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Abstract

The focus of this study was to learn how nature integrates hard and soft
materials at each length scale to form a layered composite that better
resists delamination. This research provided a detailed description, using
novel experiments, to explain how hard and soft materials have been
mixed/integrated at each length scale, optimized by volume fractions,
which affect the fish scales’ mechanical response due to external loading.
The results from the study showed the following:

1. The combination of the hard (inorganic minerals) and soft (organic
collagen fibers) are integrated instead of being glued at the nano scale.
At the micron scale for the two-layered composite, the outer dental
enamel (hard) layered interface uses a sawtooth-shaped joint to
connect to the inner bone (hard open-like foam) layer. At the
millimeter scale, the material and mechanical properties are gradually
graded through the thickness away from the interface.

2. The outer hard layer has 90 percent hard (inorganic minerals) and
10 percent (collagen fibers) by volume. Whereas, the inner bone layer
has 60 percent hard (inorganic minerals) and 40 percent (organic
collagen fibers) by volume. The property variation seems to delocalize
stresses, which increase delamination resistance at the interface.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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1.1

Introduction

Motivation

As a result of recent budget restraints, the U.S. Army has looked to reduce
production cost for some of its military assets. For example, the Army has
determined a huge cost savings can be accomplished by reducing the gross
vehicle weight for the Mine-Resistant Ambush Protected (MRAP)
personnel carrier by 33 percent (Joint Light Tactical Vehicle 2015). The
MRAP weighs 7 to 15 tons and cost $300k to $550k (base models)/vehicle
to build (Mine-Resistant Ambush Protected 2015); whereas, the next
generation Joint Light Tactical Vehicle (JLTV) is expected to weigh 4.5 to
10 tons and cost $230k to $270k (base models)/vehicle to build (Joint
Light Tactical Vehicle 2015). To be able to cut cost up to 51 percent while
maintaining military personnel safety, engineered composite materials
will need to be used. Engineered composite (inhomogeneous) materials
are well-known for their superior structural properties. Composites are
attractive because they can have the superior structural properties of being
impact/penetration resistant, lightweight, high-strength, high-stiffness
and can provide good fatigue and corrosion resistance (Figure 1.1)
(Structural Composites and Sandwich Panels 2015). Additionally,
engineered composites are multilayered systems that have interfaces that
are glued. In the general sense, composite materials are defined as two or
more physically and chemically distinct materials which, when combined,
have improved properties over the individual materials (Strong 2008).
When comparing engineering composites to other structural materials
such as steel, concrete, and foams, we find: (a) steel has high-strength,
high-fracture toughness but is extremely heavy, (b) concrete has high-
strength but is very brittle, has little fracture toughness, and is very heavy,
(c) foam is impact resistant, lightweight, but has low fracture-toughness
and low-strength.

Although composites are promising and offer mutually exclusive material
properties (high-strength, high-fracture toughness, and lightweight) that
are not found in other structural materials, they are prone to delamination
at the glued layered interface. Usually manmade engineered composites
tend to delaminate when impacted because the glued layers de-bond.
Delamination at layer interfaces is the primary mechanism that leads to
the failure of composite materials, Figure 1.2 (Makhecha 2005, Columbia
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Accident Investigation Board 2003). As an example, if engineered
composites are used as sandwich panels on space shuttles, they can
become damaged by impact. As an outcome of the impact damage, the
glued sandwich panels may delaminate and fail almost instantaneously if
exposed to the extreme thermal temperatures and weight of gravity,
causing the shuttle to explode (Makhecha 2005, Columbia Accident
Investigation Board 2003).

Figure 1.1. Schematic of multilayered composite material system
(Structural Composites and Sandwich Panels 2015).

Adhesive Facing

In contrast to manmade composites, most superior performing materials
(high-strength, high-toughness, and lightweight) found in nature are
layered composite systems that use a two-component mixture of materials
that are integrated at each length scale from the nano- to millimeters to
form what is called a “hierarchal structure.” From the nano- to micron-
length scale the hard materials (similar to metals) are mixed with soft
materials (similar to polymers) then varied by volume fractions, spatial
proximity, and directional placement in the layers to produce a
delamination resistant composite system. These delaminate-resistant
biocomposite structures (e.g., alligator gar [Atractosteus spatula]
exoskeleton fish scale) have mechanical properties that vastly exceed the
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properties of their relatively weak constituents, as seen in Figure 1.3
(Wegst et al. 2010). Shown in Ashby’s chart “a,” Figure 1.3, are the specific
values (that is, normalized by density) at the millimeter scale after
integrating the hard and soft material, the natural composites can have
values of strength and toughness that are very comparable to those of most
metals and alloys.

Figure 1.2. Composites fail by delamination when impacted, foam-tile
delamination led to Columbia space shuttle disaster (Columbia Accident
Investigation Board 2003).

COLUMBIA
' % SPACE SHUTTLE

DISASTER
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Figure 1.3. Ashby design chart of mechanical properties showing fracture toughness plotted against
Young’'s modulus for natural and engineered composite materials (Wegst et al. 2010; Hodo 2015).
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1.2

Specifically, shown in Figure 1.3, the engineering properties of the fish
scales’ two individual layer components are similar to the outer dental
enamel (hard) and inner cancellous bone (soft, sponge-like foam). The
hard enamel is lightweight, has high-strength but is brittle, and has a low
fracture toughness; whereas the sponge-like cancellous bone is
lightweight, but it is soft, low-strength and has low fracture toughness.
However, when the (hard) enamel is mixed with the (soft) sponge-like
cancellous bone, they combine to make a lightweight, fish-scale layered
composite that has high strength with good fracture toughness whose
engineering properties are comparable to metal alloys.

Problem

Most superior performing materials found in nature possess a hierarchal
composite structure. The formation of the weak individual constituents
found in fish scale composite is a function of its environmental conditions
(i.e., water temperature and soluble minerals). Within each layer, at the




ERDC/GSL TR-19-20

1.3

1.4

1.5

micron scale, there are subtle variations in the spatial proximity and direc-
tional placement of the hard and soft materials. The fish scale is made up
of 90 percent hard (inorganic minerals) and 10 percent soft (polymer-like
organic collagen fibers) by volume. However, knowledge is lacking on how
nature integrates hard and soft materials at each length scale to form a
layered composite that is lightweight, has high strength with good fracture
toughness, but does not delaminate.

Scientific objective

The objective of this research effort is to:

1. Investigate how nature might produce a composite made from a hard
(inorganic mineral) and soft (polymer-like organic fibers) to form a
layered structure that exhibits superior performing delamination
resistance when externally loaded.

2. Explain how the hard and soft materials are integrated in the fish scale
to form a layered structure that is lightweight and has high strength
with good fracture toughness so they may not delaminate.

3. Suggest what fish-scale design principles can be applied to the design
of manmade engineered composite systems.

Hypothesis (H)

The hypothesis (H) is that the fish scales resist cracks and delamination
because of the mixing and integration of materials occurring at millimeter,
micron, and nano scales. Evidently, the fish scale’s hard (inorganic
minerals) and soft (polymer like organic fibers) material volume fractions
and variations within the layers reduces the local stresses that lead to
delamination and crack formation caused by impact/penetration.

Approach

To meet the objectives of this research effort and to test the hypothesis, I
further experimentally investigated from the nano- to millimeter-length
scale the delamination resistant mechanisms in fish scale. At each length
scale a detailed description was provided of how the hard and soft
materials were mixed, what the material variations were within the layers,
and what effect did the materials and variations have on mechanical
properties in the composite system.
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1.6

1.7

Research innovation

Previous research conducted by others has suggested that from the nano-
to millimeter-length scale, the individual components of the fish scale are
glued rather than integrated to form layers in the composite. However,
sufficient evidence has yet to be provided that neither proves nor
disproves the suggested assumption. The innovation of this research is
that for the first time a detailed description was provided as to how hard
and soft materials are mixed and integrated at each length to form a
layered structure. In addition, my research provided details on how the
hard and soft materials vary by volume fractions, spatial proximity, and
directional placement within the layers. Furthermore, the material
variations were compared to mechanical properties of modulus and
hardness and, for the first time, energy dissipation was used to explain
why the natural composite has high strength, good toughness, and may
not delaminate.

As an additional outcome of my research, to be able to meet my research
objective and sufficiently test the hypothesis, a fundamental material
science approach was used to develop an experimental protocol. Currently,
there are no satisfactory standard combined protocols for investigating the
material integration, local mechanical properties, material variation and
integration at each length scale (millimeter, micron, and nano). Therefore,
the development of the experimental protocol was needed so that the
material variation and integration from the nano- to millimeter-length
scale could be adequately explained. The experimental protocol used in
this research is based on fundamental principles as opposed to the applied
research methods of trial and error. The approach used here makes use of
design concepts rather than iterative techniques that are employed across
the engineering and scientific communities.

Organization of report

Chapter 2 of this document provides a detailed overview of the current
state of knowledge for exoskeleton fish scales and the experimental
methods used in the characterization of bio-composites. Chapter 3
describes the experimental plan, materials, and methods used in this
study. Chapter 4 provides the experimental data, analysis, and results for
type, integration, and variation of materials, and mechanical properties for
the layers at each length scale. Chapter 5 discusses the specific questions
raised by the hypothesis, insight provided for the biological design
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principles, and suggested methodologies for developing bioinspired
engineered composite designs that exhibit advanced high performance.
Chapter 6 provides the summary, contributions/conclusions from this
research, and offers recommendations for 