ~1150 m s; this is attributed to the spreading of the
loading caused by the fragmentation of the projectile. Moreover, the cavity develops an
increasingly ‘hour glass’ profile and the inner surface of the cavity changes its texture;
below this shatter threshold the inner surface of the cavity is smooth (see Figure 4.8(a)
and (b)) but at the higher impact velocities scaling of the inner surface of the cylindrical
cavity is observed. This scaling is attributed to abrasion from the fragmented projectile as
it penetrated the target. A second effect of projectile shattering was the leveling-off of the
projectile/ejecta residual velocity (Figure 4.6) as the shatter threshold, V; ~ 1700 m s™,
was approached. It is thus evident that projectile fragmentation is a potent mechanism to
defeat an incoming projectile, and the application of Dyneema® to exploit this will be

made evident in the analysis of the Dyneema® encased targets.
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Figure 4.9. The measured crater diameter in the Al plates of the different targets as a function of
impact velocity for the four model targets. The state of the projectile is indicated in each case.

A sequence of high speed images showing the dynamic deformation and
penetration of the 31.6 mm thick Al plate impacted at V; = 1300 m s™ and 1610 m s™ are
shown in Figure 4.10(a) and (b), respectively. Figure 4.10(a) shows a profile view, and
the view in Figure 4.10(b) is the so-called dead man’s view (i.e. normal to the rear face).
Time stamps are included in Figure 4.10 with t = 0 corresponding to the instant that the
projectile impacts the target. In both cases, a bulge is seen to form on the rear surface of
the Al plate prior to the exit of the projectile/projectile fragments. The diameter of this
bulge is significantly larger than the diameter of the projectile and increases from about
20 mm in the V; = 1300 m s to approximately 34 mm in the 1610 m s™ case. This
suggests that the bulging Al plate can serve as an effective load spreader. This effect too
will be exploited in the Dyneema® encased targets to help increase the ballistic resistance

of the targets.
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Figure 4.10. High speed image sequences showing the deformation of the bare 31.6mm thick Al
target impacted at (a) V; = 1300 m s and (b) V; = 1610 ms™* . The images in (a) are of a profile
view of the rear of the target while (b) shows an oblique view of the rear surface. Timet =0
corresponds to the instant that the projectile impacts the front face.
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4.3.2.  The front face cutout target

In this design, the projectile directly impacts the Al plate and then penetrates
through the Al plate before interacting with the rear Dyneema® face. The impact versus
residual velocity plot in Figure 4.6 shows that targets with the front face cutout have the
highest ballistic limit of all the targets considered here. Moreover, after a sharp rise in
the residual velocity just above the ballistic limit, V, plateaus-out, or even decreases, with
increasing V; over the range of impact velocities considered here. As the projectile
directly impacts the bare Al plate and penetrates through this plate before interacting with
the Dyneema® it is unsurprising that the crater diameter versus V; relation for this target is
identical to that for the bare Al target, Figure 4.9. We also anticipate that similar to the
bare Al target, the projectile incident upon this target shatters upon impact with the Al

front face for impact velocities in excess of about V; ~1150 m s™.

The superior performance of this target design is understood by considering the
case of impact at V; = 1430 m s™, which is just below the ballistic limit. X-ray computed
tomographic (XCT) reconstructed images of the center of the rear Dyneema® face are
shown in Figure 4.11; in Figure 4.11(a) a sketch illustrating the region being imaged is
shown while in Figure 4.11(b) and (c) the XCT images on two orthogonal planes are
included. It is clear that (i) the projectile that has impacted the rear Dyneema® face is
fragmented, (ii) this fragmented projectile is arrested after it has broken/penetrated more
than half of the Dyneema® plies of the rear face laminate and (iii) the impacted area of
the fragmented projectile with the rear laminate is larger than that of an intact projectile.
In Section 4.3.3, similar levels of penetration of the rear Dyneema® laminate are shown to

occur in the fully encased target, but at a lower impact velocity V; = 1360 m s™.
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However, in this case the projectile remained intact when it exited the Al plate and
impacted the rear Dyneema® face. Thus, we argued that fragmentation of the projectile
caused by the direct impact of the projectile against the high impedance Al face is the

primary cause for the superior performance of the front face cutout targets.

Projectile Failed

_fragement\ plies I\":"

Figure 4.11. (a) A spatial reference for interpretation of the X-ray images shown in (b) and (c) of
the rear Dyneema® laminate from a front face cutout target impacted at V; = 1430 m s™. The
white areas and bright streaks are beam hardening artifacts®.

High speed images of the deformation of the front face cutout target impacted at
Vi=1430 ms™ are shown in Figure 4.12 with the images in Figure 4.12(a) showing the
deformation of the rear face via a side profile, while Figure 4.12(b) and (c) show oblique
views of the rear and front faces, respectively. The images are time synchronized, and

time marks are indicated on the images, with t’' = 0 corresponding to the instant that the

* High atomic weight materials preferentially absorb low energy x-rays causing a shift of the
polychromatic beam to a higher mean x-ray energy. Therefore, x-ray absorption per unit length is most
potent for shorter beam paths through a given material. The result is bright streaks at the edge of an object.
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deflection of the rear Dyneema® face commenced. Recall that prior to the projectile
breaking through the Al plate, the Al plate bulges and petals, Figure 4.10. This bulging of
the Al plate initiates the motion of the rear Dyneema® face, and it is thus surmised that

t" =0 corresponds to the initiation of the bulging of the rear of the Al plate rather than the
impact of the projectile/projectile fragments on the rear Dyneema® face. The side profile
of the rear Dyneema® face shows a triangular profile with the base of the triangle and the
height of the triangle increasing with time. The two hinges at the base of the triangle each
moved outwards towards the edge of the plate at a speed of approximately 300 m s™.
From the oblique rear view, Figure 4.12(b), the deflected profile is seen to be pyramidal
in shape, with the ridges of the pyramid deflection (lines of pyramidal face pair contact)
aligned with the 0°/90° fiber orientations. Thus, the deformation of the Dyneema®
laminate is highly anisotropic with the hinges travelling significantly faster along the
fiber directions (which are aligned with the black marker lines) compared to their
velocity at 45° to these lines. These observations are all consistent with those reported in

[2] for a Dyneema® laminate directly impacted by a spherical projectile.
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Figure 4.12. Synchronized high speed image sequences of the front face cutout target impacted at
Vi = 1430 m s™. Three different views are shown: (a) a profile view, and oblique views of the (b)
rear and (c) front surfaces. A 12.7 mm spaced grid pattern is drawn on the Dyneema®. The
rectangular box in shown in (c) to indicate the position of the cutout section from the front face.
Time t' = 0 corresponds to the instant that the deformation of the rear Dyneema® face initiates.
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Note that very large transverse deflections of the Dyneema® rear face are seen in
Figure 4.12. In Section 4.3.3.1. we shall shown that these large out-of-plane deflections
of the Dyneema® laminate are not primarily due to the straining of the Dyneema®
laminate, but rather to pull-in of the Dyneema® from the sides and front of the target.
This pull is evident in oblique front view images, Figure 4.12(c)°, where the grid lines
curve near the cutout section of the Dyneema® (within the region indicated by the arrows)

as the Dyneema® is pulled to accommodate the transverse deflection of the rear face.

4.3.3.  The baseline fully encased target

The measured residual velocity of the projectile/ejecta versus projectile impact
velocity plotted in Figure 4.6 shows that fully encasing the Al plate in Dyneema® results
in a ballistic performance superior to the bare Al plate but inferior to the front face cutout
target. Moreover, unlike the bare Al plate and the front face cutout targets, the residual
velocity does not plateau out, but continues to increase approximately linearly with V; up
to the highest (1600 m s™) impact velocity investigated here. Further, the crater diameter
plotted as a function of V; in Figure 4.9 clearly shows that for a given impact velocity, a
cylindrical cavity with a smaller diameter is formed in the fully encased targets compared
to the bare Al plates or the front face cutout targets; a difference that increases with

increasing V;.

® The bright flash in the front face high speed photographs is due to impact luminescence when the
projectile impacts the bare Al plate.
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Figure 4.13. Photographs of the baseline fully encased target impacted at (a) V; = 800 m s™, (b)
Vi = 1220 ms™ and (c) Vi = 1360 m s™* and sectioned along a central plane. A magnified view of
the region around the arrested projectile from (c) is shown in (d). The images have been
annotated to highlight salient features.

These observations are rationalized by noting that the Dyneema® on the front face
acts as a low impedance “soft” surface to the incoming projectile. This results in the
shatter threshold increasing significantly beyond the V; ~ 1150 m s™ value of the bare Al
plate (as in the case of the bare Al plate or the front face cutout targets). This increase in
the shatter threshold is confirmed in Figure 4.13 where photographs of sections through
the mid-plane of the fully encased targets are shown for three V; values below the ballistic
limit. It is clear that even for the case of V; = 1360 m s the projectile remains intact in
the fully encased target while the projectile had fragmented at a lower impact velocity for
the front face cutout target (recall Figure 4.11). The retention of a spherical projectile has

three consequences:
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Q) A cylindrical cavity of smaller diameter is created in the Al plate as the
loading remains concentrated.

(i)  The loading on the rear Dyneema® laminate is mainly via the intact spherical
projectile compared to the distributed loading by the fragmented projectile in
the front face cutout target. This reduces the ability of the Dyneema® rear face
to arrest the projectile.

(iii)  Since the projectile remains intact, the residual velocity does not plateau out
for the values of V; reached here. We anticipate that at higher impact
velocities, where the shatter threshold for a Dyneema® faced Al plate is

attained, a plateauing of the residual velocity would be observed.

By comparing the ballistic performance of the front face cutout and fully encased
targets it is clear that while the Dyneema® on the front face aids in reducing the velocity
of the incoming projectile®, this front face Dyneema® effectively reduces the ability of the
rear face Dyneema® to catch the projectile by keeping the projectile intact. Overall, this
detrimental effect of the front face Dyneema® is larger and hence the fully encased

targets have a lower ballistic performance compared to the front face cutout targets.

® The role of the Dyneema® on the front face in reducing the velocity of the incoming projectile will be
made explicit in Sections 4.3.4 and 4.4.1 where the rear face cutout target is discussed.
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Figure 4.14. (a) The measured transverse deflection J of the mid-span of the Dyneema® rear face,
(b) the pull-in length, £, and (c) deformed rear laminate length L of the baseline fully encased
target as function of time t' for three select values of the impact velocity. The original length Ly
of the undeformed laminate is indicated in (b), and time t' = 0 corresponds to the instant that the
deformation of the rear Dyneema® face initiates.
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4.3.3.1. Extension of the Dyneema® plies

The transverse deflection dpeax Of the mid-span of the Dyneema® rear face is
plotted in Figure 4.14(a) as a function of time t' for three select values of the impact
velocity Vi. The very large transverse deflections (maximum deflections dmax = 30 mm
over a span of Lo ~ 130 mm) suggest that the extensional strains in the Dyneema® plies
are ~ 2(dmax /Lo)* = 46% which is far in excess of the dynamic Dyneema® fiber failure
strains reported in [6]. The reason for this discrepancy is that in making the above
extensional strain estimate we assume that the rear Dyneema® face is rigidly held at the
edges of the plate and does not pull in. However, the oblique high-speed images in Figure
4.15(b) (note the deformed grid pattern near the sample edges) show that the grid pattern
on the rear face near the edges translates and that the Dyneema® is pulled inwards from
the edges by the mechanism sketched in Figure 4.15(a). This pull-in needs to be corrected
for in order to make an accurate estimate of the actual extensional strain within the plies

of the rear Dyneema® face.
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Figure 4.15. Schematic showing (a) the pull-in of the Dyneema® encasing around the Al plate
which results in large deflections of the rear Dyneema® face and (b) the definition of the pull-in
length ¢ and deformed rear laminate length L as measured from the fiducial markers on the rear
Dyneema® face.

Consider the cross-sectional sketch of the rear Dyneema® face in Figure 4.15(b),
where we have indicated the position of a fiducial marker near the edge of the plate in
both the undeformed and transient deformed configurations. The grid lines on the rear
face serve as these fiducial markers, and we choose grid lines that are initially spaced a
distance Lo apart. As the Dyneema® is pulled-in from the front face towards the rear,
these fiducial markers move inwards by #; and ¢,, respectively such that the total pull-in
distance £ = ¢, + £,. The section of the Dyneema® rear face of initial length Lo has
changed to a length L; in the deformed configuration, where L; is the arc-length between
the fiducial markers in the deformed configuration. The technique used to measure ¢ and

L; from the oblique and profile high speed image views is detailed in the Appendix B.
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The measured values of L; and £ as a function of time t’ are plotted in Figure
4.14(b) and (c), respectively, for three values of the impact velocity V;. It is clear that
within experimental error L; < 1.03L, throughout the deformation history. This clearly
shows that the extension of the Dyneema® plies is no more than the measured dynamic
failure strain of the Dyneema® yarns by Russell et al. [6]. However, ¢ increases
monotonically with t’ (Figure 4.14(c)), and thus it is concluded that the large deflections
of the rear face are largely accommodated by pull-in at the edges rather than just elastic

extensional straining of the Dyneema® plies.

4.3.4.  The rear face cutout target

The rear face cutout targets had a significantly lower ballistic performance
compared to the fully encased or front face cutout targets (Figure 4.6). In fact, the
ballistic limit was only 100 m s™ higher than the bare Al plates. This can be understood in
terms of the insights gained from the discussions in Sections 4.3.1 to 4.3.3. Recall that the
key to the superior performance of the front face cutout targets stemmed from the
projectile fragmenting upon impacting the bare Al plate at high velocities. These spatially
and temporally dispersed fragments then penetrate through the Al plate and subsequently
impact the rear laminate. When Dyneema® was added on the front face, as seen with the
fully encased target, the projectile did not fragment, and thus the aluminum plate and rear
laminate of this target were loaded by the intact projectile, which applied a highly
localized pressure to the Dyneema® laminate. This resulted in a reduced ballistic

performance compared to the front face cut out target.
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The rear face cutout target does not invoke any of the mechanisms that enhance
the ballistic performance of the targets, viz. it has Dyneema® on the front face that
prevents the fragmentation of the projectile and it does not have a Dyneema® rear face to
catch the projectile that exits the Al plate. This is clearly seen in the high speed images of
Figure 4.16 which show an oblique view of the rear face of the rear face cutout target

impacted at V; = 1420 m s™. An intact projectile exits the target after penetrating through

the Al plate.
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Figure 4.16. High speed images showing an oblique view of the deformation of the rear surface
of the rear face cut out specimen impacted at V; = 1420 m s™. A 12.7 mm spaced grid pattern is
drawn on the Dyneema®. Time t = 0 corresponds to the instant that the projectile impacts the
target.
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4.4, Discussion of Dyneema penetration mechanisms

The three different types of Dyneema® encased targets investigated above have
revealed that Dyneema® on the front and the rear face have rather contrasting effects on
the ballistic resistance of the targets. In order to better understand these effects we
proceed to quantify the ballistic performance of the Dyneema® faces in these samples
using a methodology introduced by Karthikeyan et al. [2] which quantifies the

progressive failure of the Dyneema®.
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Figure 4.17. Schematic of the setup used by Karthikeyan et al. [2] to measure the ballistic
performance of HB26 Dyneema® plates impacted by a 12.7mm diameter steel sphere.

Let us begin by first summarizing the results of Karthikeyan et al. [2] who
impacted 150 mm square, ~6 mm thick, edge clamped HB26 Dyneema® plates by a 12.7
mm diameter spherical steel ball as sketched in Figure 4.17. Karthikeyan et al. [2]
observed that penetration of the Dyneema® plate by this spherical projectile occurred in a
progressive manner such that an increasing number of plies fractured directly under the
impact site with increasing impact velocity until all plies fractured at the ballistic limit to

allow the projectile to perforate the plate. The measurements of Karthikeyan et al. [2] are
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replotted in Figure 4.18(b) in terms of the fraction of perforated plies in the laminate
versus the projectile impact velocity V. Ply fracture in the edge clamped plate initiated at
an impact velocity V; ~ 250 m s, and the fraction of plies perforated then increased with
V; until all plies had fractured under the projectile at the ballistic limit of about 445 m s™.
We emphasize that in the experiments of Karthikeyan et al. [2] no measurable

deformation of the projectile occurred over the entire velocity range investigated.
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Figure 4.18. The measured (a) projectile/ejecta residual velocity (circles —o—) and (b) fraction of
perforated plies (squares —o—) as a function of the velocity impacting the laminate on the front

and rear sides of the targets. In (b) we include data of a similar thickness edge clamped HB26
plate data from [2].

The HB26 plates investigated by Karthikeyan et al. [2] are comparable in terms of
size and areal mass to the Dyneema® front and rear face laminates of the targets studied

here. Moreover, the projectile used by Karthikeyan et al. [2] was identical to the
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projectile used in this study, and we can therefore directly compare our measurements
with those of Karthikeyan et al. [2]. In order to make these comparisons we note that the

Dyneema® faces in the targets used here fall into two categories:

Q) The Dyneema® on the front face (in the fully encased and rear face cutout
targets) is back supported by the Al plate and cannot undergo significant
transverse deflection as illustrated in Figure 4.19(a).

(i)  The Dyneema® on the rear face (in the fully encased and front face cutout
targets) can deflect under the projectile and pull in from the edges as
illustrated in Figure 4.19(b); this case is expected to be very similar to the

situation in the experiments of Karthikeyan et al. [2].

Thus each of these will be considered in turn.

4.4.1. Dyneema plates resting on a strong foundation

Impact experiments on the fully encased and rear face cutout targets at impact
velocities much below the ballistic limit were used to measure the penetration response of
the Dyneema® on the front faces of these targets and thereby infer the response of
Dyneema® plates resting on a strong foundation. The measured fraction of plies
penetrated in these tests as a function of V; is included in Figure 4.18(b). It is clear that
the projectile penetrates the supported Dyneema® plate with relative ease. The plies of the
plate begin to perforate by V; ~ 110 m s™* with complete perforation of the plate (i.e.
ballistic limit) being attained at V; ~ 200 m s™. These values are at least a factor of two
less than those measured by Karthikeyan et al. [2] for an edge clamped plate as seen

clearly in Figure 4.18(b).
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Figure 4.19. (a) Schematic showing the sequence of events for the perforation of the Dyneema®
on the front face of the model targets. (b) Schematic illustrating the pull-in of the Dyneema® as
the projectile impacts the rear Dyneema® face of the model targets. Magnified views of this
impact event by either an intact or fragmented projectile are included. (c) A photograph of the
central section through the fully encased specimen impacted at V; = 110 m s™ showing the partial
perforation of the Dyneema® front laminate.

A photograph of a central section through the fully encased specimen impacted at

Vi = 110 m s* showing the partially perforated front Dyneema® face is included in Figure
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4.19(c). It is clear that the perforation occurred with negligible deformation of the
supporting Al plate. We thus conclude that the fiber stretching mechanism proposed by
Phoenix and Porwal [7] could not have been activated during this impact event as the
Dyneema® plate was unable to deflect in a string-like mode as sketched in Figure 1.4.
Rather, fracture of the Dyneema® plies seems to have occurred under compressive
loading by the projectile via the indirect tension mechanism analyzed by Attwood et al.
[8] (and initially hypothesized by Woodward et al. [9]). In this mechanism the applied
transverse compressive stress results in shear stress forming between the alternating 0°
and 90° plies due to the anisotropic deformation nature of these plies. These shear
stresses generate fiber tension via a shear lag mechanism, and it is this fiber tension that

we hypothesize causes the perforation of the plies as indicated in Figure 4.19(a).

4.4.2. Edge supported Dyneema® plates

The rear faces of the fully encased and front face cutout targets are impacted by
the projectile/ejecta that comes through the Al plate. Thus, in order to make a fair
comparison we define V; to be the velocity of the projectile/ejecta that impacts this rear
Dyneema® face. For a given projectile velocity V; the corresponding velocity Vi is

estimated as follows:

Q) Fully encased targets: The projectile in these targets first penetrates the
Dyneema® on the front face and then the Al plate before it impacts the
Dyneema® rear face. Thus for a given V;, Vi  is given by the residual velocity
of the projectile as it exits the rear face cut-out targets. We thus calculated V;
by interpolating the residual velocity data for the rear face cutout targets in

Figure 4.6.
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(i) Front face cutout targets: The projectile impacting these targets only
penetrates the Al plate before it impacts the Dyneema® rear face. Thus for a
given V;, V; is given by the residual velocity of the projectile as it exits the
bare Al targets. We thus calculated V;" by interpolating the residual velocity

data for the bare Al targets in Figure 4.6.

The measurements of the fraction of the perforated plies of the rear Dyneema®
faces as a function of V;" are included in Figure 4.18(b) for both the fully encased and
front face cutout targets. Intriguingly the two sample types do not overlap and also differ
from those of Karthikeyan et al. [2]. We thus discuss them in turn to clarify the

mechanisms responsible for these discrepancies.

Fully encased target: The ballistic response is very similar to that observed by
Karthikeyan et al. [2] until approximately 40% of the plies are penetrated. Subsequently,
the rear Dyneema® face of the fully encased target seems to have an enhanced ballistic
performance compared to the plates of Karthikeyan et al. [2], i.e. the rear Dyneema® face
of the fully encased target needs to be impacted at a higher velocity to achieve the same
level of perforation as in [2]. To rationalize this, consider the sketch in Figure 4.20(a)
where the penetration of the projectile through the fully encased target is illustrated.
Following the high speed images in Figure 4.16, we expect that the Al plate bulges at the
rear prior to the projectile breaking through. This large radius of curvature bulging of the
Al plate results in the rear Dyneema® face acquiring a velocity and deflecting prior to
impact by the projectile that emerges through the bulge. This is indicated in Figure
4.20(b), where we sketch the mid-span deflection dyea Of the rear Dyneema® face as a

function of time t'. The point at which the projectile impacts the Dyneema® face is also
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indicated (red circles) and the slope of the dyeak Versus t' curve at this instant is the
velocity of the Dyneema® face at the instant of impact; we refer to this velocity as 8.
With increasing V; (and consequently V;), 8, increases and the relative velocity between
the projectile and plate at the instant of impact, V;* — 8pincreases at a slower rate in these
fully encased specimens compared to that in the Karthikeyan et al. [2] experiments where
the Dyneema® plate was always stationary prior to impact. The key driver to perforation
of the Dyneema® plate is the relative velocity between the projectile and the Dyneema®
plate. Recall that we have plotted the perforation of the Dyneema® in terms of the impact
velocity Vi or Vi rather than relative velocity between the Dyneema® and the projectile. It
is this choice of loading parameter’ that gives the impression of the higher ballistic
performance of the rear Dyneema® face in the fully encased target compared to
experiments of Karthikeyan et al. [2]. The opportunity to pre-accelerate the Dyneema®
plate into motion prior to the impact of the projectile enhances the ballistic performance
of the Dyneema® and is a feature that might be exploitable in the design of composite

protection systems.

" We are unable to directly measure the relative velocity V; — 8D and thus have shown all the results in
terms of the impact velocity V; or Vv,
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Figure 4.20. (a) A schematic illustrating the penetration of the projectile through the fully
encased target showing the bulging of the rear surface of the Al plate which accelerates the
Dyneema® rear face prior to impact by the projectile. (b) A schematic illustrating the deflection,
Opeak, Of the rear Dyneema® face as a function of time t'. The point at which the projectile impacts
the Dyneema® is indicated (red circles) and the slope of the Opeax versus t' at that instant is
denoted by §,.

Front face cutout targets: The ballistic resistance of the rear face of these targets
in terms of the fraction of plies perforated versus impact velocity is considerably superior
to the experiments of Karthikeyan et al. [2] as well as the corresponding laminate in the

fully encased targets. This superior performance arises for two reasons:

Q) Similar to the fully encased targets, the rear Dyneema® face acquires some
velocity prior to the impact of the projectile/ejecta.

(i) Asdiscussed in Sections 4.4.1 and 4.4.2, the projectile upon impact with the
bare Al front face shatters, and it is this fragmented projectile along with any
ejecta from the Al plate that impacts the rear Dyneema® face. The difference
between the interaction of the intact projectile and the fragmented projectile

with the Dyneema® laminate is sketched in Figure 4.19(b), where the
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fragmented projectile provides a more spatially distributed load on the
Dyneema® face. The more distributed load will exert a lower interfacial
pressure on the Dyneema® for the same impact velocity and thus the ballistic

performance of the Dyneema® face is enhanced.

4.4.3. Residual velocity of the projectile/ejecta

The residual ejecta velocity V, exiting the rear laminates is plotted as a function of
impact velocity Vi in Figure 4.18(a). Data is only included from the fully encased and
front face cutout targets of this study as (a) the ejecta from the front Dyneema® face then
interacts with the Al plate making it hard to estimate V, exiting the Dyneema® plate and
(b) data of V. is not available from the study of Karthikeyan et al. [2]. The data for V, in
Figure 4.18(b) is obtained readily from Figure 4.6 by converting Vi to V;" as detailed
above. In both cases, just above the ballistic limit, the projectile exit velocity increases
sharply and then proceeds to increase with increasing V; at an approximately linear rate
(with slope greater than unity). The diminishing penetration resistance of a laminate
impacted above its ballistic limit has been previously reported [10,11]. Interestingly, the
residual velocity from the front face cutout target’s rear laminate at a V; just above its
higher Vy, rises sharply to eventually meet the V, from the fully encased target at the same

V;. The reasons for this remain unclear.

4.5. Concluding remarks

We have designed four model targets to elucidate the perforation/penetration

mechanisms in Dyneema® HB26 composites in a penetration resistant structure. The four
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targets were: (i) a bare Al plate; (ii) the aluminum plate fully encased in about a 6mm
thick casing of Dyneema®; (iii) the fully encased plate with a portion of the Dyneema®
removed from the front face so that the projectile impacts directly the Al plate and (iv)
the fully encased plate with a portion of the Dyneema® removed from the rear face so that
the projectile can exit the Al plate without again interacting with the Dyneema®. The
measurements show that the ballistic performance of these targets increases in the order:
bare Al plate, rear face cutout plate, fully encased plates, and the front face cutout plate
having the highest ballistic resistance. A combination of synchronized high speed
photography (with three cameras) together with post-test examination of the target via
high resolution X-ray tomography was used elucidate the deformation and perforation
mechanisms and explain the above mentioned ballistic performance rankings. The

primary mechanisms revealed by the analysis are as follows:

o Penetration of Dyneema® laminates supported on either a foundation or edge
restrained occurs by the progressive fracture of fiber plies under the projectile.
The number of fractured plies increased with impact velocity.

e The ballistic performance of Dyneema® laminates supported on a foundation
is significantly lower (ballistic limit is lower by nearly a factor of two)
compared to edge restrained plates.

e When Dyneema® laminates were pre-accelerated to an initial velocity prior to
the impact of the projectile (in our case by the large radius of curvature bulge
of the Al plate against the rear Dyneema® face), the apparent ballistic

performance of the Dyneema® laminate was enhanced. This was due to a
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lowering of the relative velocity between the plate and the projectile (and thus
the applied pressure) for a given projectile velocity.

o Fragmentation and concomitant spatial and temporal dispersion of the
projectile by an intervening aluminum plate increased the ballistic limit of the
laminate by distributing the interfacial forces between the projectile and
laminate over a larger area, thereby reducing the contact pressure.

o Placement of the low impedance Dyneema® laminate on the front face of the
targets delays the onset of projectile fragmentation. This resulted in targets
with Dyneema® on their strike faces having a reduced ballistic performance at

higher impact velocities.

Finally we conclude by noting that the simple model targets designed here have
elucidated mechanisms that show how a fiber-reinforced polymer matrix composite can
have both beneficial and detrimental effects on the ballistic resistance of targets. The
suppression of the indirect tension mechanism by both pre-accelerating the laminate and
dispersing the impact momentum provides an insight into how best to deploy a polymer
matrix composite in a multi-material structure. A model target that uses these design
parameters will be covered in Chapter 6. Lastly, a fuller understanding of these
mechanisms is still needed, and particularly for the indirect tension mechanism, which is

further explored in the following chapter.
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Chapter 5. Defect Dependent Transverse
Compressive Strength of Ballistic Grade
Polyethylene Fiber Laminates®

The impact study on the HB26 encased aluminum target (Chapter 4) showed the
ballistic impact of a foundation supported [0°/90°] laminate results in penetration of the
polymer composite even though transverse (out of plane) deflection of the laminate, with
concomitant membrane stretching, is inhibited. The fibers break beneath the projectile,
where only a strongly compressive force is being applied. The recent analysis by Atwood
et al. [2] of the uniform compression of [0°/90°] laminates revealed a mechanism where
the applied compressive stress loads plies in their fiber direction causing them to fail in
tension. This indirect tension of fiber loading was previously introduced and explained to
be due to a result of the high anisotropy in lateral (Poisson) strains transverse and parallel
to the fiber direction of a unidirectional fiber reinforced ply (see Section 3.5), Figure

5.1(h).

& A paper [1] assembled from the work presented in this chapter has been submitted for publication to
the International Journal of Solids and Structures.
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Figure 5.1. (a) Schematic illustration of an L square by H thick sample under uniform
compression. Compressive and resultant tensile stresses scale with the red color shading. (b)
Schematic illustration of plies within a cross-ply laminate under a uniform compressive stress, o,.
Poisson lateral expansion in the fiber direction is much less than that transverse to the fibers. (c)
Schematic illustrations of the stress within the composite predicted by the shear lag model.
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When these unidirectional plies are stacked in a [0°/90°], arrangement, the high
lateral strain transverse to the fibers in one ply, loads the longitudinal fibers in the plies
above and below in tension via a shear lag mechanism, Figure 5.1(c). When the tensile
stress in a ply reaches the ply tensile strength, catastrophic ply failure (with large load
drops under constant displacement rate loading) occurs. This failure event for a [0°/90°]go
laminate was capture by a high-speed camera (v.1610 Phantom, Vision Research Inc.,
Wayne, NJ) and an image sequence of the event is shown in Figure 5.2. It is notably
different from the failure behavior observed when unidirectional laminates were
uniformly compressed, Figure 3.10(b), and reveals the importance of lay-up for the

activation of the indirect tension mechanism.

Figure 5.2. High-speed image sequence of the failure of a [0°/90°]g, laminate loaded in out of
plane uniform compression. An exposure time 0.83 s was used.

The model also predicts that this limiting condition for fiber failure can only be

reached when the lateral dimensions of samples exceed twice the shear lag distance. The



92

existence of the shear lag, a region of non-uniform stress transfer, has been observed with
pressure sensitive film (layered grades of HS and HHS Fujifilm Prescale, Fujifilm Corp.,
Japan) placed between the sample and plate, Figure 5.3. The shear lag region leads to a
predicted sample dimension dependence to the compressive strength that has been
observed in experiments [2]. The model also predicts that reducing the thickness of the
unidirectional ply, or increasing the matrix flow resistance also increases the compressive
strength and supporting experimental evidence for this has also been reported [2]. A

simplified form of the model is presented in Section 5.2.
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Figure 5.3.Contour plots of the pressure between a 10 mm thick x 30 mm x 30 mm X131 sample

and the loading platen after application of a nominal compressive stress of (a) 100 MPa and (b)

200 MPa. The length of the shear lag region is marked. For brevity, only a 15 mm corner section
of the specimen is shown.

However, during experimental studies of the compression of UHMWPE
composites conducted in parallel with the development of the indirect tension model, it
became clear that both the compressive strength of laminates, and the variability in their
strength depended upon the thickness a laminate. This feature of the compressive
response is not predicted by the indirect tension model. Here we first investigate the
through-thickness uniform compression response of UHMWPE fiber laminates as a

function of both the in-plane sample dimension, L, and sample thickness, H. We find that
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thin laminates fail to reach their predicted strength, and link the strength reduction to
increases in acoustic emission well before final (catastrophic) failure. We then use a
variety of optical, ultrasonic and X-ray techniques to characterize these materials and
identify the presence of a variety of defects. One of these is an elongated void that results
from missing fibers, or groups of fibers, in a unidirectional ply. These findings prompted
additional compression studies, including pressure distribution experiments, and tests
using a bimodal ply thickness distribution. We show that missing fiber defects result in
non-uniform loading of the samples, and a simple statistical model can be used to show
that this is consistent with the measured thickness dependent compressive strength of

UHMWPE fiber reinforced laminates.

5.1. Materials and fabrication

5.1.1.  Material Types

This study focuses upon the compressive response, and characterizes the structure
of, a representative grade HB26 Dyneema® UHMWPE fiber-polymer matrix composite,
whose properties were discussed in Section 2.2. It is a non-woven composite, with a
Dyneema® SK76 fiber volume fraction of 83%, and utilizes a polyurethane resin for the
matrix. To explore the generality of the phenomena discovered here, we also investigated
the five other [0°/90°] UHMWPE fiber composite laminates introduced in Section 2.2.
Table 2.2 tabulates the constituent materials, architecture and mechanical properties of all

six laminate grades.
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5.1.2. Laminate fabrication

It will be shown below that all the tapes contained defects that extended a
considerable distance in the fiber direction. To avoid stacking such defects close to each
other in a laminate, 100 mm by 100 mm square sections of tape, with their sides in the
fiber orientations, were cut from a 1.6m by 1.6m sheet of tape® and stacked to preserve
the [0°/90°] tape architecture in a specific sequence as follows. A 100 mm by 100 mm
grid was drawn over the full area of the tape, and the bottom left corner segment labeled
section (1, 1) was selected as the first tape section in the stack. The diagonal (2, 2)
segment was used for the second layer, (3, 3) for the third and so on until segment (15,
15) had been added. Segment (1, 2) was then inserted and the diagonal sequence
continued. The number of plies, N (= 2n), needed to form various thickness [0°/90°],

laminates is tabulated in Table 5.1.

The stack of tapes was then placed in grade 1578 nylon bagging film (Fibre Glast
Development Corp., OH, USA), that had been coated with grade 1153 FibRelease®
release agent (Fibre Glast Development Corp.) and inserted between two 3 mm thick
ground steel plates'®. This pressing kit was then positioned between two platens that had
been pre-heated to 100 °C, and the high-pressure, warm compaction procedure outlined

in Section 2.3.

° We note that the tapes contain a small number of fusion joints, resin splotches, and isolated patches
of disarranged fibers on the surface. Care was taken not to sample these defects during laminate fabrication.
19 The steel plate ensured a smooth pressed laminate surface, and the coated nylon film minimized

laminate adhesion to the pressing surfaces.
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Table 5.1. Ply count to nominal thickness table for [0°/90°]n laminates.

Laminate grade  Thickness = Number of

(mm) plies, N n

HB26, HB50, 1 16 8
SR3124, 5 80 40
SR3136 10 160 80

e L, 240 120

X106, X131 1 24 12

5 120 60
10 240 120

Two techniques were used to cut smaller samples from the pressed laminates: i)
Samples thinner than 2 mm were cut using either a sharp razor blade or a bench-top sheet
metal shear; ii) thicker samples were cut on a band saw after the laminate had been

clamped between two 1.5 mm thick sacrificial plates of aluminum.

5.2. Review of the indirect tension model

To aid in analyzing the results, this section presents a summary of Atwood et al.’s
[2] analytical model for predicting the response of Dyneema® cross-ply laminates under
uniform compression. The model is based on a ply’s lateral strain anisotropy during
through thickness compression, resulting in greater expansion strains transverse to the
fibers than in the fiber direction (see the measurements in Sections 3.5 for substantiation),
Figure 5.1(b). To maintain equilibrium between neighboring 0°/90° plies, a ply is placed
in tension in the fiber orientation, with an equal compressive stress in the in-plane
transverse direction, i.e. g,, = —0y4, Figure 5.1(c). A Tresca yield criterion is invoked
that predicts yield will occur along the plane of maximum shear when the shear strength,

7, is reached, i.e. T = |o; — a3|/2, where the stresses 41 and o3 are the major and minor
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principal stresses. From Sections 3.5, we expect shear will occur along the plane normal
to the fiber direction, i.e. the xx3 plane, and thus o; = 05, and o3 = 035. Furthermore
the shear strength is assumed to linearly increase with X»X3 in-plane pressure, which is
commonly observed in polymers and was verified in Section 3.4 at low pressures. The

dependence is given as:

T =1 — u(oy, + 033)/2 (5-1)
where 1 is the shear yield strength in the absence of pressure and u is the pressure
sensitivity. Without directly measuring the shear strength at high pressures, the pressure
sensitivity the parameter was used by Attwood et al. [2] as a fitting coefficient to the

compressive strength data and has a value of near 0.05.

The dependence of the out-of-plane transverse strain, 33, upon transverse stress,

o33, can then be found to be given by:

( o V2E
33 - f ], 0= 033 = 0'33,3
_ E, Ef + Ep, (5-2)
33 033(1 — p) + 27, Er (1-v)] 2to(1—v) _
L [1 2— ] — , otherwise
Er(1+w En(1-wl En1-p

where the transversely isotropic elastic constants of the ply are the Young’s
moduli in the fiber directions, E;, the Young’s moduli in the transverse directions, Ep, and
the transverse Poisson’s ratio v = v,3. We showed in Section 3.5 that the Poisson’s
expansion in longitudinal direction vi, = v13 = 0, and assumed that no plastic deformation

could occur in the fiber direction. The out of plane laminate yield strength is given by:

A N P ? 5-3
033 = 1—pu <1+E_m)(1_.u)_v (5-3)
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When o713 equals the ply tensile strength, o1, the compressive peak strength, o,

(given as a positive value) is reached and given by:

0o __ 1 4
o; —1_M[of(1+y)+210] (5-4)

For finite sized samples, a shear lag increases the stress from zero at the edge of
the sample to a constant state of stress in the center of the sample, Figure 5.1(c). The

shear lag length, ys, was given by:

Koy

_h—l [1 (5-5)

where h is the ply thickness. At tensile failure, the shear lag length, y, =
¥s(011 = ay), and the compressive peak strength (also given as a positive value) for a

finite length sample is:

1
o; = m(l ——) [af(l +u) + ZTO]
(5-6)

Ly 2y uo

where a = 2u/(1 — ). It follows that L = 2y is the minimum sample length

that will fail in tension.

5.3. Transverse compressive strength

Compression samples with in-plane dimensions of L x L, were cut from laminated

plates of thickness, H, Figure 5.1(a). Each sample was centered between two 50 mm long
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x 50 mm wide x 20 mm thick platens of A2 tool steel. The platens had been hardened to
64 HRC and ground to an average surface roughness (Ra) of 0.5 um. The platen face
planarity was periodically tested using pressure sensitive films (grade HS Fujifilm
Prescale, Fujifilm Corp., Japan), to confirm uniform contact across a sample. The
sample/platen set-up was then centered between the load frame platens of a mechanical
testing machine. For samples whose compressive failure force was less than 300 kN, an
Instron (Norwood, MA) model 4208 equipped with either a 50 kN or a 300 kN load cell
was used. For samples whose failure force exceeded this load, a Baldwin 1.33 MN
universal testing machine was used. Duplicate samples were tested on each frame to
ensure that they gave similar results. The samples were compressed at a displacement rate
of 0.5 mm min™’. The displacement was measured using a laser extensometer with laser
tags attached to the sample platens. Both the normal stress, a,,, and strain, &,, were
recorded, and the peak compressive nominal strength, omax, determined for each sample.
A minimum of five specimens were tested for each combination of material, sample

length, L, and thickness, H.

During each compression test, acoustic emission (AE) was continuously
monitored to detect stress waves that were generated by abrupt material failure processes
[3]. The thin sample size, and explosive nature of failure, precluded attachment of AE
transducers directly to the sample. Instead a (model R15a , Physical Acoustics Corp;
Princeton Jct., NJ) 150 kHz resonant piezoelectric transducer was attached to the side of
the bottom sample platen with Dow Corning high vacuum grease couplant, Figure 5.1(a).
A model 1220 2/4/6 pre-amplifier, with 20 kHz high-pass filter, amplified the signal by

20 dB. A PCI-2 18-bit A/D data acquisition system with an effective band-pass filter of
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20 kHz to 400 kHz was then used to record the pre-amplified signal at a sampling rate of
1 MHz. The PAC AE-win acquisition software then analyzed the signal to identify
discrete events. As a compromise between capturing new acoustic events and minimizing
the recording of a previous event’s reverberation as a new event, the event duration and
lockout time parameters were set to 1200 us and 600 ps respectively. Since tensile
UHMWPE fiber failure has been shown to be a high amplitude (>80dB) event compared
to other failure mechanisms (matrix deformation, fiber-matrix debonding and
delamination) [4,5], the event threshold was set at 78 dB to avoid non-fiber failure related

events.
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Figure 5.4. Transverse compression strength, oma, plotted as a function of sample length, L, for
all laminate grades. Scatter is seen in the measured strength as well as significant deviation from
predicted values for thinner laminates at large coupon sizes.
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The through thickness compressive strength, omax, Of 16 ply [0°/90°]s HB26
laminates are plotted as a function of sample length L in Figure 5.4(a). Each dark blue
square represents a single tested sample. The solid black line is the predicted compressive
strength using Eq. ( 5-6) using the ply values summarized in Table 2.2.*! The dashed
black line is the predicted plateau compressive strength, ¢;°, for an infinitely large
sample using Eq. ( 5-4). The measured values compare well with the predictions for
samples starting with lengths near the shear lag limit (L > 2y; ~ 5 mm as given by Eq. (
5-5)) and extending to L = 15 mm. However, the strengths of larger samples tended to

plateau omax = 1.1 GPa, which is much lower than the prediction ¢;° = 1.9 GPa.

The transverse compressive strength results for 16 ply [0°/90°]s HB50 laminates
(dark blue squares) are shown in Figure 5.4(b). For this more compliant matrix laminate,
the data are again consistent with the model predicted increase in strength with sample
size, but again the experimental data fall below the predicted strength for samples with L
> 15 mm. Similar trends were also apparent for the thinner ply, and smaller diameter
fiber Dyneema® grades X106 and X131, Figure 5.4(c) and (d), and for the Honeywell
Spectra® laminates SR3124 and SR3136, Figure 5.4(e) and (f). The results of additional
experiments with thicker [0°/90°],, laminates with n = 12, 40, 80, 120 and 240 are shown
on Figure 5.4 and indicate that the maximum strength approached model predictions as

the laminate thickness increased.

Typical nominal stress-strain responses of three L = 12 mm, 16 ply HB26 samples

are shown in Figure 5.5(a). For the first sample (shown in black), the stress, oy,

1 For the predictions, the value of the pressure sensitivity coefficient x was fit to the H=1 mm, L < 15
mm data set. The same value of x was used for the HB26, HB50, SR3124 and SR3136 and slightly
depressed values were used for X106 and X131, as shown in Table 1.
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monotonically increased with strain, to a strain, e, = 0.2. The sample catastrophically
failed at a nominal stress, omax = 1.13 GPa. Failure was highly energetic with ejection of
fractured plies from the edges of the sample, and a very loud single AE event, with an
amplitude of 115 dB. Atwood et al. [2] reported a similar loading response and
catastrophic failure mode. The second sample, shown by the green curve, followed a
similar loading path as the first, but failed at a lower stress of 1.05 GPa. A smaller 89 dB
AE event was released just prior to the catastrophic 116 dB event. The third sample,
shown in red, had three distinct >114 dB amplitude AE events with two occurring almost
simultaneously and coinciding with a drop in stress at o, = 0.86 GPa. The sample stress
then recovered, but only reached a value of omax = 0.88 GPa before catastrophic failure
and release of a third, and final, AE event. Given the very high amplitude (>78dB) of
these AE events, we associate them with local tensile failure of plies, and the rapid
redistribution of stress to surrounding un-failed material. Furthermore, AE events with

amplitudes >110 dB coincided with a detectable drop in nominal stress.
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Figure 5.5. The nominal transverse compressive stress, o,, and the amplitude of acoustic
emission (AE) events are plotted against nominal strain, &,, for three L = 12 mm [0°/90°]s HB26
samples. (b) The compressive strength, omax, 0f [0°/90°]s HB26 samples are plotted as a function

of the number of AE events.

In Figure 5.5(b) we plot for each sample both the total number of AE events prior
to final failure (light grey circles), and the number of smaller amplitude events < 110 dB
(dark grey circles) prior to final failure as functions of compressive strength, omax; the
number of large events (=110 dB) is therefore the difference between these two data
points. For the L = 12 mm size samples, those reaching the highest recorded strength omax

= 1.13 GPa released no AE emissions prior to final failure. However, as the strength
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decreased, the total number AE events increased. Furthermore, the sample with the
lowest strength, omax = 0.87 GPa, released only two AE events prior to final failure, but
both registered above 110 dB. Similar results are seen for sample sizes of L = 6, 9, and
15 mm. Hence, low strength values are correlated with increased numbers of AE events,

with large amplitude events being especially detrimental to peak strength.

The number of AE events prior to final failure for 240 ply thick, HB26, HB50,
X106 and X131 grade laminates is shown as a function of compressive strength in,
Figure 5.6. In general, the number of AE events is again correlated with a reduction in
laminate transverse compressive strength. It is also evident that the number of AE events
for the experimental grades, X106 and X131, was greater than for the commercial grades,
HB26 and HB50, Figure 5.6(a). Furthermore, both experimental grades registered more
numerous large (2110 dB) AE events, while only two lower strength HB26 samples, and
none of the HB50 samples, registered any, Figure 5.6(b). Of the two experimental grades,
X131 registered more large, as well as total, AE events, and X131 which never attained
its predicted strength, Figure 5.4(c), always had two or more large AE events prior to

final failure.
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Figure 5.6. Plots of (a) the total AE events prior to final failure and (b) large AE events 2110 dB
prior to final failure as functions of compressive strength, omax, for L = 20 mm, thick [0°/90°] 150
laminates.

5.4. Defect characterization

Optical imaging: A cross hatch pattern of light and dark contrast can usually be
observed upon visual inspection of UHMWPE fiber reinforced tape. The first defect
visualization method therefore digitally imaged the transmission of light through the
thickness of a 170 mm x 170 mm laminated plate. Both thin [0°/90°]g and much thicker
[0°/90°]s0 laminates were prepared for each material grade. Each plate was positioned in
front of a diffuse white light source, and the central 150 mm x 150 mm region was
photographed with a Nikon D7000 DSLR camera mounted with a Micro-Nikkor 105 mm
/2.8 lens. Using Adobe Photoshop, the white and black levels of the digital optical

transmission image were adjusted to enhance the contrast.

A photograph taken with optical transmission through a [0°/90°]g HB26 laminate
is shown in Figure 5.7(a). Numerous light and dark bands are aligned with the X- and Y-

fiber directions, and typically span the entire 150 mm x 150 mm image window. Similar
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observations can be seen in the other [0°/90°]s laminates, Figure 5.7(b-f). The bands are
present in the smaller diameter fiber X106 and X131 laminates, but their width is much
smaller making them more difficult to observe, Figure 5.7(c) and (d). The Spectra
Shield® laminates SR3124 and SR3136, Figure 5.7(e) and (f), are qualitatively similar to
HB50 and HB26 counterparts. It is also evident that the crossing of two orthogonal light
grey bands, results in an intersection of similar shade. However, the crossing of two
darker grey bands results in a darker grey intersection, consistent with the notion that the

dark streaks contain defects that scatter light.
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Figure 5.7. Optical backlit photographs of [0°/90°]s laminated plates of UHMWPE fiber

The optical transmission of thicker, 120 ply laminates was also investigated,
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Figure 5.8. The images also contain printed brand and logo information which was

and dark contrast bands are still clearly present, but compared with the 16 ply HB26

laminate, Figure 5.7(a), the number of bands and their level of contrast are reduced,
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distributed widely across the tapes from which the samples were constructed. The light
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Figure 5.8(a). Similar observations apply to the other five grades shown in Figure 5.8(b-

f), and their 16 ply counterparts, Figure 5.7(b-f).

(a) HB26

¥

(d) X131

(e) SR3124 (f) SR3136

Figure 5.8. Optical transmission photographs of [0°/90°]eo laminated plates. The manufacture’s
printed brand identifiers are marked.

Ultrasonic C-scan: The thinner, [0°/90°]s, 170 mm x 170 mm plates used for
optical transmission imaging were also examined with ultrasonic attenuation C-scan
imaging. Normally an ultrasonic couplant, such as water, is used to reduce the acoustic

impedance mismatch (and surface reflection coefficient) between the medium supporting
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the incident signal and the sample. However, the ingress of the couplant into surface
opening defects within the sample can occur, and reduce their signal attenuation
contribution. Instead an air-coupled non-contact ultrasonic inspection technique was
performed using facilities at QMI, Inc. (Huntington Beach, CA, USA). The tests were
conducted with a QMI Sondal 007CX Airscan instrument, using a pair of 225 kHz
Airscan transducers. The receiver’s gain and attenuation settings were adjusted to change
the average received transmission signal to 80% of the receiver’s saturation limit. The
relative transmitted amplitude was recorded as the sample was translated in 1.016 mm
steps over the X-Y plane. The amplitude data is then presented as an image at the same

magnification and sample orientation used for optical transmission characterization.

An ultrasonic C-scan of the same area of thel6 ply HB26 laminate examined
optically (Figure 5.7(a)) is shown Figure 5.9(a). The light and dark contrast bands
running the full length and width of the sample are again present, and in the same
locations as the optical image. However, the lower spatial resolution of the ultrasonic
image has led to an increase in the width of the bands, and some narrow bands were not
resolved. Ultrasonic C-scan images of the 16 ply HB50, X131 and SR3136 laminates are
shown in Figure 5.9(b-d) and are similar to the HB26 sample. It is concluded that the
defects responsible for attenuating light transmission also attenuate the propagation of
ultrasonic pulses through the thickness of the laminate. Similar highly elongated (>150
mm) and narrow (<5 mm) defects have been reported in other studies of these materials

using ultrasonic transmission and terahertz radiation imaging [6,7].
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Figure 5.9. Ultrasonic transmission amplitude contour maps of the same [0°/90°]s UHMWPE
laminates shown in Figure 5.7.

Micro x-ray computed tomography: To gain insight into the origin of the contrast
variations, we conducted uXCT scans of low and high light (and ultrasound) attenuating
regions in a 16 ply HB26 laminate. This technique images local changes in a materials
density. We used an Xradia (Pleasanton, CA, USA) model uXCT-200, and rotated
samples while collecting a series of 2D x-ray radiographs which were then reconstructed
to obtain a three-dimensional image of the sample. The instrument was equipped with a
10x magnification lens, allowing analysis of a 1.3 mm diameter by 1.3 mm long
cylindrical volume with a voxel size of 1.365 um. Samples 8 mm x 8 mm in dimension
were cut from [0°/90°]g plates at an orientation of + 45° to the plies. Each sample was

placed between the x-ray source and detector, with its plies oriented + 45° to the axis of
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rotation*?. The sample was rotated in 0.06° steps from -92° to 92° (at 0°, the plate normal
was aligned with the x-ray path), and the series of x-ray projections reconstructed using
Xradia’s TXM Reconstructor software package. The computed volume was then
visualized and analyzed with Avizo Fire v. 7 (FEI Visualization Sciences Group)

software.

A YZ-plane (laminate cross-section) tomogram of a low attenuation region is
shown in Figure 5.10(a). The small diameter darker grey circles in the 0° plies are fibers
running in and out of the plane of the image. The lighter grey regions located between the
fibers is the matrix. The fibers in the 90° plies were more difficult to visualize, in part

because they meander in and out of the observation plane.

12 practice revealed improved reconstruction results with smaller samples and resolution of the fibers
in both 0° and 90° plies by angling of the plies in relation to the x-ray path.
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(d) High attenuation region: YZ plane
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Figure 5.10. MicroXCT orthogonal cross-sections of a [0°/90°]s HB26 laminate through a
region of low optical attenuation (a-c) and a region of high attenuation (d-f).

The low attenuation of the laminate contained periodically distributed, vertically
oriented (Z-direction) cracks. One such crack is identified by an arrow. An orthogonal

cross-section image through this crack is shown in Figure 5.10(b). The crack in this
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image appears as a region of black and white pixels, which is representative of no
material (a void) and a scanning artifact, respectively. Figure 5.10(c) shows a three-
dimensional view of three orthogonal planes, where the voids have been isolated using
the procedure described in Appendix C and rendered blue. One of the cracks propagating
in the X-direction has been resolved in 3D. It is apparent the crack is only a fraction of a
fiber diameter in crack opening displacement. These cracks resulted in a voided region
volume fraction of about 3% existing throughout the composite. We identify these flaws
as tunnel cracks [8,9] that form upon cooling after consolidation, as a result of the
substantial anisotropy in thermal expansion coefficient of a ply [10,11]. The negative
coefficient of thermal expansion in the fiber direction results in thermal elongation of the
ply during cooling while the substantial positive coefficient of thermal expansion in the
transverse directions (combined with a very low transverse tensile strength of the ply)
results in thermal contraction (and fracture) upon cooling. This transverse contraction is

impeded by the plies above and below, leading to the array of tunnel cracks.

A uXCT cross-sectional reconstruction of a high attenuating region is shown in
Figure 5.10(d). While tunnel cracks are still present, the region has a higher concentration
of voids (about 10 vol.%) and a different type of defect that is elongated in the Y-
direction and located at the interface of two plies (its location is identified by an arrow).
An orthogonal cross-section through the elongated void is shown in Figure 5.10(¢e). The
two cross-section images are consistent with a cylindrically shaped void whose long axis
is parallel with the fiber direction in a ply. An absent fiber and insufficient matrix flow
during consolidation would form such a void. It is not a delamination between plies as

Figure 5.10(d) may have otherwise suggested. A magnified image of the region marked
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by a square box in Figure 5.10(d) is shown in Figure 5.10(f). Several of oval-shaped
voids can be seen in two 0° plies. The plies appear poorly compacted rather than
delaminated, because they are locally thinner than the average ply thickness h = 67 um.
From these observations it is concluded that plies have regions of missing fibers that
result in long fiber-oriented voids. These voids provide optical and ultrasonic scattering
surfaces, and their presence is therefore consistent with the source of the defects observed

in previous optical and ultrasonic images.

It is clear from the uXCT observations that voids at different ply interfaces
through a laminates thickness can sometimes overlap. To quantify this, the X-ray
tomograms have been analyzed for the HB26 laminate and a histogram of the total
thickness of voids summed through the laminate’s thickness (in the Z-direction) is plotted
in Figure 5.11 for both low- and highly-attenuating regions shown in Figure 5.10. The
total void thickness is binned in increments of 6.825 um. The relative frequency was
then determined from the area occupied within a binned thickness range, normalized by
the total area analyzed in the X -Y plane. For a low-attenuating region, the average total
void thickness was 26 + 18 um, Figure 5.11(a). In high-attenuation regions, the total void
thickness was approximately normally distributed, with an average thickness of 100 +
26 pum, Figure 5.11(c). Since a 16 ply HB26 laminate is about 1 mm thick, Figure
5.11(b), about 10% of the laminate’s thickness consisted of voids in high attenuation
regions, but only 3% of the thickness consisted of tunnel crack type voids in a low-
attenuation region. Additionally, the total thickness of voids for both sampled volumes

was substantially greater than the variance in laminate thickness, Figure 5.11(b) and (d).
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Figure 5.11. Histograms of the total void thickness and laminate thickness for regions of low
optical attenuation (in Figure 5.10) are shown in (a) and (b). (c) and (d) show analogous data for

high attenuation regions.

To investigate the origin of the high attenuation region voids, we have examined

the as-received HB26 [0°/90°], tape prior to its consolidation. A backlit optical image of

such a tape is shown in Figure 5.12(a). The cross-hatched light and darker contrast bands

can be clearly seen. An x-ray radiograph of the region marked by the square box in

Figure 5.12(a) is shown in Figure 5.12(b). The bright white cross-hatching aligns with the

dark contrast bands in the Figure 5.12(a). In-plane cross-sectional uXCT reconstructions

of the same area are shown in Figure 5.12(c) and (d) and reveal the prominent white lines
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in Figure 5.12(b) to be phase contrast artifact located at material-void interfaces. The
large void identified by the arrow in Figure 5.12(c) is shown to correspond to a missing
group of ~8 fibers (2 fibers thick and 4 fibers wide) in Figure 5.12(e) and (f). Thus the
origin of the missing fibers, and subsequent voids in the laminates, is traceable to missing
fiber defects in the tape. Furthermore, the defects create variability in the ply thickness,
and, while hot-pressing of the tape causes some rearrangement of fibers to fill some of
the missing fiber voids, the volume of voids remains quite large in the conventionally
pressed laminate. Of further note, the location of voids seems equally as probable in the
internal two plies as the external two, further confirming that the defects arise during

fabrication of the unidirectional plies.
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Figure 5.12. (a) Backlit optical transmission image of an unconsolidated HB26 tape. (b) A
radiograph of the region highlighted in part a. (c-f) Reconstructed uXCT orthogonal cross-
sections of the region highlighted in part a.
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5.5. Pressure distribution, tunnel crack healing and ply

thickness distributions

To explore how the presence of missing fiber defects affected mechanical
behavior, we first investigated the distribution of pressure over a laminate’s loading area.
We used grade HS, Fujifilm Prescale pressure sensitive film*® to record local pressures
between 50 and 200 MPa at the surface of a compressed laminate. The film was placed
between a 16 ply L = 30 mm HB26 laminate and the test rig compression platen. An
optical transmission photograph of the laminate’s central 27 mm x 27 mm region is
shown in Figure 5.13(a). The sample was then loaded to ¢, = 100 MPa, held for 20
seconds and unloaded. Figure 5.13(b) shows a pressure map for the central 27 mm x 27

mm region.

3 Red ink is released from microcapsules at a rate dependent upon the local pressure. The intensity of
the pressure is proportional to the intensity of the color. After exposure, the film was scanned using an
Epson Perfection V500 Photo Scanner at a resolution of 2400 dpi. The pixel intensity of values of the green
channel values were compared to a calibration curve to create a pressure map.
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(b) Pressure map, 0,=100MPa  (c) Pressure map, o, = 300 MPa
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Figure 5.13. (a) Backlit photograph of a pristine L = 30 mm, thin [0°/90°]s HB26 laminate test
sample. Pressure sensitive film read after compressive loading to a nominal stress of (b) ¢, = 100
MPa and (c) o, = 300 MPa. Simulations of the backlit image (c) and pressure maps (e and f) are

shown along the bottom row.

The pressure is highly non-uniform, with large areas exposed to <50 MPa of
pressure and other small areas to >200 MPa. The low pressure bands are aligned with the
X-and Y- fiber directions, and lower pressure regions existed at intersections of the low
pressure bands. The persistence of these low pressure regions was tested by reloading the
sample, with a new pressure film, to , = 300 MPa, Figure 5.13(c). While the majority of
the area surpassed the 200 MPa saturation limit of the film, portions of the low-pressure
nodes were still present, with some registering a local pressure <50MPa. The location of

the low pressure regions were well correlated with the dark regions in the optical
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transmission image of the sample taken before testing, Figure 5.13(a). This indicates that
the high optical (and ultrasonic attenuation) regions, which were shown by uXCT to
contain high void concentrations due to missing fibers, are locations of significantly

reduced load carrying capacity.

The pressure distribution of a thick, 240 ply, HB26 laminate has also been
investigated. The optical image of the sample’s central region again indicated the
presence of fiber aligned high attenuation bands, Figure 5.14(a). These were well
correlated with low pressure regions recorded by the pressure film after loading the
sample to o, = 100 MPa, Figure 5.14(b). However, the pressure distribution was more
uniform (more centered around 100 MPa) than the thinner laminate. Subsequent loading
of the sample to o, = 300 MPa completely saturated the pressure film, indicating that no
area registered a pressure below 200 MPa. It therefore appears that increasing the

laminate thickness, improves the uniformity of load support.
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Figure 5.14. (a) Backlit photograph of a pristine L = 30 mm, thick [0°/90°],2, HB26 laminate test

sample. Pressure sensitive film readings from uniform compressive loading to a nominal stress of

(b) o, = 100 MPa and (c) o, = 300 MPa. Simulations of the backlit image (c) and pressure maps
(e and f) are shown along the bottom row.

Figure 5.15(a) shows a uXCT cross-sectional view of an HB26 sample showing the
numerous tunnel cracks within a 16 ply laminate. After scanning, the sample was loaded
to o, = 400 MPa which is above the transverse yield strength of the plies, unloaded, and
rescanned. A cross-section through the same location of the sample, after loading, is
shown in Figure 5.15(b). The compressive stress was sufficiently high to cause transverse
plastic (Poisson) deformation of the plies, and closure of the tunnel cracks. This was

observed to have occurred with no permanent change in sample thickness.
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(a) Prestine material (b) Post 400 MPa load-unload

Figure 5.15. Two uXCT cross-sections of a single location within a [0°/90°]s HB26 sample: (a)
In its pristine state and (b) after compressing to 400 MPa and unloading. Measurements reveal
variability in both inter- and intra-ply thickness.

To determine if the presence of the tunnel cracks had any effect upon the laminate
compressive strength, five L = 35 mm, 16 ply, HB26 samples were first loaded to o, =
400 MPa and unloaded. A 5 mm border around the edge of each sample, which included
the shear lag region, was then removed. The now L = 25 mm samples were then reloaded
to failure and their average maximum strength found to be 1.01 + 0.05 GPa. Non-
preloaded samples had an average maximum strength of 1.05 £+ 0.09 GPa. We conclude

that tunnel cracks have negligible effect on compressive strength.

Detailed examination of uXCT scans, Figure 5.15, also indicated the presence of a
large variance in ply thickness. The thicknesses of three 0° plies at various locations
along the Y-axis are marked on Figure 5.15(b). Each ply was found to vary in thickness
by at least 20 um, and the average thickness of the ply marked by black arrows seems
larger than the plies identified by white distance markers. A varying ply thickness is

consistent with an uneven distribution of fibers during tape fabrication as exposed by
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uXCT, Figure 5.12. The recently developed transverse compressive strength model of

Atwood et al. [2] predicts a significant effect of ply thickness (see Egs. A4 and A6).

To experimentally investigate the role of ply thickness variability we fabricated
samples from single 0° ply HB26 pre-preg tape with a bimodal ply thickness of either
[0°2/90°]s5 or [0°3/90°]4, and compared their strength to experiments and predictions for
equivalent uni-modal [0°2/90°,]4 and [0°3/90°3]3 laminates. Laminate consolidation
followed the same procedure outlined in Section 2.3, except the pre-preg tape stack was
heated and pressed in a pocket die to prevent lateral extrusion and concomitant ply
thinning. The compressive strength results and predictions (using Eq. ( 5-6)), are plotted
in Figure 5.16. Experimental results for samples made from the 0° ply pre-preg tape
indicate that as the monoply thickness was increased from [0°/90°]g to [0°3/90°3]3, the
transverse compressive strength at fixed sample size L decreased (as a result of increased
shear lag lengths). The experimental results also agreed well with predictions using the
[0°/90°], HB26 tape material properties. Furthermore, the compressive strength of the
[0°2/90°]s5 or [0°3/90°]4 bimodal laminates was similar to that of the [0°2/90°,]4 and
[0°3/90°3]3 laminates, respectively. Thus, the compressive strength of a bimodal laminate

is controlled by the response of its thickest ply.
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Figure 5.16. The compressive strength, omax, as a function of sample length, L, of laminates of
varying ply thickness, h, made from a unidirectional HB26 pre-preg ply.

5.6.

Modeling and simulation

The effect of missing fiber (void-like) defects upon the transverse compressive

strength can be understood by analysis of a simple model based on stress-shielding of

defected regions. The following assumptions were used to assemble the model:

(1)
(i1)
(iii)
(iv)
(v)

Only defects due to missing fibers are analyzed.

Defects in a ply were collinear with the fiber direction.

Defects were of infinite length.

The defect width was a multiple of the fiber diameter.

The defect to ply thickness fraction, n, was defined as the ratio of the

thickness of a single defect, hg, to the ply thickness h. Thus, 0 <n = hy/h <

1.
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(vi)  The defect locations were random and independent, occurring with a

probability p.

The model has been used to investigate the HB26 grade; the material upon which

the most comprehensive defect characterization could be performed.

The X-Y plane of a unidirectional ply of square in-plane dimension L was
discretized into strips of uniform width, Figure 5.17(a). Each strip had an equal
probability p of being a missing fiber defect. If 2n=N plies were generated in this
manner, and combined to form a [0°/90°], laminate of thickness, H, a square grid with
cross-hatches of overlapping (elongated void-like) defects is generated. The sum of the
void thicknesses, hg, assuming » = 1, in the Z-direction can then be computed as a
function of (X,Y) location and is denoted r = r(X,Y). This quantity ranges in discrete
values from 0 to N, Figure 5.17(a) and (c). The defective ply to laminated ply ratio is
given by d(X,Y) = r(X,Y)/N. The model was implemented in MATLAB (software
version R2013a) by assuming randomly distributed defect locations in each ply. For each
strip within a ply, the function “rand” generated a pseudo-random number between 0 and
1. The numbers were then compared with the pre-established probability of a defect, p,
and values less than p were designated a void. The [0°/90°], laminate was then

assembled, and the values of r, and then d, calculated.
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Figure 5.17. (a) Schematic illustration showing how sets of missing fibers within a ply lead to a
laminate with fiber aligned void-like defects. (b) Definition of the defect ply fraction, #. (c) A
[0°/90°]4 laminate with defect voids. (d) Hypothetical rearrangement of voids where the thickness
of overlapping voids is summed and the laminate area is then divided into areas factions, P,
having the same overlapping void thickness. Compression of the laminate to a nominal strain, &,
will then lead to incremental loading of laminate area.

Figure 5.18(a) shows a simulation of a 16 ply square laminate with a plate
thickness to void width ratio of 150 and a void probability p = 0.05. The contrast
represents the value of d: white regions being defect free and black regions having a
defect in at least half of the overlapping plies. The majority of the area is observed either
to be defect free or to have one defect. Slightly darker grey regions are seen at the
crossing of orthogonally oriented defects or as bands where two collinear defects overlap.
The area fraction of overlapping defects is however small. The effects of increasing the

probability of missing fiber defects to 0.1 and then 0.15 is shown in Figure 5.18(b) and
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(c). A comparison with the backlit image of a 16 ply HB26, Figure 5.8(a), indicates a best

match for a defect probability p = 0.1.

(@) [0°/90°], p=0.05 (d) [0°/90°],, p=0.10
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Figure 5.18. Simulations of a [0°/90°]s laminate with defects assuming a plate width to void
width ratio of 150 and a void probability of (a) p = 0.05, (b) p =0.10 and (c) p = 0.15.
Additional simulations using p = 0.10 for lay-ups of increasing thickness are shown in (d)
[00/900]30, (6) [00/900]60 and (f) [00/900] 120-

Figure 5.19(a) shows the probability mass distributions of defect overlap in the Z-

direction as a function of the defective ply ratio, d, for these same values of defect
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probability, p. The probability mass, P, is an estimate of the area fraction of an infinitely
long and wide laminate having a given value of d. We note it is well approximated by a

binomial distribution:

P(R=r=Nd)=([\1]vd)

pVe(1 - NP (5-7)
where R is a discrete random variable describing the number of overlapping

defects and ranging in value from 0 to N, P is the relative likelihood that the random
variable R has a value of r (again r = Nd) overlapping defects, and (A’,Vd) is the number of

possible combinations that results in r overlapping defects in a laminate N plies thick. For
a defect probability of p = 0.05, the probability of there being no void-like defects (d =
0), which happens to be the most probable outcome, was P = 0.44. This is the equivalent
to 44% of the area being defect free through a laminate’s thickness. The value of P then
monotonically decreased with each increment in d. Increasing the void probability p
changed the shape of the distribution. The probability density P for d = 0 (no defects)
decreased towards zero, the probability density peaked at larger values of d, and the
variance in d increased. These behaviors were evident in the simulated laminates, Figure

5.18(a-c).
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Figure 5.19. Probability mass P of the local fraction of defective plies d. Results are shown in (a)
for a 16 ply laminate with various defect probabilities p and in (b) for the number of plies in a
laminate assuming p = 0.10.

The effect of increasing the laminate thickness for a fixed defect probability p =
0.10, can be seen in the simulated images Figure 5.18(d-f). Increasing the number of plies
reduced the band contrast, especially at band overlaps, and homogenized the image.
These observations are consistent with backlit images of 16 and 120 ply laminates, Figure
5.7 and Figure 5.8 respectively, and agree with a narrowing of the predicted probability
mass towards a value of d = p = 0.1 as the laminate thickness increased from [0°/90°]s to

[0°/90°]120, Figure 5.19(b).
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The loading behavior of one of these infinite area (L — o) laminates, having a
random distribution of missing fiber (elongated void) defects like the one depicted in
Figure 5.17(a-c) could then be modeled using the defect mass P(d) given by Eq. ( 5-7). A
laminate could hypothetically be rearranged into area fractions P(d) of defective ratios d,
as shown at the left of Figure 5.17(d). If the laminate were then subject to an initial
compressive displacement, the force would be first picked-up by the defect free area,
followed by the area having only one defect in thickness after further displacement
increments, and so on, Figure 5.17(d). If a region in such a sample fails when the
compressive strength of an infinite laminate, ¢;°, given by Eq. ( 5-4), is reached, the load
supported by that region can be reassigned to other, yet to fail regions. Eventually, this
redistribution of load will exceed the strength of the surviving laminate, and will define

the laminates transverse compressive strength.

To implement such a failure model, it is assumed that neighboring regions are
independent and do not laterally transfer loads. It also assumes no shear lag region exists
at the sides of each region. Such a model was implemented with MATLAB. For an N ply
laminate, an index i was used to track each of the N + 1 regions with a specific value of d,
each having an area fraction P(d). An iterative loop was used to increment the nominal
compressive strain applied to the laminate by Ae,,, and then calculate the regional strains
and stresses, and check for region failure. Starting at zero strain, the nominal strain

applied to the laminate was:

en(j) =& — 1) + Agy (5-8)
where j is an index accounting for both the number of increments in strain and the

number of failed regions. The region specific nominal strain & was then calculated by:
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0, nd@)<0
e@,)) = {8"10—3 ;Jg)(l), otherwise (59)

where 7 has been previously defined as the defect ply fraction, Figure 5.17(b).
The region specific nominal stress & was then calculated by rearrangement of Eq. ( 5-2),

using the following inputs:

a(i,j) = —033(e33 = —&(i,))) (5-10)
The called upon equation provides the compressive stress within an infinite
laminate which is justified given our assumptions of no shear lag length or interaction

between regions. The nominal laminate stress o,,° was then calculated by:

N+1

OED WA IIOTIGERY (5-11)

=1

Where m was an index tracking the failure of a region using:

mip={y IS (512)

, a(i,j) =07
In the event of a local region failure, i.e. m(i,j) < m(i,j — 1), then j was
incremented by 1, the laminate nominal strain was updated to be ¢,(j) = €,(j — 1), and

oy (j) was calculated using m(i, j). The incremental straining of the laminate, restarting

from Eq. ( 5-8), continued until either:

. All of the regions failed, i.e. ¥ 'm(i,j) =N + 1,
o Or the stress fell to half of peak strength, i.e. g,,°(j) < %a;;fax, where g,y 1S

the maximum value of a,°(j)
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The HB26 properties provided in Table 2.2 were used as inputs for the model.
The stress-strain relation in Eq. ( 5-2) required additional values for the transverse ply
modulus, longitudinal ply modulus, shear modulus and transverse Poisson’s ratio. Values
from Attwood et al. [2] for E;, = 15 GPa, E; = 70 GPa, and Gi, = 3 MPa, were used. The
transverse Poisson’s ratio was measured in Section 3.5, v = 0.5. The strain increment was

set to Ag,, = 0.0001, equivalent to ~1/4,000 of the experimentally observed failure strain.

The predicted nominal stress normalized by o;” verses nominal strain response
for a defect free (p = 0) laminate is shown by the dashed line in Figure 5.20. The stress
linearly increased with strain, and the laminate catastrophically failed at o, /0° = 1
and &, = 0.15. The load-shielding model was then run for a 16 ply HB26 laminate using a
defect probability of p = 0.10 and a defect ply thickness fraction # = 0.4. The value of #
was motivated by XCT imaging, Figure 5.10, and provided an effective void fraction of
pn = 4 vol.%. In contrast with the homogenous laminate, the initial stress-strain response
was more compliant, with laminate stiffness increasing to a strain of ¢, = 0.08. The rate of
stiffening decreased with each newly engaged region of d, since the area fraction of each
newly engaged region was an increasingly smaller fraction of the total engaged area, as
apparent in Figure 5.19(b). After this stiffening stage, the stress linearly increased up to a
strain of ¢, = 0.15, where the void free region, which accounted for 19% of the laminate
area, again failed, and the stress abruptly dropped. The laminate continued to support a
reduced load, and partially failed twice more before the stress fell below Y20 ,,,,, Which
in this scenario equaled o, /0;° = 0.75. Comparing the predicted response to
experimental results of 16 ply, L = 12 mm HB26 samples, Figure 5.5(a), a similar initial

stiffening behavior that transitioned into a linear elastic response was observed (Atwood
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et al. [2] also observed this initial stiffening behavior). Only a single experimental drop in
load was observed for samples 1 and 2, but sample 3 failed in multi-steps, during which

the load similarly fell and subsequently recovered as in the predictions.
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Figure 5.20. Predicted nominal stress, ¢, normalized by the ideal plateau strength, ¢™;, and
plotted as a function of strain, e,, for HB26 laminates of infinite in-plane dimension (L — o),
given = 0.4.

When the laminate thickness was increased to 80 and then 240 plies, the initial
simulated stress was very low until the strain e, = 0.02, Figure 5.20. However with
further loading, the response stiffened at a greater rate than that of a 16 ply laminate
before stabilizing with the similar linear-elastic response. Recall from Figure 5.19 that an
80 ply laminate has a probability density of a defect free area of approximately zero, and
the variance in d is much lower than that for a 16 ply laminate. These two defect
characteristics were responsible for the delay in hardening, and then the more rapid
stiffening rate, of the thicker laminates. Failure of the first region within the 80 ply
laminate again occurred at a strain of ¢, = 0.15, but since it occurred in a domain of very

small area, the load continued to increase at a similar rate. By reducing the variance in d,
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the load was more evenly distributed over a larger fraction of the area and allowed the
laminate to reach a strength o7, /0, = 0.84. This failure strength was further increased
as the number of plies was increased to 240, consistent with a further decrease in the

variance of d.

The normalized nominal compressive strength has been plotted as a function of
the number of plies for the same values of » = 0.4 and p = 0.10 in Figure 5.21(a). The
predicted strength for the thinnest laminate started at o,,,,/0;° = 0.75 and initially
decreased with increasing number of plies because of the decreasing void free area
fraction and the large variance in d. Once the laminate became more homogenous, the
strength began to rise with ply number, and then approached an asymptotic strength that
decreased with p. For a 300 ply (H = 20 mm for HB26) laminate, with p = 0.1, the
strength reached o, /0;° = 0.90. The experimental data from Figure 5.4(a) is also
plotted in Figure 5.21(a) for comparison. Shown is the average (grey circles) and
standard deviation for the normalized strength values for the data ranging from L = 20 to

30 mm. A similar waning increase with laminate thickening is observed.
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Figure 5.21. Predicted strength as a function of the number of laminated plies, N, for an HB26

laminate of infinite in-plane dimension (L — o). (a) Assumes # = 0.4 and investigates the

influence of defect probability, p, while (b) shows the effect of defect to ply thickness fraction, #,
for p = 0.10. Also plotted as a function of the number of laminated plies in (a) is the normalized

average strength and standard deviation for HB26 samples for L = 20 mm to 30 mm.

The effect of the defect ply fraction » upon the normalized strength verses

laminate thickness relation is shown in Figure 5.21(b) for a situation where p = 0.1.

Increasing # significantly lowered the strength; most noticeably in thin laminates where it

reached only 50% the strength of a defect free laminate. Increasing the void probability p,
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decreasing the number of plies N and increasing the defect ply faction # all reduce the

laminate compressive strength.

For a final comparison to experiments, the model was utilized to replicate the
pressure distribution study. Using the same values of p = 0.10 and # = 0.4, a 16 ply
laminate was simulated, Figure 5.13(d), to match the backlit image in Figure 5.13(a).
When compressed to o, = 100 MPa, a similar pressure distribution to the experiments,
with load shielding of regions containing a higher defect concentration, was seen, Figure
5.13(b) and (e). After incrementing the stress to o, = 300 MPa, pockets of low pressure
still existed at the intersection of void bands, similar to the experimental behavior, Figure
5.13(c) and (f). The simulated 240 ply laminate, Figure 5.14, also compared well against
the experimental results, revealing a more homogenized pressure distribution in

comparison to the 16 ply laminate.

5.7. Concluding remarks

We have experimentally observed that increasing the thickness and area of
[0°/90°] cross ply UHMWPE fiber reinforced plastic composite laminates leads to an
increase in the through-thickness (transverse) compressive strength of the laminate. In
some material systems, the compressive strength of the thickest laminates approaches that
predicted by a recently proposed indirect tension model [2], while the thinnest laminates

have compressive strengths that are 30% to 40% below these predictions.

Using a combination of optical, ultrasonic and uXCT imaging methods, we have

discovered that UHMWPE fiber-reinforced laminates contain elongated void-like defects
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consisting of pockets of missing fibers and resin that span long distances (>150 mm) in
the fiber direction of a ply. Tunnel cracks arising from anisotropic thermal contraction
during the cooling stage of the consolidation process are also observed. However, the
removal of tunnel cracks, by cold pressing the laminate, had no effect upon the transverse

compressive strength of the laminate.

By placing a high spatial resolution pressure sensitive film between a laminate
sample and the compression platens, we have discovered that the pressure distribution
over the area of the laminate is highly non-uniform. The films show low pressure bands
that are aligned with the directions of the fibers, and correspond to the locations of
“missing fiber” defect scattering regions as observed with optical and ultrasonic imaging.
Using uXCT, we find that the missing fiber defects can be traced to the as-received pre-
preg tape. An uneven distribution of the small diameter (~15 um) fibers results in a tape
with considerable variability in ply thickness and fiber- and resin-free voids within a ply.
A 20 MPa hot-pressing procedure used to consolidate the laminates fills some of these
defects by lateral flow of material. The progressive removal of these defects may explain
the decrease in ultrasonic attenuation [6] and the higher ballistic performance reported in

Refs. [12,13] when the consolidation pressure was increased.

Ply variability also affected the transverse compressive strength, which was made
apparent by comparison of monoply thickness laminates, [0°,/90°,]4 and [0°3/90°3]3, to
their bimodal ply thickness variants, [0°,/90°]s and [0°3/90°]4. The compressive strength
of the bimodal ply thickness laminates decreases with increasing 0° ply thickness and
matched the values for a monoply laminate made from the thickest ply. A laminate

having variability in ply thickness may then have regions prone to earlier failure, and
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may explain the observed variability in compressive strength, where the lowest strength
laminates produced the highest acoustic activity. These observations may warrant future

study of ply variability.

A simple statistical model has been assembled to investigate the effect of missing
fiber defects upon the compressive strength of a laminate. The model assumed defects
were randomly located and successfully simulated optical images of bands of missing
fiber defects stacked in the thickness direction of laminates. By accounting for load
shielding of the voided regions, substantial reductions in transverse compressive strength
were predicted when the missing fiber defect probability was in the 10% range
(corresponding to a total void fraction of 4 vol.%). The model also predicted an increase

in compressive strength with sample thickness; consistent with experiments.

These findings may be of particular interest to the ballistic impact community
since a ballistic impact generates a region of localized compressive stress below the
projectile, and will activate the indirect tension mechanism of penetration. This would be
especially important during the initial loading stages of edge-clamped laminates and
throughout the impact process for laminates supported on a foundation. A high
concentration of missing fiber defects would reduce the laminates transverse compressive
strength, reduce the work done in penetrating a ply, and increase the laminates
susceptibility to perforation. Substantial increases in ballistic performance might
therefore be achieved from efforts to decrease the volume fraction of missing fiber

defects.
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Chapter 6. Ballistic impact response of HB26
encased aluminum-alumina hybrid panel
target'*

The indirect tension mechanism is activated by the transverse (out of plane)
compressive loading of a [0°/90°] polymer composite due to a ply’s anisotropic Poisson
expansion [2]. The fibers in the plies are loaded in tension and fail when the tensile stress
of the ply is reached. This mechanism was shown in Chapter 5 to be active across a range
of UHMWPE fiber reinforced laminates, and predictions of the compressive behavior
that use the material properties and architecture of the laminate were verified. We believe
this same mechanism controls the well documented [3-8] progressive penetration of
polymer composites under ballistic impact loading conditions and will discuss it in the

context of the study presented in Chapter 4.

In Chapter 4, bi-material targets consisting of an aluminum alloy plate wrapped in

a (Dyneema® grade HB26) UHMWPE fiber reinforced laminate were impacted with a

14 A paper [1] based upon the research presented in this chapter is being prepared for submission to the
International Journal of Impact Engineering.
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spherical projectile, Figure 4.5(a). The aluminum plate thickness was chosen to allow
tests at the shatter gap threshold for the projectile/alloy combination [9], while the
Dyneema® wrapping strategy was used to avoid grip region laminate failure modes.
Impact velocity dependent fragmentation of the projectile within the aluminum plate
allowed the cross sectional area of the debris exiting the aluminum plate (and therefore
loading the inside of the rear laminate) to be systematically varied. This enabled the cross
sectional area of the laminate loading to be varied by about a factor of two, and revealed
that the penetration resistance of the laminate was significantly increased as the loading
area increased, Figure 4.19(b). The study also led to the discovery that out of plane
bulging of the aluminum plate, prior to its perforation by the projectile within, caused the
rear laminate to be accelerated away from the alloy plate back face before impact by the
projectile debris, Figure 4.20. This decreased the velocity difference between the
laminate and the projectile, and allowed the laminate to sustain even higher velocity

impacts in comparison to cases where the rear laminate was stationary upon impact.

In an impact event, a region of compression develops in a laminate under the
projectile. The magnitude of this pressure scales with impact velocity, as well as the
shape, density and sound speed of the projectile and its angle of impact [10,11]. If the
impact produces a compressive stress that is sufficiently high, it will cause indirect tensile
fracture of a ply’s fibers. This suggests that any method that reduces the contact pressure
applied to the laminate by a projectile should delay the onset of the indirect tension

failure mode to higher impact velocities.

Data compiled for several fiber reinforced laminate systems does indeed show

that the ballistic limit increases with the ratio of the projectile impact area to projectile
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mass [12]. Karthikeyan et al. [13] also observed that when edge clamped UHMWPE fiber
reinforced Dyneema® HB26 cross-ply laminates were impacted by large cross sectional
area (but low density) metal foam projectiles, penetration could be suppressed, and the
impact energies sustained by the laminate were much greater than those for a localized
impact by a solid projectile of similar mass [8,13]. In the metal foam impact experiments,
the location of failure was also observed to move from the impact site (for solid
projectiles) to the grips, and novel gripping strategies that avoided creating bolt holes in

the laminate substantially improved the failure impulse threshold.

Several studies of the impact of hybrid sandwich panel structures whose cores
contained both hard ceramic, and ductile metallic materials have revealed interesting
opportunities to tune the impact debris spatial distribution, and potentially applying
substantial acceleration to the rear face of the structure during an impact event [14-18].
In a recent study of a model aluminum sandwich panel, aluminum corrugations were
filled with prismatic, triangular cross section alumina inserts, and impacted above either a
prism base or a prism apex, Figure 6.1 [17]. The rear aluminum face sheet was observed
to suffer a large out of plane deflection prior to projectile and target debris ejection. The
width of deflected region and debris plume were found to be controlled by the impact
location on the front face of the target, and the base width of the corrugated cells, L..
Impacts above the base of a prism resulted in debris clouds whose width was ~2L., or
four times that of the impacting projectile (whose diameter was about 0.5 L), Figure
6.1(a). However impacts above a prism apex (a corrugation node), Figure 6.1(b), resulted

in an out of plane deflection width of ~L., and with a much increased debris exit velocity.
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Figure 6.1. Schematic illustration of a corrugated aluminum sandwich structure with an alumina
filled (hybrid) core after impact by a hardened steel sphere. The length of the out of plane
displaced region on the rear face depended upon impact location. (a) A ceramic prism base
impact resulted in a region of displacement 2L wide, while (b) shows that an impact at the apex
of a prism led to a displacement of half this width.

Repeating such an experiment with a hybrid core test structure encased in a cross-
ply UHMWPE fiber reinforced laminate would allow a further assessment of the
consequences of changing the rear laminate contact pressure. Here, the HB26 laminate
encapsulated an aluminum alloy sandwich panel structure whose corrugated core was
filled with prismatic alumina inserts. The laminate encased hybrid core target could
sustain ceramic prism base impacts by a spherical, 12.7 mm diameter steel projectile with

velocities in excess of 2.7 km s™. This was 150% higher than the ballistic limit of the
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equal areal density encapsulated aluminum plate target constructed with the same
laminate. Using high-speed imaging, three-dimensional digital image correlation, x-ray
tomography and a modification to the encased hybrid target design, the enhanced
response is shown to be due to a redistribution of the impact pressure field and pre-
acceleration of the laminate by the rear face of the deforming sandwich panel prior to
laminate impact by the fragmented projectile and ceramic debris. The rear laminate is
shown to sustain impacts by the released debris in excess of 600 m s™ without penetration
by the debris particles. The kinetic energy of the impact was then dissipated by large

membrane mode deflections of the laminate.

6.1. Sample fabrication

The model target design is shown in Figure 6.2. The samples were fabricated
using the same 5.9 mm thick Dyneema® HB26 fiber-reinforced laminate used in Chapter
4. It encased a slightly modified version of the same hybrid core sandwich panel studied
by Wadley et al. [17]. In the original Wadley et al. study, the 6061-T6 aluminum alloy
sandwich panel had a triangular corrugated core with 3.2 mm thick webs inclined at an
angle of 60° to two, 5.2 mm thick face sheets, Figure 6.1. In the present study, the
thickness of the face sheet on the impact side of the corrugated panel was reduced to 1.0
mm, Figure 6.3(a). With this modification, a hybrid core panel with a 5.9 mm thick
Dyneema® HB26 laminate encasement had a mass per unit area of pa = 97 kg m?; the

same as the original (non-encased) hybrid panel and the encased aluminum plate target.
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Figure 6.2. Schematic illustrations of the two target types investigated in this study. (a) Shows the
fully Dyneema® laminate encased sample design with dimensions defined in (b). The sample
design with a part of the back laminate removed is shown in (c) together with a coordinate
system. Reference planes for subsequent analysis are also shown in (a).

The model targets were assembled by filling the empty cells of the sandwich
panel with CoorsTek (Golden, CO) grade AD-995 triangular prisms that had been coated
in Lord (Cary, NC) grade 305 epoxy adhesive, Figure 6.3(b). This ceramic has a hardness
of 14.1 GPa, an elastic modulus of 370 GPa and a fracture toughness of 4-5 MN m™/2
The panels were encased in Dyneema® grade HB26 cross-ply laminate, whose properties
are provided in Section 2.2. The procedure in Section 4.1.2 to apply the pre-preg and
consolidate the laminate was followed and is illustrated in Figure 6.3(c-d). Again the lay-
up of the laminate on both 136 mm x 132 mm faces was [(90°/0°),/(0°/90°),]11 with a
thickness of 5.9 mm, which was twice the thickness of the four [(0°/90°)],, sides. The
length of applied pre-preg material per strip was ~5 cm longer than calculated for a
perfectly tight wrap. The excess (but densified) Dyneema® accumulated around the

periphery of the top (subsequently impacted) surface of the panels. The final dimensions
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of the encased hybrid target are given in Figure 6.2. Figure 6.2(a) also identifies reference

planes, while Figure 6.2(c) defines sample external dimensions and a coordinate system

used later.
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Figure 6.3. The fabrication sequence for making the Dyneema HB26 encased hybrid core panels.

To observe the hybrid sandwich panel’s back face deflection, and the debris

plume that is incident upon the inside surface of the rear Dyneema® laminate during an

impact event, a central 200 mm x 100 mm square region of Dyneema® was removed,
using a rotary cutting tool. A speckle pattern was applied to the aluminum surface to

enable measurement of the surface displacement of the back surface with a three-
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dimensional digital image correlation (DIC) system. The exposed aluminum surface was
first spray painted white, followed by the application of a stochastic pattern of 1 - 3 mm

diameter black dots that covered approximately 50% of the aluminum surface area.

6.2. Impact tests and characterization

The same 12.7 mm diameter, 52100 hardened steel, spherical projectile used in
the earlier study of the encased aluminum plate (Chapter 4) and the bare hybrid core
[19,17] was used here. Each target was edge clamped, and oriented for 0° obliquity
impact either at the mid-span of the 22 mm wide base of the center ceramic prism, Figure
6.4, or on the apex of one of the adjacent ceramic prisms. The impact tests on the fully
encased hybrid target were performed with a light-gas gun capable of launch velocities
up to 3.5 km s™ located at the University of California, Santa Barbara [18]. The impact
velocity, Vi, was measured to within £0.4% using the time-of-flight recorded between a
pair of laser-gates. A model v.7.3 Phantom (Vision Research Inc.; Wayne, NJ) high-
speed video camera was oriented normal to the YZ plane, and recorded a backlit profile
view of the rear of the sample. The camera recordings used an exposure time of 1 us and
an inter-frame interval of 19.5 us. After impact, the samples were visually inspected for
external damage. Some samples were examined by x-ray computed tomography (XCT) at
Carl Zeiss Imaging (Brighton, MI). All of the samples were then sectioned by water-jet

cutting along the transverse plane that intersected the impact sites.
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Figure 6.4. Schematic illustration of the ballistic test fixture and sample support configuration.

The ballistic impacts of the rear face cutout targets were performed at Chesapeake
Testing (Belcamp, MD) where the more open geometry enabled 3D-DIC measurements
to be recorded. The impact velocities achievable with this powder gun were limited to V;
< 2.3 km s and were measured using paper break-screens. The Z-component of the
residual velocity, V., of the leading edge of the debris released from perforated samples
was calculated from video images obtained with a model v.1610 Phantom high-speed
camera oriented normal to the YZ plane. The recordings used an exposure time of 0.76 us
and an inter-frame interval of 10 ps. A pair of model Fastcam SA-X2 Photron (San
Diego, CA) high-speed cameras were positioned in a stereo configuration (o = 17.5°)
behind the sample to record the deflection of the speckle pattern coated rear aluminum
surface, Figure 6.5. Each black dot filled approximately 6 pixels of a camera’s field of
view. The cameras were positioned to the side of the Z-axis to avoid damage from debris
impact, and were synchronized to capture images at 6.67 us intervals with an exposure

time of 1 ps.
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Figure 6.5. Schematic illustrations showing (a) the top and (b) the rear perspective views of the
impact test geometry used to record 3D DIC measurements.

The DIC images were analyzed using the Aramis v.6.3 3D image correlation
software reviewed in Section 3.5.1. Presently, a facet area of 15 pixel x 15 pixel was
used, and each linear raster of facets was spaced 5 pixels (~1.8 mm) apart. Additional

details of high-speed DIC acquisition and analysis can be found in references [20-22].

6.3. Results

6.3.1.  Encased hybrid targets — ceramic prism base impacts

The majority of the fully encased targets were impacted at a prism base, mid-way

along the prism at impact velocities between 0.84 and 2.70 km s, while one sample was
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impacted on a prism apex at a velocity of 2.5 km s™. Table 6.1 summarizes the impact
and residual (exit) velocities for these experiments, The projectiles that impacted at a
prism base were arrested within the samples without ejection of debris, while the impact
on a prism apex resulted in full perforation with a debris exit velocity of 0.2 km s™. Table
6.2 summarizes the ballistic limits measured previously for the encased aluminum and
the hybrid core reference targets of identical aerial density [19,17]. It is evident that the
ballistic limit of the encased hybrid target tested here was at least double that of the

reference targets.
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Table 6.1. Impact results for the encased hybrid and rear face cutout targets

Target type Impact Vi s V,

location (kms™) (knnql ‘?1) (kms™
Encased hybrid Base 0.84 N/R 0
Base 1.00 N/R 0
Base 1.34 N/R 0
Base 1.48 N/R 0
Base 2.00 N/R 0
Base 2.15 N/R 0
Base 2.26 N/R 0
Base 2.31 N/R 0
Node 2.50 N/R 0.20
Base 2.57 N/R 0
Base 2.70 N/R 0
Rear face cutout Base 1.71 0.32 0.43
Base 1.84 0.34 0.50
Base 1.92 0.35 0.49
Node 2.00 0.40 0.82
Node 2.17 0.45 0.80
Base 2.29 0.45 0.62

N/R: Not Recorded

Table 6.2. The ballistic limits of reference targets (p. = 97 kg m™) presented by the highest
impact velocity that failed to completely perforate the target and the lowest impact velocity that
did.

Impact Ballistic limit (km s™)
Target type location Not perforated Perforated

Encased Al - 1.37 141
Hybrid Base 1.27 1.32
Hybrid Node 0.98 1.15

Transverse cross-sections of several of the encased hybrid core targets impacted
at a prism base are shown in Figure 6.6. The front laminate was completely perforated by

an impact at 0.84 km s™, Figure 6.6(a). This was consistent with a previous measurement
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of 0.20 km s for the ballistic limit of a 5.9 mm thick HB26 laminate supported on a
foundation and impacted by the same projectile, Table 6.3 [19]. The projectile then
perforated the 1 mm thick front face sheet and was arrested within the impacted ceramic
prism which suffered substantial comminution. The hole seen in the impacted cell
resulted from reverse flow of the comminuted ceramic and projectile fragments through
the entry hole during impact, and loss of the remaining material during cross-sectioning.
Some microcracking of the two prisms on either side of the impact can also be seen in
Figure 6.6(a). It is interesting to note that the Dyneema® entry hole had partially closed
after impact, limiting the exit of debris through the front face. The target suffered

minimal permanent back face deflection.
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Figure 6.6. Transverse cross-sections of Dyneema® encased hybrid targets impacted by the 12.7
mm diameter hardened steel sphere on a prism base. Wavy vertical lines are an artifact of the
water-jet sectioning process.

Table 6.3. The minimum impact velocity for penetration (first ply failure) and perforation
(complete laminate failure) of ~5.9 mm thick HB26 laminates when impacted by a 12.7 mm

diameter steel sphere.

Velocity (km s™)

Target Support condition  Penetration  Perforation
Encased aluminum Rear supported <0.11 0.20
(Chapter 4)

Encased aluminum Edge clamped + 0.24 0.60
(Chapter 4) pre-acceleration

Bare laminate plate [8] Edge clamped 0.24 0.45
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The effect of increasing the impact velocity can be seen in Figure 6.6(b) and (c).
The impact at 1.37 km s™ displaced a wide section of the rear face sheet in the Z-
direction; sufficient to cause fracture of the webs of the aluminum corrugated core and
the rear face sheet. This resulted in substantial permanent deflection, but no penetration
of the rear laminate. The length of the displaced face sheet region was approximately
50 mm, or ~2L, in the X-direction. XCT results for this sample, Figure 6.7(a), show that
the length of the displaced face sheet region in the Y-(prism axis) direction was about
75 mm. The position of the hinges about which face sheet deflection occurred, coincided
with the base of the cone shaped region of severely microcracked ceramic, Figure 6.6(b)
and Figure 6.7. For impacts with V; > 1.48 km s™, the rear face sheet was longitudinally
torn directly beneath the impact site and at the two adjacent nodes in the X-direction,
Figure 6.6(c). Figure 6.6 also shows that the hole on the front face increased in width as

more substantial reverse debris flow eroded the sides of the entry hole.



155

Vi=137 kms?’ Vi=226kms!

Dyneema
/ .

an 3 o
Below front face sheet

Above rear face sheet

Figure 6.7. XCT reconstructions of longitudinal (a-d and g-i) and in-plane (e, f, j and k) cross-
sectional renderings of encased hybrid targets impacted at V; = 1.37 km s™ (a-f), and V; = 2.26
kms™ (g-k). The arrow in (a) indicates impact direction for both samples.

The displacement of the rear aluminum face sheet caused a permanent

displacement of the rear Dyneema® laminate by a distance that increased with impact
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velocity, Figure 6.6 and Figure 6.7. At V; = 2.05 km s, rotation of the fractured rear face
sheet cut four to six of the Dyneema® plies and allowed the comminuted ceramic and
fragmented projectile debris to impact the laminate. However, this debris impact appears
to have caused no additional failure of the rear laminate. The large stretching
displacement suffered by the rear laminate appears to have been accommodated by pull-
in of plies from the sides and front of the encasement. At the highest test velocity

(2.7 km s™), portions of the laminate encasement at the sides of the sample began to fail,
Figure 6.8(a). No local penetration of the laminate at the impact location was observed in

any of the prism base impact experiments.
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§ Vi=2.70km s’

Figure 6.8. Transverse cross-sections of encased hybrid targets impacted at either (a) a prism
base or (b) a prism apex. Prominent laminate failure mechanisms are identified. (c) Magnified
view of the perforated region of the laminate shown in (b).
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A high-speed image sequence showing the back face profile of the encased hybrid
target impacted at 2.70 km s™* is shown in Figure 6.9. At t = 15 ps™, the laminate on the
rear of the sample had been displaced 12 mm in the Z-direction and formed a 58 mm
wide bulge in the Y-direction, consistent with acceleration by a bulging rear aluminum
face sheet. The initial out of plane (Z-component) velocity was 0.5 km s, and the
distance of the laminate’s Z- component deflection increased with time as the aluminum
face sheet was fractured and released debris against the laminate. The laminate deflection
was accommodated by transverse hinges that propagated away from the impact site with
a Y- component velocity of 0.32 + 0.03 km s™*; identical to that measured for encased
aluminum samples. The finger-like protrusions visible at t > 141 ps, were delaminated X-
oriented fibers that had failed at a side grip. The side edge of the outermost tape strip is
highlighted in the t = 366 us image. This edge feature was a result of the combined pull-
in and tensile rupture of laminate material, as previously shown in Figure 6.8(a). The

impact was arrested within 600 ps, after a maximum peak deflection of 82 mm.

> Time t = 0 +4 ps was the estimated time of the start of deflection. Note this is different than defined
in Chapter 4, where t = 0 ps was the estimate of target impact.
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Figure 6.9. High-speed video image sequence of an encased hybrid target during prism base
impact at V; = 2.70 km s™.

6.3.2.  Encased hybrid targets — ceramic prism apex impacts

A cross-sectional view of the encased hybrid core target impacted at the apex of
the ceramic prism at V; = 2.50 km s is shown in Figure 6.8(b). Like a base impact at this
impact velocity, the rear laminate transversely deflected, pulled material in from the sides
and portions failed in tension along the sides. However in the apex impact case, the
laminate was perforated below the impact site leaving a ~10 mm diameter hole, Figure

6.8(C).



160

6.3.3.  Rear face cutout targets — ceramic prism base impacts

The rear face cutout targets were impacted at a prism base at velocities of 1.71 to
2.29 km s, Table 6.1. As with the encased hybrid targets, the projectile first perforated
the front laminate and the thin aluminum front face sheet followed by fragmentation
against the base of the center ceramic prism and activation of hybrid core failure
mechanisms. For the 1.71 km s impact, the high-speed video image sequence from one
of the oblique rear view cameras of the speckle coated rear face sheet is shown in Figure
6.10(a). A contour map of the out of plane (Z-component) velocity, &, determined from
DIC analysis is overlaid. At t = 4 pus, a small bulge formed on the rear face sheet.
Longitudinal and transverse displacement profiles across the peak of the bulge revealed it
was longer in the longitudinal direction (Y-axis) than the transverse direction (X-axis),
Figure 6.11(a) and (b). The dimensions of the bulge and its velocity increased with time,
and a Y-oriented tear in the face sheet'® started to develop below the node of the centrally
impacted cell by t = 24 us when the peak deflection reached about 6 mm. Ejecta then
exited from the tear, as seen in the last frame of Figure 6.10(a), and from the profile view
of the impact in Figure 6.10 (b). The plume of debris had a blunt front and was ~44 mm
wide in the Y-direction, which is consistent with the dimension of the face sheet tear
opening, Figure 6.7 and Figure 6.11(b), and the dynamic rear laminate deflection profile,
Figure 6.9. At the fastest tested impact velocity, V; = 2.29 km s, the shape of the bulge
along the longitudinal plane was similar to the lower impact velocity, but the transverse

profile was more localized, Figure 6.11(c) and (d).

18 There were no DIC facets located along a tear since the fracture surface changed the identifying
“pattern” within a facet’s interrogation area.
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Figure 6.10. (a) High-speed video image sequence showing an oblique rear view of the back
aluminum surface of a rear cutout target that was prism base impacted at V; = 1.71 km s™. A map
of the out of plane surface velocity, &, determined from DIC measurements is superimposed. (b)
High speed video images showing the out of plane deflection during sample impact.
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Figure 6.11. The out of plane deflection history along (a) transverse and (b) longitudinal profile
coordinates, as identified in Figure 6.10(a), for the rear face cutout target prism base impacted at
V; = 1.71 km s™. Analogous data for the sample impacted at V; = 2.29 km s is shown in (c) and

(d).

The DIC determined velocity at the most deflected location, 8peak, is plotted in
Figure 6.12 as a function of time for the two impact velocities. For the 1.71 km s™
impact, the rear face sheet accelerated to a maximum deflection rate &,,,, = 0.30 km s™
att =17 ps. The 2.29 km s™ impact required a similar time to reach §,,4, = 0.45 kms™. In
general, 8,4, monotonically increased with impact velocity, Figure 6.13, as did the

terminal debris velocity (increasing from V, = 0.43 km s to 0.62 km s™). While the

values of V, were near or above the perforation limit of the laminate when impacted by an

intact sphere, Table 6.3, the difference between &,,,, and the faster traveling debris was
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only 0.1 - 0.2 km s™ across the test velocity range. A laminate attached to the rear face

sheet would therefore have been pre-accelerated by the motion of the large area face

sheet bulge, which would have reduced the debris impact velocity in the laminate frame

of reference.
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Figure 6.12. The peak out of plane velocity, Speak, versus time for rear face cutout targets. Two

of the samples were impacted at a prism base and the third at a prism node. The terminal
residual velocities after perforation are also shown.
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Figure 6.13. The debris residual velocity, V,, and maximum out of plane velocity, 8,4y, Of rear
face cutout targets versus impact velocity, V;. Data for prism base impact is shown in dark (8,,45)
and light (V,) blue. Data for a prism apex impact is shown in red (&,,4,) and pink (V,).
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6.3.4.  Rear face cutout targets — ceramic prism apex impacts

A high-speed video image sequence of the speckle coated rear face sheet of a rear
face cutout target impact at a prism apex is shown in Figure 6.14. Two bulges were
initially observed at t = 4 us. The bulges occurred at the two corrugated web - face sheet
nodes on either side of the base of the apex impacted ceramic prism. The peaks merged
into one bulge with a 20 mm wide transverse front by t = 10 us, Figure 6.15. Two Y-
oriented cracks formed by t = 30 us and allowed the portion of the rear face sheet under
the impacted prism to be subsequently torn away, facilitating release of the debris, Figure
6.14. The out of plane velocity at the location of peak deflection, 8peak, was shown as a
function of time in Figure 6.12. The response was similar to those of the base impacts.
However the residual velocity, V; = 0.8 km s, of the debris in this case was substantially
higher than the residual velocity for a prism base impact and about 0.4 km s™ faster than
the back face sheet maximum velocity prior to debris emission, Figure 6.13. Thus the rear
face sheet of a sample impacted at a prism apex bulged at a similar out of plane velocity
to a prism base impact, but the debris at face sheet failure travelled at more than twice the

speed as that for a prism apex impact at similar incident velocity.
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Figure 6.14. High-speed video image sequence of the aluminum surface of a rear face cutout
target impacted at V; = 2.00 km s™ on a prism apex. A map of the DIC generated out of plane

velocity, 8, component is superimposed.
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Figure 6.15. The temporal evolution of the deflection profile of a rear face cutout target impacted
at a prism apex with a velocity of V; = 2.00 km s™.

6.4. Discussion

By impacting a model alumina filled hybrid sandwich panel at either a ceramic
prism base or apex, it has been possible to modify the dynamic loading of a rear, 5.9 mm
thick Dyneema® laminate. In Chapter 4, we show that the front (back supported) laminate
of an encased aluminum plate impacted by the same, 12.7 mm diameter spherical steel
projectile, was perforated once the impact velocity exceeded 0.2 km s, Table 6.3. We
therefore assume that the projectile velocity that penetrated the front laminate and struck
the 1 mm thick front aluminum face sheet did so with an impact velocity reduced by
0.2 km s™*. This was always sufficient to perforate the aluminum face sheet and impact
either the 22 mm wide base of the center ceramic prism or the apex of one of the adjacent
prisms. The high hardness (14.1 GPa) and elastic stiffness (370 GPa) of the alumina
resulted in sufficiently high contact pressures during impact to cause the projectile
fragmentation at the prism interface. The low fracture toughness of the alumina
(4-5 MN m™/?) resulted in the formation of a mescal zone of highly comminuted and

pulverized ceramic under the projectile impact site. Cone and radial cracks readily form
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in alumina tiles [23], but these were disrupted here by the discontinuous nature of the
prisms and the ductile aluminum webs. Nevertheless, as the impact velocity increased,
the volume of damaged ceramic material increased. Since there was no ceramic
disruption along the axis of the prisms, distance of damaged ceramic was greater along

the corrugation direction (Y-axis) than transverse to it (X-axis).

The impulse applied to the rear laminate by the fragmented ceramic and projectile
debris plume depended upon the site of impact. Impacts at a prism base resulted in a
50 mm wide square shaped region of the rear face sheet being displaced out of plane (Z-
direction). After exceeding a displacement of 10 mm, debris was ejected from the
fractured rear aluminum face sheet as a more than 40 mm wide plume, with a velocity
that increased from 0.43 to 0.62 km s as the target incident velocity increased from 1.7
to 2.3 km s, Figure 6.13. The greatly reduced debris velocity in comparison to the
projectile incident velocity is attributed to the large volume (mass) of fragmented ceramic
(approximately three prism cross sections), Figure 6.7, over which the projectile
momentum was distributed, and the effectiveness, at lower impact velocities, of the front
laminate at limiting reverse ejecta flow (and application of its reaction momentum).
However, it is still remarkable that impacts at velocities as high as 2.7 km s™ failed to

rupture the rear laminate behind the location of debris impact.

A rationale for the response of the base impacted targets is shown schematically
in Figure 6.16. The pressure applied by the debris was highest at the bottom (apex node)
of the impacted cell causing the node and face sheet to fail in tension at the face
sheet/node interface, Figure 6.16(a). The ductile aluminum face sheet then began to bend

about plastic hinges that propagated to the left and right until arrest at the two adjacent
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nodes. Figure 6.6(b) and Figure 6.16(a) show that this accelerated a region of face sheet
with a width given by ~2L. outwards reaching a maximum out of plane velocity that
increased with impact velocity, Figure 6.13. This in turn accelerated the rear laminate
with a force that was distributed over a similarly large area. Figure 6.12 shows that for
the target impacted at 2.3 km s™ the rear face sheet required approximately 10 ps to reach
a velocity of 0.45 km s™. This was sufficient time for the 5.9 mm thick laminate (with a
Z-direction longitudinal wave speed of slightly more than 2 km s™ [10] and transverse
hinge speed of about 0.3 km s™) to transversely deflect, and maintain the impact pressure
below the threshold needed to induce indirect tension mode of progressive ply failure. At
higher target impact velocities, the faces of the fractured face sheet at the bottom apex
node separated, and then released the debris plume to impact the inside of the rear
laminate over a region with a width given of ~1.5L, Figure 6.16(b). While the velocity of
the debris over the test range could have been traveling in excess of 0.6 km s™, the
velocity difference between the debris and slower traveling aluminum face sheet was less
than 0.2 km s, Figure 6.13. Since the Z-component motion of the face sheet provided a
mechanism to reduce the velocity of the impacting debris in the laminate frame of
reference, this limited the debris impact pressure, and ensured it not exceed the (typically

1.5 GPa) pressure required to activate the indirect tension mode of failure.
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This observation is consistent with the behavior of the encased aluminum target,
where an impact by the same spherical projectile caused the rear face of the aluminum
plate to bulge (with an area limited to ~2x the projectile diameter) prior to plate
perforation, Figure 4.20. This resulted in a small pre-acceleration of the rear 5.9 mm thick
HB26 laminate which was then impacted by an intact projectile that exited the rear of the
aluminum plate with a velocity of 0.6 km s™. This exceeded the ballistic limit of a
5.9 mm thick, stationary, edge clamped laminate impacted by this projectile, Table 6.3.
The indirect tension activation pressure (a property intrinsic to the laminate) remains the
same in the pre-accelerated and stationary impact situations; only the impact velocity
(and hence contact pressure) applied to the laminate in the pre-accelerated case was
lower. Interestingly, impacts at a velocity of only 0.24 km s™ are sufficient to start
progressive indirect tensile failure, Table 6.3. The lack of any penetration in the encased
hybrid target can be understood by considering the pressure applied to the laminate by a
plume of debris particles scales as pV;%, where p is the plume density. The steel projectile
is many times denser than that of the plume of aluminum, alumina and fragmented debris.
This, combined with the lower velocity of the debris plume and greater pre-acceleration
applied to the laminate, resulted in i) an increase in penetration resistance of the rear
laminate from 0.2 km s to more than 0.6 km s, and ii) an increase in ballistic limit of
the target from 1.4 km s for the Dyneema® encased aluminum plate to more than

2.7 km s™ for the prism base impacted samples studied here.

Debris penetration of the rear Dyneema® laminate after a prism apex impact can
also be rationalized by a similar analysis. The impact again displaced the rear aluminum

face sheet outward, at a velocity similar to that of a base prism impact, and therefore pre-
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accelerated the rear Dyneema® laminate to a similar Z-direction velocity, Figure 6.16(c).
In an apex impact however, the mass of comminuted ceramic was significantly less, and
the momentum transferred to it by the projectile therefore resulted in a higher debris
velocity [17]. For a target impacted at 2 km s™, the velocity difference between the debris
and rear aluminum face sheet was approximately 0.4 km s for a ceramic prism node but
only 0.1 km s™* for a base impact, Figure 6.13. It is expected that the debris impact
velocity in the laminate frame of reference would have continued to increase with target
impact velocity, and the higher pressure that was applied to the laminate resulted in

perforation for the 2.5 km s prism apex impact.

In cases where debris plume that exited the rear of the aluminum sandwich panel
and was captured by the rear Dyneema® laminate, its kinetic energy could be dissipated
by membrane stretching of the full thickness of the rear laminate. Pull-in from the side
and front laminates, and straightening of excess consolidated Dyneema combined to a
give larger Z-direction displacement than would have been possible if a side supported
rear face laminate (i.e. a typical spall shield) had been impacted, and this presumably
enabled kinetic energy dissipation at reduced the membrane stress. While no back
laminate failure was observed for any of the prism base impacts, some tensile fracture at
the sides of the samples impacted at the highest velocity was observed. This was not
unexpected since the number of fibers aligned with the tensile load at the sides of the
sample was only a half that of the back laminate. This mode of response, as well as
deflection behavior, is similar to that observed when beams of the same laminate were

impacted by low-density aluminum foam projectiles [13].
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This study has identified mechanisms which when activated increase the ballistic
resistance of a laminate. Placement of a suitable material between the projectile and
laminate can allow temporal and spatial modification of the material that impacts a
laminate at the rear of the target. The use of the hybrid core sandwich panel here
provided an effective means of activating projectile defeat by controlling the area
impacting the laminate backing. The study has not investigated the best hybrid sandwich
structure design (e.g. face sheet thickness, web/face sheet nodal strength, cell topology
and cell size), as well as material properties (e.g. density, yield strength, toughness and
ductility), or the best ceramic type, dimensions, topology, etc. These would need to be
considered in relation to the impactor (density, size, shape, velocity, obliquity of impact)
as well as the type of laminate backing. The study has shown that laminate selection
should address material indices that maximize both the usual membrane mode of action
and the indirect tension mode of failure. It is finally noted that the laminate encasement
method utilized here was of substantial benefit since it enabled the back, side and front
portions of the laminate to all contribute to membrane stretching and eliminated stress

concentrations at bolt hole attachments that would be otherwise necessary.

6.5. Conclusions

The impact performance of an UHMWPE fiber reinforced polymer matrix
composite (HB26 grade Dyneema®) has been studied using model test structures that
enabled control of the spatial distribution and velocity of ejecta. The laminate encased an
aluminum alloy sandwich panel whose hybrid corrugated cores contained alumina

prisms. It has been found that:
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Self-gripping, Dyneema® encased targets were not penetrated by impacts with
a 12.7 mm diameter hardened chrome steel sphere at a velocity V; > 2.7km s™.
This corresponded to a100% increase in the ballistic limit compared to a target
that had the same laminate encasement and areal density, but used a solid
aluminum plate to interact with the projectile.

Fragmenting, and spatially/temporally dispersing the momentum of the impact
and pre-accelerating the rear Dyneema® laminate prior to debris impact
combine to greatly increase the penetration resistance of the fiber-reinforced
laminate.

Distribution of the impact momentum by the hybrid core sandwich panel was
controlled by ceramic fragmentation, locations of nodal failures and face sheet
bending. Pre-acceleration of the rear laminate by bulging of the rear surface of
the intervening panel reduced the debris impact velocity upon the rear
laminate by at least 40%. This reduced the incident pressure upon the
laminate, and for prism base impacts was sufficient to avoid the indirect
tension mechanism of failure.

The Kinetic energy of the debris plume exiting the hybrid core sandwich was
dissipated by large deflections and membrane stretching of the full thickness
laminate. The stress required for this has been reduced by engagement of

Dyneema® at the sides and front of the encasement.
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Chapter 7. Discussion

7.1. UHMWPE Composite Characterization

The dissertation has characterized the structure and properties of six UHMWPE
fiber reinforced [0°/90°] composites used for ballistic impact resistance applications and
focused particular attention on the HB26 Dyneema® grade. This grade consists of gel-
spun Dyneema® grade SK76 UHMWPE fibers dispersed in a compliant polyurethane
matrix, with an 83 wt.% fiber fraction. The SK76 fiber has a highly oriented
orthorhombic crystal structure, primarily in the chain extended conformation where the
majority of the long molecular chain axis is aligned with the fiber axis. The sp® bonded
extended chain configuration leads to a fiber with a tensile strength of 3.6 GPa and
modulus of 110 GPa. The weak van der Waal bonds between the long molecules provide

the fiber with bending flexibility but resulted in a material with extreme anisotropy.

The tensile response when the fiber is combined with the compliant matrix to
form the [0°/90°] HB26 laminate was approximately linear-elastic until its failure

strength of 650 MPa was approached. Fiber misalignment and waviness led to failure
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occurring in multiple discrete steps and reduced the tensile strength below rule of
mixtures expectations, as has been also observed elsewhere [1-3]. It was shown in
Section 3.2 that the laminate tensile response was dominated by the fiber reinforcement,
with laminates using the same fiber but different matrices having similar responses, and
those reinforced with stronger and stiffer fibers having stronger and stiffer laminate

responses.

We then tested in interlaminar shear (Section 3.3) the HB26 laminate and
measured a strength of only 1.8 MPa (~1/500™ of the laminate tensile strength). This
result is also consistent with measurements made elsewhere [2—4]. The interlaminar shear
strength was determined to be a matrix controlled property, where laminates using
polyurethane matrices (e.g. HB26) possess shear strengths of at least a factor of 3 greater
than those of styrene based matrix laminates. A summary of the tensile and shear strength

results is given in Table 2.2.

The interlaminar shear strength of the HB26 laminate was additionally tested as
an out of plane (through thickness) compressive stress was applied to the gauge section.
This pressure effect was investigated because a strong dependence of shear strength with
transverse compression stress has been reported for bulk polymers [5], and is a key
assumption in the indirect tension model of Attwood et al. [6]. The shear strength is
shown in Section 3.4 to linearly increase with the applied pressure for pressures up to
13 MPa (as assumed in the indirect tension model). Further assessment of the pressure
dependence to the high compressive stresses (0.2 to 1 GPa) generated during impact is

needed.
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The out of plane compression stress versus strain response of a unidirectional
[0°]4s HB26 laminate was presented in Section 3.5. The indirect tension model of
Attwood et al. [6] is predicated on a highly anisotropic Poisson’s ratio, in which a ply’s
lateral expansion is greater transverse to the fibers than parallel to the fibers during out of
plane compressive loading. This anisotropy causes fibers in a 0° ply to be loaded in
tension due to the transverse expansion of the 90° plies above and below. DIC analysis
verified the Poisson’s ratio was anisotropic, with a recorded Poisson ratio of near zero in
the fiber direction, vi3 = 0, and v,z = 0.5 in the transverse direction. Shear failure initiated
at a stress of ~20 MPa and was followed by substantial plastic flow in the transverse
direction. This is very different to the unstable failure observed in [0°/90°] laminates that
failed when the tensile strength of the fibers was reached, and shows the importance of

fiber architecture for activation of the indirect tension mechanism.

7.2. Impact Response Mechanisms

The dissertation also investigated the mechanisms that control penetration of
UHMWPE fiber reinforced [0°/90°] composites during model ballistic impact events. For
this purpose, targets consisting of an aluminum plate encased (wrapped) with a [0°/90°]
Dyneema® grade HB26 laminate were impacted by 12.7 mm diameter, hardened steel,
spherical projectiles at zero obliquity. The thickness of the aluminum plate was chosen so
that impacts either above or below the plate/projectile shatter gap [7] could be utilized.
This then allowed control of the degree of projectile fragmentation during penetration of
the aluminum and impact with the rear Dyneema® laminate. A series of target designs

allowed observation of the response of the laminate during three distinct loading
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conditions, Figure 7.1: (i) Impact by an intact projectile impacting a foundation supported
laminate, (ii) impact by an intact projectile with an edge-clamped laminate, and (iii)

impact by a fragmented projectile with an edge-clamped laminate.

(@) lv' (b) (©
Hardened
steel
sphere
HB26 W
Projectile
Aluminum fragments

Figure 7.1. Three distinct loading scenarios investigated in the encased aluminum study used to
elucidate penetration mechanisms. (a) An intact projectile impacting a foundation supported
laminate. (b) An intact projectile impacting an edge-clamped laminate. (c) A fragmented
projectile impacting an edge-clamped laminate.

When a laminate supported on a foundation was impacted, Figure 7.1(a), the
laminate was penetrated by the intact projectile in a progressive manner, during which the
depth of penetration increased with impact velocity. Chapter 4 clearly showed that the
aluminum plate prevented the laminate from entering into a string-like, membrane
stretching mode; the mechanism invoked by Phoenix and Porwal [8] to rationalize the
dimensionless analysis of Cuniff [9]. Instead, the impact pressure applied by the
projectile appeared to cause ply failure similar to the observations originally seen in
references [10,11]. Woodward et al. [10] investigated the quasi-static and dynamic
indentation of rigidly backed Kevlar and UHMWPE composite, and argued that
indentation induced tensile stress in fibers just below the projectile was responsible for
failure of fibers beneath the tip of the projectile. These papers did not provide a
mechanism for the progressive penetration mode, but in a recently submitted paper with

Attwood et al. [6], we show that the application of a compression stress to a [0°/90°]
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UHMWPE fiber reinforced laminate results in Poisson expansion of each ply transverse
to its fiber direction. The transverse displacement results in shear lag loading of the
adjacent ply’s placing their fibers in tension. This provides a mechanism for conversion
of an imposed compressive stress (like that under a projectile impact) to tension, and
induces fiber tensile failure when the stress reaches the ply tensile strength. It is this
indirect tension mechanism, due to the anisotropic Poisson expansion of the plies, that we

argue is responsible for the penetration of these rear supported laminates.

When the laminate was allowed to deflect out of plane, in the edge clamped
scenario, Figure 7.1(b), the ballistic limit (impact velocity for complete penetration of the
laminate) was almost double that of the rear supported scenario. Again penetration
occurred progressively, which was consistent with observations made elsewhere [3,12—
16]. However, upon comparing these results to those made by Karthikeyan et al. [3], who
impacted the same edge clamped laminate with a similar projectile, we observed a
smaller depth of penetration for a given impact velocity and a higher ballistic limit. The
analysis in Chapters 4 and 6 shows that this unexpected result was determined to be a
result of pre-acceleration of the Dyneema® laminate by the bulging rear face of the
aluminum plate prior to its impact by the projectile, Figure 7.2(a). The out of plane
displacement of the plate pushes upon the laminate, at a pressure insufficient to activate
indirect tension fiber failure in the laminate, causing it to acquire an out of plane velocity
component. As a result the contact pressure induced by the projectile, which depends
upon the impact velocity in the laminate frame of reference, was reduced. An additional
reduction in laminate depth of penetration (and increase in ballistic limit) was observed

for edge-clamped laminates when the projectile was fragmented prior to laminate impact,
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Figure 7.2(c). In this case, we argue the laminate penetration resistance is enhanced by

spatial and temporal dispersion of the impact impulse.

(@) Encased aluminum target

Local fiber failure 5.9 mm

HB26 laminate

Aluminum
6061-T6

Ductile hole T
enlargement
31.6mm

Dp=12.7mm J

Plate bulge ‘% T

l 59 mm
Hliige Crater hinge

velocity

Projectile
velocity

diameter, ~ZDp

(b) Intact projectile impact

%

stress

Progressive

ply perforation .
Compressive /

tensile stress

(c) Fragmented projectile impact

)\

Reduced Projectile
penetration fragments
Increased

impact area

Figure 7.2. Schematic illustrations of an encased aluminum target after impact by a steel sphere.

(a) Plate bulging prior to perforation pre-accelerates the edge-clamped rear laminate. The depth

of penetration in the laminate upon impact by a projectile that penetrated the plate then depended
upon whether the projectile (b) remained intact or (c) had fragmented.

It was not possible to directly observe the mechanism of penetration in the edge
clamped experiments like that schematically illustrated in Figure 7.2(b). We can argue

that the progressive penetration behavior is irreconcilable with the membrane stretching
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model as formulated in [8] which assumes all the ply’s are similarly loaded and cannot
therefore predict progressive penetration. Without a fully developed dynamic penetration
model, it is difficult to conclusively prove penetration occurred by indirect tension.
Although, preliminary results of a 2D impact experiment’, where a flat bottomed knifed
edge impacts an edge clamped [0°/90°] composite beam, have captured high-speed
footage of the progress failure of the composite. Furthermore, it is clear that test
situations that reduced the pressure applied to the laminate by the projectile (such as
unsupported rear face, pre-acceleration of the laminate, and distribution of fragmented
projectile momentum over a large area) increased the impact performance of the

laminate, and this is consistent with indirect tension penetration.

This paradox motivated the design of a Dyneema® HB26 laminate encased hybrid
target in Chapter 6. In this model system, the high hardness of alumina ceramic prisms
inserted into the triangular corrugation of a corrugated core sandwich panel were able to
fragment an impacting projectile and distributed its impact momentum between the
projectile fragments and ceramic particles over a very wide loading area. When such
Dyneema® encased targets were impacted on a ceramic prism base, the interior surface of
the rear Dyneema® laminate was loaded by a ~50 mm wide square shaped region of
debris with a velocity that increased with that of the projectile. However, even when the
impact velocity was increased to 2,700 m s, and the debris impacted at more than 600 m
s (well above the laminate’s ballistic limit of 450 m s for the 12.7 mm diameter

spherical projectile), the laminate was never penetrated.

" Performed by Vikram Deshpande’s group at the University of Cambridge and shared by private
communication.
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From these impact studies, a working, two mechanism, penetration hypothesis can
be proposed. In an impact event, a region of compression develops in a [0°/90°]
UHMWPE fiber reinforced laminate beneath the projectile. The magnitude of this stress
scales with impact velocity, as well as the shape, density and sound speed of the
projectile, Figure 7.3(b). If the impact induced compressive stress is sufficiently high, it
is able to cause indirect tension and tensile fracture of a ply’s fibers, Figure 7.3(c). The
work done in failing the ply, thereby advancing the projectile a ply thickness, is supplied
by a reduction of the kinetic energy of the projectile, and so as penetration continues, the
projectile slows until the pressure it exerts on the laminate becomes insufficient to cause
further indirect tension failure. The compressive stress exerted on the laminate by the
projectile will also lessen with time if the laminate is allowed to transversely deflect, and
thereby reduce the velocity difference between the laminate and projectile, Figure 7.3(c).
Once below the critical pressure to activate indirect tension, if the intact remainder of the
laminate is sufficiently thick, and if it is allowed to transversely deflect, the projectile is
then brought to rest by out of plane panel displacement against the forces resisting
membrane stretching, Figure 7.3(d). However if the residual intact laminate is
insufficiently thick, the resultant membrane stresses can be sufficiently high, to activate a

second, membrane mode stage of tensile fiber failure and laminate perforation.
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Figure 7.3. A proposed sequence of events for when (a) a spherical projectile impacts a
stationary [0°/90°] polymer composite. (b) Inertial resistance prevents the laminate from
immediately deflecting upon impact. The laminate underneath the projectile is placed in
compression. This pressure is converted into a tensile stress in a ply’s fiber direction by
anisotropic expansion of adjacent 0°/90° plies.(c) The velocity of the projectile is reduced by the
work done in progressively failing the plies. If sufficient time has elapsed, the laminate may be
simultaneously under membrane stretching and indirect tension. (d) If the laminate is sufficiently
resistant to the penetration forces, it may enter into large deflections and resistant forces to
stretching of the laminate will bring the projectile to rest.

The laminate encasement method utilized with these ballistic targets also

enhanced the ballistic performance of the laminate once engaged in membrane stretching.

This feature was particularly apparent in the encased hybrid test structure covered in

Chapter 6. The very high extensional wave speed (~10 km s*) enabled rapid
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communication of the membrane stretching force around the sides and to the front of the
laminate. This enabled the displacement needed for out of plane deflection to be provided
by extension of a laminate (gauge) length that was more than twice that of the sample
width. In addition, extra displacement was provided by the small (but significant) excess
length of Dyneema® that was stored at the periphery of the sample. The combination of
these two sources of material flow towards the site of debris loading would then reduce
the deceleration, and associated forces of the laminate. It also resulted in increased
alignment of the laminate’s fibers with the debris loading axis which increased the
efficiency with which the laminate could sustain the load. The overall effect was further

delay in tensile failure and improved impact performance.

7.3. Laminate Defect Effects

Attwood et al. [6] showed that the out of plane (through thickness) uniform
compression of a [0°/90°] polymer matrix UHMWPE fiber laminate is controlled by an
indirect tension mechanism that creates a tensile stress in the fibers. When the tensile
stress reaches the failure strength of the fibers, the sample catastrophically fails.
Compressive strength results for six [0°/90°] UHMWPE reinforced laminates revealed a
sample thickness effect unaddressed by Attwood et al. [6] . Thinner laminates had
compressive strengths that were 30% to 40% below predictions, while the strength was
restored by increasing the sample thickness. Detailed nondestructive characterization
using micro-XCT methods, revealed the presence of both tunnel cracks and missing fiber
defects. The former were very prominent, but were removed during the early stages of

compression, and therefore had no effect upon the compressive strength. However, the
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missing fiber defects, which caused some regions of a laminate to fail before others
(containing less fibers in the local load path), were shown to be responsible for the
reductions in strength. Increasing the laminate thickness homogenized the defect
distribution and improved the strength, but did not restore it to the level achievable if the

defects had not been present.

Finally, the defects in laminates were traced to defects present in the pre-preg tape
provided by the manufacture. Warm consolidating the pre-peg tapes into laminates at an
elevated pressure did reduce the defect volume. However variability in ply thickness was
also observed in the consolidated laminates and is believed to cause the observed
variability in compressive strength. An effort by either the manufacture or the end user to
reduce the missing fiber defects and ply variability would lead to significant

improvements in the compressive strength.

7.4, Suggestions for future work

A summary of the average strength values measured for H = 1 mm thick samples
of each material is shown in Figure 7.4. Also plotted is preliminary data for UHMWPE
solid-state tapes. These tapes consist of ply’s in which the UHMWPE is highly crystalline
and highly oriented in one direction and have a similar thickness to those in the fiber-
reinforced laminates. These ply’s are stacked in a [0°/90°] sequence and consolidated in
the usual manner. These materials have ~1/2 the ply tensile strength of the strongest fiber
reinforced laminates, X106 and X131, and approximately twice the shear strength of
HB26. Unexpectedly, their compressive strength is equivalent or greater than all of the

fiber-reinforced laminates. These materials appear to less efficiently convert compressive
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stress into tension and have a less prominent shear lag region, which allows them to
sustain higher compressive stresses at a given length. This suggests that laminates
reinforced with solid-state tapes would likely provide superior impact performance in the
moments controlled by indirect tension to those reinforced with just fibers, even if the

fiber laminates had modestly stronger tensile strengths than the solid-state tapes available

today.
1.75 T T T
UHMWPE Sample thickness, H=1mm
solid-state
1.50 - tapes 7
<
.
9
= 125 .
g
o ok
[
£ 1.00 ° =
= [ ]
g
@
2 075 m HB26 |
a @ HB50
g A X106
£ 0.50 v X131
S ¢ SR3124
x SR3136
0.25 ® BTI0
@ HSBD20A
0.00 L ; v
0 10 20 30 40

Length L (mm)

Figure 7.4. Average compression strength, omax, plotted as a function of sample length, L, for all
UHMWRPE fiber laminate grades and two UHMWPE solid-state laminate grades, BT10
Dyneema® and HSBD20A Tensylon® (DuPont, USA). BT10 data is from private communication
with J.P. Attwood [17].

It also implies that a benefit may exist to a multi-grade composite lamination of
solid-state tapes and fibers. Plies reinforced by solid-state tapes would be placed nearest
the impact side, where the greatest resistance to indirect tension is needed to sustain the
contact pressures by the projectile. Nearest the rear side of a laminate would be plies
reinforced by the higher strength fibers that could sustain higher membrane stresses. The

plies nearest the rear surface would also benefit from a fast transverse hinge velocity,
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facilitating out of plane deflection and precipitate the transition from a stage controlled
by indirect tension to one controlled by membrane stretching, Figure 7.3(d). The optimal
combination of material properties (tensile strength, shear strength, longitudinal wave
speed, transverse wave speed, etc.) would then not only depend upon the expected
impacting object (density, mass, velocity, etc.) but location within a laminate and the

expected mechanism to be activated.

The following is a list of other possible ideas for continued work:

An improved understanding of quasi-static indentation is needed. This experiment
presents a better approximation of the stress fields observed in a penetration event than
the uniform compression experiment; although, the mathematic complexity of the

problem increases.

Dynamic runs of quasi-static experiments should be tested. A potential
envisioning would be a uniform compression or indentation test using a gas gun equipped

with a split Hokinson pressure bar. This would be revealing of strain rate effects.

A continued effort into identifying the mechanisms present during impact of a
polymer fiber reinforced composite is needed. A valuable experiment would be one that
could clearly observe the penetration event and record the stresses, or strains, observed
on either side of a laminate (even better if through the thickness) during penetration. Of
particular interest are the 0.1-10 pus after impact. However, projectile penetration of a
laminate may be sufficiently complex to require a modeling effort to be able to

completely capture the nuanced event.
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Ballistic impact tests on bi-layered laminations of solid-state reinforced plies
backed by fiber reinforced plies could be performed. Documentation exists of an
improved ballistic performance when layering plies reinforced with Tensylon®
UHMWPE solid-state tape with plies reinforced with plies of Dyneema® UHMWPE
fibers [18]. However, a more systematic study is needed to understand the source of the

effect.

A systematic study of processing parameters on defect reduction could be useful.
For instance, a study by Chiou et al. [19] has shown the consolidation pressure affects
ultrasonic attenuation in the laminates. The appropriate consolidation parameters
(temperature, pressure, vacuum, etc.) for minimizing defects within laminates assembled

from various constitutive materials could be determined.
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Chapter 8. Conclusions

The emergence of methods to make highly crystalline fibers from giant
polyethylene molecules with molecular weights approaching 10’ Da has resulted in the
development of new fibrous materials with densities of 970 kg m™, a tensile modulus
approaching 200 GPa and strengths in tension exceeding 3.5 GPa. This dissertation has
investigated the structure, mechanical properties and mechanisms governing the
penetration of polymer matrix composites reinforced with these UHMWPE fibers under
impact loading scenarios. Emphasis was placed upon the identification and study of an
indirect tension mode of penetration, where out of plane compressive loading of [0°/90°]
laminates leads to loading of fiber in tension, and progressive projectile penetration of the
laminate. The investigation was focused upon the Dyneema® grade HB26 system, but
five other systems were used to investigate the generality of the findings. The five other
[0°/90°] composite systems were assembled from matrices and UHMWPE fibers of
differing strengths and produced by different manufactures. A summary of their
measured properties, along with architecture and constituent material information, is

provided in Table 2.2. HB26 consists of gel-spun Dyneema® grade SK76 UHMWPE
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fibers dispersed in a compliant polyurethane matrix, with an 83 wt.% fiber fraction. This
material was provided as a [0°/90°], preg tape, with a ply thickness of ~67 um. It was
warm consolidated under confined compression to form [0°/90°], laminates. The primary
conclusions of the work can be grouped into those related to: (i) material characterization,

(ii) defect effects and (iii) impact resistance.
Material characterization:

e  The 17 um diameter Dyneema® SK76 fiber was highly crystalline with
~85 vol.% in the orthorhombic structure with lattice parameters a = 7.43 A,
b=4.95A and ¢ = 2.53 A, while the remainder was amorphous [1]. The fibers
were highly textured with the c-axis (molecular axis) is aligned along the fiber
direction in an extended chain macro-conformation.

e  The tensile response of the SK76 yarn (bundle of fibers) was linear-elastic,
brittle and had a measured strength and modulus of 3.2 GPa and 105 GPa. A
13 um diameter Dyneema® X131 yarn had a measured yarn strength and
modulus of 3.9 GPa and 155 GPa, respectively. Both yarns were weaker than
their reported fiber strengths, which was attributed to uneven loading of
individual fibers in a yarn that contained wavy fibers.

e  The tensile response of [0°/90°] laminates reinforced by UHMWPE fibers is
dominated by the response of the reinforcing fiber. Waviness and
misalignment of fibers within a laminate led to an uneven loading of
individual fibers and a reduction of strength values below expectation.

o Using a double notch specimen, it was found that the interlaminar shear

strength was matrix dominated; laminates with a polyurethane matrix had
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shear strengths of ~1.5 MPa (-~1/500th of the laminate’s tensile strength) while
the strength of styrene laminates was less than a 1/3" of this value.

The shear strength of HB26 was shown to increase with out of plane
(transverse) compression. This behavior has been incorporated into a model
[2] of the out of plane compression behavior of [0°/90°] laminates controlled
by an indirect tension mechanism.

The Poisson expansion of a unidirectional [0°]4s HB26 laminate under out of
plane compression was shown to be anisotropic; another key assumption of
the indirect tension model. The transverse Poisson’s ratio is vo3 = 0.5, while
the longitudinal Poisson’s ratio is vi3 = 0. The unidirectional laminate failed in
shear when the compressive stress reached ~20 MPa and was followed by
significant plastic flow transverse to the fiber direction.

Out of plane compression of six [0°/90°] cross ply UHMWPE reinforced
laminates resulted in a catastrophic fracture, and at much higher compressive
stresses (>1 GPa) than the unidirectional HB26 laminate. These experiments
indicated that the out of plane compressive strength of [0°/90°] laminates
increased as: the ply thickness decreased, the ply strength increased, the
laminate shear strength increased, and the coefficient of laminate shear
hardening with compressive stress increased. All of these trends are consistent
with indirect tension model predictions.

A previously un-predicted sample thickness effect was observed. Thinner
laminates had compressive strengths that were 30 to 40% below indirect

tension model predictions. However, the strength was restored by increasing
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laminate thickness. As sample thickness increased, the out of plane
compressive strength was found to approach that predicted by a recently

proposed indirect tension model [2].
Defect effects:

e A combination of optical and ultrasonic C-scan imaging in conjunction with
microXCT was used to identify two classes of defects in UHMWPE [0°/90°]
polymeric composites; namely i) elongated void-like defects consisting of
pockets of missing fibers and resin that spanned long distances (>150 mm) in
the fiber direction of a ply, and ii) tunnel cracks arising from anisotropic
thermal strains during the cooling after the consolidation process.

e  The tunnel cracks are shown to be consistent with the negative coefficient of
thermal expansion in the (sp> bonded) fiber direction and the large positive
CTE in (van der Waals bonded) directions transverse to the fibers.

o Removal of tunnel cracks, by cold pressing the laminate, has no effect upon
the transverse compressive strength of the laminate.

e  The missing fiber defects are traced to defects present in the pre-preg tape.
Warm consolidating the pre-peg tapes into laminates at an elevated pressure
healed some of the defects and reduced the defect volume.

e  Asimple statistical model, that assumed defects to be randomly distributed
and independent, successfully simulated optical images of bands of missing
fiber defects stacked in the thickness direction of laminates.

o Using pressure sensitive film, regions containing stacks of missing fiber

defects were shown to support a reduced compressive load. This uneven
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pressure distribution resulted in some regions of a laminate reaching the
critical stress needed to activate indirect tensile failure before other regions.
Thus, missing fiber defects degrade the out of plane compressive strength of a
laminate.

The reduction in strength due to these defects was captured by modeling of
the load-shielding mechanism that incorporated the statistical prevalence of
the defects. The model also captured the recovery of strength with increased
sample thickness, and showed it to be due to homogenization of the defect
distribution.

A bimodal ply thickness test revealed that the compressive response was
governed by the thickest ply (which fails at a lower strengths). Therefore, the
ply thickness variability in these laminates is believed to cause the observed
variability in compressive strength. This test also revealed the potential for

strength degradation if thicker plies are introduced in a lay-up.

Impact resistance:

Penetration of laminates either supported on a foundation or edge restrained
occurs by the progressive fracture of fiber plies under the impactor, with the
number of fractured plies increasing with impact velocity. The ballistic
resistance of a laminate supported on a foundation is significantly lower (by
nearly a factor of two) compared to that of edge restrained plates.

The mechanism of penetration of laminates supported on a foundation by a

blunt nose projectile or indenter was compression induced tensile fiber failure,
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identical to the indirect tension mechanism activated under uniform
compression of a [0°/90°] architecture laminate.

Since the compressive stress scales with the square of the impact speed, quite
low velocity impacts can initiate failure of near surface plies. However,
substantial dissipation of kinetic energy occurs during the penetration of a ply,
and projectiles can be rapidly reduced in velocity until the pressure they apply
is insufficient to cause rupture.

In edge supported laminates, the residual kinetic energy at the cessation of
indirect tension failure is dissipated by membrane stretching mode.

If laminates are pre-accelerated, by low contact pressure inducing
mechanisms, an initial velocity is imparted to the laminate prior to impact by a
projectile, and the “apparent” ballistic limit of the laminate is enhanced. This
results from a lowering of the projectile velocity in the laminate frame of
reference (and thus reduction of the applied pressure) for of given projectile
velocity in the laboratory reference frame.

Fragmentation and concomitant spatial and temporal dispersion of the
projectile by an intervening medium increases the ballistic limit of the
laminate by distributing the interfacial forces between the projectile and
laminate over a larger area, thereby reducing the contact pressure.

Panels that are placed between the projectile and laminate that can both pre-
accelerate the laminate and spatially/temporally disperse the momentum of the
impact are shown to greatly enhance the penetration resistance of the

laminate.
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. If penetration is not activated, the kinetic energy of the impact is then
dissipated by large deflections and membrane stretching of the full thickness

the laminate. Failure will then occur where the stress is highest, which is often

at a source of stress concentration such as the grips.
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Appendix A.  Tensile properties of high-

performance fibers

The data used to generate the material maps in Figure 1.3 is listed in Table Al

along with the details of the sources of the information.
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Table A-4. The data for the mechanical properties high performance fibers used to generate Fig. 1. The sources of information are included in the
table for each case.

Fiber P E Elp of ailp & ¢
(Mgm®) | (GPa)  (KIg") | (GPa) (KIgh) | (%) (ms™)
Alumina
Nextel 312 [1] 2.7 150 56 1.7 0.6 11 298
Nextel 440 [1] 3.05 190 62 2.0 0.7 11 301
Nextel 610 [1] 3.90 380 97 3.1 0.8 0.8 317
Nextel 720 [1] 34 260 76 2.1 0.6 0.8 279
Aramid
Kevlar 29 [2,3] 1.44 70-91 49-63|29-30 20-21|30-42|621-671
Kevlar 49 [2,3] 1.44 | 113-120 78 - 83 3.0 21| 12-2.6 | 487-619
Kevlar 129 [2,3] 1.44 96 - 99 67-69 | 29-34 20-24| 33-35]|648-695
Kevlar 149 [4] 1.47 185 126 34 2.3 2.0 638
Kevlar KM2 [2,3,5] 1.44 70-85 49-59 | 33-39 23-27|38-45|681-776
Basalt [6] 2.56 — 2.66 53 -62 20-24|116-20 06-0.8| 27-3.6| 336-400
Boron Carbide
4-mil [7] 2.54 400 157 3.6 14 0.9 431
5.6-mil [7] 2.38 400 168 4.0 1.7 1.0 478
Carbon
Hexcel AS4 [8] 1.79 231 129 4.4 2.5 1.8 643
Hexcel IM7 [9] 1.78 276 155 5.6 3.1 1.8 733
Hexcel IM9 [10] 1.80 304 169 6.1 34 19 765
Toray M35J [11] 1.75 343 196 4.7 2.7 14 636
Toray M45] [12] 1.84 436 237 4.2 2.3 1.0 554
Toray M60J [13] 1.93 588 305 3.9 2.0 0.7 491
Toray T300 [14] 1.76 230 131 35 2.0 15 560
Toray T700S [15] 1.80 230 128 4.9 2.7 2.1 689
Toray T800S [16] 1.80 294 163 5.9 3.3 2.0 747

Toray T1000G [17] 1.80 294 163 6.4 35 2.2 788




*

Fiber P E Elp o ailp & c
(Mgm?®) | (GPa)  (kig) | (GPa) (Kg’) | (%) | (ms’)

Glass

E [3,18,19] 2.54 -2.58 69 - 74 27-29|34-38 13-15 4-48 | 525-570

S2[18] 2.49 87 35 4.8 1.9 5.7 689
LPC polyester

Vectran HS [20] 1.4 80 57 25 1.8 2.7 570

Vectran HT [21] 1.4 75 54 3.2 2.1 4.3 686

Vectran M [20] 14 79 56 1.2 0.8 1.7 374

Vectran NT [21] 14 52 37 11 0.7 2.1 357

Vectran UM [21] 14 103 74 3.0 1.8 2.9 604
PBO

Zylon AS [3,4] 1.54 180 117 5.8 3.5 35 893

Zylon HM [3,4] 1.56 270 173 5.8 2.5 2.5 849
PIPD

M5 [2,4] 1.70 | 300-330 176-194 | 35-85 21-50| 25-45| 864-940
Polyamide

Nylon [2,22] 1.14 10 8 0.9 0.8 | 9.5-28 | 480-690
Polypropylene

Tegris [source] 0.78 14 17 0.5 0.6 6 431
Silicon Carbide

Nicalon NL-200 [23] 2.55 220 86 3.0 1.2 1.4 421

SCS-6 [24] 3.08 380 123 3.9 1.3 1.0 416

SCS-9A [24] 2.8 307 110 3.6 1.3 1.2 429

SCS-Ultra [24] 3.08 415 135 5.9 1.9 1.4 541
UHMWPE

Dyneema® SK60 [4] 0.97 89 92 2.7 2.8 35 776

Dyneema® SK65 [4] 0.97 95 98 3.0 3.1 3.6 820

Dyneema® SK75 [4] 0.97 107 110 3.4 35 3.8 888

Dyneema® SK76 [4] 0.97 116 120 3.6 3.7 3.8 917

Spectra 900 [3,25] 0.97 73-79 75-81|23-26 24-27|28-39|670-758

Spectra 1000 [2,3,26] 0.97 97-120 100-124 | 26-33 27-34| 28-35| 749-807

Spectra 2000 [3,27] 097 | 116-124 120-128 | 3.2-33 33-3.4|29-3.0| 810-836

Spectra 3000 [28] 097 | 115-122 118-126 | 3.2-34 34-35 3.3 | 844 - 867

200
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Appendix B.  Measurement length changes
from teh high speed images

The pull-in, £, and stretched length, L;, of the Dyneema® rear face are measured
from the oblique and profile high speed images, such as those in Figure 4.12. The profile
images are directly used to measure the arc-length, L;, between the fiducial markers using
the “string length” function within the Phantom camera software. However,
measurement of the pull-in, £, from the oblique images requires a parallax correction to

be performed using the image processing toolbox in the software MATLAB as follows.

Consider the square grid as shown in Figure B.1. When this square grid is
observed at an angle a distorted image is obtained on the plane of view. We use the
projective transformation in the “maketform” function in MATLAB to construct the
transformation by providing the actual and observed 2D co-ordinates of the four corners
of one of the grid squares. This transformation is then applied to the oblique images using

the “imtransform” function in MATLAB so as to correct the image for the parallax. The
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measurements of £ are made by counting pixels to measure the movement of the fiducial

markers between consecutive transformed high-speed images.
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Figure B.1. Sketch showing the oblique visualization of the grid on the Dyneema® encasing and
the transformation used to correct for the parallax error.
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Appendix C.  X-ray tomogram analysis

procedures

Void segmentation: The intensity value of each voxel within the reconstructed
volume scales with the density of the material represented. Therefore, voxels representing
air, having a low-intensity, were isolated with Avizo’s “threshold” function. The variants
of “closing” and “opening” functions refined the selection. The result was output to the
software MATLAB, which calculated the total thickness of all voids in the Z-direction as

a function of in-plane (X-Y) position and the porosity.

Laminate edge detection: The border of a solid material, i.e. fiber or resin, with air
is marked by a high intensity scanning artifact, known as phase contrast. The voxels
exhibiting phase contrast, in the regions within one ply thickness of the laminate surface,
were selected using the “threshold” function. The variants of “closing” and “opening”
functions refined the selection, and the result was output to MATLAB to calculate the

thickness of the laminate as a function of in-plane (X-Y) position.



