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Abstract

In this work, the manufacturing process for employing patented Ceramic Nano-Paste composite
Silicon Carbide (SiC) based materials in various parts and shapes using Polymer Infiltration and
Pyrolysis (PIP) method are studied. Applications include optical, ballistic, electrical, and
mechanical structures and components. The Nano-Paste nanocomposite used in this research
consists of two constituents: a matrix and reinforcement fillers. For all of the projects in this
research, SMP-10 preceramic polymer was used as the matrix, with SMP-850 preceramic
polymer added during the infiltration process for some applications. The reinforcement fillers
used was dependent on the application, with £-SiC (2 um) and B4C (2 pm) being the primary
fillers with the addition of the following materials for various applications: g-SiC (50 nm), SiC
whisker (Diameter 0.1-2.5 um, length 2.0-50 um), Si (400 nm), B4C (2 um), BsO (2 um), BN
(137 nm), MWCNT (O.D. 10-30 nm, length 10-30 um), and carbon short fibers (1-5 mm). A
new process for determining the filler to matrix volume ratios was developed, in this work, using
volume compaction efficiency technique. With the use of relatively low-pressure (3-202 MPa) z-
plane compaction molding, low temperature curing (100-200 °C), abrasive cutting, and Nano-
Paste joining, complicated shapes and parts are manufacturable employing this Additive
Manufacturing technique before serimizing the cured preceramic polymer matrix of the parts at
1,000 °C. This Additive Manufacturing approach eliminates the need for subtractive machining
on ceramics to produce complex shapes while also introducing an easy way to include additives

to create novelty engineered materials.
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1. Introduction

Ceramic materials have different properties that can be advantageous over metallic materials for
environments with high temperature variations. The main application focused in this research is
optical mirrors (due to Silicon Carbide based Ceramic Nanocomposite unique properties for this
application). Most materials have a coefficient of thermal expansion (CTE) that is greater than
zero (i.e., positive). This means when the material has its temperature raised, the dimension also
increases. Some materials (although uncommon) have a CTE that is less than zero (i.e.,
negative). This means when the material has its temperature raised, the dimension decreases. By
combining material with positive CTE and negative CTE, it is possible to have a near zero CTE
composite [1]. A material that has already been able to achieve a near zero CTE is a ceramic
matrix composite (CMC). These CMCs are made of a ceramic material matrix with positive CTE
that is loaded with a filler material that has a negative CTE. When the ratios for the combination
of the matrix and filler are correct the resulting CMC can have a near zero CTE [1] [2]. In the
space and aerospace industry, there is a high demand for materials that are dimensionally stable
over a large temperature range, particularly for optical mirrors and structures. Part of what makes
a near zero CMC possible is the preceramic polymers that are used to make up the matrix. These
preceramic polymers allow the filler materials to be mixed in, relatively easily before the matrix
becomes a ceramic. The preceramic polymer pyrolysis manufacturing method offers advantages
in its cost-effective ways to make complex shapes without the need for high-cost ceramic
machining [3, 4, 5, 6, 7, 8, 9]. Although, one of the drawbacks of the polymer pyrolysis
technique is the inherent matrix shrinkage [10, 11, 12, 13, 14] which can lead to residual stresses

and micro-cracks if manufactured incorrectly; however, the percentage of the voids, micro
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cracks, and surface imperfections can be reduced by successive Polymer Infiltration and

Pyrolysis (PIP) cycles.

1.1. From preceramic polymer matrix to ceramic matrix

Silicon Carbide (SiC) has a low positive CTE of 2.4x10 /°C at room temperature [15], which
requires little filler with negative CTE to make a near zero CTE. StarPCS~ SMP-10 is a great
choice for a preceramic polymer due to its high SiC yield when pyrolyzed [16]. SMP-10 starts
off as a liquid polymer with a similar viscosity and density as water at room temperature. At 200
°C, SMP-10 will transition to a thermoset plastic and will have a similar machinability as epoxy.
At this point the SMP-10 is considered cured (or at green state). As the temperature increases,
the SMP-10 will become harder and harder until it reaches above 850 °C, at which point it
transitions to amorphous (glassy) SiC ceramic. This transition (and hardening) process is called
pyrolysis. During the cure and pyrolysis, the organic components of the polymer out-gases from
the SMP-10 leaving behind the inorganic SiC. The resulting SiC that is left behind is called the
char-yield and will have a porosity of ~35 percent. In order to fully densify the material to have
low to no porosity, successive infiltrations and pyrolysis iterations are needed. As the porosity is

reduced, the strength, hardness, and thermal conductivity increase [16].

If the temperature is increased beyond 1,250 °C, the amorphous (glassy) SiC will become fully
nano-crystallized beta-phase. And beyond 1,900 °C it will start becoming alfa-phase nano-
crystalline SiC [16] with the highest stiffness of all the phases for this material When the

preceramic polymer is mixed with particles and or other fillers it is then called Nano-Paste [17].



1.2. Motivation

The main area of concern is space telescope optical dimensional stability when used in
environments with high temperature variations. Within this, are the thermal stability of glass and
metallic space mirrors that are subject to temperature variation. One option is to reduce the effect
of temperature variations by reducing the CTE of the mirror and optical structures and systems
by using preceramic polymers reinforced with partial fillers. The main motivation of this work is
to explore the manufacturing capability and limitations of z-plane (i.e., normal to the plane)

compaction molding of Ceramic Nano-Paste preceramic polymer matrix composite.

1.3. Goals of this research

The objective of this research is to develop robust and flexible low-cost high-quality fast-
processing manufacturing techniques for advanced ceramic composites for a verity of

applications such as optical and structural components as related to space and aerospace.

1.4. Organization of thesis

Introduction is given in this section (i.e., Section 1). The manufacturing technique of making
Advanced Ceramic Nanocomposites with Nano-Paste is outlined in Section 2. The steps taken to
manufacture each part and sample are explained in Section 3. The results of manufacturing the
parts and samples are discussed and analyzed in Section 4. The test results performed by a third-
party testing laboratory are given and discussed in Section 5. Lastly, the summaries, conclusions,

and suggestions for future work are given in Section 6.



2. Manufacturing Methodology and Materials
Selection

2.1. Introduction to manufacturing methodology

The Polymer Infiltration and Pyrolysis (PIP) process used to manufacture particle reinforced
ceramic composites allows for the use of multiple manufacturing techniques and equipment that
would be more difficult or impossible to use with ceramic billet or ceramic powder sintering. By
using low temperature and low-pressure molding, cutting and joining steps similar to injection
molding or other low pressure molding techniques, the PIP approach allows for assembly line-

like workflow and future automation capabilities.

Before getting into a detailed manufacturing process, the following is a quick overview. The
process starts with a design of the final sample shape. Depending on the shape, size, and
complexity, the sample may be separated into multiple parts and joined together after the green
cure with joining Nano-Paste. For each of these sub-parts (or single whole part if possible) a z-
plane (i.e., normal to plane) compaction mold is designed and manufactured. Based on the mold
design and the available compression molding machine limitations of 50,000 Ibs. (i.e., the z-
plane compaction force in our lab), a Ceramic Nano-Paste formulation is chosen. After the
Ceramic Nano-Paste is made, it is placed in the mold and compacted then green cured (usually
while still under pressure). If additional processing is necessary, such as shaping or joining, it is
done after demolding but before pyrolysis (in the sense of an “Additive Manufacturing”). With

the final shape achieved, the sample is finished off through a PIP process to increase its density.



2.2. Pressure molding process

Casting has been around for a long time. Over the years, casting methods and techniques have
been developed to produce a greater finished product. One of these great techniques is to apply
pressure during the manufacturing. Depending on how and when the pressure is applied, the
finished product can have a higher strength and density. In some instances, the amount of
pressure is so high that a ceramic powder can be sintered into a porous part. Further
strengthening of the porous part can be achieved by heating it up to its glass transition
temperature, resulting in additional densification. Even greater results can be achieved when the
ceramic powder is heated to its glass transition temperature while the pressure is still being
applied. Ceramic parts can even be in its final shape after the pressing operation without the need
for post machining (called near net shape). Generally, this high-pressure sintering process is
limited to simple geometries and small parts while also requiring large and expensive equipment

[18].

By using a preceramic polymer as a bonding agent, much lower pressures can be used when
molding the ceramic powders. This means that larger parts can be manufactured while also using
less expensive equipment. Furthermore, because the ceramic powder is held together by the
preceramic polymer, machining can more easily be performed before PIP, allowing for more

complex geometries to be manufactured.



2.3. Nano-Paste

Nano-Paste is the name that will be used for the composite material made up of a preceramic
polymer that acts as the matrix that is loaded with ceramic particles, whiskers, and/or short fibers
[17]. This Nano-Paste is then placed in a mold and compacted with low pressure (from zero to
200 MPa) and cured at low temperatures (100 to 200 °C) compared to High Pressure (200 MPa

to 6 GPa) - High Temperature (1,450 °C up to 2,500 °C) ceramic SiC powder sintering [18, 19].

2.4. Preceramic polymer matrix

StarPCS™ SMP-10 [16] is a one-component liquid precursor with a near stoichiometric yield of
silicon carbide. It is used to manufacture ceramic matrix composites, silicon carbide coatings,
and to join silicon carbide materials. Monolithic ceramics can be created when SMP-10 is mixed

with silicon carbide powders/particles.

SMP-10 is capable of green curing at temperatures as low as 180 °C or as high as 400 °C,
depending on required hardness and machinability. The cure temperature can be further reduced
when using a catalyst and/or long cure times, if needed. SMP-10 produces an amorphous (glassy)
SiC 850-1,200 °C, and is completely converted to 4-SiC phase at 1,700 °C. The density of
amorphous SiC is about 2.5 g/ml, with 4-SiC and a-SiC phase at 3.1 g/ml (for sintered) and

3.21 g/ml (for crystalline) [16, 20]. This polymer produces a near stoichiometric SiC of 1:1
silicon to carbon atomic ratio with high purity yields. Typical ceramic yields, an indication of
mass conversion to ceramic material, as measured by thermal gravimetric analysis (TGA), is

about 72-78% in argon inert environment. There are very few contaminants remaining after



pyrolysis, typically measured in ppm. The ceramics formed are ideal for high temperature
applications and remains stable to 1,800 °C in open air and 2,200 °C in inert atmosphere. Table

2.1 gives the physical properties of SMP-10.

Table 2.1. Properties of StarPCS™ SMP-10 [16].

Density 0.998 g/cm3

Appearance Clear, Amber Liquid

Viscosity 40 to 100 cPs at 25°C

Compatible Solvents Hexanes, Tetrahydrofuran, Toluene, Insoluble in water
Flash Point 89°C (192°F)

Moisture Absorption <0.1% in 24 hours at room temperature

Surface Tension 30 dynes/cm?

Odor None

DOT / IATA Regulations Non Hazardous

Storage Vacuum container or inert environment; Refrigerated

2.5. Particle fillers

SiC can come in many shapes and sizes when choosing as a filler material. For the shapes of the
SiC, there are 4 categories: particle, whisker, short fiber, and long fiber (often supplied as a tow

or fabric). For the particle shape category, there are two sub categories: nano, and micro.

For the most part, micro particles are used to make up most of the paste weight making it the
primary filler; while nanoparticles, whiskers, and short fibers make up the rest of the filler
material or secondary filler. The amount of each secondary filler used varied depending on the

project requirements and part application.

Other secondary fillers, such as Si, B4C, BsO, BN, MWCNT, and carbon fiber short fibers

(CFSF), were also used. For one project, in particular, B4C was used as a primary filler.



2.6. Polymer Infiltration and Pyrolysis (PIP)

During Pyrolysis, the SMP-10 reduces in weight and volume (i.e., polymer shrinkage) but
increases in density. This reduction in volume usually makes the part porous, as well. Because a
porous part has more crack initiation points than a solid part, the parts should be densified to
reduce their porosity and increase their strength by using repeated Polymer Infiltration and
Pyrolysis (PIP) iterations. After the parts have been sufficiently densified, the parts
manufacturing is complete. Sufficient densification is considered to be achieved when the
percentage successive weight gain is less than 1% between the last and previous PIP iteration [2,

17]. At this point the parts are ready for use, testing, or post processing such as polishing.



3. Manufacturing Processes

3.1. Manufacturing process steps

The manufacture of ceramic matrix composites by z-plane (i.e., normal to plane) compaction
using Polymer Infiltration Pyrolysis (PIP) consists of three steps. The first step involves
forming/molding the Nano-Paste into shape in a mold while applying z-plane compaction
pressure. Then, depending on the situation, the Nano-Paste is cured to a green state with or

without the z-plane compaction pressure applied.

The second step consists of machining and/or joining the green cured Nano-Paste (sample
billets) to form a new shape if needed. The reason why machining needs to be performed before
the pyrolysis is because the preceramic polymer matrix in its green cured state (a hard plastic) is
still relatively easy to cut compared to its pyrolyzed state (a ceramic). The reason why joining
needs to be performed before the pyrolysis is that the joining paste shrinks with the rest of the

part during the pyrolysis.

The third step is where the entire cured part is pyrolyzed thereby converting the preceramic
polymer matrix into ceramic, followed by subsequent infiltration/pyrolysis (PIP) cycles until
weight convergence (and sometimes density convergence) is reached to form a monolithic

ceramic or a ceramic composite.

The following sections of this chapter detail the exact steps taken to make the samples and parts.
Because each project has different processing parameters, the manufacturing processes

sometimes varied in order to successfully manufacture the parts/samples.
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3.2. Manufacturing of Project 1: NASA/JPL (ER, TC, &CTE) Round 1

For this project, ASTM samples were made to determine some targeted material properties of the
SiC ceramic when loaded with a high percentage of multi wall carbon nanotubes (MWCNT).
The material properties to be tested were electrical resistivity (ER), thermal conductivity (TC),

and coefficient of thermal expansion (CTE).

3.2.1. Nano-Paste formulation

For the first round of NASA/JPL samples, the paste formulation was required to be in two sets.
The first set was required to have 30 percent of the filler materials to be multi wall carbon nano
tubes (MWCNT) while the second set was required to have 75 percent of the filler materials to
be MWCNT. The rest of the paste formulation was determined by Brenden Minei (a PhD
candidate at HNL) and his previous work performed with Dr. Nejhad at the Hawaii
Nanotechnology Laboratory (HNL). The paste formulation for the 30% MWCNT is shown in

Table 3.1, while the 75% MWCNT paste formulation is shown in Table 3.2.
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Table 3.1. NASA/JPL paste formulation* with filler having 30% MWCNT by volume.

Material type Material name Total Volume percent Total Weight percent
matrix SMP-10 43.3 22.1

filler MWCNT 17.0 18.3

filler S-SiC (2 pm) 27.5 45.1

filler Si 5.0 6.0

filler B60O 3.6 4.7

filler BN 3.6 3.8

Total 100 100

*Values are rounded to the nearest tenth of a percent.

Table 3.2. NASA/JPL paste formulation* with filler having 75% MWCNT by volume.

Material type Material name Total Volume percent Total Weight percent
matrix SMP-10 45 26.1

filler MWCNT 41.3 50.4

filler B-SiC (2 pm) 9.6 17.8

filler Si 1.7 2.4

filler B60O 1.2 1.8

filler BN 1.2 1.5

Total 100 100

*Values are rounded to the nearest tenth of a percent.

Using these two Nano-Pastes, three types of ASTM test samples were manufactured: electrical
resistivity (ER), thermal conductivity (TC), and coefficient of thermal expansion (CTE). For all
three sample types, only the 30% MWCNT formulation was manufacturable while the 75%

MWCNT formulation was not manufacturable with the equipment on hand at the time. More
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detail on the limiting factors for the 75% MWCNT paste manufacturability is given in Section

“Processing results for Project 17 to follow.

3.2.2. Compression molding and curing

For the three sample types, three different molds were used. The design of the mold is dependent
on multiple factors. Some of these factors include: operating temperature, operating loads,

reusability, size and shape of the samples, and number of samples desired.

For all three sample types, the molds were designed and manufactured from previous research
projects. For the ER, TC, and CTE sample types the sample shapes were determined by Southern
Research Institution to work with their test equipment. Figure 3.1 through Figure 3.3 shows the

three sample shapes, geometries, and dimensions.
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Figure 3.1: Drawing of ER samples (4 inches long) [21].
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Figure 3.2: Drawing of TC samples (1-inch diameter, 1-inch long) [21].
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Figure 3.3: Drawing of CTE samples (3 inches long) [21].

The molds used for the ER, TC, and CTE samples are shown in Figure 3.4.
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tape, CTE mold is shown with Kapton tape.

Figure 3.4: Molds used for ER

To use the molds, they first have to be prepped. This involves sanding and or machining any
damage (due to handling or prior usage) on the mold, then cleaning the molds with isopropyl
alcohol. Next, the molds are covered with one layer of kapton tape or kapton film, depending on
the area of the mold. The kapton tape or kapton film acts as a release layer to help prevent the

samples from bonding to the mold for easy removal.

With the molds prepped, the paste is inserted into the molds. Next, the molds are closed and a
compaction force is applied. For the ER and CTE molds, the compaction force is applied using
the compression molding machine shown in Figure 3.5. While the TC mold uses the large bolts

at both ends to provide the compaction force.
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For the ER and CTE molds, a compaction force of 50,000 Ibs. is used. This results in a
theoretical compaction pressure of 2,222 psi (15.32 MPa) for the ER and CTE molds. For the TC
mold, the end bolts were torqued to 480 ft.Ibs. based on the bolt used, this results in a theoretical

compaction pressure of 29,335 psi (202.26 MPa).

While still under pressure, the samples are cured at a temperature of 200 °C with a maximum
ramp rate of 1 °C per minute and a minimum dwell time of 1 hour. After this curing process, the
molds are allowed to cool down to room temperature. After cooling, the sample billets were
removed from the molds using a demolding machine with specific demolding fixtures for each

mold type and shape. The demolding machine is shown in Figure 3.6.
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Figure 3.6: Demolding machine (Arbor press).

3.2.3. Machining the sample billets

After demolding, the sample billets are ready to be machined to the final sample shape according
to the ASTM standards. This involves cutting the samples into the final sample shapes and
drilling feature holes if needed. To cut the sample billets, a diamond water saw was used. For the
hole drilling, carbide coated drill bits and water cooling were used in conjunction with a drill
press and sample specific fixtures. The water saw and drill press are shown in Figure 3.7 and

Figure 3.8, respectively.
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Figure 3.8: Drill press.
Figure 3.9 shows the TC and CTE samples after the machining and ready for densification using
Polymer Infiltration and Pyrolysis (PIP). The figure for the ER samples after machining is not

available but their pyrolyzed picture is shown in Figure 3.13.
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Figure 3.9: TC (1-inch diameter) (top) and'CTE (3 inches long) (bottom) samples after
machining.

3.2.4. Polymer Infiltration and Pyrolysis (PIP)

After the samples have been green cured and machined, they are put through the PIP process. To
start off the PIP process, the weight of the samples is measured for the purpose of checking the

densification and weight gain convergence.

With the samples weighed, they were then pyrolyzed in a high temperature furnace, as shown in
the Figure 3.10, in an inert argon gas environment to convert the preceramic polymer matrix into

a ceramic.
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Figure 3.10: Pyrolysis high-temperature furnace (13x13x13 inches).

The thermal cycle for the pyrolysis is described as the following. The samples were heated from
room temperature to 400 °C at a heating rate of 1 °C/min, dwelled at 400 °C for 1 hour, ramped
from 400 °C to 650 °C at a rate of 1 °C/min, dwelled at 650 °C for 1 hour, ramped from 650 °C
to 1,000 °C at a rate of 1 °C/min, and dwelled at 1,000 °C for 1 hour. For the first pyrolysis in
the PIP process, the max temperature of 600 °C instead of 1,000 °C is used with a ramp rate of 1
°C/min, dwelled at 600 °C for 1 hour. The reason for having a lower temperature for the first
pyrolysis is to induce the polymer shrinkage in stages to potentially reduce the residual stresses

and increase the chance of sample survival.

After the heating process, the furnace was then allowed to cool down at a maximum rate of 3
°C/min to 250 °C while still under an inert argon gas environment. The samples were finally
allowed to cool down to room temperature by natural convection without the need of argon gas.
The total cycle time for each pyrolysis step was approximately 28 hours for 1,000 °C and 15
hours for 600 °C. The test samples were then removed from the furnace and weighed again after

each pyrolysis.
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Pyrolyzed parts were immersed in preceramic polymer (SMP-10) for reinfiltration. Re-
infiltration is necessary to increase the part density and fill the voids and microcracks inside the
samples created by matrix shrinkage from the conversion of polymer to ceramic during the
pyrolysis step. To infiltrate the samples, the immersed samples were put under vacuum to
remove the air out of the samples. The samples were allowed to stay in the SMP-10 under
vacuum until all the bubbling (due to the infiltration) subsided. Once the bubbling subsided, the
vacuum was removed, allowing the SMP-10 to soak into the samples under atmospheric
pressure. The time the samples spent in the SMP-10 after the vacuum cycle was equal to the time
they spent in the SMP-10 while under vacuum. This was on average 6 to 8 hours. Figure 3.11
shows the vacuum chamber/furnace that was used. While Figure 3.12 shows a SolidWorks

rendered representation of samples during infiltration.

8|

Figure 3.11: Vacuum chamber/furnace.
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Figure 3.12: Solid modeling of sample infiltration using SolidWorks software. Cup and SMP-
10 are rendered as a half view while the samples are rendered whole.

After the soaking process, the samples were removed from the SMP-10, wiped free of excess
resin, and placed into paper towels for 15 minutes. This cleaning process is necessary to prevent
excess SMP-10 joining the samples to the graphite plates (inside the furnace to support samples)
during pyrolysis. Molybdenum plates (instead of graphite plates) can be used without the need to
clean excess SMP-10 from the sample. But Molybdenum plates usually cost about 10 times more
than graphite plates (besides, excess resin on the samples act as coating and are not desirable).
After cleaning off the excess resin, the samples go through another pyrolysis according to the
pyrolysis thermal cycle previously outlined. This densification (PIP) cycle was repeated until the
samples reached weight gain convergence. All the samples manufactured converged in weight
gain according to the weight gain convergence criterion used. The criterion for weight gain
convergence was that the last sequential weight gain of the samples should be less than 1%. The
total manufacturing time for the sample was around 10 days. The ER, TC, and CTE samples

after densification convergence is shown in Figure 3.13.
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(bottom) samples after densification convergence.

3.3. Manufacturing of Project 1: NASA/JPL (TC &CTE) Round 2

For the second round of this project, some of the ASTM samples were remade with a lower
percentage of multi wall carbon nanotubes (MWCNT). The material properties to be tested were

thermal conductivity (TC) and coefficient of thermal expansion (CTE).

3.3.1. Nano-Paste formulation

For the second round of NASA/JPL samples, the paste formulation was adjusted to increase the
manufacturability. The second set was adjusted to have 10 percent of the filler material to be
MWCNT while removing the other low percentage fillers. The paste formulation for the 10%

MWCNT is shown in Table 3.3.
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Table 3.3. NASA/JPL paste formulation* with filler having 10% MWCNT by volume.

Material type Material name Total Volume percent Total Weight percent
matrix SMP-10 37.3 16.1

filler MWCNT 6.3 78.2

filler S-SiC (2 pm) 65.4 5.7

Total 100 100

*Values are rounded to the nearest tenth of a percent.

Unlike the first paste formulation, this second round of paste formulation was formulated using a
compaction study process. This process gives the Volume Compaction Efficiency of the tested
dry filler mixture (no matrix material) so the maximum available volume for a matrix material
for any given molding pressure can be known. The Volume Compaction Efficiency is the
percentage of a given volume occupied by the solid filler material being compacted. In the case
of a 100% compaction efficiency the volume is completely filled with solid filler material with
0% air or voids. Finding the Volume Compaction Efficiency involves mixing a proposed filler
mixture dry then placing it in a pellet packer shown in Figure 3.14. While the pellet packer is
pressed in the compression molding machine at recorded intervals, the volume of the filler
mixture pellet inside the pellet packer is indirectly measured at the same incremental intervals.
The internal volume occupied with filler material is indirectly measured by indirectly measuring
the height of the filler pellet and multiplying it by the filler pellet cross sectional area. The cross-
section diameter (25 mm), and area, can be considered constant due to the pellet packers’ high
stiffness. whereas the filler pellet height is indirectly measured using the distance between the
plunger’s flat surface above the main body and the main body itself. When the pellet packer is
empty but still assembled, as shown in Figure 3.14, the distance between the main body and the

plunger’s flat surface above the main body is 28.7 mm. So, when measuring this distance with
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filler material in the pellet packer, the distance will be increased by the height of the filler pellet
(e.g., ameasurement of 36.91 mm correlates to pellet height of 8.21 mm and a pellet volume of
4.03 mm?®). The density of the filler pellet is then calculated by dividing the filler pellet weight
with the filler pellet volume. Finally, the Volume Compaction Efficiency is calculated by
dividing the filler pellet density by the theoretical filler mixture density. For a single material
mixture, the theoretical filler mixture density is the same as the material density (e.g., for B-SiC
the material density is 3.21 g/ml); while a filler mixture of multiple materials will have
calculated theoretical filler mixture density using the rule of mixture (e.g., 90% B-SiC at

3.21 g/ml with 10% MWCNT at 2.10 g/ml gives a calculated theoretical filler mixture density of
3.10 g/ml). With this technique, the Volume Compaction Efficiency vs pressure can be plotted
and a best fit line can be chosen to make an equation to predict the Volume Compaction
Efficiency at any compaction pressure. Figure 3.15 shows the result of this compaction study for
the paste formulation above. This information helps move away from the old assumption of a

theoretical Volume Compaction Efficiency of 64% derived from atomic close packing.

Figure 3.14: Pellet packer, to determine Ehe Volume Compaction Efficiency.
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Figure 3.15: Compaction study of paste with filler having 10% MWCNT by volume.

In Figure 3.15, the Volume Compaction Efficiency gives the volume percentage of solid
particles in the pellet/part for the given filler formulations. for example, at 91 MPa, the -SiC
(2 um) formulation occupies 55% of the available volume and leaves a maximum 45% of the
volume as empty porosity that can be occupied by SMP-10 before reaching hydro-lock. Hydro-
lock is when there is no more air or porosity available to be compressed further, and when
further compression is added, the increase in filler Volume Compaction Efficiency will require
the excess matrix to be squeezed out of the mold or pellet packer. Another example is, at

181 MPa, the 90% £-SiC (2 um) with 10% MWCNT formulation occupies 70% of the available
volume and leaves a maximum 30% of the volume as empty porosity that can be occupied by
SMP-10 before reaching hydro-lock. Finally, at 45 MPa, the 100% MWCNT formulation
occupies 53% of the available volume and leaves a maximum 47% of the volume as empty

porosity that can be occupied by SMP-10 before reaching hydro-lock.
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The mold pressure used for the paste formulation was calculated using the CTE mold cross

section. This meant the predicted mold pressure was going to be 16.854 MPa. Using the line fit
equation, the resulting Volume Compaction Efficiency percent equaled 62.7%. This percentage
was then used to gauge the amount of SMP-10 to add. For this paste formulation, the amount of
SMP-10 used was equal to the remaining volume percent the particles did not occupy, which is

37.3 percent.

3.3.2. Manufacturing

Using this new Nano-Pastes, only the TC and CTE samples were made using the same
manufacturing process described previously. The total manufacturing time for the sample was

around 10 days. Figure 3.16 shows the samples after the PIP densification convergence.

Figure 3.16: Round 2 of TC (1 |nch dlameter) (Top) and CTE (3 inches long) (Bottom)
samples after densification convergence.
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3.4. Manufacturing of Project 1: NASA/JPL (TC) Round 3

For the third round of this project, some of the ASTM samples were remade without multi wall
carbon nanotubes (MWCNT) but instead used carbon fiber short fiber (CFSF). The material

properties to be tested were thermal conductivity (TC).

3.4.1. Nano-Paste formulation

For the third round of NASA/JPL samples, the paste formulation was adjusted again to increase
the manufacturability while increasing the carbon percentage. The third set was adjusted to have
30 percent of the filler material carbon fiber short fiber (CFSF) instead of MWCNT. The paste

formulation for the 30% CFSF is shown in Table 3.4.

Table 3.4. NASA/JPL paste formulation* with filler having 30% CFSF by volume.

Material type Material name Total Volume percent Total Weight percent
matrix SMP-10 46.6 23.9
filler CFSF 16.0 14.7
filler B-SiC (2 pm) 37.4 61.4
Total 100 100

*Values are rounded to the nearest tenth of a percent.

Similar to the second round paste formulation, this round also used a compaction study process.

Figure 3.17 shows the result of the compaction study of the 30% CFSF paste formulation above.
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Figure 3.17: Compaction study of paste with filler having 30% CFSF by volume.

Using a lower predicted mold pressure of 15.32 MPa, the resulting Volume Compaction
Efficiency percent equaled 53.4 percent. This percentage was then used to gauge the amount of
SMP-10 to add. For this paste formulation the amount of SMP-10 used was equal to the

remaining volume percent the particles did not occupy of 46.6 percent.

3.4.2. Manufacturing of TC samples

Using this new Nano-Paste, only the TC samples were made using the same manufacturing
process described previously. The total manufacturing time for the sample was around 10

days. Figure 3.18 shows the samples after the PIP densification convergence.

J .

Figure 3.18: Round 3 of TC (1-incdimeter) sample after densification convergence.
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3.5. Manufacturing of Project 2: Disc puck mirrors (with and without

polishing)

For this project, two sets of small disc puck mirrors were made using the PIP process. But one
set of disc pucks were polished before the PIP process while the other set was not. This was done
for two reasons. The first reason was to test how easy it was to pre-polish the mirrors while they
were relatively easy to machine and polish. The second reason was to see how well the polished

surface held up during the PIP process.

3.5.1. Nano-Paste formulation

For both sets of disc puck samples, the paste formulation was required to be relatively simple
while providing high compaction. With the help of Brenden Minei (a PhD Candidate at the
HNL) and his previous work performed with Dr. Nejhad at the Hawaii Nanotechnology
Laboratory (HNL), the paste formulation was chosen to be 74% p-SiC (2 pm) filler and 26% f-
SiC (50nm) filler with a predicted Volume Compaction Efficiency of 65%. The full paste

formulation is shown in Table 3..

Table 3.5. Disc puck mirror paste formulation*.

Material type Material name Total Volume percent Total Weight percent
matrix SMP-10 35.0 14.3
filler S-SiC (2 pm) 48.1 63.4
filler B-SiC (50 nm) 16.9 22.3
Total 100 100

*Values are rounded to the nearest tenth of a percent.
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3.5.2. Compression molding and curing

For both sets of samples, the molding and curing was the same as the TC (1 inch diameter)

samples described previously.

3.5.3. Machining the sample billets

After demolding, the sample billet was cut into thin disc pucks. Next, two of the samples were

polished on one side while the other nine were left not polished.

3.5.4. PIPs

Next, both sets of disc pucks were PIPed until they reached their densification convergence or
their density convergence. The distinction here is that the densification or weight gain
convergence measures weight successively while density convergence measures density
successively using the Archimedes principle. Density measuring was implemented as a second
convergence measuring method to have a method with less sensitivity to sample cleaning or
sample loss during the PIP process. During the PIP process, one sample did fail, resulting in only
eight final not polished samples. Figure 3.19 shows the samples after the PIP densification

convergence.
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Figure 3.19: Disc puck (1-inch diameter) samples after convefgence. Polished (Top), not
polished (Bottom). Note: the polished surface before PIP does not retain its polished surface
after PIP.

After the completion of the disc pucks densification convergence, some of the disc pucks were
sent out to be post polished. Figure 3.20 shows one of the disc pucks that were polished after the

PIP process, showing excellent mirror quality.

Figure 3.20: Disc puck (1-inch diameter) with mirror surface polished after PIP completion.

3.6. Manufacturing of Project 3: Pathfinder mirror

For this project, a space mirror is manufactured using water jetting and paste joining (i.e., an

“Additive Manufacturing” technique) to create a complex shape before using the PIP process.
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This project is a part of mirror projects funded by Goodman Technologies [22]. A picture of the

mirror design is shown in Figure 3.21.

Figure 3.21: Solid modeling of pathfinder mirror (10-inch diameter) design using SolidWorks
software.

3.6.1. Nano-Paste formulation

For this mirror, the paste formulation was chosen to be the same as the disc puck mirrors. The

full paste formulation is shown in Table 3.6.

Table 3.6. Pathfinder mirror paste formulation*.

Material type Material name Total Volume percent Total Weight percent
matrix SMP-10 35.0 14.3
filler B-SiC (2 pm) 48.1 63.4
filler S-SiC (50 nm) 16.9 22.3
Total 100 100

*Values are rounded to the nearest tenth of a percent.
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3.6.2. Compression molding and curing

The pathfinder mirror is made of two types of sections that are shaped and bonded together to
create a sub-section that is joined to other sub-sections to create the final shape (i.e., an
“Additive Manufacturing” technique). This mirror was made in multiple sub-sections based on
the request from Goodman Technologies. These sub-sections consist of a mirror face sheet and a
back lattice. Both section types (mentioned above) were made using the same mold while using
two different amounts of paste to create the different required thicknesses. Figure 3.22 shows the

mold for forming both section types.

Figure 3.22: Solid modeling of pathfinder mirror segments mold design using SolidWorks
software.

During the curing process, most section parts cracked. Details on why the cracking accrued is in
Section 4.5. All of the back lattice parts were cracked or broken and needed repaired (see Figure
3.23 for the repaired back lattice billet), while all but 1 of the mirror face sheets had cracks (see
Figure 3.24 for best mirror face sheet). The cracked or broken mirror face sheets were left

cracked until after bonding to the back lattice since the mirror face sheets were thin and delicate.
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Figure 3.24: Pathfinder mirror (10-inch diameter) one/best of four face sheet parts.

To fix the cracks, the back lattice parts were infiltrated with SMP-10, re-cured, and joined with
“joining paste” until the parts were not cracked anymore. This took an average of 4 cycles to

fully repair the back lattice part for the following water jetting process.
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3.6.3. Machining and joining

For the Hawaii Nanotechnology Laboratory, water jetting these back lattice parts were the first
instance of water jet parts made of Nano-Paste. To determine the settings for the water jet, two
approaches were chosen. The first approach was to assume the Nano-Paste particles were bonded
together similar to sandstone. Thus, a machinability setting of 1000 for sandstone was tested.
This setting did produce high quality cuts, but it did result in a slow cutting speed. The second
approach was then tested, which assumes that the green cured SMP-10 has the same
machinability as epoxy. Thus, a machinability setting of 555 for carbon fiber reinforced epoxy
was tested. This second setting produced an acceptable cut quality while having a faster cutting

speed then the first setting. Figure 3.25 shows one of the back lattice parts after water jetting.

(Right) water jetting.

With the back lattice parts cut, they were then bonded to the mirror face sheets. The bonding
process involves extruding “bonding paste” onto the back lattice part, pressing the back lattice
parts onto the mirror face sheets, filleting the joining paste that squeezes out between the two
sections, then curing the joining paste between the two halves (i.c., an “Additive Manufacturing”

technique). After the 4 back lattice quarters were bonded to their respective mirror face sheets,
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the 4 quarters were joined together with “joining paste” and cured. Figure 3.26 shows the
pathfinder mirror after all of the joining was completed. The coloration on the mirror face side
after joining is due to the color difference of the patching past used for repairing the mirror face

sheets.

Figure 3.26: Pathfinder mirror (10-inch dimeter) after joining. mirror back lattice side
(Left), mirror face side (Right).

3.6.4. PIPs

Next, the pathfinder mirror was PIPed (but not until they reached their densification
convergence). The reason the mirror was not PIPed until complete densification was due to the
time limitations with the project delivery deadline. Additionally, the mirror face did crack during
the first PIP. Using Nano-Paste patching between PIP iterations, the surface cracks were able to

be fixed by the end of the PIPs. Figure 3.27 shows the mirror after the final PIP cycle.
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Figure 3.27: Pathfinder mirror (10-inch diameter) after final PIP. Back lattice side (Left),
mirror face side (Right).

3.7. Manufacturing of Project 4: 3D printed mold mirror (crow foot)

For this project, a small mirror was manufactured using a SLA resin 3D printed mold. At this
point this was HNL's first attempt to make a ceramic part using a polymer SLA 3D printed mold.

The mirror design is shown in Figure 3.28.
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Figure 3.28: Crow foot mirror (1.38 inches long) design (dimensions in mm) [23].
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3.7.1. Nano-Paste formulation

Because this is going to be a small mirror similar to the disc puck, the same paste formulation

was used, as shown in Table 3.7.

Table 3.7. Crow foot mirror paste formulation*.

Material type Material name Total Volume percent Total Weight percent
matrix SMP-10 35.0 14.3
filler S-SiC (2 pm) 48.1 63.4
filler B-SiC (50 nm) 16.9 22.3
Total 100 100

*Values are rounded to the nearest tenth of a percent.

3.7.2. Compression molding and curing

Because this was the first time to create molds using a resin 3D printer, the mold design went
through two iterations. The first iteration had the mold made entirely of the 3D printed resin with
a few bolts and nuts to help hold it together during the packing process. However, this was not
successful. For the second mold design, 3D printed inserts were made to fit in a metal outer
mold. The idea behind this was to have the metal outer mold provide the strength while the
printed inserts provided the mold’s internal and part’s outer details. The second mold design is

shown in Figure 3.29.
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Figure 3.29: Solid modeling of crow foot mirror mold design Version 2 using SolidWorks
software. Isometric view (Left), cutaway view (Right), the two yellow parts in the middle are
the 3D printed crow foot mirror mold insert, the rest are aluminum plates and steel bolts.

After making a sample with the second mold design, the sample had some cracks after curing.
The cracks were patched up with “patching paste” and cured a second time. At this point the
sample was still bonded to the printed inserts; Therefore, instead of trying to manually remove
the mold, the mold is melted off at 400 °C. Figure 3.30 shows the mirror sample before the full

demolding process.

Figure 3.30: Crow foot mirror 1.38 inches long) before de 'I’d‘iﬂhg, mirror side. Back side is
still covered in the printed mold inserts.

After melting off the printed mold inserts, the mirror showed no sign of cracking, so it was ready

for PIPs. Figure 3.31 shows the mirror sample after the full demolding process.
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Figure 3.31: Crow foot mirror (1.38 inches long) after demolding, crow foot back lattice is
now visible.

3.7.3. PIPs

During the first pyrolysis of 600 °C, the mirror still showed no signs of cracking. However,
during the first 1,000 °C pyrolysis, the mirror did end up cracking. The reason for the cracking is
due to the original cracks after curing being patched and infiltrated with a higher concentration
of SMP-10 than the rest of the mirror. This leads to uneven shrinkage and residual stress that
exceeds the strength of the amorphous SiC char yield of the SMP-10. These cracks were patched
with “patching paste” and a final 1,000 °C pyrolysis run was performed before the shipping
deadline for the mirror. Thus, the mirror was not PIPed to any convergence. Figure 3.32 shows

the mirror after the final PIP.

N

Figure 3.32: Crow foot mirror (1.38 inches long) after third and final PIP. Back side (Left),
mirror side (Right).
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After PIP, the mirror was sent to be polished by a third party. After the polishing, the cracks

became more visible as shown in Figure 3.33.

Figure 3.33: Four closeu pictures of Crow foot mirror (1.38 inches long) face after being
polished by a third party.

3.8. Manufacturing of Project 5: CubeSat mirror

For this project, a mirror with a curved reflective surface is made using Nano-Paste. One of the
requirements for this project is to use a small glass mirror as the mandrel for the mirror surface

side of the mirror mold (for the mirror to replicate the surface of the glass mandrel).

3.8.1. Nano-Paste formulation

For this mirror, the paste formulation could not be chosen to be the same as the disc puck mirrors
because the glass mirror mandrel would break under the high compaction pressure needed for
that paste formulation. Instead, a low pressure paste formulation had to be developed.
Unfortunately, the time schedule for this particular project was only one month and there were
only two glass mirror mandrels available. So only a few iterations were allowed to produce a

final product. The first two attempts failed, while the second two attempts survived the
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manufacturing process. The paste formulation for the first two (failed) attempts are shown in

Table 3.8. While, the paste formulation for the second two (successful) attempts are shown in

Table 3.9.

Table 3.8. CubeSat mirror paste formulation* Version 1 (failed).

Material type

Material name

Total Volume percent

Total Weight percent

matrix SMP-10 5.6 23.4
filler B-SiC (2 pm) 35.3 53.6
filler B-SiC (50 nm) | 15.1 23.0
Total 100 100

*Values are rounded to the nearest tenth of a percent.

Table 3.9. CubeSat mirror paste formulation* Version 2 (successful).

Material type Material name Total Volume percent Total Weight percent
matrix SMP-10 59.6 23.4
filler S-SiC (2 pm) 35.3 53.6
filler p-SiC whiskers 151 23.0
Total 100 100

*Values are rounded to the nearest tenth of a percent.

The second paste formulation was the same as what was used on another project (Primary Mirror

ASTM samples) that was being manufactured at the same time. This formulation was derived

using the compaction study process with the goal to have stronger material. Although strength

was not a requirement for the mirror, the paste formulation worked well at low Compaction

pressure. The full paste formulation derivation is shown in the Primary Mirror ASTM Section.

42




3.8.2. Compression molding and curing

A mold design was used to reduce manufacturing time of the mold. This meant designing it
using commercially available premade metal shapes and 3D printing the more complicated

features. Figure 3.34 shows the second and final mold design.

plunger
T —
Female inner

Female outer coating
e —
Female outer

mandrel

plunger

Figure 3.34: Solid modeling of CubeSat mirror (1-inch diameter) mold design Version 2 using
SolidWorks software (half view).

Unlike some of the other printed molds, this mold design had flat surfaces and simple curves
where the paste was in contact with the mold (apart from the glass mandrel). This allowed
kapton tape to be used as a release mechanism, and resulted in easy demolding. The figure above
gives the list of the parts used in this case: plungers (stainless steel 1-in rod), mandrel (glass),
female outer (steel steam pipe coupler), female inner (SLA 3D printed high temperature resin),

female outer coating (epoxy and fiberglass).
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In order to reduce the chance of breaking the glass mandrel, a Compaction force of only 1,000
Ibs. was used (which was the lowest measurable force on the compression molding machine).

This resulted in a theoretical compaction pressure of 1,273 psi (8.78MPa).

3.8.3. Machining

Since the mold provided all of the shaping during the curing process, there was no need for
major post-shaping. However, during the curing process, the glass mandrel did crack, resulting in
the mirror sample surface having small raised lines. These lines were shaved off using a razor
blade, then sanded smoother using 400 grit sandpaper. A figure of the two surviving CubeSat

mirrors is shown in Figure 3.35.

Figure 3.35: Two successful CubeSat mirrors (1-ich dameter) after curing and
smoothening. First successful CubeSat mirror (Left), second successful CubeSat mirror
(Right). The difference in sample colors is due to camera contrast auto adjustment.

3.8.4. PIPs

After smoothening up the CubeSat mirror surfaces, the two mirrors went through the standard
PIP process. After 4 PIP iterations the mirrors reached density convergence. A figure of the two

mirrors after the final PIP are shown in Figure 3.36.
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Figure 3.36: CubeSat mirrors (1-inch diameter) after final PIP.

3.9. Manufacturing of Project 6: Primary Mirror ASTM samples

For this project, ASTM samples were made to determine some material properties of a SiC
ceramic manufactured using the PIP process. The material properties to be tested are related to

the materials strength. For this, 4 different test sample types were made.

3.9.1. Nano-Paste formulation

For the paste formulation, the Volume Compaction Efficiency study process was used. When
choosing the paste filler material, it was desirable to have fillers that would improve the final
strength without reducing the manufacturability. A prime candidate for this was using SiC
whiskers. To determine an acceptable amount of SiC whisker filler, 4 different percentages were
Compaction tested. The 4 percentages were 5%, 10%, 20%, and 30% with the rest of the filler

being £-SiC (2 um) powder. The results of the Compaction study are shown in Figure 3.37.
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Figure 3.37: Compaction study of SiC with SiC whiskers.

When looking at the results of the compaction tests study, the 30% whisker formulation's
Volume Compaction Efficiency was only a few percent lower than the 5% whisker formulation.
As such, it was decided that the potential added strength of 30% whiskers formulation was more

favorable than the increased compaction of the other lower whisker percentages.

For all 4 ASTM sample types one paste formulation was used. To determine the minimum
molding pressure, the mold with the largest z-plane cross section was used. This was the mold
with a paste z-plane cross section of 20 in?. With a maximum compression molding force of
50,000 Ibs., which resulted in a molding pressure of 2,500 psi (17.24 MPa). In order to not reach
hydro lock and keep the samples a little porous, the paste was formulated assuming a molding
force of 55,000 Ibs., which results in a theoretical molding pressure of 2,750 psi (18.96 MPa) and
a predicted Volume Compaction Efficiency percentage of 50.42%. This means that the paste is
49.58% matrix with the rest being 2 um £-SiC powder and SiC whiskers. The full paste

formulation for the Primary Mirror ASTM samples is shown in Table 3.10.
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Table 3.10. Primary Mirror ASTM samples paste formulation*.

Material type Material name Total Volume percent Total Weight percent
matrix SMP-10 59.6 234
filler S-SiC (2 pm) 35.3 53.6
filler SiC whiskers 151 23.0
Total 100 100

*Values are rounded to the nearest tenth of a percent.

3.9.2. Compression molding and curing

The 4 ASTM sample types can be separated into 2 different categories: flat and round.

For the flat samples, one stainless steel mold was used for both flat sample billets. Figure 3.38

shows the mold that was used for the flat samples.

Figure 3.38: Mold for f

lat rimary Mirror ASTM

samples.

For the round samples, a stainless-steel mold for each round sample type was used as shown in

Figure 3.39.
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Figure 3.39: Molds for round Primary Mirror ASTM sampiés. Half view of round dog bone
mold for tension test, Version 1 (Left). Half view of round dog bone mold for compression test,
Version 1 (Right).

Unfortunately, the round samples were not surviving the demolding process. In an attempt to fix

the demolding problem, 3D printed inserts, shown in Figure 3.40, were made to work with the

simple rod molds shown in Figure 3.41.

Figure 3.40: Solid modeling section view of 3D printed inserts using SolidWorks software for
round Primary Mirror ASTM samples. 3D printed rod mold inserts Version 1 for round
compression (2.25 inches long, 0.40 inches gage length diameter) (Top) and tension
(3.5 inches long, 0.188 inches gage length diameter) (Bottom) samples.
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Figure 3.41: Rod o for round Primary Mirror ASTM samples. 5/8”x7” rod mold with 3D
printed rod mold inserts Version 2 for round tension sample (Top). 1”x6” rod mold, 3D
printed rod mold inserts not shown, (Bottom).

3.9.3. Machining

For the flat samples, the sample billets were cut to their final shape. The simple flexure samples
were cut using the water saw while the flat dog bone samples were cut using the water jet. The

flat samples after cutting are shown in Figure 3.42.

Figure 3.42: Flat Primary Mirror ASTM samples after cuttlng Flatompressmn dog bone
(2.25 inches long, 5.6 mm thick) samples (Top). Four-point bending samples (45 mm long,
4 mm thick) (Bottom).
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For the round samples, they still needed to be demolded from the printed inserts. To remove the
printed inserts the round samples were put through a 600 °C pyrolysis. Figure 3.43 shows the

round samples before the demolding process.

a7l p

Figure 3.43: Round Primary Mirror ASTM samples before demolding. Cured round
compression (2.25 inches long, 0.40 inches gage length diameter) samples in 3D printed rod
mold insert (Left). Cured round tension (3.5 inches long, 0.188 inches gage length diameter)
sample in 3D printed rod mold insert (Right).

Out of the 8 round tension samples, zero survived the oven demolding process. To fix this, a new

3D Printed mold design for the round tension samples was made, see Figure 3.44.

v | 4

B n

Figure 3.44: Solid modeling section view of printed insert Version 2 using SolidWorks
software for round tension (3.5 inches long, 0.188 inches gage length diameter) Primary
Mirror ASTM samples. Model is in multiple colors to distinguish between multiple
components, actual color is same as previous design shown in Figure 3.43.

This new design (Version 2) involved separating the print into 6 separate pieces. These 6 pieces
would then be removed after curing the Nano-Paste but before the 600 °C pyrolysis. Out of
several attempts with this new design, only one sample survived the demolding process. This one
sample later broke during transportation between PIP iterations. Figure 3.45 shows the only
successful demolded sample from the Version 2 mold design after demolding. This is the same

sample that later broke during transportation between ovens.
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Figure 3.45: Primary Mirror ASTM round tenVS|on(3 5 mches Iong 0 188 inches gage length
diameter) (thinner) sample Version 2 after demolding and cutting to length (this is cured, not
pyrolyzed).

3.9.4. PIPs

During the PIP process, all of the flat samples survived and reached density convergence without

cracking or warping. Figure 3.46 shows the flat samples after the final PIP iteration.

Figure 3.46: Flat Primary Mirror ASTM samples after final PIP. Flat compressmn dog bone
(2.25 inches long, 5.6 mm thick) samples (Left). Four-point bending (45 mm long, 4 mm thick)
samples (Right).

When demolding the round samples during the first 600 °C pyrolysis, 5 of the 7 thicker round
(compression) samples survived while zero of the 8 thinner round (tension) samples survived.
The surviving 5 thicker round samples continued through the PIP process without any issues and
reached their density convergence. The thinner round samples were discontinued due to their

delicate geometry. Figure 3.47 shows the 5 surviving thicker round samples after their final PIP

iteration.
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Figure 3.47: Compression (thicker) round (2.25 inches long, 0.40 inches gage length
diameter) Primary Mirror ASTM samples after final PIP.

3.10. Manufacturing of Project 7: Army partial helmet ballistic plating

For this project, boron carbide ballistic plating is made in the shape of the forehead section of an

Army partial helmet using our Nano-Paste and the PIP process.

3.10.1. Nano-Paste formulation

Three samples, each with their own paste formulation, were required for this project. The first
sample is a pristine sample and is only made with 2 um B4C filler. The second sample is made
with a 30% SiC whisker filler and 70% 2 pm B4C filler. The third sample is made with 30% Hi-
Nicalon Type S 1 mm short fiber filler and 70% 2 um BA4C filler. To determine the SMP-10
amount, a Volume Compaction Efficiency test was performed for all 3 formulations. The

compaction study for these formulations is shown in Figure 3.48.
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Figure 3.48: Compaction study of B4C (2 um) with SiC whiskers and Hi-Nicalon Type S 1 mm

short fiber formulations.

To determine the molding pressure, the mold z-plane cross section of 1.6 in? was used. With a

maximum compression molding force of 50,000 Ibs, this resulted in a theoretical molding

pressure of 31,250 psi (215.5 MPa). In order to not reach hydro lock and keep the samples a little

porous, the paste was formulated assuming a molding force of 55,000 Ibs, which results in a

theoretical molding pressure of 34,225 psi (236.0 MPa). Using this with the second-degree

polynomial best fit lines, the respective paste formulations were derived and are shown in Table

3.11, Table 3.12, and Table 3.13.

Table 3.11. Army partial helmet paste formulation* pristine B4C filler.

Material type Material name Total Volume percent

Total Weight percent

matrix SMP-10 30.0 14.5
filler B4C (2 pm) 70.0 85.5
Total 100 100

*Values are rounded to the nearest tenth of a percent.
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Table 3.12. Army partial helmet paste formulation* B4C with whisker.

Material type Material name Total Volume percent Total Weight percent
matrix SMP-10 32.5 15.0
filler B4C (2 pm) 47.2 55.0
filler SiC whiskers 20.3 30.0
Total 100 100

*Values are rounded to the nearest tenth of a percent.

Table 3.13. Army partial helmet paste formulation* B4C with short fibers.

Material type | Material name Total Volume percent | Total Weight percent
matrix SMP-10 24.2 10.9
filler B4C (2 um) 53.1 60.0
filler SiC short fiber (1 mm) 22.7 29.1
Total 100 100

*Values are rounded to the nearest tenth of a percent.

3.10.2. Compression molding and curing

All 3 samples were made using the same mold, sequentially. The mold design is shown in Figure

3.49.
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Figure 3.49: Solid modeling of design mold for Army partial helmet (4 inches long) using
SolidWorks software. Inside view (female part B removed to show interior).

During the mold compaction process, the sides of the mold started to separate when the
compaction force reached above ~20,000 Ibs. Above ~20,0001bs, the mold would separate more
followed by the mold pressure reducing until it reached below ~20,000 Ibs. This meant the
samples could only be cured at a maximum compaction force of ~20,000 Ibs instead of the
planned 50,000 Ibs. After curing and demolding, some of the samples had some chipped edges
and some had wrinkly surfaces, as shown in Figure 3.50. These imperfections were cleaned up

during the machining process.
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Figure 3.50: Army partial helmet (4 inches long, 10 mm thick) shrt fiber sample after
demolding. Concave side (Top), convex side (Bottom).

3.10.3. Machining

Before the PIP process, the chipped edges and wrinkly surfaces were sanded and patched using a

“patching paste.” The repaired samples are shown in Figure 3.51.

]

Figure 3.51: Army partial helmet (4 inches long, 10 mm thick) samples after repairing.
Whisker sample (Top), pristine sample (Bottom).
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3.10.4. PIPs

During the PIP process, 2 of the 3 samples developed a small hairline crack of about 5 to 10 mm
long. However, these cracks were able to be repaired with “patching paste” and subsequent PIPs.
After 4 PIP iterations, all 3 samples reached their density and weight convergence. The 3

samples after their final PIP are shown in Figure 3.52.

Figure 3.52: Army partial helmet (4 i'h‘c'hes long, 10 mm thick) samples after final PIP. Short
fiber sample (Top), whisker sample (Middle), pristine sample (Bottom).

3.11. Manufacturing of Project 8: Primary Mirrors

For this project, two mirrors with different curvatures are manufactured using water jetting and
“paste joining” (i.e., an “Additive Manufacturing” technique) to create a complex shape before
using the PIP process. This project is a part of mirror projects funded by Goodman Technologies
[24]. Pictures of the preliminary R7-series mirror design are shown in Figure 3.53 and Figure
3.54. The full preliminary R3-series mirror design was not given but the only difference is the

mirror surface curvature.
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Figure 3.53: Primary Mirror (280 mm = 11-inch diameter) R7-series preliminary design [23].

SECTION A-A

Figure 3.54: Primary Mirror (280 mm = 11-inch diameter) R7-series preliminary design
section view [23].

After some discussions with the client (i.e., Goodman Technologies [23]), the mirror design was
adjusted to be within the Nano-Pastes manufacturability limits. The final mirror design is shown

in Figure 3.55.
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280 mm diameter

Figure 3.55: Solid modeling of Primary Mirror (280 mm = 11-inch diameter, 37.5 mm edge
thickness) R7-series final design with section views using SolidWorks software.

3.11.1. Nano-Paste formulation

For these mirrors, the face sheet was made in one piece then bonded to the water jetted back
lattice piece. This means that the z-plane compaction area will be 95.44 inches?, resulting in a
maximum average compaction pressure of 523.9 psi (3.61 MPa) (the lowest compaction pressure

ever attempted by HNL at that time). To formulate the paste, a few tests were performed.

The first test involved curing a small sample of the CubeSat mirror paste formulation Version 2
in a 3-inch diameter stainless steel mold at 523.9 psi (3.61 MPa). Unfortunately, during the
curing process, the sample experienced a pressure 3 times greater than desired resulting in the
test being invalid. This was most likely due to the combined thermal expansion of the mold and
hot-press combo. To eliminate this problem, the second sample had the compression force
applied then removed before curing. After the standard cure cycle, both samples were pyrolyzed
once at 600 °C, infiltrated, then pyrolyzed at 1,000 °C. With both test samples surviving the first
two pyrolysis runs, this paste formulation was then used on the first attempt to make the full-size

mirrors. The first paste formulation for the Primary Mirror is shown in Table 3.14.
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Table 3.14. Primary Mirrors paste formulation* Version 1.

Material type Material name Total Volume percent Total Weight percent
matrix SMP-10 59.6 23.4
filler S-SiC (2 pm) 35.3 53.6
filler SiC whiskers 151 23.0
Total 100 100

*Values are rounded to the nearest tenth of a percent.

3.11.2. Compression molding and curing

The two Primary Mirrors are made of two halves that are shaped and bonded together to create

the final shape. These two halves are called the mirror face sheet and back lattice. Both halves

were made using the same mold while using different mandrels to create different surface

shapes. Figure 3.56 shows the mold for forming the different halves. The mold is made of

aluminum, graphite, and glass parts. The aluminum parts are to provide strength. The graphite

parts are to provide a nonstick molding surface. While the glass mandrel was used to provide a

smooth mirror finish surface for the mirror face sheet.
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Figure 3.56: Solid modeling of Primary Mirrors molds cut-away views using SolidWorks
software. R7-series Mirror “Back Lattice” mold half view (Top left). R7-series Mirror “Face
Sheet” mold half view (Top right). R7-series Mirror “Back Lattice” “Joining” to back face of
R7-series Mirror “Face Sheet” mold half view (Bottom left). R7-series “Pyrolysis” mold half

view (Bottom right).

The first attempt to cure a full-size back lattice part for the Primary Mirrors resulted in it having

large cracks in it as shown in Figure 3.57.

Figure 3.57: Primary Mirror (11-inch diameter, 20 mm thick) back lattice after cure (first
attempt).
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The main reason for the cracking is due to resin shrinkage and resin off gassing during the cure
process. Some secondary reasons could be the difference in CTE between the mold and part
during the cooldown. To fix the cracking issue, two actions were taken. The first was to reduce
the curing speed/rate of the SMP-10 in order to reduce the off-gassing rate. The second was to

reduce the distance the gas had to travel through the part to escape.

To reduce the curing speed of the SMP-10 in the paste, two actions were taken. The first was to
add dycomel peroxide catalyst to the paste formulation to reduce the curing temperature of SMP-
10. The amount of dycomel peroxide added was equal to 2% of the weight of SMP-10. The
second was to reduce the curing ramp rate, reduce the thermal gradients, and increase the dwell
time at the curing temperature. Three tests, using 1 inch diameter samples, were performed to
determine a slower cure rate using a dwell time of 12 hours, a heating and cooling ramp rate of
1C/min, and three different partial curing temperatures of 70 °C, 80 °C, and 90 °C. Out of the
three trials, the 70 °C sample did not cure while the 80 °C and 90 °C samples did partially cure
(it should be noted the full cure of SMP-10 is at about 180 °C - 200 °C). Based on the results of
the trials, the new cure cycle is as follows: heating ramp rate of 1 °C/min to 70 °C, heating ramp
rate from 70 °C to 80 °C over 12 hours, dwell at 80 °C for 12 hours, cool to room temperature at

1°C/min.

To reduce the distance the SMP-10 gas had to travel through the part to escape, the mold top
plunger was removed during curing. This meant the compression force was applied then

removed before curing.
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The second attempt to cure a full-size part for the Primary Mirrors used the new cure cycle but
resulted in the part not curing (i.e., the SMP-10 was somewhat soft and not hardened). To fix this
the new cure cycle was adjusted to the following: heating ramp rate of 1 °C/min to 80 °C,
heating ramp rate from 80 °C to 90 °C over 12 hours, dwell at 90 °C for 12 hours, cool to room
temperature at 1 °C/min. With the adjusted new cure cycle and the other adjustments mentioned

above, the Primary Mirror was cured successfully as shown in Figure 3.58.
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Figure 3.58: Primary Mirror (11-inch diameter, 20 mm thick) “back lattice” after cure
(second attempt).

After both back lattice billets were made, the mold back lattice mandrel insert was replaced with
the R7-series glass mandrel insert and waxed. When making the R7-series mirror face sheet, the
same manufacturing process as the back lattices were used. However, after the R7-series face
sheet was cured, it was noticed that its joining back surface was not flat. In an effort to still use
it, a flattening process was attempted. The flattening process involved adding additional SMP-10
to the back joining surface of the mirror face sheet, recompressing it in the mold to flatten the
back surface, and curing it again (this time under ~1,000 Ibs. of load). Although this process did
increase the flatness of the back of the mirror, it also resulted in cracking the mirror face sheet in

several pieces as shown in Figure 3.59.
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Figure 3.59: Primary Mirror (11-inch diameter, 17.5 mm edge thickness) R7-series mirror
“face sheet” back-joining surface after flattening process.

Without removing the R7-series mirror face sheet, it was bonded to one of the water-jetted back

lattices before removing the mirror out of the mold and patching/repairing the cracks.

To cure the R3-series mirror face sheet with a flat back joining surface and avoid the flattening
process, the following steps were adopted. After the paste had been loaded into the mold and
compacted with the packing plug, the packing plug was removed. At this point the joining
surface of the R3-series mirror was measured for flatness and it was not flat. Next, two layers of
peel ply were placed on top of the joining surface of the R3-series mirror followed by the back
lattice billet. On top of the billet, stainless steel plates were stacked on top of each other until the
back of the R3-series mirror compressed flat. The weight of the steel plates added was about 50
Ibs. With the R3-series mirror sufficiently flattened, it was then cured using the 90 °C cure cycle
mentioned earlier. After curing, the R3-series mirror joining surface was measured for flatness

and was sufficiently flat as shown in Figure 3.60.
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Figure 3.60: Primary Mirror (11-inch diameter, 26.7 mm edge thickness) R3-series mirror
“face sheet” back-joining surface after curing. Flatness of the back-joining surface is checked
with the straight edge of a square.

3.11.3. Machining

To shape the back lattice billets to their final shape, a water jet was used. The settings for the
water jet were to use an Omax machinability setting of 555 (similar to carbon fiber epoxy).
During the water jetting process, the water jet started to experience some issues as a result of the
high-pressure pump reaching the end of its one-year life cycle. Because of this, the water jet

would sometimes run improperly resulting in some damage to the back lattice. These damages

are shown in Figure 3.61.

Figure 3.61: Primary Mirror (11-inch diameter, 20 mm thick) “back lattices” during water
jetting and the induced damages.
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After the water jetting process was completed, the back lattices were dried, cleaned, and

patched/repaired. The patched back lattice is shown in Figure 3.62.

Figure 3.62: Primary Mirror (11-inch diameter, 20 mm thick) “back lattice” after water jetting
and patching/repairing.

3.11.4. Joining

With the back lattices all patched up and repaired, they were then joined to their respective
mirror face sheets using the joining process with “joining paste” (as an “Additive
Manufacturing” Technique). The joining process involves the following steps. First the “joining
paste” is extruded on the joining surface of the back lattice using a syringe. Next, with the mirror
face sheet in the mold, the back lattice joining surface is pressed against the mirror face sheet
joining surface with about 150 Ibs. With the force removed, the “joining paste” that has been
squeezed out from the between of the two halves is then filleted using a 10 mm diameter glass
mixing rod. This leaves a fillet of approximately 5 mm in the corners (similar to what was shown
on the mirror design figure) and removes any of the excess “joining paste.” After this step,
stainless steel plates of approximately 50 Ibs are placed on top of the back lattice while the
“joining paste” is cured in a convection oven using the 90 °C cure cycle mentioned previously.

66



For the R7-series mirror, the preexisting cracks on the mirror face sheet were patched/repaired
after the joining process. The mirrors after the joining cure (and R7-series crack repair) are

shown in Figure 3.63 and Figure 3.64.

Figure 3.63: Primary Mirror (11-inch diameter, 37.5 mm edge thickness) R7-series mirror
surface “face sheet” view after mirror-“back lattice” joining and repairing mirror “face
sheet” cracks.

Figure 3.64: Primary Mirror (11-inch diameter, 46.7 mm edge thickness) R3-series “back
lattice” view after mirror-“back lattice” joining.

3.11.5. Coating

Next, both Mirror Faces (face sheets) were coated with a “Nano-spray Coating” to improve the
future polishing quality of the mirror faces (face sheet). Because this was the first time HNL

applied a nano-paste using a spray applicator, a quick set of tests were performed to determine an
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adequate setup and “spray paste” formulation. These tests consisted of coating 14 different
samples with 5 different Nano-Paste spray formulations. Based on the results of these tests, a

0.10 mm layer coating with the “spray paste” formulation shown in Table 3.15 was used.

Table 3.15. Primary Mirror “spray coating paste” formulation*.

Material type Material name Total Volume percent Total Weight percent
matrix SMP-850 25.8 25.0
filler S-SiC (50 nm) 8.9 25.0
thinner Xylene 65.3 50.0
Total 100 100

*Values are rounded to the nearest tenth of a percent.

Before the Nano-Paste coating was applied to the R7-series mirror, a prep coating was applied by
hand. This prep coating consisted of using the same paste formulation as the “spray paste”
formulation except without the Xylene. The prep coating process consisted of applying a layer of
the paste on the mirror surface face sheet, then removing the paste by rubbing it off with a
squeegee and paper towels. The mirrors after the coating process are shown in Figure 3.65 and

Figure 3.66.

Figure 3.65: Primary Mirror (11-inch diameter, 37.5 mm edge thickness) R7-series after
Nano-Paste “spray coating.”
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Figure 3.66: Primary Mirror (11-inch diameter, 37.5 mm edge thickness) R3-series after
Nano-Paste “spray coating.”

After the mirrors were coated with 8 coats, they were slowly cured in a convection oven. The
curing cycle for this step is as follows: Heating ramp rate of 1 °C/min to 100 °C, heating ramp
rate from 100 °C to 200 °C over 12 hours, dwell at 200 °C for 1 hour, cool to room temperature

at 1C/min. The mirrors after the coating cure process are shown in Figure 3.67 and Figure 3.68.

Figure 3.67: Primary Mirror (11-inch diameter, 46.7 mm edge thickness) R7-series after
curing the Nano-Paste “spray coating.”
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Figure 3.68: Primary Mirror (11-inch diameter, 46.7 mm edge thickness) R3-series after
curing the Nano-Paste “spray coating.”

3.11.6. PIPs

With the Nano-Paste “spray coating” cured, the mirrors were processed through the standard PIP
process but with a different infiltration formulation. The formulation for the preceramic polymer

infiltration matrix is shown in Table 3.16.

Table 3.16. Primary Mirrors infiltration formulation.

Material type Material name Total Volume percent Total Weight percent
matrix SMP-10 50.0 47.6
matrix SMP-850 50.0 52.4
Total 100 100

*Values are rounded to the nearest tenth of a percent.

During the early density measuring process, the mirrors would absorb a significant amount of
water. Due to safety concerns and part survivability concerns, the density measurement process
was suspended for the early PIPs until the mirrors were close to their mass convergence.
Unfortunately, the R3-series mirror cracked during the drying process after measuring its density
(employing Archimedes technique) after the 6th PIP. The R3-series mirror, after the crack

occurred, is shown in Figure 3.69.
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Figure 3.69: Primary Mirror (11-inch diameter, 46.7 mm edge thickness) R3-series after it
cracked due to Archimedes density measurement technique).

However, this crack was able to be repaired with “patching paste” and subsequent PIPs. After 9
PIP iterations, the R7-series mirror reached weight convergence. While the R3-series mirror
required 13 PIP iterations to reach weight convergence and to repair the crack. The R7-series and

R3-series mirrors after their final PIPs are shown in Figure 3.70 and Figure 3.71, respectively.

Figure 3.70: Primary Mirror (11-inch diameter, 37.5 mm edge thickness) R7-series after its
final PIP. ""Back lattice” side (Left), mirror “face sheet” side (Right).
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Figure 3.71: Primary Mirror (11-inch diameter, 46.7 mm edge thickness) R3-series after its
final PIP. “Back lattice” side (Left), mirror “face sheet” side (Right).
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4. Processing Results and Discussion

4.1. Processing results for Project 1: NASA/JPL (ER, TC, &CTE) Round 1

This section analyzes the processing results for both paste mixtures used for the first round of
NASA/JPL ASTM samples. For both the 30% and 75% MWCNT paste mixtures, the paste was
fluffy before it was compacted under high pressure. This made it difficult to get the required
paste weight in the molds during the molding process. For the 30% MWCNT paste mixture, the
paste would expand some when the pressure was removed from the mold to add more paste. This
meant (for the mold designs being used) only a small amount of paste could be added to the
molds before the paste had to be compressed using the hot press (or arbor press) to make room in
the mold to add more paste. This process had to be repeated multiple times until the required
paste weight was added to the mold. Using this repeated Compaction process, all three ASTM

sample types were able to be manufactured with the 30% MWCNT paste mixture.

However, for the 75% MWCNT paste mixture, the paste was so fluffy and it resisted staying
compacted so much that it was not even possible to get the required paste weight in the ER or
CTE molds, even when using the repeated Compaction process. But, for the TC mold, it was
possible to make the TC sample billets using the 75% MWCNT paste mixture. Unfortunately,
when drilling the holes in the billets, more than half of the 75% MWCNT paste mixture samples
broke into multiple pieces and were not usable or reparable. Because of this, all of the 75%
MWCNT paste mixture sample sets were dropped from the testing list and no further attempts

were made to manufacture using this paste.
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For all three sample sets of the 30% MWCNT paste mixture, all of the samples survived curing,

machining, and PIPs. Furthermore, all three sets reached weight convergence on the third

pyrolysis but were still PIPed a fourth time. The final cumulative percent weight gain is shown in

Table 4.1,while the convergence curve is shown in Figure 4.1.

Table 4.1. NASA/JPL Round 1 final weight gain percentages for samples with filler having

30% MWCNT by volume.

Sample type

cumulative weight gain (%)

thermal conductivity (TC) -2.30
coefficient of thermal expansion (CTE) +10.99
electrical resistivity (ER) +12.92

Convergence curves for NASA/JPL round 1

Cumulative Percent Weight Gain (%)
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Iteration
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Figure 4.1: Convergence curves for NASA/JPL Round 1 samples with filler having 30%
MWCNT by volume.

Even though all three sample sets used the same paste, each sample set converged at a different

cumulative weight gain percentage. There can be multiple reasons for this phenomenon. The first

and main reason for this is that all three sample sets used a different mold design and this

resulted in them having a different maximum achievable compaction pressure during the curing
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process. This would account for the large difference amount of porosity and hence differences in
cumulative Weight gain percentage between the TC sample set and the other two sample sets.
The TC mold cures the paste at a theoretical pressure of 29,335 psi (202.26 MPa) compared to a
pressure of 2,222 psi (15.32 MPa) for the ER mold and CTE mold uses. This means that the TC
mold could be achieving a molding pressure 13.2 times that of the other two molds. So, when the
TC samples are cured, they are cured under higher pressure and thus cure while having less
porosity. This reduced porosity leaves less room for infiltrating resin to occupy. In turn reducing
the amount of weight that can be gained during the PIP processes. The evidence for this can be
seen in the convergence curves. The ER and CTE samples gained significant weight from the
infiltration process between Pyrolysis 1 and 2 to offset the weight loss during the second
pyrolysis. The TC samples did not gain a significant amount of weight to offset the weight loss

during the second pyrolysis.

As for why the ER and CTE samples had a different cumulative weight gain percentage, this
could also be attributed to a variety of factors. Most likely the main factor is the ER samples
were cured at a lower average molding pressure. Even though there are multiple factors that can
affect the molding pressure, the one difference that is inherent to the sample set is the sample
thickness. When the thickness of the part increases, the average local pressures experienced at
the top of the sample in the mold can still be the same, but the average local pressure at the
bottom of the sample in the mold could be less. This is because the paste is being pressed into the
mold and the pressure is partially applied to the walls of the mold in order to compact the mold
further, the friction force of the paste against the walls plus the paste pressure must be overcome.
As the thickness of the part increases, the amount of wall surface area increases. Thus, increasing
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the amount of load the walls are carrying and decreasing the load that reaches the bottom of the

sample in the mold.

4.2. Processing results for Project 1: NASA/JPL (TC, &CTE) Round 2

This section analyzes the processing results for the second round of NASA/JPL samples. After
being informed the previous TC and CTE samples did not perform well at the test sites at
Southern Research [21], these samples were remade using a 10% MWCNT fill paste mixture. By
reducing the MWCNT percentage this paste was less fluffy and thus easier to manufacture the

samples with, than the 30% MWCNT fill paste mixture.

For both sample sets of the 10% MWCNT filler paste mixture, all of the samples survived
curing, machining, and PIPs. For the TC samples, weight convergence was not reached before
the PIP stopped. This is because these samples started to lose density before their weight
convergence could be reached. For the CTE samples, the weight convergence was achieved after
the fourth pyrolysis while the density convergence was achieved after the third pyrolysis. The
final cumulative percent weight gain and cumulative percent density gain are shown in Table 4.2,

while their convergence curves are shown in Figure 4.2.

Table 4.2. NASA/JPL Round 2 final weight and density gain percentages for samples with
filler having 10% MWCNT by volume.

Sample type cumulative weight gain cumulative density gain
(%) (%)

thermal conductivity (TC) +10.37 +20.15

coefficient of thermal expansion +15.92 +30.31

(CTE)
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Figure 4.2: Weight (Left) and density (Right) Convergence curve for NASA/JPL Round 2
samples with filler having 10% MWCNT by volume.

Again, it can be seen that the TC and CTE have different cumulative weight gain percentages as
shown in Table 4.2. However, this time the density information is also known. In Table 4.3 the
initial and final densities of the TC and CTE samples are given. The reason for the density loss
of the TC samples after the fourth PIP is most likely a measuring error due to air bubbles being
trapped in the drilled holes when measuring its weight under water. Because the TC samples are

small, air bubbles have a larger effect on the measurements.

Table 4.3. NASA/JPL Round 2 initial and final density for samples with filler having 10%
MWCNT by volume.

Sample type Initial density (g/ml) | Final density (g/ml)
thermal conductivity (TC) 1.857 2.231
coefficient of thermal expansion (CTE) | 1.710 2.229

From the information in Table 4.3, it is clear why the CTE samples have higher cumulative
weight gain percentages and higher cumulative density gain percentages. Even though the CTE

samples are cured at a lower density, they still reach a density within 0.1% of the TC samples.
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It is also worth noticing that the second round of samples had higher cumulative weight gain
percentages compared to the first round of samples. This can be expected because the second
paste formulation used 14% less SMP-10 volume. This means that the second round of samples
would have been cured with a higher porosity than the first round of samples. The best way to
really prove this would be to also have the density of the first round of samples before and after
PIP. but the density measuring process was not implemented at the time of making those
samples. Furthermore, the final densities are between the density of MWCNT (2.10 g/ml) and

amorphous SiC (2.5 g/ml).

4.3. Processing results for Project 1: NASA/JPL (TC) Round 3

This section analyzes the processing results for the third round of NASA/JPL samples. In order
to test the manufacturing and thermal performance between MWCNT and CFSF, the TC samples
were remade using 30% CFSF filler paste mixture. By using CFSF instead of MWCNT, the
paste was less fluffy and thus easier to manufacture the samples with, than the 30% MWCNT fill

paste mixture.

For the TC sample set of 30% CFSF filler paste mixture, all of the samples survived curing,
machining, and PIPs. Even though the samples reached weight convergence and density
convergence after the third PIP, the samples were PIPed a fourth time to match the PIP count of
the other sample sets. The final cumulative percent weight gain and cumulative percent density
gain are shown in Table 4.4, while the convergence curves are shown in Figure 4.3. The reason

for the density loss after the third PIP is most likely a measuring error due to air bubbles being
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trapped in the drilled holes when measuring its weight under water. Because the TC samples are

small, air bubbles have a larger effect on the measurements.

Table 4.4. NASA/JPL Round 3 final weight and density gain percentages for samples with
filler having 30%CFSF by volume.

Sample type cumulative weight gain (%) | cumulative density gain (%)

thermal conductivity (TC) | -1.57 +3.77

Convergence Curves for NASA/JPL round 3

4 = TC % Weight Gain

TC % Density Gain

Cumulative Percent Gain (%)
R

Iteration

Figure 4.3: Convergence curve for NASA/JPL Round 3 samples with filler having 30% CFSF
by volume.

Similar to the 30% MWCNT TC samples, the 30% CFSF TC samples also gained little weight
during the PIP process compared to the 10% MWCNT TC samples. In Table 4.5 the initial and

final densities of the 30% CFSF TC samples are given.

Table 4.5. NASA/JPL Round 3 initial and final density for samples with filler having 30%
CFSF by volume.

Sample type Initial density (g/ml) | Final density (g/ml)

thermal conductivity (TC) | 1.987 2.062

From the information in Table 4.5, it can be seen that the 30% CFSF TC samples were cured at a
higher density than the 10% MWCNT TC samples (see Table 4.2). It can also be seen that the

30% CFSF TC samples converged to a lower final higher density than the 10% MWCNT TC
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samples. Both of these results were expected for similar reasons. The higher cured density of the
30% CFSF TC samples is because the paste was less fluffy and easier to compact. The lower
final density of the 30% CFSF TC samples is because of two reasons. The first being CFSF has a
lower density than MWCNT. The second reason is 30% CFSF, compared to 10% MWCNT,
displaces more volume percentage which results in less SiC being used. Because SiC has a
higher density than CFSF, having less SiC results in a lower density. Furthermore, the final

density is between the density of CFSF (1.79 g/ml) and amorphous SiC (2.5 g/ml).

4.4. Processing results for Project 2: Disc puck mirrors (with and without

polishing)

This section analyzes the processing results for both the polished disc puck mirrors and non-
polished disc puck mirrors. For both sample sets of the pucks, all of the samples survived curing,
machining, and PIPs except for one not polished puck. Because both sets of pucks were being
PIPed with other projects, the pucks did not follow the usual PIP process. As such, both sets of
pucks went through the PIP process even after they reached their weight convergence and
density convergence. After the eighth pyrolysis both sets of pucks were removed from the PIP
process. The final cumulative percent weight gain and cumulative percent density gain are shown

in Table 4.6, while their convergence curves are shown in Figure 4.4.

Table 4.6. Disc pucks final weight and density gain percentages.

Sample type cumulative weight gain (%) | cumulative density gain (%)
Polished Pucks (PP) +1.01 +0.14
Non Polished Pucks (NPP) [ +0.98 -6.61
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Figure 4.4: Weight (Left) and density (Right) Convergence curves for disc pucks.

Because the absolute weight and density gain was relatively small, the percent weight and
density gain had a significant amount of noise. This resulted in the percent density gain data to
be sporadic and unreliable for the use of a convergence criteria. In Table 4.7 and Table 4.8 the

initial and final densities and weights for both sets of samples are given.

Table 4.7. Disc pucks initial and final density.

Sample type Initial density (g/ml) | Final density (g/ml)
Polished Pucks (PP) 2.304 2.307
Non Polished Pucks (NPP) [ 2.551 2.382

Table 4.8. Disc pucks initial and final weight.

Sample type Initial weight (g) | Final weight (g)
Polished Pucks (PP) 7.81 7.89
Non Polished Pucks (NPP) | 41.71 42.12

Even though the weight gain percentages are one percent for both sample sets, the final density

for the NPP is 3.2 percent greater than the final density for the PP. When comparing this
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difference to the 15 percent density variation of NPP samples during the PIP process, 3.2 percent
is not a significant difference. It should also be noted that because of the density variation of both
sample sets, that the density values accuracy should not be implied from their significant

figures. Furthermore, the final densities are less than amorphous SiC (2.5 g/ml) and crystalline
SiC (3.21 g/ml). which, even with the large density variations, suggests they have inner porosity

even after convergence.

4.5. Processing results for Project 3: Pathfinder mirror

This section analyzes the processing results for the Pathfinder mirror. When making the
individual segment parts of the mirror, most of the parts were cracked after curing. While some
of the cracked parts could be repaired and still used, most of the subparts had to be remade one to

two more times. Even the remade subparts had to be repaired because of cracking.

The cracking was caused due to a combination of resin shrinkage and resin off gassing. If the NP
is unevenly compacted in the mold, this will result in uneven part density and uneven resin
distribution. As the resin shrinks, the areas of higher density will resist shrinkage more than the
areas of lesser density. This uneven shrinkage will cause residual stress. If the residual stress is
high enough, the part will break in the areas with tensile stress (this is usually in the areas of
lower density). This cracking can be exacerbated by the off gassing of the resin during the
curing. Because the off gassing from the resin needs to escape the part. As the part gets bigger,
so does the amount of gas that needs to be off gassed. This gas can push resin out of the way.
This leads to more uneven resin distribution which causes cracking. In the past, this was solved

by using more molding pressure.
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Repairing the broken parts was further complicated by the material requirements of the mold.
Because the mandrel used to make the mirror face sheets was required to be glass, a glass
mandrel was used. But when molding the mirror face sheets, the glass mandrel cracked into
multiple pieces. This meant the 4 mirror face sheets could only be made once before the glass
mandrel was in too many pieces to still be used. After this point, the graphite mandrel was used
for making the back lattice sheets was also used to make the mirror face sheets that needed

remaking.

After the subparts were finished with crack repairs, they were joined together using a “joining
paste.” After the “joining paste” was cured, the mirror was in one piece and ready for PIPs.
During the PIP process, the mirror did develop some cracks, but they were patched/repaired
during the PIP process. After the seventh PIP iteration, the mirror achieved weight convergence.
The final cumulative percent weight gain and cumulative percent density gain are shown in

Table 4.9, while their convergence curves are shown in Figure 4.5.

Table 4.9. Pathfinder mirror final weight and density gain percentages.

Sample type cumulative weight gain (%) | cumulative density gain (%)

Pathfinder mirror | +2.22 +8.82
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Figure 4.5: Convergence curves for Pathfinder mirror.

The reason for the subparts experiencing major cracking issues is because of the low curing
pressure. When the same paste was being used for the disc puck mirrors, it was compressed to a
theoretical pressure of 29,335 psi (202.26 MPa) compared to a pressure of 1,268 psi (8.745 MPa)
for the Pathfinder mirror. Further evidence for the poor compaction can be seen in the difference
from the initial and final density of the mirror. In Table 4.10 the initial and final densities are

given.

Table 4.10. Pathfinder mirror initial and final density.
Sample type Initial density* (g/ml) | Final density (g/ml)

Pathfinder mirror | 2.167 2.359
* Initial density measured after joining.

When comparing the densities of the Pathfinder mirror vs the dick pucks, it is clear the
Pathfinder mirror has a lower initial density than the dick pucks. But even though the Pathfinder
mirror started off with a lower density, their final densities are within 2 percent of each other.
Furthermore, the final densities are less than amorphous SiC (2.5 g/ml) and crystalline SiC

(3.21 g/ml). which, suggests they have inner porosity even after convergence.
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4.6. Processing results for Project 4: 3D Printed mold mirror (crow foot)

This section analyzes the processing results for the 3D Printed mold mirror (crow foot). When
making the mold for the crow foot mirror only two iterations could be tested because the project
time frame was fairly short (4 weeks) compared to the other projects. This also meant that the
mold had to be 3D Printed (as opposed to be machined from metal) to fit within the time
constraints. The first mold iteration used the 3D Printed mold to provide the shape and strength.
This did not work because the print material was not strong enough to withstand all of the
molding stresses. The second design iteration used a hybrid of 3D Printing and aluminum
framing. This worked better because the print material provided the mold shape while the
aluminum frame provided added strength around the perimeter of the printed parts. However,
this still did not fully work because the aluminum frame was not built strong enough. Unlike the
first iteration, the second attempt did result in a whole part. Even though it had some cracks in it,
it was still able to be repaired and put through PIPs. The cracking issues are similar to the
cracking issues from Project 3 due to the lower molding pressure. After the fourth PIP iteration,
the mirror had reached weight convergence. Because of the molding process used and
complexity of the molding surface, the 3D Printed mold had to be burned off during the PIP
process. This meant the initial weight and density of the mirror is unknown. For this reason, only

the final weight and density is given as shown in Table 4.11.

Table 4.11. Crow foot mirror final weight and density.

Sample type Final weight (g) | Final density (g/ml)

crow foot mirror | 5.15 2.309
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When looking at the final density of the crow foot mirror, it has reached a similar final density to
the disc pucks. Furthermore, the final density is less than amorphous SiC (2.5 g/ml) and

crystalline SiC (3.21 g/ml). which suggests it has inner porosity even after convergence.

4.7. Processing results for Project 5: CubeSat mirrors

This section analyzes the processing results for the CubeSat mirrors. Similar to the crow foot
mirror, the CubeSat mirror project had a fairly short time frame (4 weeks). This meant the mold
had to again be partially printed while also using readily available materials. This time around,
the design of the mirror was fairly simple, hence using kapton film as a release layer was
possible which allowed for an easy demolding. Using the experience of the crow foot mirror
mold, the CubeSat mirror mold used thick steel for the outer layer to provide strength. The flaw
with this mold design was similar to the pathfinder mirror in that the mandrel was required to be
glass. Also similar to the pathfinder glass mandrel, the CubeSat glass mandrel also cracked after
one use and was barely usable a second time. Fortunately, even though the glass mandrel did
crack during curing, the CubeSat mirrors still survived curing in one piece and were PIPed
without cracking. After the fourth pyrolysis the mirrors reached weight convergence. The final
cumulative percent weight gain and cumulative percent density gain are shown in Table 4.12,
while the convergence curves are shown in Figure 4.6. The reason for the density loss after the
fourth PIP is most likely a measuring error due to small air bubbles on the part surface when
measuring its weight under water. Because the mirrors are small, air bubbles have a larger effect

on the measurements.
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Table 4.12. Final weight and density gain percentages.

Sample type

cumulative weight gain (%) | cumulative density gain (%)

Polished pucks (PP) | +1.14

+6.26
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Figure 4.6: Convergence curves for CubeSat mirrors samples.

Even though the CubeSat mirrors were cured at the same pressure as the Pathfinder mirror, the

CubeSat mirrors survived curing and PIP without cracking. Even though the sizes of the mirror

were different, and a true one to one processing conditions comparison cannot be made, the

addition of the SiC whiskers were a major factor in the improvement of part survivability at low

curing pressures. Further evidence for the low compaction pressure during curing can be seen in

the initial and final density of the mirrors. In Table 4.13 the initial and final densities are given.

Table 4.13. CubeSat mirrors initial and final density.

Sample type

Initial density (g/ml)

Final density (g/ml)

CubeSat mirrors

2.101

2.233

Even though the CubeSat mirrors cured at a low pressure and at a lower density than the other

mirrors, the CubeSat mirrors still reached a density of 2.233 g/ml in only 4 PIP iterations, which
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is only 3 percent from the polished disc puck. Furthermore, the final densities are less than
amorphous SiC (2.5 g/ml) and crystalline SiC (3.21 g/ml). which suggests they have inner

porosity even after convergence.

4.8. Processing results for Project 6: Primary Mirror ASTM samples

This section analyzes the processing results for the Primary Mirror ASTM samples. Within this
sample set, there are four different sample shapes: flexure beam, compression flat dog bone,
compression round dog bone, and tension round dog bone (not finished). Out of the four sample
shapes, only the tension round dog bone samples were not able to be manufactured using the
original paste formulation. Multiple molding methods and paste formulations were tested but no

consistent/successful solution was found.

The current problem with manufacturing the tension round dog bone samples is due to the shape
of the sample coupled with the current limitations of the Nano-Paste. When compacting the paste
into the mold, the applied force is split between two reaction forces: the friction of the paste
moving along the sides of the mold (friction force) and the paste compaction force. As the length
to cross-section area ratio increases, the friction force to compaction force ratio also increases. In
an effort to estimate the friction force, it is assumed that the force distribution within the mold
acts like a pressure cone in a solid material. At the top of the mold where the applied force is
applied, the force is concentrated on the applied area. But as the force is propagated through the
mold and paste, it fans out in a cone shape. When the force reaches the center of the mold, the
force is being applied to a greater area. In the case of the tension round dog bone sample, the

force area has grown from 0.19635-inch? to 12.6-inch?. This means that the pressure in the paste
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has dropped from 20,400 psi (140 MPa) at the top to 318 psi (2.19 MPa) at the middle. At such a
low internal pressure and having small dimensions, the sample is much too weak to handle the

manufacturing process.

For the rest of the sample set types, all of the samples survived curing and machining. When it
came time to burn off the mold on the round compression samples, two of the seven samples
failed. Other than these two samples, all of the flexure beam, compression flat dog bone, and
compression round dog bone samples survived the PIP process. After the fourth PIP iteration, all
of the samples reached weight gain convergence. The final cumulative percent weight gain and
cumulative percent density gain are shown in Table 4.14, while their weight and density
convergence curves are shown in Figure 4.8 and Figure 4.8, respectively. The reason for the
sample density loss after the third PIP is most likely a measuring error due to small air bubbles
on the part surface when measuring its weight under water. Because the samples are small, air

bubbles have a larger effect on the measurements.

Table 4.14. Primary Mirror ASTM final weight and density gain percentages.

Sample type cumulative weight gain cumulative density gain
(%) (%)

flexure beam (FB) +2.70 +10.08

compression flat dog bone (CFDB) | +3.84 +10.75

compression round dog bone N/A N/A

(CRDB)
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Figure 4.7: Weight convergence curves for Primary Mirror ASTM samples.
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Figure 4.8: Density convergence curves for Primary Mirror ASTM samples.

When comparing the convergence curves, the compression flat dog bone (CFDB) and flexure
beam (FB) are nearly identical while the compression round dog bone (CRDB) is not. The main
reason for the compression round dog bone (CRDB) convergence curves being so different is
because the weight and density could not be accurately measured with the 3D Printed mold insert

still bonded to the samples. This meant the weight and density could only be accurately
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measured after the 3D Printed mold insert was burned off in the first pyrolysis. This meant the
convergence data could only be recorded after the first pyrolysis for the compression round dog
bone (CRDB) samples. To check how well the compression round dog bone (CRDB) samples
densified, the final densities can be compared to the others. In Table 4.15 the initial and final

densities of the Primary Mirror ASTM samples are given.

Table 4.15. Primary Mirror ASTM initial and final density.

Sample type Initial density (g/ml) | Final density (g/ml)
flexure beam (FB) 2.057 2.265
compression flat dog bone (CFDB) 2.069 2.291
compression round dog bone (CRDB) | N/A 2.153

When comparing the final densities, the compression round dog bone (CRDB) samples are 5 to 6
percent less dense than the flexure beam (FB) and compression flat dog bone (CFDB) samples,
respectively. This difference could be due to the carbonized layer that is left behind when
burning off the 3D Printed mold insert for two reasons. The first being the carbonized layer is
less dense than the rest of the part, hence the combined density is measured as being lower. The
second reason is that the carbonized layer is blocking some of the ability of the parts to infiltrate
during the PIP process. Furthermore, the final densities are less than amorphous SiC (2.5 g/ml)

and crystalline SiC (3.21 g/ml). which suggests they have inner porosity even after convergence.

4.9. Processing results for Project 7: Army partial helmet ballistic plating

This section analyzes the processing results for the Army partial helmet ballistic plating. For all
three paste formulations, the paste was significantly fluffy. Even though the mold has a volume

twice that of the final part, the paste needed to be hand packed while it was added to the mold in
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order for it to fit. After hand packing the paste, the hot press was used to achieve a higher
compaction pressure. During the hot press packing process, the mold started to separate along the
bolted connections between the two female halves at a hot press force of 22,000 Ibs. This
separation was significant enough to allow the paste to flow into the gap. The reason for the
mold separation was due to the 1/4-inch bolts stretching. In an effort to reduce this issue, two of
the eight bolts were replaced with 7/16-inch bolts. The reason only two bolts were upgraded was
because there was not enough room on the mold to upgrade all eight of the bolts and most of the
separation was at the base of the mold. Now with the upgraded bolts, the mold only separates
slightly at a hot press force of 22,000 Ibs. This slight separation was used as an indicator for the
max hot press force allowed. Also, during the heating process, the aluminum mold would expand

slightly and close up the gap.

After the curing process, the samples were demolded. During the demolding process, two of the
three samples had some chipping around the edges. This was due to the poor demolding process
initially used and due to the poor mold design. Since one of the female mold halves has parallel
surfaces, it holds on to the sample even after the mold has been separated. For the initial
demolding method, the sample is pressed out of the mold in the same direction as it was
compressed while the two female mold haves are partially separated. As the sample is pressed
out, the parallel surfaces are still squeezing it. Therefore, right before the sample leaves the
mold, the parallel surfaces squeezed off a corner of the sample and chipped it. To prevent this
from happening to the other samples, a new demolding method was used. Instead of pressing the
sample out the bottom of the mold, this new method moves the sample up and down within the
mold and slowly migrates it sideways out of the female mold half that has the parallel surfaces.
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After repairing the chipped areas, the samples were put through the PIP process. After the fourth
pyrolysis, all three samples reached weight and density convergence. The final cumulative
percent weight gain and cumulative percent density gain are shown in Table 4.16, while their

convergence curves are shown in Figure 4.9.

Table 4.16. Army partial helmet ballistic plating final weight and density gain percentages.

Sample type cumulative weight gain (%) | cumulative density gain (%)
Pristine (P) +5.44 +5.39
w/ SiC whiskers (W) +5.95 +4.15
w/ SiC short fibers (SF) | +5.14 +2.92
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Figure 4.9: Convergence curves for Army partial helmet ballistic plating samples.

When comparing the convergence curves, all three samples follow a very close path for the
weight convergence curve but not for the density convergence curves. This makes sense because
even though all three samples have a different paste formulation, they all still use SMP-10 for the
paste and for re-infiltration. This means they are all gaining weight from the same process and
gain it in similar amounts. The densities are different partially because the starting densities are
different. In Table 4.17 the initial and final densities of the Army partial helmet ballistic plating

samples are given.
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Table 4.17. Army partial helmet ballistic plating initial and final density.

Sample type Initial density (g/ml) | Final density (g/ml)

Pristine (P) 1.958 2.063

w/ SiC whiskers (W) 2.045 2.130

w/ SiC short fibers (SF) | 2.089 2.150

When comparing the initial densities to the percent density gain, the sample with the lowest
initial density is also the one with the largest percent density gain. An opposite trend is seen for
the sample with the highest initial density is also the one with the smallest percent density

gain. Furthermore, the final densities are less than amorphous SiC (2.5 g/ml) and B4C

(2.52 g/ml). which suggests they have inner porosity even after convergence.

4.10. Processing results for Project 8: Primary Mirrors

This section analyzes the processing results for the Primary Mirrors. When making the first back
lattice, the same curing conditions were used as the second small test sample. These conditions
were as follows: Fill mold with paste in increments, hand pack paste into mold with each
increment, compress mold in hot-press after all of the paste is added, remove compression load,
cure in convection oven. When curing the second small test sample, the sample did not crack;
however, when curing the first back lattice billet, the billet did crack. To fix this issue, the next
two back lattice billets were cured with the male mold plug removed, and curing was performed
much slower. This new curing method produced two billets with no cracks. More details on the

fix method were given in Section 3.8.2.
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Since this new curing method worked for the back lattice billets, it was also used to cure the R7-
series mirror face sheet. However, when curing the R7-series mirror face sheet, it warped such
that the joining surface was not flat as it should be. This prevented the joining process with the
back lattice. To flatten the joining surface on the R7-series mirror face sheet, SMP-10 was
applied to the mirror joining surface, then cured under 50 Ibs of force. This did flatten the joining
surface but it also broke the mirror face sheet into multiple pieces. The mirror face sheet was

joined back together with “patching paste,” but the mirror surface was not smooth.

To prevent the warping for the R3-series mirror face sheet, a third curing process was used. Like
the second curing process, the paste is compacted in the hot press before removing the male
mold plug. However, to ensure the joining surface does not warp, the back lattice is laid on the
mirror joining surface before adding weight on top of the back lattice. With the weights added
the mirror face sheet is cured in the convection oven. Using this curing method, the R3-series

mirror face sheet survived curing with no cracking or warping.

After the back lattices were joined and cured to their mirror face sheets using a “joining paste,”
the mirror face sheets were then coated with a “nano resin.” After the coating cured, the mirrors
were put through PIPs. During the PIP process, the mirror did develop some cracks, but they
were patched/repaired during the PIP process. After the sixth PIP iteration, the R3-series mirror
cracked during the drying process after the weight and density measuring. The reason the R3-
series mirror cracked is probably from rapid uneven heating in the drying oven. As for why the
R7-series mirror was not affected by the drying oven, this is probably because the R7-series
mirror would have less processing stress built up from the PIP process. The reason the R7-series

mirror would have less processing stress is because its mirror face sheet was cured with less of a
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density gradient between the center and the perimeter compared to the R3-series mirror. The
centers of the mirror face sheets were cured under the higher pressure while the perimeter was
cured under lower pressure. This resulted in the centers having a higher density and lower
porosity compared to the perimeters. The areas with lower porosity need less SMP-10 to densify
compared to the higher porosity perimeters. More SMP-10 means more shrinking, but if
shrinking cannot occur freely then internal tensile stress builds. It is theorized that when this
internal tensile stress was exacerbated by the rapid uneven heating of the drying oven, the

strength of the R3-series mirror was exceeded, resulting in its cracking.

After the sixth PIP iteration, the mirrors were close to weight convergence. But because of the
cracked mirror, the mirrors were put through PIPs until the cracks were repaired and densified.
The PIP finished after the ninth and thirteenth iterations for the R7-series and R3-series mirror,
respectively. The final cumulative percent weight gain and cumulative percent density gain are
shown in Table 4.18, while the convergence curves are shown in Figure 4.10. The reason the
density convergence curves are not shown is because density measuring was halted after the

mirror cracked.

Table 4.18. Primary Mirrors final weight and density gain percentages.

Sample type cumulative weight gain (%) | cumulative density gain (%)
R7-series mirror | +35.28 N/A
R3-series mirror | +46.93 N/A
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Figure 4.10: Convergence curves for Primary Mirrors samples.

From the figure above, it shows both mirrors reached weight convergence around the ninth PIP
iteration but the R3-series mirror is at a significantly higher weight gain. This is to be expected

when looking at the initial densities in Table 4.19.

Table 4.19. Primary Mirrors initial and final density.

Sample type Initial density* (g/ml) | Final density (g/ml)
R7-series mirror | 1.511 N/A
R3-series mirror | 1.364 N/A

* Density measured after joining.

Further evidence for the lower compaction of the R3-series mirror face sheet can be seen in the

difference between the initial densities of the two mirrors. When comparing the initial densities

to the final weight gain percentages, the R7-series started with about a 11 percent higher density

while the R3-series finished with about a 12 percent higher weight percentage.

The diameter of both mirrors was measured at multiples stages of the manufacturing process.

This was done because the mirror showed significant shrinkage after the cure process. For both
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mirrors, the mirror mold diameter, mirror diameter after cure, and mirror diameter, after final

PIP, are shown in Table 4.20

Table 4.20. Primary Mirrors diameters.

Molded diameter

cured diameter

final diameter

total shrinkage

(mm) (mm) (mm) (%)
R3-series Mirror 280 278 266 5.0
R7-series Mirror 280 278 268 4.3
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5. Test Results and Discussion

5.1. Testing introduction

For most of the projects, the ASTM samples were sent out to a third party (Southern Research
[21]) for the ASTM testing and analysis. At this time, some of the samples have finished their
respective processing and analysis/testing. This section presents the results of the available test

data.

5.2. NASA/JPL thermal conductivity (TC) test results and discussion

This section reports and analyzes the results for the thermal conductivity (TC) tests. Out of all of
the samples sent to the Southern Research (SR) [21], 2 samples had their TC tested. The 2
samples tested are CRA-03 and CRA-09. The reason SR added the CRA subscript to the
beginning of the TC samples names is because the TC is measured on a comparative rod
apparatus (CRA). CRA-03 is from the Round 1 formulation of 30% MWCNT filler (see Table
3.3 for full formulation) while CRA-09 is from the Round 2 formulation of 10% MWCNT (see
Table 3.1 for full formulation). At this time, none of the 30% carbon fiber short fiber samples

have been tested for TC. Figure 5.1 shows the TC data of the two samples.
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Figure 5.1: Thermal conductivity of NASA/JPL Round 1 and 2 Paste formulations samples
with filler having 30% and 10% MWCNT by volume, respectively.

Out of the two samples, the 10% MWCNT sample has a higher TC while also having a higher
density. The leading theory for why this is happening is despite the 30% MWCNT samples
having a higher loading of MWCNT, which have a higher thermal conductivity then SiC, is that
they are expected to have a higher porosity [25]. This higher porosity would most likely be due
to the poorer compaction (due to its fluffiness) of the 30% MWCNT paste during the curing
process followed by the infiltration process sealing the surface pores leading to the higher
interior porosity. After the surface pores are sealed (i.e., a pre-mature closure), further infiltration
attempts do not increase the density or weight of the samples due to the SMP-10 not having
pathway to penetrate the surface to reach the interior porosity. This theory highlights the
importance of increasing the Volume Compaction Efficiency during the molding process to
reduce the initial porosity and the needed SMP-10. To give some perspective, a-SiC sintered to a

density of 3.10 g/ml has a thermal conductivity of 125.6 W/m-K measured at 200 °C [20].
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Furthermore, the effect of the 5.04% Si, 3.58% BsO, and 3.58% BN (in the 30% MWCNT filler

paste formulation) on the thermal conductivity are unknown.

5.3. NASA/JPL coefficient of thermal expansion (CTE) test results

This section reports and analyzes the results for the Coefficient of Thermal Expansion (CTE)
tests. Out of all of the samples sent to the Southern Research (SR) [21], 3 samples had their CTE
tested. The 3 samples tested are PTE-04, PTE-10, and PTE-13. The reason SR added the PTE to
the beginning of the CTE samples is because the CTE is measured on a precision thermal
expansion (PTE) equipment. PTE-04 is from the first-round formulation of 30% MWCNT filler
(see Table 3.3 for full formulation) while PTE-10 and PTE-13 are from the Round 2 formulation
of 10% MWCNT (see Table 3.1 for full formulation). Figure 5.2 shows the instantaneous CTE
data of the three samples.

Instantaneous CTE of NASA/JPL samples

©® PTE-04: 30%
MWCNT -
density:
2.065¢g/cc

® PTE-10: 10%
MWCNT -
density:
2.253gl/cc

PTE-13: 10%
MWCNT -
density:
2.288g/cc

Instantaneous CTE (ppm/°C)

-250 -200 -150 -100 -50 0 50

Temperature (°C)
Figure 5.2: Instantaneous coefficient of thermal expansion of NASA/JPL Round 1 and 2
Paste formulations samples with filler having 30% and 10% MWCNT by volume, respectively.

Out of the three samples, the 10% MWCNT samples have a lower instantaneous CTE across the

full tested temperature range while also having a higher density. The leading theory for why this
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is happening is that the same phenomena as explained in the thermal conductivity Section 5.2 is
occurring here for the CTE Section 5.3 as well with regards to the 30% MWCNT and

10% MWCNT.

5.4. Primary Mirror ASTM samples test results

This section reports and analyzes the results for the mechanical strength tests done on the
Primary Mirror ASTM mechanical samples. The intended mechanical strength tests consist of
three test types at various temperatures. Out of all of the samples sent to the Southern Research
(SR) [21], 11 flexure beam samples, 0 compression flat dog bone samples, and 4 compression
round dog bone samples were tested at various temperatures. At this time, none of the tensions
round dog bone samples have survived manufacturing, so they could not be tested. As for why
none of the compression flat dog bone samples were tested, SR has not provided any

justifications for their decision for this (it could primary be a financing issue).

Since the compression flat dog bone samples were not tested, only two mechanical strength test
types were conducted. The first test type is a four-point bending flexural beam test using ASTM
C1161 [26]. This test was done with samples made from 2 different Nano-Paste formulations and
at 3 different temperatures. The first set of samples were PTE-05 and PTE-08 from the
NASA/JPL CTE Round 1 project which had the 30% MWCNT filler (see Table 3.3 for full
formulation). These two samples were both tested at a room temperature of 25 °C. The second
set of samples were from the Primary Mirror ASTM project which had the 30% SiC whisker
Nano-Paste formulation. Four of these samples (FLEX-001, FLEX-002, FLEX-003, and FLEX-

004) were tested at 25 °C, one sample (FLEX-013) at -113 °C, and four samples (FLEX-007,
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FLEX-009, FLEX-011, and FLEX-014) at -185 °C. The flexural strength vs temperature is

shown in Figure 5.3.
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Figure 5.3: Flexural strength vs temperature for samples with filler having 30% MWCNT by
volume and samples with filler having 30% SiC whiskers by volume.

Out of the two materials, the 30% SiC whisker samples performed twice as well as the 30%
MWCNT samples at room temperature. When testing at -185 °C, the average strength of the
30% SiC whisker samples increased by 89 percent compared to its room temperature average
strength. But along with its increase in average strength, the percent standard deviation also
increased from 5.5 percent to 27.5 percent, which is four times higher. When comparing the
weakest 30% SiC whisker samples at -185 °C and 25 °C, the weakest -185 °C sample was only
24 percent stronger than the weakest 25 °C sample. The leading theory for why the 30% SiC
whisker samples are twice as strong as the 30% MWCNT samples is that the 30% MWCNT
samples are more porous so they have less flexural strength [25]. The reasoning for the higher
porosity is that the MWCNT make it harder to compact (due to its fluffiness) during the molding

process which leads to more porosity after the cure stage and after the final PIP iteration.
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The second test type was the compression round dog bone samples using ASTM C1424 [27].
This test was done with samples made from the Primary Mirror ASTM project and at 2 different

temperatures.

two of these samples (CM-07 and CM-08) were tested at 77 °F, and two samples (CM-09 and

CM-10) at -188 °C. The compressive strength vs temperature is shown in Figure 5.4.
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Figure 5.4: Compression strength vs temperature for round dog bone samples with filler
having 30% SiC whisker by volume.

Out of the two temperatures tested at, the 30% SiC whisker compression samples performed 10
percent better at -188 °C compared to at 25 °C. When comparing to flexural 30% SiC whisker
samples, the 30% SiC whisker compression samples were 6 times as strong at 25 °C and 3-6
times as strong at -188 °C. The increase in strength from flexural (compression and tension)

loading to compression loading is to be expected for ceramic materials [20].
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6. Summary, Conclusions, and Future Work

6.1. Summery

Eight different projects culminating in 11 different Nano-Paste formulations and 14 different
sample/part shapes were manufactured using the preceramic Polymer Infiltration and Pyrolysis
(PIP) method. In this study, the effects of multiple manufacturing parameters and processes and
how they affected the manufacturability, quality, and properties of the samples were observed. S-
SiC (2 um) and B4C (2 um) were used as the dominant particle fillers with g-SiC (50 nm), SiC
whisker (Diameter 0.1-2.5 um, length 2.0-50 um), Si (400 nm), B4C (2 um), BsO (2 um), BN
(137 nm), MWCNT (O.D. 10-30 nm, length 10-30 um), and carbon fiber short fibers (1-5 mm)
used as additives in some samples. Preceramic polymers of SMP-10 and SMP-850 were used for
infiltration but only SMP-10 was used for paste formulations. Depending on the shape and
surface finish required, the samples were processed using some of the following methods: z-axis
(normal to the plane) compaction molding, drilling, wet saw cutting, water jetting, polishing
(before and/or after PIP), joining, and nano-spray coating. Some of the materials to make the z-
axis compaction molds include: steel, aluminum, graphite, glass, SLA printed resins, and

fiberglass/epoxy.

After the samples and parts were made, some were sent for destructive and nondestructive
testing. The destructive tests performed were: 4-point bending, and compression. While the

nondestructive tests performed were: thermal conductivity and coefficient of thermal expansion.

The samples/parts can be separated into four categories: ballistic, optical, strength/structural, and

novelty. For the three ballistic samples (Army partial helmet), a B4C (2 pum) and SMP-10 based
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Nano-Paste was used. The additives used are SiC whiskers and SiC short fibers for samples two
and three, respectively. For the optical samples (disc puck, Pathfinder, crow foot, CubeSat, and
Primary Mirror), -SiC (2 um) and SMP-10 based Nano-Paste was used. For the disc puck,
Pathfinder, and crow foot samples, $-SiC (50 nm) was added as a filler. But for CubeSat and
Primary Mirror, SiC whiskers were added as a filler instead of 5-SiC (50 nm). For the strength
samples (Primary Mirror ASTM), B-SiC (2 pum) and SMP-10 based Nano-Paste with SiC
whiskers were used. For the novelty samples (NASA JPL ASTM), 4-SiC (2 pum) and SMP-10
based Nano-Paste was used. To improve the electrical conductivity, reduce the coefficient of
thermal expansion, and increase the thermal conductivity, multiple combinations of MWCNT,

Si, BsO, BN, and carbon fiber short fibers were used.

6.2. Conclusions

Out of all of the processing parameters, the three that play a major role in the sample/part
surviving the initial cure and pyrolysis are: molding pressure (both uniformity and magnitude),

filler formulation, and filler to matrix volume ratio (resulting from the Volume Compaction

Efficiency study process introduced here in this work). Therefore, the measure of

feasibility/survivability could be thought of as a function of these three factors.

For molding pressure, the first relationship between mold pressure and part survivability is fairly
simple with higher average molding pressures being advantageous for part survivability
regardless of filler formulation or filler to matrix ratio. However, there are two exceptions to this
generalization. The first exception is that the mold must be able to handle the increased loading

that is accompanied with the higher molding pressure. If the mold experiences too much of a
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load, it can deform which can result in a dimensionally inaccurate part or even in the mold
failing and becoming unusable. The second exception is that the paste should not experience
hydro lock for two reasons. The first being when the paste experiences hydro lock, the matrix (in
this case the resin) has to leak out of the mold to allow the filler to move closer together. When
this happens, it can create flow striations and can pull some of the smaller filler particles with it.
The second and more important reason for avoiding hydro lock is that it is always desirable to
have a small amount of porosity during the curing stage. This allows the outgassing from the
resin curing an easier path of escape. When the outgassing has to make its own path, it often
leads to cracking. And as the part gets larger, and outgassing distances get longer, the importance
of controlling the outgassing increases, as was seen with the first attempt of the Primary Mirror

back lattice.

The second relationship between mold pressure and part survivability is mold pressure
uniformity. Areas with less molding pressure will cure with more porosity and shrinkage.
Furthermore, the areas with higher porosity need more PIP iterations to densify which furthers
the shrinkage problems. If the areas of higher porosity are prevented from shrinking during
curing or PIP, it will build up residual tensile stress. If this residual tensile stress exceeds its
tensile strength, it will crack or break. The R3-series Primary Mirror cracking is a possible
example of this. Therefore, it is always desirable to have a uniform pressure distribution.
However, depending on the Nano-Paste formulation, a certain amount of pressure non-

uniformity can be tolerated.

There is a third relationship between mold pressure and part survivability which is initial density.

Having a higher molding pressure will result in a higher initial part density. While having a
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lower molding pressure result in a lower initial part density. If the initial part density is too low,
it will crack during the PIP process due to excessive polymer shrinkage. Furthermore, when
using the same paste formulation, if both low and high initial density parts survive the cure and
PIP, they will both reach the same final density after density convergence. The drawback to
using the low molding pressure in this situation compared to the higher molding pressure is that

the lower molding pressure part will require more PIP iterations and experience more shrinkage.

For the filler formulation, there are a few general guidelines that are known at this time based on
the current experience gained from these projects, in this research, and based on the Volume
Compaction Efficiency study process introduced here, which is observed to have a significant
effect on the manufacturability, quality/survivability, and properties on the parts. The first is that
fluffy fillers increase the difficulty of manufacturing parts and sometimes also reduce their
survivability. Fluffy fillers include but are not limited to the following: Nanoparticles, nano-
tubes, whiskers, and short fibers. Now, although fluffy filler does increase the difficulty of
packing the paste into the molds, it does not always reduce the survivability of the parts. The
fluffy fillers that usually have a negative effect on part survivability are nanotubes (e.g., 30%
MWCNT in this study) and excessive nanoparticles (particularly smaller nanoparticles, e.g., 5
nm is fluffier than 50 nm). The fluffy fillers that can have a positive effect on part survivability
are moderate amounts of whiskers and short fibers. Additionally, the molding pressure has a
large effect on the importance of reducing the negative fluffy fillers and increasing the positive
fluffy fillers. As was seen with the thermal conductivity samples, the high molding pressure
made it possible to use up to 30% MWCNT. However, when the molding pressure was much
lower, as with the Primary Mirrors, the addition of the whiskers made it possible to still have
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survivable parts compared to the other mirrors (e.g., the Pathfinder mirror) that needed multiple

repairs when curing.

The second filler formulation guideline is to use the largest particles when possible and fill in the
gaps between the larger particles with smaller particles (e.g., 2 um is better than 500 nm which is
better than 50 nm). There are multiple benefits to using this paste formulation strategy. One
reason ties back to reducing the paste fluffiness. Since the larger particles are less fluffy, using
more microparticles and less nano particles reduces the paste fluffiness. Another advantage is
that larger particles tend to be cheaper than the smaller particles. In general, every time the
particle size increases by one order of magnitude the price is reduced by half. The final reason
leads into the third major processing parameter which is filler to matrix ratio (based on the

Volume Compaction Efficiency study introduced in this research).

For the filler to matrix ratio (based on the Volumetric Compaction Efficiency study), there is a
bit of a sweet spot for each filler formulation and molding pressure. Being too far to either side
of the sweet spot greatly reduces the part's survivability. Getting this ratio close to the sweet spot
can require some trial and error. However, there are some ways to speed up the process of
getting close to the sweet spot. The first step is to do a dry compaction test (also called
Volumetric Compaction Efficiency study introduced in this research) of the proposed filler
formulation. With this information it is possible to determine the matrix amount at the theoretical
hydro lock for a given molding pressure. From the projects shown in this study, it is possible to
have a filler to matrix volume ratio from as low as 40% up to 76%, depending on the filler
formulation and molding pressure. It is usually desirable to have a higher filler to matrix ratio as

long as the filler is fully wetted out (i.e., the entire surface of each filler particle has matrix on it).
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To ensure the paste does not experience hydro lock, the use of about 2 percent less matrix than
the hydro lock amount is recommended for the molding pressure that is going to be used. Based
on the success of the 10% MWCNT samples, the suggested minimum limit on the filler to matrix
volume ratio is 60% for parts without whiskers or short fibers. For parts with whiskers or short
fibers, the filler to matrix volume ratio can go as low as 40%. However, these formulations
should be avoided whenever possible, because the more matrix there is the more shrinkage and
outgassing there is, which could potentially lead to more cracks. The suggested maximum limit
on the filler to matrix volume ratio is going to be dependent on the filler formulation. But for
each filler formulation the suggested limit is less than the converging limit (i.e., near the plateau
section of the curves) of the Volumetric Compaction Efficiency curve for that filler formulation.
An example would be 65% Volumetric Compaction Efficiency of SiC (2 micron) +30% CFSF

Nano-Paste at 270MPa in Figure 3.17.

6.3. Future Work

Currently there are 3 main areas for future improvement with the manufacturing process. The
first is to reduce the shrinkage during the curing and PIP process. This will require reducing the
amount of resin needed in the NP formulation and reduce the amount of resin needed to reach
density convergence. These two objectives can both be accomplished by increasing the VCE at a
given molding pressure. This results in a denser part that needs less resin in the NP and absorbs
less resin during PIP because less resin is needed to fill in the porosity due to less resin
shrinkage. In addition, less resin will lead to less shrinkage which will lead to little to no cracks

and denser parts, as well as requiring less number of PIP cycles.
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An added benefit of a higher density cured part is less PIP iterations are needed to reach density
convergence. Another added benefit is if the VCE at zero molding pressure is improved enough
then the NP could be used for 3D Printing or Injection Molding. 3D Printing would allow for
higher detail that would not be able to be molded. Injection Molding would allow for higher
detailed molding than the current allowable molding detail. For example, a project that would
benefit the most using injection moldable paste is the crow foot mirror due to the varying

thickness and high level of details.

The second area of improvement is to improve the infiltration speed and effectiveness. The speed
of infiltration can be improved in two ways. The first is to introduces the resin onto the samples
after a full vacuum of the samples is achieved (as recommended by the resin manufacturer). This
will reduce the time spent under vacuum from 6-8 hours down to about 30 minutes. Improving
the infiltration effectiveness, will result in less infiltration time, less PIP cycles, and denser final
parts. The second way to increase infiltration speed is to use pressure to push the resin into the
parts cracks and pores after the vacuum step. The drawback to this is the higher pressure will
result in more gas diffusing into the resin. This gas diffused resin will foam out when the
pressure is removed. Thus, the speed of infiltration can be increased, but the gas foaming out
could reduce the effectiveness of the infiltration, if gas has diffused into the resin in the part. One
possible solution is if we are able to pressurize the SMP-10 without allowing gas in contact with
the resin, any preexisting dissolved gasses may be negligible. A second solution to this problem
is the part could be cured while still under pressure. The challenge with this is to prevent the rest

of the infiltration resin from curing to the parts. Not solving this challenge will cause resin waste.
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The third area of improvement is to reduce the time of the pyrolysis step. This can be done by
increasing the heating ramp rate. The heating ramp rate could be increased for high temperature
convection ovens if the NP shrinkage is reduced. This is because higher ramp rates cause more
thermal gradient which cause more shrinkage gradient. Thus, if the shrinkage is reduced, a
higher thermal gradient can be tolerated. Another way to reduce the time of the pyrolysis step is
to use microwave heating, which does not have the same thermal gradient as convection heating
because it heats the parts from the inside. A drawback of microwave heating is it potentially

limits the size of the parts and material composition to be able to absorb the microwaves.
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Appendix

Calculations to determine the pressure for molds based on the force and effective areas.
1-inch round rod molding pressure

T/[Kd(1-1/100)]=F

T = wrench torque (Nm, Ibs. ft) = 160lbs.*3ft.

K = constant that depends on the bolt material and size = 0.2

d = nominal bolt diameter (m, ft) = 1.25-inch = 0.104167ft.

F = axial bolt force (N, Ibf) =?

| = lubrication factor (%) = 0%

T/[Kd(1-1/100)] =F

(1601bs.*3ft.)/[(0.2)*(0.104167ft.)*(1-0)] = F

480 Ibs.*ft. / 0.0208334ft. = F = 23,039.93Ibs.

1-inch diameter mold pressure = F/A = 23,0401bs. / 0.7854-inch? = 29,335 psi = 202.26 MPa
Psi to MPa = 1,000 psi = 6.894757 MPa

ER and CTE mold pressure = F/A = 50,000Lbs / 22.5-inch? = 2,222 psi = 15.32 MPa

113



0.5-inch round rod molding pressure

T/[Kd (L-1/100)] =F

T = wrench torque (Nm, Ib. ft) = 50lbs*1ft

K = constant that depends on the bolt material and size = 0.2

d = nominal bolt diameter (m, ft) = 0.75-inch = 0.0625ft.

F = axial bolt force (N, Ib) = ? (To be solved for)

| = lubrication factor (%) = 0%

(50Ibs.*1ft.)/ [(0.2) *(0.0625ft) *(1-0)] = F

50Ibs.*ft. / 0.0125ft. = F = 4,000lbs

0.5-inch diameter mold pressure = F/A = 4,000lbs. / 0.19635-inch? = 20,371.79 psi =

140.46 MPa

Psi to MPa = 1,000 psi = 6.89475 MPa

4-inch diameter pressure cone = F/A = 4,000Lbs / 12.566-inch? = 318.32 psi = 2.1947 MPa

Round tension sample numbers:

3.5 long

0.1875°’ wide middle
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0.5’ wide top

Pressure cone width in middle: 4”

Area at top = 0.19635-inch?

Area at middle = 0.027612-inch?

Area of pressure cone in middle = 12.566-inch?

Pathfinder molding pressure

50,000Lbs / A = 1,268 psi (8.745 MPa)

A=2*Y,*3.14159 * (R_out’2 - R_in"2) = 39.422-inch?

R_in =0.73819-inch R_in 72 = 0.54492-inch?

R_out = 5.06378-inch R_out"2 = 25.642-inch?

Primary Mirror molding pressure

50,000Lbs / A = 523.89 psi (3.612 MPa)

A = 95.44-inch?

Diameter = 11.0236-inch
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