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ABSTRACT

This study investigates the rate-dependent compressive failure and fragmentation of two armor
ceramics. Specifically, the uniaxial compressive response of two formulations of silicon carbide, SiC-N and

1. using a universal testing machine, and

SiC-X1, have been investigated at quasi-static rates of 1074 s~
dynamic rates of 10?2 s~1, using a Kolsky (split-Hopkinson) bar. The loading and failure have been
investigated using high-speed imaging and Digital Image Correlation (DIC). Fragmentation has been
shown to be an important factor in understanding the performance of advanced ceramics. Consequently,
the dynamic fragments from individual experiments of each formulation have been quantified for their
cumulative size distributions. Results from the compression experiments suggest that SiC-N and SiC-X1
have statistically comparable strengths of over 4 GPa, at both quasi-static and dynamic rates, with both
materials exhibiting a slight compressive strength rate-sensitivity. Results from the high-speed imaging
show that the failure mode of SiC-N and resulting fragment morphology match previously reported

experiments in literature. However interestingly, SiC-X1 exhibits a clear shift to a lower average fragment

size, likely due to microstructural features.
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CHAPTER 1
INTRODUCTION

Silicon carbide is used in armor applications due to its combination of relatively high hardness and low
density [1]. Similar to other brittle ceramics, the mechanical response of silicon carbide is related to the
aws found in the material. At quasi-static or low rates of compressive loading, failure is controlled by the
largest aws, as described in classic Weibull fracture theory [2]. As the rate of compressive loading
increases, the failure is thought to be in uenced by the distribution of aws [3]. Ballistic impact events are
dynamic in nature, and thus it is important to characterize the dynamic behavior of silicon carbide, in

order to better understand how it will respond.

1.1 Motivation

One of the most prevalent apparatuses used to investigate the dynamic behavior of brittle materials is a
Kolsky bar, or split-Hopkinson pressure bar (SHPB) [4]. Classically, this method is used to subject a
sample to strain rates on the order of 18 to 10° s in compression, up to the point of failure. The peak
stress achieved before failure is referred to as the uniaxial dynamic compressive strength, and has been
used previously to compare di erent variations of silicon carbide [5]. After failure, the fragments can be
investigated for size and shape distribution, which is known to in uence the ballistic performance [6].

A commercially available hot-pressed silicon carbide, known as SiC-N, has previously been investigated
using a Kolsky bar to characterize the uniaxial dynamic compressive strength [1], as well as the
fragmentation behavior[7]. A newer commercially available hot-pressed silicon carbide, known as SiC-X1,
has not been studied under dynamic uniaxial compression, to the authors knowledge, and its response is

studied here and compared with SiC-N.
1.2 Objective

The objective of this thesis is to investigate the uniaxial compressive strength and fragmentation
behavior of SiC-N and SiC-X1. Further, the results from SiC-N will be compared with prior results of
SiC-N found in literature. A Kolsky bar has been used to characterize the dynamic uniaxial compressive
strength of these two formulations. A universal testing machine has been used to characterize the
guasi-static uniaxial compressive strength. High-speed imaging and digital image correlation (DIC) have
been used to investigate the compressive loading and failure. The fragmentation behavior at dynamic
loading rates has been characterized using optical microscopy to quantify fragment size and shape

distributions.



1.3 Contributions

The resulting silicon carbide material characteristics will be of interest to the ceramics manufacturers,
experimentalists, and modelers. For the manufacturer, the ndings are useful to compare with ballistic
performance, which informs material design for subsequent formulations. For experimentalists, these
results will inform the design and goals when replicating experiments, or formulating new experiments to
investigate unexplored material properties. For researchers who model ballistic events, it will be

advantageous to have additional experimental data to create more predictive simulations.
1.4 Thesis Outline

The following thesis is outlined as follows:

Chapter 2 goes over salient literature on the compressive behavior of silicon carbide formulations and

other armor ceramics.
Chapter 3 details the materials and methods used in this research.
Chapter 4 presents the results from this research.

Chapter 5 discusses and compares the results found for SiC-N and SiC-X1, and compares the SiC-N

results to prior results of SiC-N found in literature.

Chapter 6 summarizes and concludes the ndings of the current research, and o ers suggestions for

further research.



CHAPTER 2
BACKGROUND

Ceramics have been used in armor applications since the 1960's [8, 9]. In 1968, Stiglich Jr [10] published
a technical report of a survey of potential ceramic materials for armor applications, based on criteria for
high hardness, high Young's Modulus, and low density. Of the roughly 80 materials reviewed, only 20 met
the criteria, and at that time silicon carbide was not one of them. Later developments in solid-state
sintering [11], liquid-phase sintering [12{14], and hot pressing [15] improved the properties and
manufacturability of silicon carbide. The combination of high hardness, low density, and manufacturability,
of modern silicon carbide thus renewed interest for armor applications [1]. Other ceramic properties known
to be in uential to ballistic performance are rate-dependent, including dynamic fragmentation behavior
and dynamic compressive strength [6]. A brief literature review of the dynamic behavior of silicon carbide,

along with results from relevant silicon carbide formulations, will be discussed in the following sections.
2.1 Mechanical Behavior of Silicon Carbide

Similar to other brittle ceramics, the quasi-static and dynamic behavior of silicon carbide is related to
the aws in the microstructure [1{3, 5, 7, 9, 14]. Flaws include voids, carbonaceous inclusions,
concentrations of sintering aids at grain boundaries, and micro-cracks caused by residual stresses induced
during processing. Flaws found along grain boundaries in silicon carbide can in uence the fracture mode.
Increased concentrations of sintering aids have been shown to cause weakened interfacial phases at grain
boundaries, which then become preferential paths for cracks, leading to an overall more tortuous crack
propagation event [14]. This mode of fracture, where cracks propagate around grains, is referred to as
intergranular fracture. Conversely, crack propagation through grains with minimal de ection is referred to
as transgranular fracture. A schematic of these fracture modes is shown in Figure 2.1. It has been shown
that an intergranular fracture mode in silicon carbide results in an increase in fracture toughness and
exural strength [9, 14], as well as higher uniaxial compressive strengths at both quasi-static and dynamic
rates [5].

Compressive loads on brittle materials at the macroscale are partially transformed by aws into regions
of tension at the microscale [16, 17]. At quasi-static rates of loading, the largest aws nucleate wing cracks,
which grow through the material and lead to bulk failure, as seen in classic Weibull fracture theory [2]. At
dynamic rates of loading, the growth of cracks is limited by inertial e ects [18, 19]. Wing cracks nucleate at

the largest aws and begin to grow, but the crack growth speed is outpaced by the loading rate; thus



Figure 2.1 Diagram of ceramic fracture modes. a) Transgranular: crack path ignores grain boundaries. b)
Mixed: crack path follows some grain boundaries. c) Intergranular: crack path follows grain boundaries.



leading to wing cracks nucleating at additional aws, as seen in Figure 2.2 [18, 19]. Eventually the cracks
begin to coalesce, leading to bulk failure of the material. This relationship between the aw size,
distribution, and loading rate, thus in uences the morphology of the post-failure fragments and

compressive strength, which will be investigated here.

Figure 2.2 Diagram of wing crack. a) Initial microstructural defects that act as nucleation sites for wing
cracks. b) Applied stress results in wing crack nucleation at the largest aws, which grow in the direction

of the load. c) Additional wing cracks nucleate as crack speed is outpaced by the rate of applied stress. d).
Crack coalescence, resulting in the creation of discrete fragments and bulk failure of the material.

2.1.1 SiC-N

Wang and Ramesh [1] experimentally demonstrated the connection between strength, loading rate,
aws, and fragment morphology in silicon carbide. They subjected SiC-N samples to uniaxial compression
at quasi-static rates using a servo-controlled hydraulic test machine, and at dynamic stress rates using a
Kolsky bar. Wang and Ramesh [1] found that the strength of the material increased at dynamic rates due
to the inertial e ect of dynamic crack growth, reporting an increase in the range of uniaxial compressive
strengths of cylindrical SiC-N samples. From their hydraulic compression experiments, they reported
quasi-static uniaxial compressive strengths of 4s =4.9 to 5.7 GPa [1]. From their Kolsky bar experiments,
they reported dynamic uniaxial compressive strengths of gy, =5 to 7.1 GPa, at stress rates of gy, =100
to 300 MPa ps? [1]. In their analysis of the sample fragments, they found that there was a shift towards
smaller fragments at dynamic loading rates, correlating to an increased number of nucleated microcracks.
Using the observed strength results, they modeled the size and spacing of aws using a modi ed version of
the wing crack model developed by Nemat-Nasser and Deng [19], and compared their results to
carbonaceous defects in fragments collected from ballistic depth of penetration experiments, observed by
Bakas et al. [20]. Wang and Ramesh [1] found their calculated half- aw lengthc=65 um, and calculated

half- aw-spacing w=753 um, were similar to carbonaceous inclusion diameter of 50 to 10Qm, and spacing



of 200um to 1 mm, observed by Bakas et al. [20].

Hogan et al. [7] further demonstrated the link between dynamic behavior and microstructure. They
similarly performed uniaxial compressive experiments on SiC-N, using a servo-controlled hydraulic test
machine to attain quasi-static rates, and a Kolsky bar to generate dynamic rates. They performed a
microstructural analysis using scanning electron microscopy (SEM) to quantify the size and spacing of
defects within the undamaged material. Similar to the trend seen by Wang and Ramesh [1], they observed
an increase in compressive strength at dynamic rates of loading, reporting a quasi-static uniaxial
compressive strength of 4s =3.87 GPa, and a dynamic uniaxial compressive strength of 4,n =5.97 GPa,
at a stress rate of g, =225.4 MPa us®. They also performed an analysis on the fragments of the
post-fractured samples via optical microscopy to quantify the size and shape information of the fragments.
In their case, none of the carbonaceous inclusions observed by Bakas et al. [20, 21] were found, indicating a
potential re nement or improvement in manufacturing. The defects Hogan et al. [7] observed were
secondary phase inclusions at grain boundaries, thought to be from sintering aids. They found a
correlation between the defect spacing and the cumulative fragment size distributions, noting a distinct
shift in the fragment sizes that matched the maximum defect spacing [7]. Hogan et al. [7] observed this
same trend when plotting circularity of the fragments against the fragment size. They termed the
fragments below this shift as Regime 1, and refer to it as microstructure-dependent because of the observed
correlation with the defect spacing. They termed the fragments above this shift as Regime 2, and refer to it
as structural-dependent as these large fragment sizes are controlled by the macroscopic failure modes
determined by structural geometry and boundary conditions [7]. Unlike Wang and Ramesh [1] they did not
implement any wing crack models for fragmentation, and instead implemented fragmentation models that

did not take into account microstructural features.
2.1.2 SiC-X1

SiC-X1 is a newer formulation of silicon carbide, and to the authors knowledge the uniaxial compressive
strength and fragmentation of SiC-X1 have not been published. It has been used in a few published studies
that are focused on investigating aspects of ballistic behavior, which are reviewed below. It is hoped that
the current research will provide an additional degree of insight to the observations of these previous
investigations.

Le and Bartus [22] used SiC-X1 to investigate the in uence of ballistic tile geometry on crack density.
Three hexagonal SiC-X1 tiles, 19 mm thick with at-to- at dimensions of 50 mm, 75 mm, and 100 mm,
were impacted with 12.7 mm diameter tungsten carbide spheres launched from a light gas gun at velocities

of 440 5.6 m/s. The post-impact crack density was calculated by dividing the average total crack length



after impact, by the original area for each tile. Le and Bartus [22] found that the average crack densities
were 1 mm/mm? for the 50 mm at-to- at, 0.45 mm/mm 2 for the 75 mm at-to- at, and 0.35 mm/mm ?
for the 100 mm at-to- at. Thus they concluded that the 50 mm at-to- at had the highest damage
density, with a pronounced increase in density compared to the 75 mm, and that the di erence was less
signi cant when comparing the 75 mm and 100 mm at-to- at tiles, concluding that ceramic target size
appears to a ect the amount of damage that occurs [22].

Jones [23] used SiC-X1 and pressure-assisted-densi ed boron carbide (PADsB) as baseline materials
in a ballistic depth-of-penetration (DOP) study. The targets were 90 mm 90 mm 8 mm thick ceramic
tiles, bonded to two successive 2 inch thick aluminum plates. They red 12.7 mm APM2 projectiles at
nominal impact velocities of 848 m/s. The DOP measurements were obtained post-impact from the
cross-sectioned aluminum plates, taken as the distance from the impact face to the maximum depth of the
impact cavity. They calculated a coe cient of performance for the ceramics, taken as the di erence
between the DOP of bare-faced aluminum and the DOP of the ceramic-faced aluminum, divided by the
areal density of the ceramic, and multiplied by the volumetric density of the aluminum. This calculated
coe cient provides a relative ballistic performance-to-weight comparison of the ceramic to aluminum.
Jones [23] reported the ranking of the coe cients, with PAD-B 4,C as the highest, followed by SiC-X1, and
lastly the experimental formulations of sintered boron cabide vanadium diboride (B,C-VB), sintered
titanium nitride aluminum nitride (TiN-AIN), and sintered boron carbide aluminum nitride (B 4C-AIN) as
the lowest.

Aydelotte and Schuster [24] used both gold and tungsten carbide rods to perform long rod reverse
impact experiments on SiC-X1. The ceramic samples were 18 mm diameter 35 mm long. The gold rods
were made of 24 karat, 1/2 hard gold, with a strength of 200 MPa. The tungsten carbide rods were made
of tungsten carbide with 10% by mass cobalt binder, with a strength of 5 GPa. Both sets of rods were
machined to 1.2 mm diameter 70 mm long. The ceramic targets were launched into the stationary rods
at velocities from 700 to 1250 m/s, with the length axis of the targets and rods being parallel. Six
experiments were conducted, three with gold rods and three with tungsten carbide rods, with each being
impacted at increasing striking velocities. The experiments were imaged with a ten- ash X-ray system
designed to capture the impact event and penetration of the rods into the ceramics. The lowest velocity for
both materials had complete surface dwell, also referred to as interface defeat, meaning the entire rod
eroded on the surface of the ceramic, and did not penetrate the surface. The medium velocities had
intermediate dwell, where the rod partially eroded on the surface, before penetrating into the ceramic. The
highest velocities had very little dwell, where the rod eroded very little, and almost immediately

penetrated the ceramic. These observations were used to calculate the transition velocity, which is the



impact velocity at which interface defeat ceases, and ceramic penetration occurs. Aydelotte and Schuster
[24] found that the higher strength of the tungsten carbide rods, compared to the gold rods, generated a
higher shock pressure at impact, which led to a lower transition velocity. This highlights the e ect of both
velocity and projectile material on ballistic performance.

Lundberg et al. [25] performed long rod reverse impact experiments on SiC-X1 that was either
uncon ned, or con ned and radially pre-stressed. The rods were made of a sintered tungsten alloy. The
ceramic targets were 20 mm diameter 20 mm long. The con nement was achieved by heating a steel
tube and inserting the ceramic targets, and after cooling the outer steel was machined to achieve varied
wall thicknesses, leading to varied levels of con ning pre-stress. They used a ash X-ray system to image
the impacts. Similar to Aydelotte and Schuster [24], they used varied impact velocities and the X-ray
images to determine the transition velocities. They found that the transition velocity increased as the
con ning pressure on the SiC-X1 was increased [25]. This highlights the e ect that con ning stress has on

ballistic performance.
2.2 High Strain-Rate Experimentation

In order to design and optimize a material for an application, it is critical to understand the conditions
it will be subjected to. One application for silicon carbide is as an armor material, which will be subjected
to ballistic impact. Ballistic impact events can develop strain-rates that peak on the order of 1¢ to 10° s?,
referred to as very-high strain-rates [4]. Strain-rates on the order of 19to 10° s?, referred to as high
strain-rates, are typically sustained for signi cantly longer than the peak [4]. Due to inertial e ects, it
takes time for many of the damage mechanisms to develop, thus it is important to investigate the material

response within the high strain-rate regime [4].
2.2.1 Kolsky Bar

An experimental technique used to investigate materials in the high strain-rate regime is the Kolsky
bar, also referred to as the split-Hopkinson pressure bar (SHPB). In his 1949 paper, Kolsky [26] describes
the setup whereby he sandwiched a sample between two bars, as opposed to a single bar used in similar
techniques. Kolsky's extension of the Hopkinson bar method allowed him to measure the stress-strain
response of materials under impact loading conditions [27]. This experimental setup has since been
improved and expanded upon to allow the investigation of dynamic compression, tension, and torsion.

As seen in Figure 2.3, a compression Kolsky bar apparatus consists of three main components: the
loading device, the system of bars, and the data acquisition devices. The most common method of dynamic

loading is to use a gas-gun to launch a striker bar to impact the incident bar, which has been shown to be a



safe and controllable method [27]. The gas-gun operates by a sudden release of compressed air or light gas
in a pressure vessel, which accelerates the striker in a barrel until it impacts the incident bar. The velocity
of the striker can be measured just prior to impact, and can be controlled by changing the pressure of the

compressed gas. The loading duration of the stress pulse is controlled by the length of the striker.

Figure 2.3 Diagram of compression Kolsky system. It is comprised of the loading system, the system of
bars, and the data acquisition system.

The main bar system is comprised of two bars, referred to as the incident and transmitted. The bars
and striker are typically made of the same material, for impedance matching, which is chosen based on the
material being tested, and should remain elastic throughout the experiment. High-strength steels,
maraging steel, and tungsten carbide bars have all been used for testing materials such as ceramics,
cermets, and high-toughness metals. Aluminum and other softer alloys can be used to test softer materials,
while polymers such as PMMA and polycarbonate can be used to investigate very soft materials such as
foams [4]. The bars and striker are typically the same diameter, and are machined to be physically straight
with perfectly at and perpendicular end faces. The bar system is designed to share a common axis and to
be perfectly aligned. The bars are supported with collars, sleeves, or bearings, and are allowed to move
freely in the axial direction with minimal friction. This system setup serves to ensure one-dimensional wave
propagation in the bars with minimal distortion of the loading pulse [27].

The optional momentum trap bar is used in experiments where it is desirable to prevent re-loading of
the sample from the re ected wave within the transmitted bar. The momentum trap bar is a bar made of
the same material and diameter of the main bars to minimize impedance mismatch and prevent dispersion
of the pulse at the bar interface. The momentum bar must be at least twice as long as the striker to ensure
the entire duration of the pulse is captured before separating from the transmitted bar, thus preventing the
pulse from returning into the main bar system. An additional bene t of the capturing the re ected pulse is

reducing the amount of stress per experiment seen by the strain gauges, used in the data acquisition, which



can increase their lifespan.

The data acquisition system is classically comprised of strain gauges, Wheatstone bridges, and an
oscilloscope. Two strain gauges are attached at diametrically opposite points on the surface of the bar at
the same distance from the end of the bar. The strain gauges on the incident bar should be placed
su ciently far from the specimen such that the incident and re ected pulses do not overlap [4]. The use of
the two strain gauges and the Wheatstone bridge setup removes minor bending from in uencing the strain
gauge measurements, which should already be minimized with bar alignment. The oscilloscope records the
response from the strain gauges, which is used in the strain and stress calculations, and should have a
frequency response of at least 100 kHz due to the short duration of the signal [27].

In a compression Kolsky bar experiment, the striker is launched and a stress wave is generated upon
impacting the incident bar. The pulse propagation is shown in Figure 2.4, wherda = 0 corresponds to the
moment of striker impact. The compression wave propagates through the incident bar, and splits upon
reaching the interface with the specimen. Part of the wave is re ected back into the incident bar, and the
remainder transmits into the specimen. Part of the stress wave is sent from the sample into the
transmitted bar, while the remainder remains within the sample. Due to the wave impedance mismatch
between the bars and the specimen, the stress wave within the sample is re ected back and forth, leading

to a relatively uniform compressive stress within the specimen [27].

Figure 2.4 x-t diagram illustrating wave propagation in a Kolsky bar system. Scale has been exaggerated
to illustrate loading within the sample.
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The striker impact similarly generates a compression wave within the striker, which then re ects at its
free end and returns towards the incident bar as a tension wave. This wave again re ects partially back
into the striker, while the remainder propagates into the incident bar as an unloading wave. Thus the
loading duration, T, is determined by the length of the striker, L, and the wave speed of the striker
material, s, as seen in Equation (2.1) below.

_ 2Ly
Cst

T (2.1)

Typically the striker material and diameter matches the incident and transmitted bars, thus the wave
speed of the striker and bars is given by Equation (2.2), wheréey, is the Young's modulus, and  is the
density of the bar material.

w=o= B (22)

The stress amplitude of the incident pulse, |, is given by Equation (2.3), and the incident strain, ", , is
given by Equation (2.4), where vy, is the velocity of the striker [27].

bChVst

I = 2 (2.3)
T Vst
' o (2.4)

The strain gauges on the incident bar are used to measure the incident pulsé,, and re ected pulse,
"r. The gauges on the transmitted bar measure the transmitted pulse,"t. Assuming the stress waves
propagate without dispersion in the bars, and that the pulses recorded at the strain gauge locations are
representative of those at the bar ends surrounding the sample, we can use one dimensional wave theory to
relate the velocities at both sides of the specimen to measured strain pulses [27]. Equation (2.5) gives the
velocity at the incident bar - specimen interface,v;, and Equation (2.6) gives the velocity at the specimen -

transmitted bar interface, v,, as seen in Figure 2.5 [4].

Figure 2.5 Testing section of Kolsky bar system illustrating the bar - specimen interfaces, the pulses, and
the bar-end velocities.

vi(t) = ("t "Rr) (2.5)

11



Va(t) = Gt (2.6)

The mean axial strain rate in the specimen can then be determined by Equation (2.7), wherég, is the
initial length of the specimen [27].

w_ V1 V2 _ G, "
= I

i T R 'T) (2.7)
0 0

The strain in the specimen is calculated from the strain rate by integrating with respect to time, as

given by Equation (2.8) [27].
Z t Z t

5|8

"y "r "y)dt (2.8)

The stress at the incident bar - specimen interface, ;, and the stress at the specimen - transmitted bar

interface, »,, are given by Equations (2.9) and (2.10) [27],

Ay
= —Ep(" +" 2.9
17 AL (" R) (2.9)
Ap
= —Eu," 2.1
2= A Eo'T (2.10)

where Ay is the cross-sectional area of the bars, ands is the cross-sectional area of the specimen.

As mentioned previously, it is assumed that the stress within the sample is in equilibrium. As a result,
the deformation and specimen response averaged over the volume of the specimen is a good representation
of the bulk material behavior [27]. The equilibrium is expressed as Equation (2.11) for the stress, and

Equation (2.12) for the strain.
1= 2 (2.12)
T+t "R="T (2.12)

We can use this to simplify Equations (2.8),(2.7), and (2.10). The specimen strain rate, strain, and

stress are thus given by Equations (2.13), (2.14), and (2.15) respectively [27].

vz % (2.13)
lo
Zt

vz 2% el (2.14)
lo o
_Av_ .

— AisEb T (2.15)

2.3 Digital Image Correlation

Digital image correlation (DIC) is a non-contact full- eld optical metrology technique. DIC can

measure surface displacement by comparing digital images at di erent stages of deformation [28]. Unique
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groups of pixels on the imaged surface are identi ed and tracked, enabling the mapping of displacement
and strain eld history. This method generates full eld measurements, providing an additional dimension
of data when combined with traditional measurement methods. An exhaustive review of DIC will not be
presented here, as it's application and use are found in a variety of elds of experimental research. To the
authors knowledge, DIC has not been used to investigate dynamic uniaxial compression Kolsky

experiments of silicon carbide.
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CHAPTER 3
MATERIALS AND METHODS

The current work investigates the quasi-static and dynamic uniaxial compressive strengths of two
commercially available silicon carbide formulations, SiC-N and SiC-X1. The quasi-static experiments have
been conducted using a universal testing machine. The dynamic experiments have been conducted using a
Kolsky bar system. SiC-N has previously been investigated using these methods, as outlined in the
previous chapter. SiC-X1, a newer silicon carbide formulation, has not been studied using these methods to
the authors knowledge, and its response is studied here and compared with SiC-N. This chapter will detail
the properties of the SiC-N and SiC-X1 materials used in this research. Following that is a discussion of
the details on the methods used for the quasi-static and dynamic compression experiments. Techniques
used in digital image correlation (DIC) of the compression experiments are outlined. Lastly, the methods

used in the fragment analysis are reviewed.
3.1 Materials

This research investigated two formulations of hot-pressed silicon carbide, referred to as SiC-N and
SiC-X1, which have been provided by CoorsTek, Inc. Material properties gathered from these samples are
listed in Table 3.1. The density has been measured using the Archimedes method. The average grain size
and Knoop hardness were taken using ASTM standards E112-13 [29] and C1326-13 [30], respectively, and
have been provided by the CoorsTek Analytical Lab. The Young's Modulus has been taken from previously

reported values [1, 24].

Table 3.1 Measured properties of SiC-N and SiC-X1

Property SiC-N | SiC-X1
Density (kg/m 3) 3217 3227
Average Grain Size (1m) 213 2.5
Knoop HardnessHK (300 g) | 235F 236F
Young's Modulus E (GPa) 460 [1] | 455 [24]
Poisson's Ratio 0.16 [1] | 0.14 [24]
a Provided by CoorsTek Analytical Lab

These materials were received as cylinders, 2.5" in diameter .75" thick. The hotpressing axis was
indicated as parallel to the thickness dimension. These cylinders have been machined into 5.4 mm5.2
mm 5 mm cuboids. The 5.4 mm dimension is oriented parallel to the hotpressing axis, and is used as the

axis of loading in the compression experiments. The cuboids are polished to nal dimensions using an
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Allied High Tech MultiPrep parallel polisher with diamond embedded polishing pads of increasing neness.
This method is used to keep the edges of the faces from rounding, which can occur with slurry polishing
methods. The faces in contact with the loading platens are polished to a 3m nish, and the other four

faces are polished to a 1fum nish. The parallelism of the polished faces is within 5um. The samples used
in the quasi-static compression experiments had nal nominal dimensions of 4.4 mm along the axis of
loading 2.5mm 2.5 mm. The samples used in the dynamic compression experiments had nal nominal
dimensions of 4.5 mm along the axis of loading 4.4 mm 4.2 mm. This specimen geometry was chosen
so that an entire surface of the sample is able to be in focus for the camera imaging during the compression

experiments.
3.2 Methods

The materials in this research have been placed in uniaxial compression to the point of failure and
fragmentation. The details of the experimental setups for quasi-static and dynamic rates are described.

The methodology of the fragment analysis and digital image correlation are also detailed.
3.2.1 Quasi-Static Compression

The quasi-static uniaxial compression experiments have been performed using a Shimadzu AG-IC
universal testing machine with a 50 kN load-cell, as seen in Figure 3.1 (a). The samples are placed between
two tungsten carbide platens to transfer the load and protect the steel load frame rams. The dimensions of
the platens are 1" in diameter .7" thick. Tungsten carbide is used due to its high hardness and
toughness. The faces of the tungsten carbide platens in contact with the sample are polished to a 1&n
nish, and the parallelism is within 5 um. The platen surfaces in contact with the load frame rams are
coated with a thin layer of synthetic grease containing PTFE in order to reduce friction. During setup, a
pre-load of 10 N is applied to remove excess grease and ensure alignment of the platens before the sample is
placed between the platens. A dry Im spray lubricant containing PTFE is used on the loading surfaces of
the sample to reduce friction with the platens. The load frame is controlled by the TrapeziumX software,
and has been programmed to apply load at a rate of 0.5 mm/min, which corresponds to a strain rate of
10* st for the materials investigated.

One face of the sample is imaged using a Flir Blacky S camera, at a rate of 5 to 10 frames per second,
as seen in Figure 3.1 (b) and (d). The camera is controlled using Match ID Grabber software, and is
manually triggered to start recording prior to loading to ensure an image of the undeformed sample is
captured. An Amscope LED-6WD light unit, with two adjustable gooseneck LED lights, is used to

illuminate the sample. An example image of a bare SiC-N sample captured prior to loading is shown in
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Figure 3.1 (e), and SiC-N sample speckled painted for DIC is shown in (f). An acrylic box is placed around
the sample and platens to collect the sample fragments, as seen in Figure 3.1 (c). Acrylic is used to
maximize the lighting of the sample. The containment box has through holes in the top and bottom to

allow free movement of the platens, while maximizing fragment containment. One side of the box is open,
and a removable borosilicate glass slide is used instead of acrylic, as seen on the side nearest to the viewer
in Figure 3.1 (c). This allows repositioning of the sample, and is the side that the camera views through.
Borosilicate is used for its improved optical clarity compared to acrylic, and the slide is replaced frequently
to reduce optical distortion from surface scratches, which can occur from fragment impact during the

failure event, visible as a faint horizontal line on the middle of glass slide in Figure 3.1 (c). The average

sample mass recovery is 95.5% 2.68% for the six experiments.

Figure 3.1 Experimental setup used for quasi-static uniaxial compression experiments. a) Shimadzu
universal testing machine. b) camera setup on adjustable tripod, exible LED lights. c) fragment
containment box surrounding the load stack. d) top-down view of imaging setup in relation to load-frame
rams. e) captured image of bare SiC-N. f) image of SiC-N sample with speckling paint for DIC.

16



3.2.2 Dynamic Compression

Dynamic uniaxial compression experiments have been performed using a Kolsky bar system, shown in
Figure 3.2 (a). The bars are made of maraging steel with a diameter of 12.7 mm. The striker bar used is
130 mm long, the incident bar is 2441 mm long, the transmitted bar is 2438 mm long, and the momentum
bar, shown in Figure 3.2 (b), is 914 mm long. The momentum trap, seen in the top of Figure 3.2 (b),
consists of a metal tube lled with clay that is mounted in-line with the bars, which acts as a catch for the
momentum bar. Pulse shapers, made of annealed copper discs 5 mm in diameter.682 mm thick, are
placed between the striker and the incident bar to tailor the shape of the loading pulse. A laser gate setup
is used to measure the velocity of the striker bar, shown in Figure 3.3. The second laser and detector are
placed a millimeter in front of the incident bar to record the velocity immediately prior to impact. An
acrylic box is suspended around the sample and platens to collect the sample fragments, as seen in
Figure 3.4. Acrylic is used to maximize the lighting, and a borosilicate glass slide is used on the side that
the camera views through. This slide is replaced frequently due to scratching caused by fragment impact
during the failure event. The containment box has through-holes in the sides to allow free movement of the
Kolsky bars while maximizing fragment containment. The average sample mass recovery is 89.2% 0.87%
for the six experiments.

Platens, made of a tungsten carbide core surrounded by shrunk t titanium, are placed on either side of
the sample, as seen in Figure 3.2 (d, e, f). The platens are 12.7 mm in diameter 3 mm thick. This platen
design is used due to the high strength of the tungsten carbide core in compression, which ensures the
sample fails before the platens, and protects the faces of the steel bars. The platens also closely match the
impedance of the steel bars, minimizing stress pulse dispersion. The faces of the platens in contact with the
sample are polished to a um nish, and the faces in contact with the bars are polished to a 15um nish.

A thin layer of synthetic grease containing PTFE is used between the sample and platen faces to reduce
friction. A thin layer of vacuum grease is used between the platens and the bar faces to reduce friction and
hold the platens in place during setup. During setup, after the platens and sample are placed between the
bars, the bars are lightly compressed and counter-rotated by hand to remove excess grease and ensure solid
contact. The extruded excess grease is visible as a faint line at the sample-platen interface in Figure 3.2

(e). The sample imaging surface is then re-aligned to be perpendicular to the high-speed camera.

The 45 mm 4.4 mm face is imaged using a Shimadzu HPV-X high-speed camera, at 1 to 2 Mfps with
an exposure time of 200 ns. Two PowerLight 2500DR 1000 W halogen ash lamps, placed on either side of
the camera, are used to illuminate the sample. The camera and light setup is perpendicular to the bar axis,

as seen in Figure 3.2 (c, d). A Teledyne Lecroy HD4096 oscilloscope is used to record the strain pulses and
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Figure 3.2 Kolsky bar system used for dynamic uniaxial compression experiments. a) the full bar system,
with the gas-gun on the left. b) the momentum bar and trap used to capture the transmitted pulse. c) a
downrange view of the experimental setup, with the imaging setup on the right. d) side view of the sample
and bars, opposite the camera. e) image of sample captured by high-speed camera, with polka-dotted
platens on either side. f) image of sample with DIC speckle paint.
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