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Chapter 1: Introduction

Engineers are constantly fighting the battle to find construction materials that
are strong, stiff, and lightweight. This is especially true in the field of aerospace and
naval engineering. Aerodynamics requires materials to have complex surface
contours, which further complicates the problem. Airplane wings and parts are
constantly being optimized to maintain their in-plane and flexural stiffnesses while
still decreasing the total vehicle weight. Oftentimes, a change in material can mitigate
or completely eliminate the issue of mass management. Lightweight pin-reinforced
composite materials provide one avenue for solving this problem.

There are several benefits that can come about when designing with
lightweight composite materials, especially in aerospace applications. When
designing flight vehicles, there is the potential to increase fuel efficiency and create
additional cargo capacity inside of the aircraft by using lightweight composite
sandwich structures. In the automotive industry, there is the potential to provide an
impact-resistant material for car bodies. Lightweight composites can also be used in
shipbuilding. For instance, the Office of Naval Research is currently considering
composite sandwich structures for naval ship hulls [3]. Sandwich structures are
composed of two thin facesheets, usually composite laminates, and a thick layer of
core material sandwiched in between. These materials have great properties: in
particular, they are very lightweight, and the facesheet material generally allows the
entire structure to be stiff and strong.

Sandwich structures are not a new concept; the idea has existed since 1849.

According to Vinson, these types of materials have been manufactured since World



War II when England constructed the Mosquito night bomber with plywood sandwich
materials. In that same time period, the United States started designing sandwich
structures with reinforced plastic faces and low-density cores. It wasn’t until the
1970’s that composite sandwich structures were used to construct naval ship hulls in
Sweden. Shifting from steel hulls to fiberglass composite construction required
thorough experimentation and analysis in both small scale and full-scale tests. These
experiments proved that, when properly designed, a composite sandwich hull could
be as structurally sound as a hull composed entirely of steel. [4]

Sandwich structures are still being employed today, with most of them being
in the form of honeycomb core sandwiches. An example of this form is shown in
Figure 1. Honeycomb sandwich structures have a core consisting of open cells in
hexagonal or cylindrical shapes that are separated by thin vertical walls. The core is
usually made out of aluminum or composite materials like glass-phenolic, glass
thermoplastic or Nomex. This type of sandwich structure gives relatively high out-of-
plane compression and out-of-plane shear properties and also has a low core density.
Because of this combination of properties, the honeycomb sandwich structure has
seen lots of growth in recent years. For example, the wetted surface of a Boeing 707
(debuted in 1958) was 8% composite sandwich, whereas 46% of the wetted surface of

the Boeing 757/767 (debuted in 1982) is honeycomb sandwich [4].

Figure 1: Nomex honeycomb sandwich structure [24]



While honeycomb sandwich structures have proven to be adequate in many
engineering applications, there are still improvements that can be made. Pin-
reinforced composite sandwich structures are even lighter and have better resistance
to shear loads, in comparison to honeycomb sandwiches. By utilizing a closed-cell
polyurethane foam as the core material and reinforcing it with pins, the structure is
capable of withstanding higher compressive loads, in comparison to non-reinforced
composite sandwich structures. All the while, it can still maintain its low-weight and
high bending stiffness characteristics. Furthermore, unlike honeycomb sandwich
structures, pin-reinforced composite sandwiches have more core surface area that can
be bonded with the facesheet and they are not as sensitive to various environmental

conditions.

What Is a Pin-Reinforced Composite Sandwich Structure?

The pin-reinforced composite sandwich structures discussed in this study are
composed of three different parts: a foam core, carbon pins, and two carbon fiber
facesheets (see Figure 2). The core is a soft and lightweight inner layer that carries the
material’s transverse shear and compressive loads. The core material can be thought
of as the “meat” of the sandwich. The carbon pins, which are inserted at a specific
angle through the core, act as stiff rods that add compressive strength to the sandwich
structure. The pins also help to support the core. Finally, the laminated carbon fiber
facesheets are the “bread” of the sandwich. This stiff outer layer resists both in-plane

and lateral loading conditions. The core material separates the two facesheets, thereby



increasing the second area moment of inertia. This causes the sandwich to have a

higher bending stiffness with only a slight increase in mass.

Figure 2: Pin-reinforced composite sandwich structure [13]

As one can imagine, the material properties of sandwich structures depend on
the properties of the facesheet, core, adhesive bonding material and pins as well as the
final geometry of the sandwich [10]. Further details about the constitutive properties
of the pin-reinforced composite sandwich structure are given in Section 2.1

Constituent Material Properties.

Why Are Pin-Reinforced Composite Sandwich Structures So Important?

It is important to study and gain understanding of these pin-reinforced
composite sandwich structures because of the potential benefits they offer to
engineers and designers. As with any engineered composite material, the material
properties and failure modes must be determined before the material can be put into
the market and used commercially. These types of sandwich structures are difficult to
analyze because of the complex nature of their make-up, but their material properties
can be characterized by making use of technological advances such as Digital Image

Correlation (DIC).



A combination of experimental material testing and DIC analysis was used to conduct
this study. A review of the literature revealed that finite element analysis (FEA) has
been used to predict these types of properties in the past, but DIC has not yet known
to be utilized in determining the structural properties of pin-reinforced composite
sandwich structures. [2] This novel approach is discussed further in Section 1.3:

Digital Image Correlation.

Benefits of Incorporating Pin-Reinforced Foam Cores

There are several benefits to incorporating pin-reinforced foam cores into
engineering designs. Studies at Sikorsky Aircraft Company have proven that
replacing honeycomb sandwiches with pin-reinforced truss sandwiches can reduce
the weight of the vehicle by 10-15% while maintaining the same compression and
shear strength [7]. Along with being more lightweight and stiffer than honeycomb
cores, pin-reinforced closed cell foam cores have several other benefits. They support
transverse shear and impact loads through the thickness, provide a better bonding
between the core and facesheet and resist fatigue crack propagation. Additionally, the
pin-reinforced composite sandwich structure is an attractive alternative to open cell
honeycomb sandwiches because of their high strength-to-weight ratio and increased
compressive strength. Furthermore, pin-reinforced composite sandwiches have
excellent responses to temperature and moisture, which makes them advantageous
over honeycomb sandwiches because they eliminate corrosion and wetness related

issues [10].



Problems/Challenges with Composite Sandwich Structures

Pin-reinforced composite sandwich structures have several advantages over
honeycomb sandwich structures and other metallic materials when it comes to
sandwich design and manufacturability. However, modern-day engineering
challenges require composite materials that are stiffer and stronger in the through-
thickness direction. At present, sandwich composites tend to have low stiffnesses,
strength and impact resistance through the core because of the poor strength of the
core material. One way to increase the overall mechanical properties of the composite
sandwich structure is to add reinforcing pins by Z-pinning.

Z-pinning is a method that is used to reinforce a composite sandwich structure
with small rods that protrude through the core and into (or onto) the facesheet [8].
The pins can be made from unidirectional carbon fiber composite or other high
strength materials like titanium. Commercially, these Z-pins are known as X-Cor and
K-Cor. More information about the different types of Z-pins is given in the next

section.

1.1 X-Cor and K-Cor Pin Configurations

As previously mentioned, there are two ways to reinforce the through-
thickness of composite sandwich structures with pins. In industry, they are known as
X-Cor and K-Cor. The X-Cor configuration, shown in Figure 3 below, exhibits
superior skin to core bonding because the tips of the rods penetrate through both of
the facesheets. With this process, no additional bonding is required because the pins

are protruded into the facesheet before curing. With K-Cor sandwiches (Figure 4), the



reinforcing pins are made to be longer than the foam thickness, creating an extended
length known as the reveal length. A sketch of the reveal length is given in Figure 5.

X-COR:

Figure 3: X-Cor sandwich structure [16]
K-COR:

Figure 4: K-cor sandwich structure [16]

reveal length

foam core

Figure 5: Reveal length for a K-Cor pin-reinforced sandwich structure
The ends of these pins are pressed onto the facesheet, which allows for exceptional
flexibility in laminating and bonding the core to the facesheets [16]. In general, X-
Cor sandwich structures utilize pins with a diameter of 500 microns while K-Cor
sandwiches usually have pins that are more than 500 microns in diameter [11]. A

more detailed view of the pin-facesheet connection is given in Figure 6.



Both the X-Cor and K-Cor arrangements create a pyramidal truss-like
structure throughout the foam core of the composite sandwich structure. The pattern
repeats throughout the entire sandwich structure, forming a unit cell of pins. In order
to fully understand, some definitions must be given first. The pyramidal truss
configuration - and thus, pin density - is described by two parameters: pin insertion
angle and cell interval length. Pin density is the weight of the pins inside of a unit
volume of sandwich structure material. Intuitively, higher pin densities create close
packed pin configurations and tend to create stronger sandwich structures. The angle
that the pins make with respect to the vertical is defined as the pin insertion angle. In
this study, pins are set at a 30-degree angle (60 degree angle from the horizontal). The
cell interval, which is also the side length of a unit cell, is the distance between

adjacent pins of the same orientation in a sandwich structure.
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Figure 6: Detail drawing of X-cor and K-cor facesheet adhesion



1.2 Existing Literature on Pin-Reinforced Sandwich Structures

Sandwich structures are characterized by their compressive stiffnesses and
strengths, so it is important to study how reinforcing the core in various ways changes
these material properties. Alternative methods of reinforcing a sandwich structure
using pins have been explored, in addition to the aforementioned X-Cor and K-Cor
pyramidal structure. For instance, some use vertical pins, cross pin pairs, and
tetrahedral arrangements [2]. Cross pins are a set of two oblique pins in a unit cell.
Tetrahedral arrangements contain three oblique pins in a unit cell, with one in the
direction of width and two in the direction of length. Still, other studies have been
conducted with a pyramid-shaped arrangement in which a set of four pins all meet at
a single location on the facesheet [19].

Due to the idea that pin-reinforced composite sandwich materials could
completely replace honeycomb cored sandwiches, initial testing with these materials
focused on dynamic and impact loading. The basic conclusions after studies from
Marasco, Carti¢ et al show that 1) the mechanical properties of pin-reinforced
sandwiches are strongly influenced by the pin insertion angle and 2) the bond strength
between the core and facesheet is the limiting factor under tension and three-point
bending [13].

To date, most of the studies for obtaining compressive material properties for
reinforced sandwich structures are analytical and use experimental data to back up
their models. These studies are meant to understand the compressive strength and
stiffness for reinforced sandwiches. A. P. Mouritz [9] studied the effect of Z-pinning

on through-thickness compression properties for sandwich structures with different



pin materials such as carbon nanotubes, composite, Steel, Aluminum and Titanium.
He found that the pins are extremely effective at improving the compression
properties and that carbon nanotube pins outperformed the other pin materials in
terms of compressive modulus and compressive strength. Composite pins performed
much better than Titanium pins and Aluminum pins were shown to have the lowest
performance characteristics.

Still, other researchers have developed comprehensive analytical models by
using FEA and empirical relationships to determine the stiffness of pin-reinforced
composite sandwich structures. D.D. Carti¢ and Fleck tested X-Cor sandwich
structures under quasi-static compressive loads and represented the pins as a beam-
column upon an elastic foundation in their buckling analysis. During testing, an X-ray
CAT scan machine was used to examine how the pins deformed under compressive
loading. Their study showed that the maximum strength that pin-reinforced composite
sandwich structures can achieve is determined by the elastic behavior of the
reinforcing pins.

A more recent study by Rice, Fleischer and Zupan [21] demonstrates how
they created a failure mode map to determine the initial failure mode of pin-
reinforced sandwich cores. Based on geometry, yield strengths and force to initiate
failure, the map can determine whether the pin-reinforced sandwich structure will fail
via indentation, core shear failure or facesheet delamination. Further explanation
about these failure modes is given in the next section. In the same study, these
researchers also determined that pin reinforced cores were stronger in three-point

bend than aluminum honeycomb, metal foam and PVC foam sandwich structures.
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Of all of the research that has been conducted with pin-reinforced composite
sandwich structures over the years, none have utilized Digital Image Correlation to
characterize the material’s response to compressive loading. Daniel and Gdoutos [10]
used Moire” fringe patterns to visualize displacements as loads were being applied to
a test specimen in three-point bend. This full-field optical method works well, but it
does not give quite as much information as DIC for pin-reinforced sandwiches due to
the highly variational geometries and directions within these sandwiches. A 2011
study by Nanayakkara, Feih and Mouritz [8] used acoustic emission monitoring,
scanning electron microscopy, and X-ray computed tomography to image pin failure
under a compressive loading condition. The study determined that some of the pins
are damaged during elastic loading by longitudinal splitting and/or kinking, but they

are still able to withstand a significant compressive load.

1.2.1 Failure Modes

Sandwich structures can be brought to failure by a number of different failure
mechanisms, including: core shear failure, facesheet-core debonding, tensile or
compressive failure of the facesheet, indentation failure, buckling, and wrinkling of
the compression facesheet. Pin-reinforced composite sandwich structures tend to fail
mostly by indentation, facesheet delamination and core shear failure. Indentation
occurs when localized loads induce localized stresses sufficient enough to cause core
failure. Facesheet delamination occurs when interlaminar shear stresses or out-of-
plane strains are large enough to cause the facesheet to separate from the core. Failure

modes can be visualized and identified by using DIC.
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Figure 7 on the next page shows three examples of common failure modes: (b)
indentation, (c) core shear failure and (d) facesheet delamination. Of these, core shear
failure is the most common failure mode amongst sandwich structures. It occurs in
short beams when the maximum shear stress experienced is equal to the shear
strength of the core material. This failure mode becomes more prevalent when shear
and compressive stresses are localized. [10]

Although there are many failure modes that can affect the sandwich structure,
the mode of failure also depends on the loading state. When a specimen is placed in
four-point bending or out-of-plane compression, neither facesheet delamination nor
indentation is induced. In that case, only core shear failure will occur. On the other
hand, specimens loaded in three-point bend can induce all three of the failure modes
depending on the material properties and geometry of the composite sandwich. The
standard laminated composite plate failure theory does not accurately describe how
composite sandwich structures fail. For this reason, more complex failure criteria for

pin-reinforced composite sandwich structures must be developed.
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Figure 7: (a) Geometries and properties pertinent to the analysis of a beam in three-point
bending, with schematics of the expected failure modes (b) indentation, (c) core shear, and (d)
face failure [21]

1.2.2 Related Equations

The compressive modulus (stiffness) of a pin-reinforced composite sandwich
structure can be determined empirically using the rule of mixtures formula as defined
by Mouritz [9]. Each of the pultruded carbon pins is inserted at an angle (8), so we
must express the compression modulus of the pins with (Eq. 1). The through-

thickness strength can be calculated by a similar relationship, given in (Eq. 2).

E. = Efff + Epfy (Eq. 1)
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where Erand E, are the elastic modulus of the foam core and pins, respectively, and f¢
and f;, are the volume fractions of foam and pins inside of the core, respectively. Ec is

the compressive modulus of the composite.

cos*@ sin*0 1 2v -1
E, = I + + < - xy) sin? 6 cos? 9] (Eq. 2)

E, E, Gey  Ex

where @ is the inclination angle of the pin from the direction of the compressive load.

In-plane loading and bending moments can be related to in-plane curvatures

and strains by using the following relations:

Nel (A A Ag)[&°] [Bu B B[ K
Ny =412 Az Az||&° |+ |Biz Bz Bal|| Ky (Eq. 3)
Nyy A1 Aze Ass Exy® Bis Bze Beel |Kyy
My (Bii By Bis|[& ] [Pun Dz Dig|[ K (Eq. 4)
My [ =|Bi, B, By gyo + (D12 Dy Dyg|| Ky
M, Bis Bzs Bes Exy° Di¢ Dy Deel|Kyy

For compression tests, the modulus E, and strength Z; can be determined as
long as the cross-sectional area and gage length are known. These quantities, as

described by Carlsson and Kardomateas [23], are given by:

o
E,=

z

(e, K1) (Eq. 5)

where o, is the load divided by the cross-sectional area and ¢, is the strain in the z

direction.

P
Z, = % (Eq. 6)



where Py is the failure load of the specimen and A is the cross-sectional area [23].
For structures with simply supported end conditions, the buckling equation is

as follows. Here, F is the critical force required for buckling, E is the elastic modulus,

I is the second area moment of inertia, and L is the length of the column. For the pins

in these sandwich structures, the critical load is ~68 N, as calculated by Virakthi [2].

4E[m?
F =

Iz (Eq. 7)

1.3 Digital Image Correlation

Digital image correlation (DIC) is a widely accepted high-performance
computational tool that analyzes the pixel-to-pixel difference between digital images
to calculate strain and deformation. This method has been used to characterize
inhomogenous and non-uniform deformations at varied length scales and for several
different applications and materials [20]. No matter what the application is, stress can
be calculated from the strains by assuming a constitutive stress-strain relationship.
This powerful software allows us to calculate strain without the use of strain gauges
attached to the composite material.

Unlike strain gauges that only give the strain at a point, DIC can determine the
full strain fields. This is like having an infinite number of strain gauges. With DIC, a
subset of a random pattern is tracked by using an algorithm and later, the
displacements can be computed. Each subset represents a scalar displacement value
within the displacement field. Differentiation of the displacement field gives the
strain field. This software has proven effective in this research due to the ease of use,

scalability and fast calculation time.
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This project makes use of multi-scale DIC technology by way of two-
dimensional and three-dimensional Digital Image Correlation. 2D DIC is used to
calculate in-plane values and 3D DIC can compute out of plane strains and
displacements. Some experiments solely relied on 2D or 3D DIC, while others

utilized both at the same time.

1.4 Contributions

A lack of experimental data on the micro-mechanical scale of pin-reinforced
composite sandwich structures as well as the effects of contouring have prompted this
research; therefore, the DIC method is presented to give the full-field strain and
displacement response of these novel composite structures. The goals of this research
are three-fold: property characterization, effect of carbon pins, and the response of the
macro-scale material. The main purpose of this study is to characterize the
mechanical behavior of both X-Cor and K-Cor pin-reinforced composite sandwich
structures and analyze their behavior under compressive loading conditions with DIC.
This study also seeks to understand the effect that reinforcing carbon pins have on
load-bearing capacity and how these interactions impact the surrounding foam and
facesheet. The final goal for this research is to extrapolate the micro-mechanical
behavior to the macro-scale response. By characterizing the local micro-mechanical
response of the carbon pins and sandwich structure, we can gain a better
understanding of the global macro-mechanical behavior of the pin-reinforced
composite sandwich structure.

This study is significant because it provides insight into the pin and pin-

reinforced core mechanical responses that define pin-reinforced composite sandwich
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structures. Moreover, this study validates and connects the FEA results from previous
research with experimental data to prove the accuracy of the homogenized core
approach. Lastly, this study provides a strong comparison for composite sandwich
bending theory.

This is the first time that DIC will be used for this type of research. Using DIC
on pin-reinforced structures is a special imaging challenge due to the highly complex
3D geometry that spans over the small discrete features of the sandwich. These
features, which have highly variable orientations to the macro-scale geometry, vary

from 500 microns all the way up to 30 centimeters.

1.5 Thesis Organization

This thesis is a detailed report of multi-scale compression and bending
experiments for pin-reinforced composite sandwich structures. It is organized into
seven chapters. The subject matter has already been explained briefly in the
introduction chapter. Chapter 2 encompasses all of the experimental setup and details
the properties of the constituent materials. The subsequent chapters numbered 3
through 6 discuss the experimental setup and results from each type of test at different
length scales. Lastly, Chapter 7 concludes the document by providing a review of the

work and presents opportunities for future developments on this topic.
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Chapter 2: Experimental Setup

Several different types of experiments were conducted during this research
program. Each experiment is set up in a similar fashion; they test what the material’s
response is for different sizes and configurations. Materials were tested under
compressive loading as well as three-point bending. The full-field strain and
displacement responses are measured with 2D and 3D DIC. Test materials were
provided by Albany Engineered Composites (AEC), based out of Rochester, New

Hampshire.

2.1 Constituent Material Properties

Composite structures are made up of several different materials, each having
varying properties. When these materials combine, they form a composite that
typically has better properties than the constituent materials themselves. Pin-
reinforced composite sandwich structures are designed to be stiff, strong and
lightweight, however the exact compressive properties have yet to be clearly
established.

As with any composite, the mechanical properties of the individual
components must be assessed before any attempt can be made to quantify the
properties of the bulk composite structure. To this end, a description of the
constituent materials for the pin-reinforced composite sandwich is given below in
Table 1.

The core material used for these experiments was a closed cell Rohacell 31

foam [11]. This particular foam is highly resistant to water penetration. It has a
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density of 31 kg/m® (1.9 Ib/ft’) and a compressive strength of 0.393 MPa (57 psi). The
elastic modulus of this foam is 36 MPa, so it is very compliant. This foam core is
strong enough in compression that it can support the facesheet with out of plane
deflection, and is considered to be isotropic. [15]

Two different facesheets were used for these experiments. For specimens
prepared at UMD, a woven fabric carbon-epoxy composite facesheet from
DragonPlate was used. The layup appears tobe a 0 /-45/0/45 /0, where each layer
is approximately 0.138 mm thick. In total, the laminate composite facesheet is 1.1
mm thick. For specimens delivered by Albany Engineered Composites (AEC), the
carbon fiber-epoxy facesheets were 0.75 mm thick and had a layup of45/0/-45/0/
45 /0. In either case, both of the facesheets of a single sandwich have equal
thickness.

The properties of the carbon fiber pins will be briefly described here, and the
properties are given in the table below. The 8606 carbon fiber pins were tested under
a tensile load at the University of Maryland. (These pins are also called T650-35).
The elastic modulus for these pins was experimentally determined to be 155.2 GPa.
The maximum stress that the pin held during the tensile test was 1.3 GPa. [12] For
most of the experiments described in this thesis, the pin density used was 1.4 [b/ft’
and 1.8 Ib/ft’ unless otherwise stated.

The epoxy that was used to bond the facesheet and core together is a West
System epoxy resin 105 and hardener 206. These were mixed with a 5:1 ratio. The

epoxy adhesive was cured at 200 degrees Celsius for approximately 24 hours. The
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Young’s modulus of this epoxy is 3.17 GPa and it has a poisson’s ratio of 0.35. The
compression yield strength is 79 MPa [2].

The following table of material properties stems from the progress report from
previous research conducted at UMD. All of the values were found in literature and

were not measured directly with experiments. These same properties were used in the

FEA model as well.
Table 1: Table of constitutive material properties used in FEA model and analysis [2]

8606 Carbon Pin | Carbon Fiber Rohacell 31
(T650-35) Facesheet Foam Core

Elastic Modulus, E; 156.5 GPa 156.5 GPa 36 MPa

Elastic Modulus, E, 156.5 GPa 12.96 GPa 36 MPa

Poisson’s Ratio, vi, 0.23 0.23 0.38

Shear Modulus, Gi,= G, | 6.96 GPa 5.309 GPa 12.76 MPa

Shear Modulus, G3 4.30 GPa n/a 12.76 MPa

2.2 Preparation and Manufacture of K-Cor Sandwich Structure

During the course of this research program, the Multiscale Measurements
Laboratory (MML) at the University of Maryland, College Park fabricated several
different sizes of pin-reinforced sandwich structures. Results from Chapter 3, 4, and 5
all use material that was fabricated at MML. Albany Engineering Composites (AEC)
provided the foam core that contained through thickness reinforcement of carbon
rods. The woven carbon fiber laminates were obtained from The Composite Store

[14]. The manufacturing procedure is explained below.

1. Heat the oven to 80 degrees Celsius.
2. Using the band saw, cut the foam and facesheet into the necessary size. You
should cut out two identical facesheets and one foam core.

3. Prepare an epoxy mixture with 5 parts West System epoxy resin 105 and 1

20




part slow hardener 206, by mass.
4. Apply the epoxy to each facesheet and attach the pin-reinforced foam core.
5. Insert the specimen into the oven. Add a weight on top to allow for an even
distribution of the epoxy. Let the specimen cure in the oven for 30 hours.

6. After the time has elapsed, carefully remove the specimen from the oven.

2.3 Equipment

All of the equipment that was used to carry out these experiments is listed
below in bullet point format. There are also pictures of certain equipment below the
list as a visual reference.

* Point Grey CCD cameras to capture images (Figure 8)
o Flea 2 (mono, 1.4 MP, 30 fps)
o Flea 2G (mono, 1.3 MP, 30 fps)
* Tamron Lenses (Figure 9)
o 75-300 mm adjustable zoom lens
o 28-80 mm adjustable zoom lens
* Lens extenders (Figure 10)
o 14 mm
o 21 mm
* 1394b FireWire cables
* C-Mount Adapters (Figure 11)
* Imada MX 500 load frame with Z2H-440 2 kN load cell
o Load cell has resolution of 0.1 kg

* Caliper to measure the loading point displacement
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*  Edmund Optics MI-150 high intensity fiber optic illuminator
* PC equipped with MS Excel and DIC Software
* Software used:
o Correlated Solutions: [VIC 2D 2010, VIC 3D 2009, VIC Snap 2010,
Target Generator, VIC Gauge]
o Point Grey [FlyCap]
o sw2xmodified Excel spreadsheet program (See Figure 12 below)

e QOven

Figure 8: Point Grey Flea 2G CCD Camera
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Figure 9: Tamron 28-80mm adjustable zoom lens

Figure 10: Set of lens extenders: 7mm, 14mm and 28mm
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Figure 12: Excel program that collects load-displacement data from the Imada load frame.
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2.4 Procedure and Methods

The procedure for carrying out this compression experiment with Digital

Image Correlation (DIC) must be followed exactly, lest any steps be forgotten.

2.4.1 Procedures
To calibrate the two cameras for 3D DIC:

1.

2.

Plug in the cameras to the computer using the FireWire cables.

Set up cameras so that they can fully capture the specimen you wish to take
pictures of. It may be helpful to shine the fiber optic lamp on the specimen to
make sure the lighting is adequate.

Ensure that the cameras and lenses are clean (no smudges) and that the lenses
are zoomed in on the part of the specimen that you wish to analyze.

Generate a target using the Target Generator software. (The dimensions for
the target will change, depending on how big the specimen is.) Print out the
target and tape it to a flat surface like cardboard. An example of a target is
shown in Figure 13.

Remove the specimen from the test stand and replace it with the appropriately
sized target.

Using VIC Snap, capture images of the target. Ensure that the entire target can
be seen in the image and that the three dots are clear. Capture about 15
images.

Import these calibration images into the VIC 3D file

In VIC 3D, click “Calibration”

Select the target size that you used from the dropdown menu.
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10. Click “Analyze”

11. Check the calibration score. The score is the average error in pixels, so lower
scores are better than higher scores. Good scores are displayed in green and
bad scores are displayed in red. If the score is good, continue to step 12. If the
score is bad, you must recalibrate the cameras by repeating steps 6-11.

12. Do not touch or move the cameras, as this will change the calibration values

and cause you to re-calibrate the cameras.

Calibration image prior to detection in VIC 3D

Calibration image after detection in VIC 3D

Figure 13: Example of Target Generator calibration image before and after detection in the VIC
3D DIC program

To run the experiment with a specimen:
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1. Apply a speckle pattern to the specimen by using spray paint. White spray
paint typically works well, since you are painting onto a black surface. The
smaller the speckle pattern is, the better your results will be. Large regions of
color are not detected well within the DIC program. To minimize reflections
in the images, flat paint and/or anti-reflection coatings are recommended.

2. Post-calibration, insert the specimen into the test stand.

3. Open the load-displacement Excel program (sw2xmodified.xls) on the
computer. In the setup, set the data capture rate to be every 0.5 seconds.

4. Open VIC Snap on the computer. Set up the program so that it will capture
images every 0.5 seconds.

5. Turn on the Imada and caliper. Zero the equipment.

6. Set the Imada to a slow loading condition, preferably 0.55 mm/s.

7. With the indenter barely touching the specimen, start the compression.

8. BEFORE THE INDENTER TOUCHES THE SPECIMEN, simultaneously,
start recording with VIC Snap and the load-displacement Excel spreadsheet.

9. Start compressing the specimen. Compress until fracture / failure.

10. Remove the load.

11. Stop recording in VIC Snap and the load-displacement Excel spreadsheet.

To analyze the speckle images using VIC 2D and VIC 3D:

1. Import the images into the VIC 2D or 3D program, just as before with the
calibration images.

2. Select a reference (undeformed) image.
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3. Choose an area of interest (AOI) for the program to find data points within.
4. Place a start point somewhere within the AOI.

5. Click the Run button

6. (Optional) Add post-processing options, like calculating strain or curvature.

7. Click “Run”.

2.4.2 Methods

Throughout this research program, several different sizes and types of pin-
reinforced sandwich structures were tested. These are all summarized in Table 2
below. With the exception of the straight sandwich specimen tested in Chapter 5,
every experiment was a quasi-static compression test that conformed to the ASTM
C365 standard. Each of these test specimens had a 15 mm thick core, 0.50 mm
diameter pins and ~1 mm thick facesheets. The pins consistently rested at a 60-degree
angle from the horizontal. The material properties of the facesheet, foam and pins

have been described previously in this chapter.
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Table 2: Core attributes for pin-reinforced sandwich structures tested during this research

Thesis Boundary conditions
Chapter Core type X-Cor or and other
K-Cor . ..
# characteristics
3 Cross-pin (with foam) K-Cor N/A
Cross-pin (without foam) K-Cor N/A
Cross-pin (with cut foam) K-Cor N/A
4 RVE without foam K-Cor Greased end condition
RVE without foam K-Cor Glued end condition
RVE without foam K-Cor Free end condition
5 Small curved sandwich without foam | K-Cor Restrained end
condition
Small curved sandwich without foam | K-Cor Bottom supported end
condition
Small curved sandwich with foam K-Cor Restrained end
condition
Small curved sandwich with foam K-Cor Bottom supported end
condition
Straight sandwich with foam K-Cor 3-point bend *
6 Large curved sandwich X-Cor Restrained end

condition

* The 3-point bend test was conducted without any restriction on the boundary

condition.
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Chapter 3: Relevant Findings from Prior Experiments

Previous experiments within this research program have provided some
background for characterizing the mechanical behavior of pin-reinforced composite
sandwich structures. These tests experimentally determined the elastic modulus
through three-point bending and compression testing. The use of 2D Digital Image
Correlation (DIC) was helpful as a computational analysis tool in this portion of the
project. The DIC strain and displacement results were computed, which gave rise to
important mechanical behavioral properties such as compressive stiffness and
compressive strength. These results are being provided to give background and

context to the remainder of the work in this thesis.

3.1 Methodology

Three types of pin-reinforced composite sandwich structures were considered
during this phase of the research: 2 cm x 2 ¢cm (0.79” x 0.79”) K-Cor squares with pin
density of 1.5 Ib/ft’, 37x3” squares with pin density of 0.9 1b/ft’ and small-scale cross
pin specimens. The 2 cm x 2 cm K-Cor squares were tested so that the compressive
strength, elastic modulus and maximum compressive stress of the pin-reinforced
composite sandwich structure could be identified. These sandwiches were measured
to be 1.4 cm (0.55”) thick. The 3”x3” square specimens were tested in order to fully
realize what the material response would be at the macro-scale. These experiments
made use of 2D DIC in order to characterize the in-plane displacements along and
transverse to the axis of the specimen. 2D DIC was also useful in determining the

bending deformations and subsequent shear and axial strain distributions. The cross
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pin experiments were conducted so that we could understand how the pins react under
compressive loading without the foam core supporting it. For these tests, 2D DIC was
employed to show the deformation and buckling of the carbon fiber pins. Three types
of reduced representative volume element (RVE) cross-pin specimens were utilized:
sandwiches without foam core, sandwiches with foam core and sandwiches with the
core cut away at the facesheet-core interface.

The 2 cm x 2 cm K-Cor specimens were tested until failure by applying a
compressive loading condition. The load and crosshead displacement were measured
with the equipment stated in Chapter 2. These values were later transformed into
strain and stress by utilizing geometric relationships. Similarly, the 3”x3” square
specimens were tested in compression by loading and unloading. The size of these
sandwiches required the use of a larger load cell in order to bring the specimen to
failure, so these experiments were conducted in a different laboratory than the others.

The small-scale cross pin specimens were prepared from a block of
thermoformed K-Cor sandwich structures. The specimens, each consisting of two
pins in a crossed configuration, were cut from a larger sandwich. This crossed
configuration, shown in Figure 14, was selected in order to minimize the in plane
rotation of the pins due to shear deformations [12]. Each specimen was 20.7 mm

wide, 21.0 mm tall and 6.4mm thick.
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Figure 14: Small scale X-pin specimen
In each experiment, the cross-pin configuration was loaded and unloaded. The
load-displacement response was collected and stored using the equipment stated in
Chapter 2. The strains and displacements were computed using VIC Gauge (Figure

15), which is another 2D computational imaging tool similar to DIC.
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Figure 15: Sample screen for VIC Gauge software program with a cross pin specimen

Figure 16 shows what an undeformed cross pin configuration looks like as it
rests in the microtensile test frame. This 5-pound load capacity microtensile test

frame isolates the small-scale specimens from the mechanical response of the pins.
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Figure 17 shows an undeformed cross pin sandwich that has the foam cut away at the

facesheet/core interface.

Figure 16: Undeformed small-scale pin compression specimen in microtensile load frame

Figure 17: Undeformed small-scale cross pin compression test with foam cut at the
facesheet/core interface

Regardless of what type of loading the specimen is under, the compressive

response can be translated from the microscale to the macroscale by the following

relationship:
Load * pin correction factor * foam factor (Eq. 8)
Macrostress =
area of RVE
Load(N) * 2 * 1.57\ (2.2 6904 (Eq. 9)
acrostress 0P = (=12=) (55) (T00.000)
acrostress (MPa) (0.16in)? 9.8/ 1,000,000
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where the pin correction factor is used to adjust for the number of pins tested relative
to the number of pins in the RVE, and the foam factor is used to adjust for the effect
of the core material on the compressive strength. The compressive strength is
obtained by comparing the stress of a full-scale specimen before and after pin failure
occurs when the foam is the only load-bearing component. Therefore, the foam core
factor can be envisioned as using a “linear rule-of-mixtures” assumption for the
mechanical behavior of the core in order to convert the results from the small-scale
specimens to the macro-scale, and is essentially a measure of the load partitioning in
the composite foam core using isostrain assumptions.

It is important to note that when using Equation (8) for RVE-scale specimens,
the pin multiplication factor may be less than one due to using more pins than in a
single RVE, and that further adjustment may also be needed to account for the
orientation of the excess pins (i.e., a pin at an angle of 30° will bear about 85% of the

load that a pin oriented at 0° will bear).

3.2 Results

3.2.1 Square Specimens: 2cm x 2cm
The initial tests involving the 2 cm x 2 cm square specimens provided some

insight into how the K-Cor pin-reinforced composite sandwich structure fails under
compressive loading. Load-displacement and stress-strain plots are given below in
Figure 18. Keep in mind that the ordinate axis on the load-displacement curve is
given in kilograms instead of Newtons. From these plots, it is evident that the
maximum stress is 4.2 MPa and the compressive stiffness is 129 MPa. This

compression behavior was significantly less than the 3-point bending response. (For
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this same material in three-point bend, the maximum stress was 37.2 MPa and the
stiffness was 2.9 GPa.) Interestingly, there is a sharp decrease in load-bearing
capacity after the elastic limit is reached. At this time in the test, a loud snap sound

was heard, denoting pin failure.
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Figure 18: Graphs showing the global compression response of pin-reinforced composite
sandwiches, (a) Load-displacement (b) Stress-strain

3.2.2 Square Specimens: 3” x 3”

The 37x3” square specimens were tested under repeated compressive loading
and unloading to understand the effects of the nonlinear behavior on the elastic
response. As shown in Figure 19, the modulus varied throughout the experiment and
it changes after the onset of nonlinear deformation. In the first loading cycle, the
material exhibits a stiffness of 580 MPa and then transitions to 100 MPa as nonlinear
deformation sets in. In the final loading cycle, the initial stiffness drops to 160 MPa

and later becomes 40 MPa.
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Figure 19: Axial compression response of 3" x 3" sandwich structure under repeated loading

It is clear that the decreased modulus represents a failure point for this
particular sandwich structure. After the onset of buckling on the pin’s surface, the
core became locally damaged. The use of DIC displacement and strain fields proves
that there is a direct correlation between this decreased modulus and how strain is
distributed throughout the core.

This experimental study also investigated the effect of pin density on elastic
modulus. Sandwiches were tested with pin densities of 1.5, 1.8, 4 and 8 Ib/ft’. For the
most part, the test specimens appear to have an increased elastic moduli and
maximum stress with increased pin density under compressive loading (see Table 3).
Therefore, pin density directly affects the compressive properties of pin-reinforced
composite sandwich structures. These uncorrected values do not account for

compliance of the Imada test frame.

36



Table 3: Summary of compression testing results for 3” x 3” K-cor sandwiches

Pin Density Average Max Elastic Modulus / Compressive | Yield Stress
(lb/ft3) Stress (MPa) Stiffness (MPa) (MPa)
1.5 1.55 79.24 1.70
1.8 2.03 68.26 1.30
4 1.47 104.17 1.15
8 3.37 138.90 2.94

3.2.3 Cross pin Specimens

The results from the cross pin compression tests as well as a full-scale
specimen’s loading-unloading experiment are shown in Figure 20 below. The dark
blue line refers to a cross pin specimen that was adhered to the load frame using glue.
Specimens with foam around the pin were tested in order to determine what effect the
foam constraint has on the pin deformation. As you can see, the stress-strain response
for the cross pin experiments begins to approach the full-scale specimen loading-
unloading test as the amount of foam core is increased. This experiment shows close
correlation between the full-scale specimen and the crossed configuration, therefore
proving that the compressive stress-strain response for K-Cor composite is scalable.
Due to the limited capacity of the load frame, the small-scale specimens could not be

compressed to their maximum load bearing capacity.
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Figure 20: Stress-Strain curve for X-pin loading and unloading response
Figure 21 below shows what a typical specimen looks like after it has been
compressed in the microtensile test frame. The carbon pins tend to buckle and fail
after reaching a critical load. For specimens without foam, they tended to fail around
3 MPa. Test specimens with foam failed around 3 MPa as well, but they did not
experience nearly as much strain as the specimens without foam. Typically, failure

was observed at the pin-facesheet interface.

Figure 21: X-pin specimen with pins experiencing buckling
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3.2.4 Additional Tests

In addition to the experiments mentioned above, initial testing of pin-
reinforced composite sandwich structures were conducted without foam. The
specimens were imaged and analyzed with 2D DIC and formed the basis for the
experiments in Chapter 4 of this thesis.

It was shown that pin buckling mode shapes could be determined by utilizing
3D DIC on a representative volume element sized sandwich structure. The results

from this experiment are shown in Figure 22 and Figure 23 below.
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Figure 22: (a) Displacement vector fields from 2D DIC in the RVE specimen, showing bias of
deformation transversely whereas axial variation corresponds to higher bending modes. (b)
Observed pin shear failure for RVE
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Chapter 4: Multi-pin Representative Volume Element
Compression Testing

Chapter 3 discussed the results for the cross-pin and other small-scale
experiments, so it only makes sense to increase the size and look at a representative
volume element (RVE) next. An RVE is the smallest unit for which a single unit cell
can represent the full specimen on a micro-mechanical scale. The RVE-scale
compression experiment described in this chapter indicates how the multiple pins in a
unit cell scale up to the global response of a bulk pin-reinforced composite sandwich
structure.

These RVE experiments tested the mechanical response of two sizes of K-Cor
composite sandwiches and three different boundary conditions: free, glued and
greased. The free condition indicates that no grease or glue was used on the facesheet
surfaces during that experiment. All of the tests were performed with the foam core
removed. The foam was removed manually by using tweezers, without doing any
damage to the carbon fiber pins. The two sizes of pin-reinforced composite sandwich

are given in Figure 24 and Figure 25 below, along with some dimensions.

21mm

Figure 24: Reduced Volume Element (RVE) specimen, showing the unit cell pin structure. This
was used for 3D characterization of the compressive behavior. These specimens are 15 mm thick.

41



Figure 25: RVE used for glued and greased end condition. These specimens are 15 mm thick.

A three dimensional DIC experiment was devised to test the compressive
response of the pin-reinforced composite sandwich structure and determine the local
interaction between the pins and facesheet. 3D DIC was chosen for this experiment so
that we could observe the bending response and curvature of the pins as they
accumulated load. With 3D DIC, we can see the strain over curved surfaces, so this
was a great benefit when imaging these small carbon fiber pins.

In order to properly image these specimens with the cameras, it was necessary
to add a set of lens extenders. This created a high magnification condition on the
carbon fiber pins. The high magnification setting also became useful when analyzing

the images with DIC.
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4.1 Methodology

4.1.1 Free Boundary Condition

A multi-pin representative volume element (RVE) was cut and developed
from a larger K-Cor sandwich composite specimen. These RVE-scale specimens
consist of a unit cell of pins, shown in Figure 26 below. The experimental set-up with
3D imaging is shown in Figure 27 and Figure 28 below. The set-up uses all of the
same equipment that was used to test the crosspin reinforced composite specimens
with the exception of the microtensile machine. Instead of the microtensile tester, the
Imada load frame, explained in Chapter 2, was utilized for this test. Two cameras

were necessary, since this was a 3D imaging test.

15 mm

Figure 26: Sample RVE specimen without foam
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Specimen

Figure 28: Experimental setup for imaging 3-D Digital Image Correlation (DIC)
The first set of experiments utilized test specimens that were 21 mm x 21 mm
on the facesheets and 15 mm thick. Specimens in this test had a free boundary

condition. The design of experiments is given in the table below.

Table 4: Design of Experiments for first set of RVE compression tests; free boundary condition

Square tops (21 mm x 21 mm)
Test # Magnification Number of Pins
| 2] mm 6
2 2] mm 10
3 2] mm 6
4 2] mm 6
5 14 mm 6 (longer pins)
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4.1.2 Glued and Greased Boundary Conditions

The second set of experiments utilized test specimens that were 11.8 mm x
25.3 mm on the facesheets and 15 mm thick. For these tests, the first 4 specimens had
the greased boundary condition and the last 4 had the glued boundary condition. Each
of these experiments used the 14 mm lens extenders and the Imada test frame as

shown in Figure 28. The design of experiments is given in Table 5 below.

Table 5: Design of Experiments for the second set of RVE Compression Tests; Greased and
Glued boundary conditions

Test # | # of pins
Greased Experiment

Test 1 8

Test 2 8

Test 3 9

Test 4 10

Glued Experiment

Test 5 8

Test 6 7

Test 7 9

Test 8 7

4.2 Results

Results from the experiments are given below in the form of load-
displacement charts, stress-strain diagrams, DIC plots, and strain-displacement plots.
The first results presented are from the compression experiments with a free boundary
condition. Afterwards, the results from the compression test with a greased boundary

condition are shown.
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4.2.1 Free Boundary Condition

4.2.1.1 Load-Displacement Results
Testing the free end condition under compressive loading gives the following

load-displacement curve (Figure 29). Only Tests 3, 4 and 5 are plotted because those
three produced the most consistent results and DIC data could be gathered from all of
those experiments as well. Out of these three experiments, Test 4 gave the most
conclusive data, so strain and displacement results were extracted from that data set.
Those results are given below in Figure 31, Figure 32 and Figure 33. The load-
displacement curve shows an elastic region with a stiffness of 150 N/mm. Shortly
thereafter, around a vertical displacement of ~0.6 mm, the pins within the sandwich
structure fracture and cause the load-bearing capacity of the structure to decline. After
that, there is a bit of variation in the response because the number of broken pins in

the structure affects the amount of force applied on the surviving pins.
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Figure 29: Load-displacement response curve for RVEs with free boundary condition
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Incorporating the dimensions of the RVE to the plot given above provides us
with the stress-strain diagram in Figure 30. From this plot, the compressive stiffness
was calculated to be 13 MPa within the elastic region. As is shown from the graph,
the maximum stress that the RVE sandwich without foam could hold was 0.18 MPa.
(This is the same as compressive strength.) For added comparison, the cross pin and
3”x3” sandwiches achieved a maximum stress of 3 MPa and 1.7 MPa respectively.
Keep in mind that the RVE-scale experiments are expected to reach lower stresses
because there was no foam present to strengthen the sandwich structure. Further, the
cross pin specimens were not tested until failure. The RVE loads have been translated
to macroscopic stress by use of Equation 8. The results of that transformation are

shown in Figure 41.
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Figure 30: Stress-strain plot for Test 3, 4 and 5 with free boundary condition
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4.2.1.2 DIC Results
Two dimensional strain fields are shown in Figure 31 through Figure 33.

These results are given in 2D form to show an overlay of the strains on the deformed

pin structure, however they were all obtained by using VIC 3D.
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Figure 31: Strains in the Elastic Region for compression tests with free boundary condition
The axial, transverse and shear strains for the elastic region are shown in
Figure 31. At this point in the experiment, the specimen was experiencing a force of
23 N. The transverse strain (eyy) reaches 0.5% near the bottom of the pin and the

shear strain (exy) 15 0.1% at the same location.
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Figure 32: Strain fields at the elastic limit for RVE compression tests with a free boundary
condition

Figure 32 shows the axial, transverse and shear strains for the elastic limit.
The compressive force was equal to 80 N at this time. The figures show that the
transverse strain is estimated to be -4% over most of the pin. DIC produced a
maximum transverse strain of 450%, but this is only for a few pixels within the image
of the pin. This is an error that can be attributed to the small size of the pin area and
weak speckle patterning. This same error also occurs for the shear strain and axial
strain DIC results. On an unrelated note, the pin on the rightmost side of the images is

buckling. This is probably what led to the failure of the sandwich structure.
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Figure 33: Strain fields at failure for RVE compression tests with a free boundary condition

Similar to the other strain field images presented above, Figure 33 shows the
axial, transverse and shear strains at failure. This occurred at a load level of 80 N. The
pin on the far right has buckled and split open; this causes the entire sandwich to fall
over towards the right. DIC reports the maximum shear strain to be 12%.

The 3-dimensional DIC program, along with the images acquired during
testing, show how the carbon fiber pins deform, buckle and fracture during
compressive loading. Figure 34 is a plot of strain in one of the pins as calculated by
VIC 3D against vertical displacement of that pin. The strains all remained relatively
low throughout the test, even at failure. The sandwich failed at a displacement of 0.45
mm under a load of 80 N. As the figure shows, the maximum shear strain at failure is
only 0.3%. At this point, the global crosshead strain as was collected from the Imada

is 5% (Figure 35).
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Figure 34: Strain-Displacement Data for Test 4, free boundary condition
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Figure 35: Global crosshead strain plotted against Pin Strain achieved from 3D DIC. These
results also come from the Test 4 data set (free boundary condition)

The vertical displacement field at failure, V, is shown in Figure 36. Arrows on
the pin show the direction in which the pin is deforming. In this particular test, the

sandwich structure began to slip at the surface, causing the pin to fall over towards

the right.
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Figure 36: Vertical displacement field at failure for RVE with free boundary condition

4.2.2 Glued and Greased Boundary Conditions

4.2.2.1 Load-Displacement Results
Figure 37 shows the load-displacement plots for test specimens with a

greased boundary condition. From this plot, it is evident that the maximum load that
this material can hold is a little less than 250 N. The DIC results presented later in this
chapter will include the results from Test 2, which contains 8 pins in its structure.
This specimen failed at a load of 198 N with a global vertical displacement of 0.65
mm. The corresponding stress-strain plot for the greased RVE-scale specimens is
presented directly below, in Figure 38. From this plot, the compressive stiffness for

Test 2 is determined to be 12.05 MPa and the compressive strength is 0.663 MPa.
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Figure 37: Load-displacement curve for greased RVE experiment
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Figure 38: Stress-strain plot for greased RVE experiment

To complete the experiment, additional compression tests were also executed

for pin-reinforced composite sandwich structures of the same size. Instead of

employing a greased boundary condition, these specimens were glued to the load

frame with super glue. The load-displacement plot and stress-strain diagrams are seen

below in Figure 39 and Figure 40. Unfortunately, the DIC results for the glued
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boundary condition were not sufficient enough to present any results here. For this
reason, only the load-displacement and stress-strain plots are shown.

The load-displacement plot shows that the maximum force is ~180 N for Test
7 and ~120 N for Tests 5, 6 and 8. The sandwich structure failed at a global vertical
displacement of 0.45 mm for Test 7, whereas the others did not fail until the
displacement reached 1.25 mm. The maximum stress exhibited was ~0.65 MPa for
Test 7 and 0.4 MPa for the remaining experiments. The compressive stiffness for the
glued boundary condition experiments is 37.13 MPa.

A plot of the transformed values of load to macroscopic stress for all of the
boundary conditions is given in Figure 41. This plot shows that the compressive
stiffness for the RVE with a free boundary condition is 74.6 MPa and the
compressive strength is 1.71 MPa. This is comparable to the 3” x 3 sandwich with a
pin density of 1.5 Ib/ft’ that was studied in previous experiments, which had a
compressive stiffness of 79.24 MPa and a compressive strength of 1.7 MPa. The
stiffness is 146.6 MPa and 485.1 MPa for the greased and glued end conditions,
respectively. The compressive strengths are 8.33 MPa and 8.61 MPa for the greased

and glued end conditions, respectively.
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Figure 39: Load-displacement curve for glued RVE experiment
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Figure 40 Stress-strain plot for glued RVE experiment
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Figure 41: Stress-strain curve showing the macrostress for RVE test specimens with various
boundary conditions

4.2.2.2 DIC Results
Full-field strain and displacement data was extracted from the two points in

Figure 42 to see how the pin-reinforced sandwich structure responded to compressive
loading with a greased boundary condition. Both the left pin and the right pins give
good information and detail about the strain as the sandwich carries load. This

particular test specimen carried a maximum load of 198 N before failing.
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Figure 42: Location of pixels where strain and displacement fields were extracted. This image
comes from the Test 2 RVE data set with greased boundary condition.

The strain-displacement plots for the left and right pins are given below in
Figure 43 and Figure 45, respectively. From these plots, you can see that the
dominant strain in the left pin is e, achieving a maximum strain of 11%. ey is the
dominant strain in the right pin, reaching a value of 9.5%. At the time of failure, both
the left and right pins had displaced by ~0.7 mm. The plots show a deviation in the
strains around 0.4 mm because the central pin burst open around that time. Strain-
strain plots are also presented in order to give better understanding of how the pin

strains evolve relative to the global strains (Figure 44 and Figure 46).
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Figure 43: Strain-displacement plot of the left pin for Test #2 (greased boundary condition). All
values are calculated with VIC 3D.
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Figure 44: Strain-strain plot of the left pin for Test #2 (greased boundary condition). DIC pin
strains were calculated with VIC 3D and global strain comes from Imada load frame.
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Figure 45: Strain-displacement plot of the right pin for Test #2 (greased boundary condition). All
values are calculated with VIC 3D.
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Figure 46: Strain-strain plot of the right pin for Test #2 (greased boundary condition). DIC pin
strains were calculated with VIC 3D and global strain comes from Imada load frame.
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4.3 Discussion

In this experiment, representative volume elements (RVEs) were tested under
compressive loading with various boundary conditions, including: free, greased and
glued. All experiments were performed with the foam core removed in order to
isolate the pin response within the sandwich. These tests were carried out in order to
determine how the pins locally deform and accumulate strain. To achieve this result,
3D DIC was used so that the strain could be determined over the curved pin surface.

The results of this experiment show that the representative volume element
(RVE) specimens exhibit similar qualities to the cross pin and 3”x3” macroscale
sandwiches. Although the cross pin tests achieved higher stresses, the RVE
sandwiches can reach higher loads because of their increased size and number of pins.
The experiment also proved that significant full-field strain and displacement fields
could be extracted by using 3D DIC. This concept will be extended to shaped
sandwich structures in the next few chapters.

In the RVE pin experiments, failure was generally initiated due to pin
buckling or kinking. DIC shows that strains remain below 1% before failure
initiation, but this changes as the amount of compressive load is increased. The
dominant strains in the greased compression test at failure are the transverse and axial
strains, with values of 11% and 9.5%, respectively.

This experiment also explored the relationship between boundary conditions
and compressive properties. It was determined that the compressive stiffness is not
affected by the boundary condition; however, the compressive strength varied largely.

Results are tabulated below in Table 6.
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Table 6: Summary of Results for RVEs with different boundary conditions prior to
transformation to macrostress

Test 4 (Free) Test 2 Test 7
(Greased) (Glued)
Maximum shear strain at failure 12% 9.5% N/A
Maximum load (N) 80 198 180
Compressive Stiffness (MPa) 13 12.1 37.1
Compressive Strength (MPa) 0.18 0.663 0.65

The results obtained from this experiment can be directly compared to the

results from previous small-scale experiments given in Chapter 3. The results are

tabulated in Table 7, showing the compressive stiffness and compressive strength as

they change with pin density. The first four rows listed come from previous data and

the last three rows are results from this research program. In this table, the data from

Chapter 4 has been adjusted to show a macro-scale response. Even after

transformation, the results from Chapter 3 have much higher stiffnesses and strengths.

Table 7: Comparison of stiffness and strength of K-Cor specimens from Chapter 3

. . 3 Compressive Compressive
Core Type Pin Density (Ib/I€) | giepnecs (MPa) | Strength (MPa)
K-Cor w/ foam 1.5 79.24 1.70
K-Cor w/ foam 1.8 68.26 1.30
K-Cor w/ foam 4 104.17 1.15
K-Cor w/ foam 8 138.90 2.94
K-Cor without foam
(free boundary 1.8 8.96 0.28
condition)
K-Cor without foam
(greased boundary 1.8 37.06 0.78
condition)
K-Cor without foam
(glued boundary 1.8 29.76 0.64
condition)
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Chapter 5: Two- and Three-Dimensional Compression Testing
of Small Curved Specimens

Up until now, we have been discussing experiments and results for straight or
otherwise flat pin-reinforced composite sandwich structures. In real-life applications,
these sandwich materials will be deployed in various shapes that may include curves.
Therefore, it is imperative that we test these materials to understand and model their
flexural response to compressive loading and examine their failure modes.

According to Vinson [4], shell sandwich structures have a significantly
different behavior than plate and beam structures because there is a bending boundary
layer under a laterally distributed load. In this case, bending stresses are
superimposed on the membrane stresses over a small region near any structural, load,
or material discontinuities. Regardless of where the discontinuities lie, shells tend to
buckle at a fraction of the load predicted by standard analytical methods.

When pin-reinforced composite sandwich structures are curved, the local
orientation of the pins changes, as shown in Figure 47 below. When the sandwich is
thermoformed into a curved shape, the pins remain straight and the deformation
occurs within the foam. The radius of curvature, R, can be used to define local pin
orientations. As we were waiting for AEC to supply the singly curved test specimens,
we fabricated our own K-Cor curved sandwiches in the Advanced Manufacturing Lab
(AML) at the University of Maryland, College Park. An explanation of how the

sandwiches were formed is given below in Sections 5.1.2 and 5.1.3.
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Figure 47: The radius of curvature for a curved sandwich structure changes; R can help
determine local pin orientations after the sandwich has been thermoformed into shape.

These experiments tested the response for two different types of curved
sandwiches: ones with foam core and ones without the foam core. The foam core was
dissolved using aqueous Sodium Hydroxide. Use of this solution did not weaken or
damage the carbon fiber pins. To model the global behavior, we utilized 2D and 3D
DIC. The 2D DIC was used to observe the failure response at the specimen face and
obtain the deformation in the through thickness direction of the sandwich. 3D DIC

allowed us to see how the sandwich curved and flexed throughout the test.

5.1 Methodology

For this experiment, flexural tests were performed with two boundary
conditions: (a) supported on the bottom, and (b) supported at the bottom and the edge

(See Figure 48 below). Two types of curved sandwiches were investigated, including
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curved sandwiches with foam core, curved sandwiches without foam core. For added
comparison, flat sandwiches with foam core were tested in 3-point bend. Each of the
curved test specimens was the same size and curvature. During testing, a central load

was applied to the specimen.
(a) Curved K-cor specimen supported at the bottom

(b) Curved K-cor specimen supported at the bottom and edge/end

Figure 48: End supports for small curved specimen experiments, including: (a) bottom supports
and (b) bottom and edge supports

5.1.1 Design of Experiments
With the exception of the tests from Chapter 3, the experiments discussed in

earlier in this thesis were all conducted with the foam core removed. In the same
fashion, the small curved sandwich structure design of experiments was formed to

show how the pins react to compressive loading without the foam core. Additional
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tests were executed with the foam core intact in order to see the effect of foam core

on stiffness and strength.

Table 8: Design of Experiments for small curved pin-reinforced sandwich structures
manufactured at UMD

Test Foam or no foam? Boundary
Number condition

1 Foam Bottom

2 Foam Bottom

3 Foam Edge support

4 No foam Edge support

5 No foam Bottom support

6 Foam N/A (3-point bend)

5.1.2 Preparation of Curved Sandwich
The curved pin-reinforced sandwiches were formed from DragonPlate woven

fabric carbon fiber-epoxy facesheet and K-cor foam with a pin density of 1.8 Ib/ft>.
Specimens were formed in an oven heated to 200 degrees Celsius (the upper
softening point for Rohacell foam) in a three-point bend fixture. The foam and
facesheet were pre-heated at this temperature to allow the foam to deform without
fracturing. The facesheet and foam were attached with West System epoxy resin 105
and slow hardener 206 with a 5:1 ratio by mass, respectively.

The three-point bend fixture, seen below in Figure 49 and Figure 50, utilized
three screws that created intimate contact with the facesheets throughout the length of
the specimen. With this fixture, a curved specimen with a maximum radius of
curvature of 0.0072/mm was formed. The procedure for creating this specimen is

described in the following section.
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Specimen Screw Hole

Figure 49: Fixture design for shaping sandwich specimens. Screw holes allowed variations of
three and four point bending locations when specimen is in the oven

Figure 50: Fixture allowing for fabrication of shaped K-Cor composites with a single curvature

5.1.3 Manufacturing Procedure

1. Using the band saw, cut the foam and facesheet into the necessary size. You
should cut out two identical facesheets and one foam core. (20 mm wide and
~130 mm long)

2. Insert the three parts into the fixture and apply a load with the three screws.

3. With the oven set to 200 degrees Celsius, insert the fixture and specimen into
the oven for 15-20 minutes.

4. After the time has elapsed, carefully remove the fixture from the oven. Twist

the screws down 2 full twists or ~2mm. Be careful not to twist too far because
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the foam core may fracture.

5. Repeat steps 3-4 for about 90 minutes, or until the specimen touches the
bottom of the fixture (like in Figure 50 above). Once it reaches the bottom of
the fixture, it is fully bent and you can proceed to step 6.

6. Create the epoxy mixture with 5 parts West System epoxy resin 105 and 1 part
slow hardener 206.

7. Remove the fully bent specimen from the fixture. Apply the epoxy.

8. Insert the specimen back into the fixture.

9. Put the fixture back into the oven. Allow the specimen to cure for 20-24

hours.

After the specimen has cured in the oven for 24 hours, it can be removed.
Then, the foam core can be dissolved by using an aqueous solution of Sodium
Hydroxide. The final structure—less the foam—is shown in Figure 51. All of the
specimens were of approximately the same dimensions (span = 120 mm, thickness =
15.5 mm, width = 20 mm). For these sandwich structures, the curvature was

0.0072/mm. Figure 52, below, shows the experimental test setup for this flexural test.

NAARLLO P 20 mm

. \
,<.\f“.~‘\‘~ -

120 mm

Figure 51: Representative curved specimen with dimensions
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Figure 52: Experimental set up for the flexural test of the K-cor sandwich composite, showing a
specimen without foam core

5.2 Results

Results from the experiments are given below in the form of load-
displacement charts, stress-strain diagrams, DIC plots, and strain-displacement plots.

Presented here are the results from Test 1 (with foam included) and Test 5 (no foam).

5.2.1 Load-Displacement Results
Figure 53 shows the load-displacement results for Test 1, which has the foam

core intact. For the curved sandwiches that did not have the foam removed after
manufacturing, the load-displacement response was comparable to flat specimens
during initial deformations. The curved sandwiches demonstrated a similar elastic
load limit and showed a related load-displacement response as compared to flat
specimens. Point A on the plot shows where the material exhibits a linear elastic

response. The peak force shown by the small curved sandwich before the elastic limit
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was reached (point B) is ~ 400 N and the stiffness is determined to be 210 N/mm. The

maximum load bearing capacity for this sandwich was a little over 800 N.
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Figure 53: Load-displacement curve for central loading of curved specimen with foam and
bottom boundary condition. Results are from the Test 1 data set.

Unlike the flat specimens, the curved sandwich’s load bearing capacity was
gradually decreased after reaching the elastic limit (from point B to point D) instead
of showing an abrupt drop. This probably occurred because the curved specimen
induced a bending moment that was akin to the flat specimen in three-point bending.
At point D, there seems to be a steady accumulation of elastic load again as the
sandwich starts to experience a truly compressive load.

The global load-displacement response of the curved sandwich under two
different boundary conditions is expressed in Figure 54 below. More details about
these observations will be given when discussing the 2D and 3D DIC results. From
the load-displacement curve, it is evident that the global stiffness of these curved

sandwiches is ~210 N/mm with foam and 75 N/mm without foam. The figure also
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includes some preliminary FEA results for a pin-reinforced composite sandwich
structure without foam. Note that the boundary conditions do not significantly affect

the global flexural response.
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Figure 54: Global flexural response of the curved K-cor sandwich specimens and comparison
with straight sandwich. The elastic deformation, failure initiation and transition to compressive
response are indicated.

The effect of the end supports is solely realized in terms of maximum load
bearing capacity. For sandwiches with and without foam, the maximum load bearing
capacity is higher when the edge of the sandwich is supported (see Figure 48 (b) from
Section 5.1). The load bearing capacity of the curved sandwich with foam that is
constrained at the ends is significantly higher than its end-supported counterpart
without foam. This occurs because the foam provides shear resistance when it is

present in the sandwich.
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The stress-strain results from Test 1 and Test 5 are shown below in Figure 55.
Both tests were conducted with a “bottom support” boundary condition. Test 1 is a
curved sandwich with foam core; Test 5 does not have foam core included. The
stress-strain diagram shows that the compressive stiffness is about 172 MPa and 66
MPa for Test 1 and Test 5, respectively. The maximum compressive load for these
sandwiches was determined to be 406 N in curved sandwiches with foam and 101 N

in curved sandwiches without foam.
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Figure 55: Stress-Strain diagram for small curved sandwiches with and without foam core

5.2.2 2D DIC Results
The two-dimensional DIC results for a curved sandwich structure with foam

core are displayed below in Figure 56. These images are in reference to the graph in
Figure 53 and come from the Test 1 data set. DIC shows that the loading behavior at
point A is perfectly elastic and the strain fields demonstrate a concentrated shear
strain on the right side of the specimen. At this same location, there is also a

significant contribution from compressive strain in the loading direction (y).
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Figure 56: DIC strain field results for load conditions A (top), B (middle) and C (bottom). These
results come from the Test 1 data set.

At the elastic limit point B, the shear strain (ey) increases by an order of
magnitude with only a small change in the compressive strain in the y-direction (eyy).
The axial strain (ex) increases by an order of magnitude right beneath the central
loading point. An edge delamination comes about at Point C as the load bearing
capacity is decreased. In DIC, this appears on the right side of the specimen where
shear strain is localized and concentrated. It is at this point that the specimen loses its
shape and becomes asymmetrical.

Unfortunately, the 2D digital images that were captured for Test 5 were not
clear enough to analyze with DIC. The lighting and level of magnification simply

were not adequate enough to properly image the pins. Although this data set was
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inconclusive, the deformation images can still be presented (Figure 57). By
themselves, they show that the facesheet buckled on one side of the specimen and the

pins became detached from the facesheet during testing.

(b)

(©)

Figure 57: Deformation images for (a) elastic region (b) end of elastic region and (c) failure.



5.2.2.1 Comparison with Flat Specimen

The 2D DIC results for small curved sandwiches show a significant amount of
shear strain accumulating on one side of the central loading point that eventually led
to delamination. This type of behavior was not observed with previously tested flat
specimens in three-point bending (see Figure 58 and Figure 59). These flat specimens
demonstrated an abrupt load reduction at their elastic limit and later, core shear
failure. In contrast, the curved sandwiches showed more of a smooth transition while
the load bearing capacity was decreasing. Near the failure point, the DIC axial strain
fields for the flat specimens indicated a concentration of strain. This is most likely

because the pins buckled before the core material could shear.

Figure 58: Failure of a previously tested flat specimen in three point bending. The core shear
failure mechanism is indicated in yellow
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Figure 59: Axial DIC strain fields associated with core shear failure in the previous figure.

5.2.3 3D DIC Results
Strain and displacement data were extracted for a specific point on the

facesheet surface for Test 1 and Test 5. For sake of brevity, only the results from Test
1 will be presented. The strain and displacement results emanate from the point on the
facesheet given in Figure 60. Additionally, the evolution of DIC strain was plotted

against global strain in Figure 61.
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Data extraction point for Test 1, with coordinate system shown

Figure 60:
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Figure 61: Evolution of DIC facesheet strains as a function of global strain. Results come from
the Test 1 data set

Figure 62 below shows the 3D DIC strain fields at three different points in the

Test 1 experiment: A) within the elastic region, B) at the elastic limit and C) at
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failure. There is significant variation in the strains at point A, especially for the e,,

strains. From these images, it is evident that the strains remain relatively low (less

than 1%) until point C. At failure, the DIC data becomes a bit uncorrelated, but it still

gives important information about the curvature of the facesheet. The shear strain is

close to zero at failure. The maximum strain at failure is attributed to ey, which has a

value of -2.9%. (The 8.6% strain value comes from decorrelation of the image).
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Figure 62: 3D DIC Strain data for Test 1
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5.3 Discussion

In this phase of the research, contoured pin-reinforced composite sandwich
structures were manufactured, tested under compressive loads, and characterized
using 2D and 3D Digital Image Correlation. These K-cor curved sandwiches were
designed to have a radius of curvature of 0.0072/mm. The resulting load-
displacement plots for the curved sandwiches exhibit a very similar response to flat
specimens in three-point bend. The small curved specimens demonstrated a strong
localized presence of shear strain that may have been caused by pin buckling. These
concentrated shear strains led to core shear failure and is observed from the 2D DIC
strain results at the location where the material failed.

The localized shear strain response in 2D DIC generally shows the location at
which a curved sandwich structure will fail by core shear failure. Clearly, there is a
correlation between the location of concentrated shear strains and failure initiation
sites. Failure initiation was typically observed by shear at the center of the material
where the curvature is maximized. This behavior was verified with 2D DIC results for
test specimens with and without foam core. A large accumulation of shear strain
typically led to core shear failure and delamination for these materials. The table
below shows the maximum strain at failure, the compressive stiffness and
compressive strength for two experiments. Test 1 was an experiment involving a
curved sandwich structure with the foam core intact and Test 5 was conducted

without any foam inside of the sandwich.
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Table 9: Brief summary of results for small curved specimen experiments

Test 1 Test 5
Maximum shear strain at failure (2D) -4% N/A
Maximum shear strain at failure (3D) -5.5% -1.8%
Compressive Stiffness (MPa) 172 66
Maximum Load (N) 406 101

3D DIC results show that the strains on the facesheet surface remain less than
1% until failure. Surprisingly, the shear strains are close to zero at failure. The
maximum strain at failure is actually attributed to the transverse strain ey, which has
a value of -2.9%.

As it turns out, the effect of the end supports is not significant. The resulting
DIC data and load-displacement curves show no differentiation between specimens
that are supported on the bottom and on the bottom and sides. This is the case for test
specimens with and without the foam core. The end supports only affect the
maximum load bearing capacity of the sandwich after the sandwich experiences a

“crushing” compressive load.
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Chapter 6: Two- and Three- Dimensional Compression Testing
of Large Curved Specimens

In order to fully realize the mechanical properties for pin-reinforced
composite sandwich structures and validate the previous results, it is important to test
these materials on a larger scale. A company called Materials, Research & Design
(MR&D) sent us a set of large X-Cor composite specimens to test under compressive
load conditions. The material was fabricated by AEC. These singly curved cylindrical
materials were tested on the macro-scale with 2D and 3D DIC to analyze

deformations near the load point.

6.1 Methodology

For this experiment, a singly curved composite sandwich structure with a six-
inch radius was tested. As received, the whole 6 radius sandwiches each weigh 1.07
pounds. Unfortunately, these curved sandwich structures were not perfectly
cylindrical, so the radius of curvature actually changes depending on which part of
the sandwich you look at. (If it were perfectly cylindrical, the sandwich would be 6
inches tall.) For the sake of consistency, the curved sandwich will be called “6 inch
radius curved sandwich” structure throughout the rest of this document. More detailed
information about the radius of curvature for these sandwiches is given in Section
6.2.3.2 Strain at a Specific Location. The actual height of the curved sandwich is 4.25
inches.

The 6-inch radius curved sandwiches were cut into five identical 3-inch wide

test specimens. Each test specimen is 4.25 inches (10.8 cm) tall and 12 inches (30.48
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cm) wide. From there, they were tested under compressive load and analyzed with
2D and 3D Digital Image Correlation (DIC). A schematic of the whole specimen is

given in Figure 63, along with an image of the actual structure in Figure 64.

Figure 63: Whole 6" radius sandwich structure from AEC

Figure 64: Whole 6" radius of curvature sandwich structure

Each 3” wide specimen was tested under a compressive loading condition, as
shown in Figure 65 below. The ends of the cylinder were cut flush with the surface so
that the test stand base could support the structure. Flexural tests were performed with
the specimens being supported at the bottom and edges as shown schematically in

Figure 66 below.
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Figure 65: Schematic of compressive loading condition for 6" radius curved sandwich

/ /

Figure 66: Schematic diagram of the curved X-cor specimen supported at the bottom and edge

Figure 67 depicts what the test specimens looked like at the far end of the
curved portion. The ends were cut to be perpendicular to the facesheet and they were
trimmed to remove all of the exposed foam core material. The flexural test, as shown
in Figure 68, was performed with the Imada MX 500 load frame previously discussed

in Chapter 2.
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Figure 67: End condition for 6" radius flexural experiment. The sandwich was cut to be
perpendicular to the facesheet material.

Figure 68: Imada load frame, specimen and caliper

In order to fully analyze the mechanical response of the 6 inch radius curved
sandwich structures on the macro-mechanical scale, both 2D and 3D DIC images
were utilized. 2D DIC measurements were taken at the edges of the specimen in order
to examine the pin deformations in the through-thickness direction. 3D DIC

measurements were made on one-half of the specimen with the cameras pointed
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towards the facesheet surface. Figure 69 shows a schematic of what the 3D DIC

image acquisition system looks like. Below that, Figure 70 shows the location where

the specimen was actually imaged. These measurements were used to determine out-

of-plane flexure. The expectation was to see anticlastic deformations near the load
point.

3D DIC Image
\ Acquisition
h System

Figure 69: Diagram showing how the macro-mechanical DIC images were obtained
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Figure 70: The location of the 3D imaging surface

6.2 Results

6.2.1 Load-Displacement Results
All of the flexural tests performed in this experiment each used specimens that

were constrained on the bottom and on the facesheet edge. This boundary condition
was chosen to mitigate the lateral motion of the sandwich during the test. If the
specimen had moved during the test, the images would be out of focus. As
determined in Chapter 5, the boundary conditions (supported at the bottom where
only the bottom facesheet is supported, and supported at the bottom and edge where
both facesheets are supported) do not significantly affect the global flexural response
in terms of the flexural stiffness. They do, however, affect the load bearing capacity

of the sandwich. Each specimen was tested with the foam core still intact. The global
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stiffness of these large curved specimens (with foam) was found to be ~ 170 N/mm,
as shown in Figure 71 below. The compressive strength was determined to be 20.2
MPa. Although a total of five specimens were tested, only the last three provided

suitable load-displacement and DIC results.
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Figure 71: Load-displacement response of the curved (6” Radius) X-cor composite sandwich
structure under flexure; the elastic stiffness is shown.

It is interesting to note that there is a pronounced plateau region for these
experiments. The load-displacement curves show a typical elastic region followed by
a sharp drop in force of ~50%, leading to the inelastic deformation response. The
curved sandwich structure material demonstrated obvious signs of failure almost
immediately after the sharp drop in load. More precise information about the inelastic
deformation and subsequent failure modes within this plateau region can be extracted
from the 2D DIC strain data in Section 6.2.2 2D DIC Results below.

The global stress-strain response was also extracted for all of the 6 inch radius

curved sandwich structure compression experiments. Only the results from Test 5 are
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shown here because the forthcoming 2D and 3D DIC results all stem from that
particular data set. Figure 72 shows the stress-strain plot for Test 5. The equations

used to calculate stress and strain are given below the plot.
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Figure 72: Global stress-strain results for Test 5 of the 6" radius curved sandwich structure

€r = @ (Eq. 10)
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(Eq. 11)

O'f =

Equation 10 and 11 given above relate loads and displacements to stress and
strain. In Eq. 10, D is the deflection measured by the Imada load frame, d is the width

of the specimen and L is the span-wise length of the specimen. In Eq. 11, P is the
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force measured by the Imada load frame, L is the span-wise length, b is the thickness
of the specimen and d is the width of the test specimen. The compression stiffness

was determined to be 728 MPa from the stress-strain diagram.

6.2.2 2D DIC Results

6.2.2.1 Strain Fields
The 2D DIC results from initial testing gave us some insight into how these

curved sandwich structures actually fail. The strain fields determined by DIC can be
used to identify dominant strain in the deformation, the failure initiation site and the
failure mode by which the specimen failed. In this case, the failure initiation site is
determined with the shear strain, and that specifically shows where the specimen
failed via the core shear failure mechanism. Other failure modes (like facesheet
delamination) can be determined by looking at axial strain. The shear strain fields on
the front face of the specimen are depicted in Figure 73 for four regimes: (a) the
elastic regime, (b) right before failure initiation, (c) right after failure initiation and

(d) initiation of the plateau regime.
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Figure 73: Shear strain fields on the X-Cor sandwich specimen as determined by DIC at (a)
elastic regime, (b) before failure initiation, (c) failure initiation, and (d) start of plateau regime.
The specimen fails by core shear.

The shear strain field during the elastic regime is aligned with the intuitive
characteristics of the strain fields. The shear strain dominates and accumulates in an
area between the central load point and the lower region of the sandwich. The shear
strain reaches a value up to ~1.5% (Figure 73 (a,b)).

Around the failure initiation, a high magnitude of shear strain develops at the
failure initiation site (Figure 73 (c)). The shear strain after failure initiation was found
to be as high as 9.4% right after the shear failure. Due to the failure at the left side of
the sandwich specimen, the material is required to redistribute the load to the other
side of the sandwich. On the right side—where the failure did not occur—the shear
strain is around -1.2%.

Beyond the failure initiation, the image becomes uncorrelated which indicates
the discontinuity in the material and clearly identifies the failure initiation site (Figure

73 (d)). Observing the image of the failed specimen also confirms the failure site.
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Global displacement data was also gathered within the elastic region, at the
end of the elastic region and at failure. The full-field displacement images are given
in Figure 74 below. The white arrows show the evolution of the displacement during
the test. The length of the arrows indicates how much displacement the material
experienced throughout the test and the actual values for displacement are all relative
to the reference image in which there was zero displacement. For this particular
experiment, the sandwich structure shifted down and to the left as the load was being
increased. The maximum vertical displacement was consistently located underneath
of where the load was being applied and directly in the center of the sandwich
structure. The displacement was -1.27 mm and -4.24 mm in the elastic region, and
end of the elastic region, respectively. Once the material experienced core shear

failure and the core split apart, the maximum displacement became -6.44 mm.
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6.2.2.2 Strain and Displacement at a Specific Location
With 2D DIC, we can also extract the strain and displacement information for

a specific point or area throughout the experiment. Choosing a point close to where
the material failed shows how the strain accumulates throughout the compression test.
The selected the area shown in Figure 75 was chosen because the material failed by

the core shear failure mechanism in that region.

Chosen area to study
the strain evolution

Figure 75: Chosen area for 2D DIC strain and displacement extraction

For this area, the plot of the strains versus DIC-calculated displacement is
given in Figure 76. Strains in the x and y directions are given by e, and eyy,

respectively, and shear strain is given by eyy.
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Figure 76: Strains in the x and y direction and shear strain plotted against vertical displacement.

This plot is consistent with the load-displacement graph in Figure 71.When
the vertical displacement reaches 8 mm, the sandwich material experiences a high
accumulation of shear strain and subsequently fails, just as the strain fields from
Figure 73 (c) show.

Core shear failure seemed to be the dominant cause of failure in these tests. The
DIC images and the strain-displacement plot from Figure 76 prove this to be true.
Facesheet buckling and facesheet-core delamination were secondary sources of
failure. Since all of the sandwiches were supported and constrained at the ends,
buckling was inevitable. Most of the sandwiches buckled on the top facesheet and the

foam core then proceeded to become detached from the facesheet surface (Figure 77).
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Figure 77: A sample specimen that failed by core shear failure and facesheet-core delamination

6.2.3 3D DIC Results

6.2.3.1 Strain Fields and Contour Plots

The experimental testing for the curved specimens was analyzed
simultaneously with 2D and 3D DIC software programs. Results showing the strain
fields and deformed 3D shapes obtained using DIC on the top facesheet during
loading are given in Figure 78. The first set of 3 images was taken while the material
was being loaded within the linear elastic regime. The second set of images shows
what the strain field looks like just after failure initiated. Since this experiment
required both 2D and 3D DIC, the coordinate system for the 3D tests is in accordance
with the 2D. Therefore, the x-axis in the 3D system looks like the “out of plane” axis
in the following diagram. In reality, the z-direction is the only out-of-plane axis.

When the sandwich structure was loaded in the linear elastic region (Force =
607 N), the out of plane strains (e,,) dominate. It is important to note that these

images were taken on the opposite side of where the core shear failure occurred. At
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failure, the out of plane and transverse strains are quite similar. The maximum out of

plane strain is 3.5% and the maximum transverse strain is 3.85%.

00155
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(b)

Figure 78: Strain fields, as determined by 3D DIC, for (a) within the elastic regime and (b) after
the failure initiation.

With 3D DIC, the above strain fields can also be plotted as contours. The
contour plots in the elastic region and at failure initiation are given in Figure 79 (a)
and (b), respectively. Contour plots give a better visualization of the strain as they
evolve over the deformed image than 2D DIC images. The axes are x, y, and z
deformation directions, in millimeters. Upon close inspection, it is possible to see
bumps on the facesheet surface. Presumably, the DIC is picking up on the pultruded

carbon fiber pins that extend through the X-Cor sandwich facesheet.
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Figure 79: Contour strain plots, as determined by 3D DIC, for (a) the elastic regime and (b) after

the failure initiation.
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6.2.3.2 Strain at a Specific Location
In a similar procedure as the 2D DIC results, an area can be chosen to extract

the evolution of the strains in the facesheet during bending of the curved X-Cor
sandwich composite. Figure 80 depicts the area that was considered along with the

appropriate coordinate system.

-1 v [pixel] 1

Figure 80: Representative image to show the area used to extract strains from 3D DIC.

The strain evolution in the facesheet during bending is shown in Figure 81 and
Figure 82. Since the specimens were 3 inches wide, it is noted that the normal strain
(ez,) in the out of plane direction is minimal, whereas the normal strain in the
longitudinal direction (eyy) was the largest. The out of plane normal strain was as low
as 1%, whereas the shear strain (ey,) and longitudinal normal strain (eyy) were much

larger, at 2.5% and 5%, respectively. Consistent with the information gained from 2D
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DIC, the shear strain accumulates up until the displacement reaches ~5 mm. Then, all

three of the strains separate, with eyy reaching a maximum value of 5% DIC strain.
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Figure 81: 3D DIC strain versus vertical displacement (ref. Figure 78)
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Figure 82: Plot of DIC Strain versus global strain (ref. Figure 78)
VIC 3D also allows for the calculation of curvature for these experiments.
Like strain, curvature can also be calculated for any point in the specimen. Since

these specimens are contoured, curvature is found to be an important value to
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quantify. These results are presented simply for educational purposes. Hopefully, DIC
will be used to determine the curvature for other sandwich specimens in the future.
For the singly contoured 6 radius specimens, curvature has been calculated and
plotted against load to show how the accumulation of load affects curvature over the
surface at a specific point (Figure 83). The chosen point is the same as the one
selected in Figure 80. Although there is some curvature, the sandwich structure is
mostly flat for the chosen data point. This results in curvature values at or near zero,
which is quite logical. Curvature has units of 1/mm.
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Figure 83: Plot of curvature versus macroscopic load

For added comparison, the values of curvature and radius of curvature are
presented for both the small curved specimens prepared at UMD and the large curved
specimens provided by AEC. At the most curved part of the large contoured sandwich
the curvature is 0.007/mm. At the same location for the smaller sandwich, the

curvature is 0.0072/mm. Since curvature and radius of curvature have an inverse
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proportional relationship, it can be shown that the radius of curvature is 138.89 mm

(5.47 in) for the small sandwich and 142.86 mm (5.62 in) for the large sandwich.

6.2.4 Comparison with Small Curved Specimen
There is significant variation in load-bearing capacity between the smaller

curved specimens produced at UMD and the large curved materials provided by AEC
(Figure 84). The maximum load withstood before failure by the small sandwiches
was 400 N whereas the large sandwiches could hold up to 1100 N. Most likely, this is
simply because of the size difference. Another significant distinction between the
observed characteristic behaviors of these sandwiches is the plateau regime in the
load-displacement response for the large curved sandwich specimens from AEC. As
displacement increases, both of the sizes of curved specimens appear to have a
decrease in load bearing capacity after failure initiation. The large sandwich structure
has a response similar to the flat specimen as it exhibits a large drop in load bearing
capacity immediately following the elastic region. The larger specimens had enough
displacement to deform in the plateau regime, however the UMD curved specimen
had less vertical space to displace. Because of this, the UMD specimen exhibited a
compressive “crushing” behavior and the 6 inch radius curved specimen showed a

constant force.
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Figure 84: The non-normalized load-displacement response for small and large curved sandwich
specimens.

In addition, the small specimens were K-cor sandwich structures and the
large specimens were X-cor sandwich structures. X-Cor sandwich structures have
pins that are attached directly into the facesheet, so the bonding was much stronger
than the K-cor sandwiches. This difference could have played a role in the load
bearing capacity of these sandwiches. The curved specimens from UMD exhibited the
same failure modes as the AEC specimens.

Normalizing the load-displacement plot to adjust for size differences results in
the stress-strain plot in Figure 85 below. The equations inside of the graph are the
same ones from Section 6.2.1: Load-Displacement Results. From this plot, it is
evident that the large X-Cor sandwiches can reach a maximum stress of 20 MPa and
the smaller K-Cor sandwich can only attain 9.5 MPa. Although the smaller sandwich

cannot hold as much stress as its larger counterpart, the K-Cor sandwich is able to
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experience more strain. It is important to note that the small sandwich failed at a shear

strain of -5.5% and the large sandwich failed at a shear strain of 9.4%, as calculated

by 2D DIC.
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Figure 85: Stress-Strain plot to show the response of small K-Cor curved sandwiches prepared at
UMD and large X-Cor curved sandwiches from AEC.

6.3 Discussion

In this final experiment, five 3-inch wide singly curved X-Cor
sandwich structures with a 6-inch radius were tested under compressive loading.
Upon closer inspection, it was determined that the actual radius of curvature is 5.5
inches. This relates to a curvature of 0.007/mm, which is very similar to the curvature
of the small curved specimens manufactured at UMD. The load-displacement

response for these larger curved structures is comparable to the curved K-cor
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specimens manufactured at UMD. The main difference between these two is the load
bearing capacity, but that is derived from the increased size of the larger specimen.
The large X-Cor sandwich could withstand a maximum load of 1100 N before failure,
whereas the small K-Cor sandwich could only hold 400 N. Flexural stiffness of the
large curved sandwich composite specimens has been determined to be around 170
N/mm and the compressive strength was 20.2 MPa. The compression stiffness for
these sandwiches was calculated to be 728 MPa. The maximum load that the test
specimens could carry was between 1100 — 1400 N. Displacement for the large
sandwich reached a maximum value of 25 mm during the test.

The main failure mechanisms for this large curved sandwich structure were
core shear failure and facesheet buckling. Occasionally, both failure mechanisms
would occur, but more often the sandwiches failed solely by core shear failure. The
experimental testing for the curved specimens was analyzed simultaneously with 2D
and 3D DIC software programs. The 2D DIC picked up on the concentrated shear
strain in areas where the material failed by core shear failure. The maximum shear
strain observed near the failure site was 9.4% at failure. After failure, the DIC images
became uncorrelated and it was no longer possible to calculate strains and
displacements. 3D DIC gave insight on how the sandwich structure material
accumulates strain in the out-of-plane direction. At this time, no conclusions can be
drawn about the pin-facesheet interaction playing a role in failure of these sandwich

structures because no testing was conducted without the foam core removed.
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3D DIC was also used to determine the curvature of the facesheet surface. For
the section of the sandwich structure that was chosen, the facesheet was mostly flat.

This resulted in very small curvature values, but this is to be expected.
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Chapter 7: Conclusion

This research investigated the mechanical properties of pin-reinforced
composite sandwich structures under compressive loading and three-point bending. 2-
dimensional and 3-dimensional Digital Image Correlation was successful in
calculating the full-field strains and displacements for these multi-scale experiments.
Tests were conducted on small-scale cross pins, representative volume elements, flat
sandwich structures, and singly curved contoured sandwiches. A brief summary of
the findings from this research is given below, followed by a Contributions section
and Future Work.

Multi-scale DIC results show that the strains in the facesheet are not quite as
significant as the through-thickness strains. The previously described macrostress
equation that was used to transform small-scale loads into macroscale stresses proved
to be valid on the representative volume element level as well. There was close
correlation between the material stiffnesses and strengths. This is a significant
finding, because the small-scale specimens were not tested to failure like the RVEs
were. We now know that the sandwich behaves in an elastic manner before failure
and in an inelastic manner after failure. The contoured specimens that were tested
show that the pin-reinforced composite sandwich structure exhibits the same
evolution of loading as flat sandwich structures, but the load bearing capacity changes

depending on the size of the sandwich.
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7.1 Contributions

This work set out to accomplish several goals, including: property
characterization, understanding the effect of carbon fiber pins, and the response of the
macro-scale material. Through these experiments, all of these goals were
accomplished. Property characterization was achieved by the use of compression and
three-point bend testing. 3D DIC was used to analyze representative volume elements
to understand how the carbon pins accumulate strain as load is being applied. These
results were shown to be scalable by using the macroscale stress conversion equation
given in (Eq. 8). The DIC characterization method proved to be successful in
determining full-field strains and displacements in both the through-thickness and
out-of-plane directions. Results from this research program show that large singly
curved pin-reinforced composite sandwich structures can reach a maximum stress
level of 20 MPa and can withstand compressive loadings of up to 1400 N. This
research also shows that the compressive properties of pin-reinforced composite
sandwich structures are scalable and that local pin deformation greatly affects the

overall macroscale response.

7.2 Future Work

Before I give any advice on what future work can be done, I’d first like to
give some recommendations and tips that will be helpful in conducting the future
work experiments. Several of the experiments conducted during this research turned
out to be inconclusive, in that they did not allow for any DIC data to be extracted.

This occurred for many different reasons, but more often than not it was because of a
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lighting issue. Large glares would show up over the pins, thereby blocking the
cameras from viewing the speckle pattern. For future experiments, I recommend that
the pins for these sandwich structures be painted with a non-reflective coating and
then spray-painted to create a speckle pattern.

In order to understand the pin-facesheet interaction for shaped sandwich
structures, the 6 singly curved specimens from AEC must be tested without the foam
core intact. The deformation as a function of displacement must be determined in
critical locations that are prone to failure, similar to what has done for the
experiments presented in this thesis. This will aid MR&D in improving their
micromechanics tool. It is possible that there will be a different response than what
we saw in Chapter 5 because the AEC specimens are X-cor and the UMD small
curved sandwiches are K-cor. To carry out this experiment on the micro-scale, it is
recommended that lens extenders be used to capture the pin response to compressive
loading. This will make it easier to visualize the speckle pattern with DIC and thereby
calculate displacements and strains.

After the 6-inch radius curved sandwiches are fully characterized, the 12-inch
singly curved sandwich structures from AEC should be tested.

The doubly curved hemisphere shaped shell structures should be tested next in
order to verify these results and add more robustness to the micromechanical tool.
MR&D already has an idea for the size and shape of the specimens they wish to test.
These dimensions are as follows:

* X-Cor sandwich structure with a spherical shape (6 diameter, 0.5”

thick)

113



*  Pin density of 3 Ib/ft’
* Facesheet should be 0/90 4-ply skins
As with any material, the pin-reinforced composite sandwich structure should
also be tested for thermal and environmental reliability. In particular, it would be
interesting to see the effect of increased temperature on thermal expansion, degraded
elastic properties and nonlinear creep/viscoelastic effects on the load-bearing capacity

of the composite sandwich.
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Glossary

AOI: Area of Interest. This user-selected area defines what space will be inspected to
calculate displacements and strains within the material with DIC.

Calibration images: This set of images is used to calibrate the two cameras that will
be used for 3D DIC analysis. Without the correct calibration images
embedded into the VIC 3D project file, the resulting data will be invalid.
Calibration images can also be used for 2D DIC experiments, but is not
necessary.

Core: Soft, lightweight inner layer of the composite sandwich structure; the “meat”
of the sandwich. In these experiments, a Rohacell 31 foam was used as the
core material.

DIC: Digital Image Correlation. This is the program that was used to analyze the
image’s AOI and calculate displacement and strain.

Facesheet: Carbon fiber laminates; the “bread” of the sandwich structure

Pin Density: Weight of the pins contained inside of a unit volume of sandwich
structure.

Reveal Length: The length of pins that extends beyond each surface of foam core

RVE: Representative Volume Element. The smallest unit for which a single unit cell
can represent the full specimen on a micro-mechanical scale.

Speckle image: Images that are captured during the experiment; must include a
speckle pattern in order for results to be calculated with DIC.

Speckle pattern: This pattern is applied to the material before testing; usually applied
via spray paint. The pattern creates data points for DIC to track as it steps
through each speckle image.
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