











Figure 3.17: AHPCS specimen compressive-shear failure (AHPCS-RT-16-05)

The following table, Table 3.4, lists the data compiled from the room temperature tests of
the AHPCS processed specimens. It is clear there is a high degree of variability in the
test results. This variability is primarily due to the uneven distribution of imperfections
and flaws in the test specimens. Based on the number of specimens cut and ground from
the original molded and pyrolyzed/infiltrated block, six specimens were tested from the
IS5 specimen group and five specimens were tested from the 16 group. To continue with
high temperature tests, six specimens were cut from both the I8 and 122 blocks, allowing
three room temperature tests to be performed, and three high temperature tests. Four
specimens were cut from specimen 19, where one was tested at room temperature and
three were tested at high temperature. Running a batch of tests on several groups of
specimens cut from the same injection molded specimen gives an idea of the variability

in mechanical properties between molded sets given a constant test temperature.
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Table 3.4: AHPCS specimen room temperature compression test data

Specific  Specific
Max Stiffness  Strength
Density Modulus Stress Elp olp Failure
Specimen p; (glcc) | E, (msi) o (ksi) MN-m/kg | kN-m/kg Mode
AHPCS-RT-15-01 2.493 14.97 42.3 41.4 117.0 crushing
AHPCS-RT-15-02 2.466 3.78 17.5 10.6 49.0 vertical edge
AHPCS-RT-15-03 2.439 18.66 53.1 52.7 150.1 crack
AHPCS-RT-15-04 2.430 14.90 50.1 42.3 142.2 high energy shear
AHPCS-RT-15-05 2.434 8.60 41.7 24 .4 118.0 high energy shear
AHPCS-RT-15-06 2.451 5.82 37.4 16.4 105.2 crushing
Average 2.452 11.12 40.4 31.3 113.6
Std. Dev. 54 11.5
AHPCS-RT-16-01 2.392 17.72 61.0 51.1 175.8 high energy shear
AHPCS-RT-16-02 2.382 19.33 61.1 55.9 176.9 high energy shear
AHPCS-RT-16-03 2.411 22.56 68.5 64.5 195.8 high energy shear
AHPCS-RT-16-04 2.357 15.01 45.6 66.0 1334 high energy shear
AHPCS-RT-16-05 2.417 18.70 65.6 53.3 187.0 high energy shear
Average 2.392 18.66 60.4 58.2 173.8
Std. Dev. 24 7.9
AHPCS-RT-18-01 2.471 26.23 115.0 73.2 321.0 high energy shear
AHPCS-RT-18-02 2.468 26.47 111.0 73.9 310.0 high energy shear
AHPCS-RT-18-03 2.473 24.67 97.9 68.8 273.0 high energy shear
Average 2.471 25.79 108.0 72.0 301.3
Std. Dev. 1.0 7.3
AHPCS-RT-19-01 2.525 28.77 112.1 78.6 306.0 high energy shear
AHPCS-RT-122-01 2.501 24.66 106.2 68.0 292.8 high energy shear
AHPCS-RT-122-02 2.508 29.55 113.6 81.2 312.2 high energy shear
AHPCS-RT-122-03 2.482 18.93 107.9 52.6 299.8 high energy shear
Average 2.497 24.38 109.2 67.3 301.6
Std. Dev. 4.3 10.9
RT Average 2.450 18.85 ‘ 72.6 54.2 203.6
Std. Dev. 7.3 31.3
Average 18,19,122 2.490 25.61 ‘ 109.1 70.9 302.1
Std. Dev 3.2 5.4
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A stress-strain plot from a typical room temperature compression test is given in Figure
3.18. This particular test was AHPCS-RT-16-01. For this test, the extensometer was left
on until the specimen failed. For all other room temperature tests, due to the destructive
failure, the extensometer was removed to prevent any potential permanent damage to the
sensor. It is clear the typical response of the molded, pyrolyzed and infiltrated specimens
is primarily linear-elastic. A slight non-linear response occurs as the specimen is initially
loaded due to the specimen particles compressing, indicating its porous structure. When
loaded further, load and stress increases linearly with the applied displacement from the
actuator. Upon failure initiation, the specimen yields slightly before fracturing and

pulverizing, releasing a high amount of energy.

70

6 0 d LAt
/ o~
&
AA‘
¥
R

Stress (ksi)
*eoees

o “A‘AAA
o
20 A Va
x“‘“ « Extensometer
AA‘

+ MTS disp

0 T T T T T
0.0000 0.0025 0.0050 0.0075 0.0100 0.0125 0.0150

Strain (in/in)

Figure 3.18: Typical stress-strain plot, AHPCS-RT-06-01

101



Upon testing two batches of specimens cut from the I5 and 16 molded blocks and
attaining reasonably good data, it was desired to examine the material dependence on
temperature. Three injection molded and pyrolyzed/infiltrated blocks were cut into at
least four specimens each. These specimens were the best molded specimens and were
chosen based on their larger size, low porosity, consistent surface finish and minimal
cracks and flaws on the surface of the specimens. One specimen per injection molded
block trial was tested at each test temperature, specifically, 600°C (1112°F), 800°C
(1472°F) and 1000°C (1832°F), including room temperature of 23°C (75°F). Based on
the high degree of variability in properties in the room temperature tests, it is assumed
that the data will also be scattered in the high temperature portion. Due to slow ramp rate
of 7°C/min of the furnace to test temperature, in order to not thermally shock the ceramic,
the number of tests must be constrained to one test per specimen cut from the molded
block per temperature tested. Despite the high variability, this allows for varying
temperatures to be tested, keeping a consistent molded material across the range of
temperatures. Table 3.5 details the high temperature compression test results of the

AHPCS specimens from 600°C (1112°F) to 1000°C (1832°F).
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Table 3.5: AHPCS specimen high temperature compression test data

Specific  Specific
Max Stiffness  Strength

Density  Modulus Stress Elp olp Failure
Specimen p, (g/cc) E, (msi) o (ksi) MN-m/kg | kN-m/kg Mode
AHPCS-600-18 2.501 20.66 106.2 57.0 292.8 crack, stopped
AHPCS-600-19 2.488 15.45 113.6 42.8 314.7 high energy shear
AHPCS-600-122 2.470 18.97 107.9 high energy shear
Average 2.486 18.06 109.9 49.9 303.7
Std. Dev. 22 3.1
AHPCS-800-18 2.491 14.22 96.4 394 266.7 crack, stopped
AHPCS-800-19 2.535 10.32 100.5 28.1 273.4 high energy shear
AHPCS-800-122 2.507 16.61 102.8 45.7 282.6 yield started
Average 2.392 13.72 99.9 37.7 274.2
Std. Dev. 8.5 4.4
AHPCS-1000-18 2.568 11.08 82.6 29.7 221.7 yield started
AHPCS-1000-19 2.547 9.46 78.1 25.6 211.6 yield started
AHPCS-1000-122 2.521 9.24 81.2 25.3 222.0 yield started
Average 2.545 9.93 80.6 26.9 218.4
Std. Dev. 1.4 2.7

Figure 3.19 details the AHPCS specimen failure strength as a function of temperature
visually as also reported in the average room temperature data in Table 3.4 and the high
temperature data in Table 3.5. Figure 3.20 details AHPCS specimen modulus of
elasticity as a function of temperature. Figures 3.21 through 3.24 detail the specimen
modulus plots at respective temperatures to display the correlation between specimens
tested at the respective temperature. There is more variability in the data when compared
to the reaction bonded specimens, which is to be expected, but overall, the specimens
give good results for the modulus of elasticity of the specimens when considering a
common linear portion of the stress-strain curve, which is typically between values of

0.001 to 0.003 in/in strain.
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3.3. Oxidation Tests
The following data outlines the oxidation test results from tests administered on the
silicon carbide specimens. The purpose of this set of tests is to evaluate any oxidation

during compression testing up to 1000°C (1832°F) for both specimen types.

3.3.1. Reaction Bonded Silicon Carbide

To test the reaction bonded silicon carbide (RB-SiC) cut from the Saint Gobain Crystar™
plate, specimens were placed inside a furnace and tested at 1000°C (1832°F) for a 24
hour dwell period. Based on the data sheet for Crystar™ RB-SiC plate, the material
should withstand continuous operating temperatures of 1350°C with no material

oxidation. Table 3.6 details the five specimens tested to check this data.

Table 3.6: Oxidation Results for RB-SiC specimens

pre-test | post-test mass
Specimen | mass (g) | mass (g) | change (g)

RB-SiC-

01 1.491 1.490 -0.001
RB-SiC-

02 1.388 1.388 0.000
RB-SiC-

03 1.373 1.372 -0.001
RB-SiC-

04 1.367 1.367 0.000
RB-SiC-

05 1.401 1.400 -0.001

As seen in Table 3.6, the specimen masses did not change when weighing after the 24
hour dwell period at 1000°C. Uncertainty of +/- 0.001 due to the resolution of the Ohaus
Adventurer 300 gram bench scale allowed for a minimal fluctuation in mass of the
specimens. Density of the specimens was also calculated and proved to have an

oxidation rate of less than 0.002 g/cm’ for a 24 hour test at this temperature. Further
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investigation of mass change per unit surface area versus time is unnecessary, due to the
negligible mass change over a 24 hour period of time. Therefore, oxidation resistance of
the Saint-Gobain reaction bonded silicon carbide specimens is high, proving no short
term oxidation and comparing with the data on the Crystar™ data sheet. Using this
material, there is no effect on the strength of stiffness of the material when administering
a compression test at 1000°C due to material oxidation. Test data and dimensional

parameters for the silicon carbide specimens of this type are available in the Appendix.

3.3.2. AHPCS Silicon Carbide

Specimens processed using the cure and pyrolysis methods described in the previous
sections were cut and measured for material oxidation at 1000°C. Since the specimens
are processed up to temperatures of 850°C in an inert atmosphere, the material should
withstand testing up to those temperatures. However, the resin manufacturer, Starfire
Systems, recommends operating temperatures of at least 100°C lower than the pyrolysis
processing temperature, to allow for material structure stability. It was found during
compression testing that the first 800°C specimen did partially oxidize, leaving a darker
specimen color and slightly higher mass that recorded initially. Specimens tested at
600°C did not show any visual signs of oxidation, nor did they gain any mass when
checking them after the compression test (on the specimens that did not completely fail
and shatter into many pieces). It was determined that the remaining five 800°C and
1000°C compression tests to be performed with the AHPCS specimens would have to be
pyrolyzed at a temperature greater than the test temperature, unless they were to be tested

and assumed to oxidize. The tests could have been administered with the specimens in
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this state, as the first 800°C test specimen exhibited high compression strength and
stiffness of 96.4 ksi and 14.22 msi, respectively. Following the recommendations of the
resin manufacturer, the specimens could be pyrolyzed to 1100°C (2012°F) (100°C above
test temperature) to be sure they did not oxidize. This would also indicate any shrinkage
and density increase when performing the higher temperature pyrolysis. Average linear
dimensional change from the 850°C cure state to the 1100°C state of the original 0.500”
x 0.250” x 0.250” specimens was measured as -0.73%, when averaging dimensional
change along all sides of the specimen. Volume of the specimens also decreased with
change of -2.19%. With the respective mass of specimens, density increased by an
average of 1.87%. The 1100°C pyrolysis cycle purpose was to assure that the five
remaining compression test specimens would not oxidize at all during the compression
test at either 800 or 1000°C. Based on surface color and post test mass (for the
specimens that did not shatter upon failure) specimens did not appear to oxidize during

the test. Raw data for the 1100°C pyrolysis is available in the Appendix.

Table 3.7: Properties of AHPCS specimens, pyrolysis at 1100°C (2012°F)

Dimensional | Volumetric Density

Specimen Change, % Change, % Change, %
AHPCS-800-19 -0.73 -2.18 1.82
AHPCS-800-122 -0.73 -2.18 1.97
AHPCS-1000-18 -0.73 -2.18 1.97
AHPCS-1000-19 -0.73 -2.18 1.56
AHPCS-1000-122 -0.74 -2.20 2.01

Average -0.73 -2.19 1.87

To determine the material oxidation, given a reference pyrolysis temperature, a batch of

specimens, with initial volume fraction of 50% resin by 50% powder, was tested at
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1000°C in air. This effort would determine if this material could withstand any short
term high temperature compression tests without oxidizing. If oxidation is severe, the
compression test data would have to be modified to account for any loss in cross
sectional area and/or material mass. Five specimens were chosen from the injection
molded and pyrolyzed blocks previously described. Specimens chosen for this test were
ones that were either too small too allow for more than one compression test specimen,
or, had significant cracks, pores or other imperfections to allow for good compression test
data. These specimens were dried in the alumina tube furnace at 120°C (248°F) for one
hour (ramp rate of 2°C/min) to allow for burnoff of any moisture trapped within the pores

of the specimen from storage in a sealed plastic bag.

Once dried and weighed, the specimens were placed in the tube furnace on an alumina
plate and ramped to 1000°C (1832°F), and held at that temperature for ten minutes. This
test would simulate the compression test environment without loading the specimens. It
was determined that the AHPCS specimens underwent very little oxidation, thus,
oxidation of the processed SiC would effect the compression test procedure very
minimally, causing little change in material properties at high temperature. The material
changed color from a glassy black color to a bluish-black color. The surface of the
specimens can be scratched with a fingernail; indicating their high hardness property is

lost due to oxidation to SiO».

At a ramp rate of 1°C/min to 1000°C above the original 850°C pyrolysis temperature,

with a dwell temperature of 10 minutes, specimens gained on average 0.44% by mass,
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and gained approximately 2.15% in density. Shrinkage of the specimens from the 850°C
state to the 1000°C state in air is indicated by the average -1.68% change in volume.
Mass per unit surface area is also listed as a comparison parameter, as near zero porosity
ceramics are characterized, indicating mostly all surface oxidation. In this case of this
silicon carbide, the material is still porous, where not all oxidation may occur on the
surface of the specimen, indicating a higher value of surface oxidized material of 16.6
mg/cm®. These specimens were placed back inside the furnace for a dwell period of
twelve hours at 1000°C to determine if the specimens would oxidize further. After the
twelve hour dwell period, the specimens oxidized slightly from their previous state.
Visually, the specimens were discolored to a yellow/purple color on the surface, with the
base still glassy-black. Small, scattered white colored dots were seen on the specimen
surface, indicating SiO, deposits. Change in mass was 1.07%, density change was
3.25%, volume change was -2.11% and mass per unit surface area was 40.1 mg/cm’.
Table 3.8 lists the oxidation data attained from these tests in percentage changes in mass,

volume, density and mass per unit surface area. Raw data is available in the Appendix.

Table 3.8: Properties of AHPCS specimens due to oxidation at 1000°C (1832°F)

mass change volume change | density change mass/surface area
10 min | 12 hour | 10 min 12 hour | 10 min 12 hour 10 min 12 hour

Spec (%) (%) (%) (%) (%) (%) (mg/cm”2) | (mg/cm”2)
115b 0.701 1.474 -1.55 -1.88 2.28 3.42 24.8 52.4
116b 0.278 0.852 -1.94 -2.67 2.27 3.61 10.2 31.5
116¢ 0.415 0.955 -2.57 -2.76 3.07 3.82 18.0 415
118a 0.223 0.899 -1.64 -2.04 1.90 3.00 6.8 27.3
120a 0.562 1.147 -0.68 -1.22 1.25 2.40 23.4 47.8
AVG 0.44 1.07 -1.68 -2.11 215 3.25 16.6 40.1
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The logarithmic behavior of silicon carbide material oxidation rate at high temperatures is
plotted as surface area oxidation versus time in Figure 3.25. A logarithmic trendline is
fitted using Microsoft excel to all of the data recorded from the oxidation test
administered at 1000°C (1832°F). To allow for a logarithmic curve fit, the zero time is
assumed to be 1 minute. Reducing the time from one to the zero minute causes the curve
fit to approach a correlation coefficient (R*) of zero. Similarly, approaching higher
values of time, toward 10 minutes for the second set of data points, also allows the curve
fit to skew toward a correlation coefficient of zero. Note that oxidation surface area is
only a demonstration of the in-house processed material resistance to oxidation under
1000°C test conditions with specimens pyrolyzed at 850°C, using a ramp rate of 1°C/min
from 850°C to 1000°C. It is assumed that this curve fit is conservative, as the material
did oxidize (based on the 850°C pyrolysis temperature) from 850 to 1000°C during

furnace ramp up. Similar results are attained when plotting mass or density versus time.

50
A

&
g 40 - —4
L
(=2}
E
c 30 -
2
s (&
& 20 |
g y=6.0148Ln(x) + 1.1013
< R?=0.8478
o 10 -
o
8
3

0 bl T T T T T T T

0 100 200 300 400 500 600 700 800

Time (minutes)

Figure 3.25: AHPCS specimen surface area oxidation versus time
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CHAPTER 4

CONCLUSIONS

4.1. Discussion

Several conclusions can be made and discussed based on the multiple aspects of this
study. First, processing of silicon carbide to produce “near net” shape parts for
commercial or industrial use is not a trivial task, particularly when considering
processing using an injection molding operation. Mechanical properties of the desired
ceramic tend to vary significantly based on the slight variations in processing variables.
Second, polymer infiltration and pyrolysis methods prove to work well, but there may be
other alternatives to densifying silicon carbide materials in order to produce completed
parts in a more timely manner. Finally, the compression test method used to verify the
mechanical properties overall worked well to give conservative uni-axial maximum
strength and elastic modulus data to compare material performance throughout a range of

temperatures. These major issues of the study are further discussed in Section 4.1.

Upon completion of the processing of the silicon carbide specimens, several conclusions
can be made. First, the molding process needs to be further fine tuned and perfected.
Processing of specimens of near net shapes can be achieved, by definition, a reaction
injection molding process was used, similar to what Lukacs patented in 1993 (Section
1.3.3.6), which is a process of reacting powder with a pre-ceramic polymer resin under
injection pressure inside a mold. In the case of the specimens processed for this project, a
significant amount of machining in the form of sanding in the 400°C (752°F) cure state

and diamond cutting and grinding in the 850°C (1562°F) pyrolysis state proved to allow
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for a compression test specimen size that was much smaller dimensionally than that of
the original molded shape. Although the size of the specimen was desired to allow for
multiple test specimens for varying molding trials, further sanding cutting and grinding
was necessary primarily due to the open porosity in the molded specimens. This was
based on the formation of cracks due to insufficient compaction of the powder and resin
slurry upon injection into the steel mold and curing to 400°C (752°F). A more robust gas
release or vacuum assisted system to initially relieve the mold of all residual air, as well
as pull all reacting gases out of the mold upon material curing must be developed to allow
for cured specimens with the best surface finish, lowest porosity and good particle

compaction of the powder and resin slurry.

Polymer infiltration and pyrolysis proved to have good results overall on processed
specimens. Due to the porous nature of the specimens, the ceramic can be infiltrated with
polymer without completely immersing the specimens in the polymer resin. Pulling resin
into the pores using a dry specimen under vacuum with a thin film of resin at the base of
the specimen proved to work fairly well when given enough time to fill the pores to the
top of the specimen, which was on the order of one to four hours, depending on the
porosity of the specimen and at what cycle the specimen was processed to. The best
results on polymer infiltration into the pores of the specimens were attained when
allowing the vacuum pump to run overnight, after vacuuming the specimens with a thin
film of resin for up to four hours, then fully immersing the specimens in the pre-ceramic
polymer. An ultra-high vacuum pump would allow for better vacuum to relieve the gas

from the pores, and should do so in a more timely fashion.
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Overall, the average density of the specimens upon processing was 2.41 g/cc (0.087
Ib/in®). A higher density was observed in all of the cut and ground AHPCS based
compression test specimens, which averaged 2.47 g/cc (0.089 Ib/in’). The density
measured from the cut specimens is higher due to two main factors. One factor is that the
specimens were cut from the injection molded, pyrolyzed and infiltrated blocks based on
the best surface finish and least amount of specimen imperfections in the form of porosity
and cracks, giving a higher overall specimen density. The second factor that may lead to
a higher measured density of the compression test specimens is due to the fact that the
porous AHPCS specimens were cut with a lubricant that is water soluable and may form
carbon, nitrogen and sulfur based products upon boiling off the lubricant above 100°C
(212°F). This may form deposits within the specimen, causing a higher density. Based
on the average density of the specimens, when compared to a reaction bonded density of
3.10 g/cc, as opposed to a fully sintered density of 3.21 g/cc for a-SiC, the specimens are
on average 77.6% of the full density of a reaction bonded silicon carbide. Full density
percentages of the AHPCS specimens were observed as low as 71.8% (specimen I18a)
and as high as 81.6% (specimen I15c). Porosity measured from the specimens in the wet,
saturated state after polymer infiltration allows for a low estimate of porosity based on
the incomplete infiltration due to non-connecting porosity. Average porosity upon the
initial infiltration of polymer is most likely the closest measurement of porosity among
all of the polymer infiltration and pyrolysis cycles. The average calculated porosity of
the specimens upon the first infiltration cycle after the first pyrolysis cycle was 35.3%,
minimum of 25.3% (specimen 118b) and maximum of 42.8% (specimen 18). Overall,

comparing specimens based on the average density property is a more accurate
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description of the material compared to the measured porosity of the material. It should
also be noted that although some specimens, such as specimen I8 for example, had a very
high measured porosity (42.8%) and low density of 1.72 g/cc (55.5% full density),
subsequent infiltration cycles allowed the compression test specimens cut from the
processed block to perform very well under compressive loading. For this molded trial,
the specimen yielded a 1000°C (1832°F) compression strength of 82.6 ksi (569.5 MPa)
and modulus of elasticity of 11.08 msi (76.4 GPa), with room temperature averages of

108.0 ksi (744.6 MPa) strength and 25.79 msi (177.8 GPa) compressive modulus.

Compression testing allowed for good commercial and in-house processed specimen data
throughout the temperature range, where for both types of specimens, strength and
stiffness reduced with higher temperatures. In the commercial grade specimen type,
failure modes with increase in temperature to 800°C (1472°F) caused a more ductile
failure with following plastic deformation, as the dumbbell shaped specimens strained
heavily under load without failing. This observation could be attributed to the softening
of the material due to the response of the silicon phase at higher temperatures, as the
commercial grade is actually silicon-silicon carbide (Si-SiC) material, not pure reaction

bonded or sintered silicon carbide.

Although the temperature variable adds one more complexity to the compression test
procedure, the room temperature tests proved to be the most difficult for the reaction
bonded specimens. This was due to the highest possible strength and stiffness achieved

at room temperature. The brittle nature of the ceramic allowed for difficulty due to the
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high amount of energy released upon material failure. This high energy release of the
ceramic at room temperatures allowed for failure of the test fixtures, as the specimen
strength exceeded the strength of the 90% alumina rods. The AHPCS specimens failed at
lower stress, approximately 30% of the compressive stress required to fail the
commercial grade specimens at room temperature. As temperature increased, the
AHPCS specimen strength and stiffness continued to decrease, but at a slower rate when
compared to the reaction bonded silicon carbide. The following table describes the
AHPCS specimen properties as compared in percentage form (AHPCS value divided by
RB-SiC value multiplied by 100) to the tested reaction bonded silicon carbide properties.
The strength and stiffness percentages vary more significantly at room temperature up to
600°C, but converge toward one another as the percentage strength and stiffness of the

AHPCS specimens approaches 100% of the reaction bonded specimens.

Table 4.1: Percentage strength and modulus of AHPCS compared with RB-SiC

Temp, °C (°F) | Modulus %, E | Strength %, o
25 (77) 73.4 31.5
600 (1112) 61.8 60.3
800 (1472) 79.0 82.5
1000 (1832) 80.1 914
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4.2. Future Work

Future material testing includes a multitude of low and high temperature tests to attain
empirical material properties and characterize the structural properties of the silicon
carbide and SiC composites. To compliment compressive testing, tensile and flexure
tests would allow a good indication of the stress-strain response for each test, the tensile
and flexure modulus of the material, as well as significant failure modes up to the point
of material rupture. A specific method would need to be developed for both tension
testing and flexure testing in the high temperature ranges. Flexure testing may allow for
less direct loading of the specimen, ceramics in flexure have a much lower strength due
to their brittle nature. Also, the failure is not concentrated directly on a loaded area, as it
is with compressive loading. This may allow for more repeatable tests without swapping

out fixtures or load platens due to small cracks from failure.

If the same MTS 653 furnace were to be used in testing at high temperatures, specimen
size would increase drastically for tensile specimens, due to the size of the furnace and
inability for the actuator hydraulic grips to reach inside the high temperature region.
Shear testing would allow indication of the shear modulus of the material, which would
be advantageous in the case of a fiber-reinforced ceramic. Further testing, based on
silicon carbide as a ceramic, may include testing for fracture toughness by administering
a notch or impact test. Fatigue testing of ceramics may be advantageous in any design
criteria that may require cyclic loading, as crack propogration in ceramics under cyclic

loading may significantly decrease the life of the material or component.
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Future work on manufacturing and processing consists of identifying and implementing
the equipment necessary in order to successfully produce more volume of samples more
effectively. A multitude of projects could be undertaken with the injection molding
process in order to fine tune the process and allow for more repeatable results. This
would include minimizing cracks and flaws in the material via a vacuum assisted method
or other venting and gas release procedure. Other potential pre-ceramic precursors to
silicon carbide, such as polysilazane or polyureasilazane, could be investigated for use in
injection molding of ceramics, where yield characteristics and pyrolysis temperatures
based on the polymer chemistry may allow for variations in the process, possibly

allowing for improvements over the allyl-hydridopolycarbosilane based precursors.

Brittle fracture of the ceramic upon failure may allow for consideration of adding fiber
reinforcement, creating a fiber-reinforced ceramic matrix composite material (CMC).
The addition of reinforcement into a ceramic matrix would be a major endeavor in
processing of silicon carbide materials, with subsequent validation of material property
tests. The addition of fiber would allow for a more ductile failure as the fiber still carries
load with a matrix failure or crack propagation, along with the potential for decreasing
the overall material density, for example, with carbon or glass fibers. Fiber
reinforcement would be advantageous particularly in controlling failure in cyclically
loaded applications, such as in a gas turbine or internal combustion engine, when
compared to the monolithic ceramic material. Other ceramic binders or high temperature
metallic powders bonded within a matrix may allow for an increase in fracture toughness,

as diffusion of particles, or material transport by atomic motion, allows for a softening
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effect at high temperatures if a crack is propagated in the material. If a material is
inhomogeneous due to an impurity with a binder or other material composition, a high
temperature environment may allow for particles to be distributed in an arrangement
resulting in a slight change in properties, reducing potential for brittle failure.
Reinforcement and/or other binder materials of a small percentage within a matrix would
allow for a failure of a more ductile nature, rather than a complete catastrophic brittle
failure witnessed with both types of material tested in this study. Regardless of the
desired composition of the material, an analytical or experimental study should be
performed on such materials to verify the mechanical properties and investigate failure
modes, as materials with slight variations in chemical composition will have drastic

variation in properties.
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Appendix A: Compression Test Data
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Figure A.1: Dumbbell Shape Specimen Geometry
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Figure A.2: Rectangular Prism Shape Specimen Geometry
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Table A.1: Reaction Bonded Silicon Carbide (RB-SiC) Specimen Data

L1 (L) L2 L3 L4 w1 w2 D1 area mass
Specimen (in) (in) (in) (in) (in) (in) (in) (in*2) (@) |
RB-SiC-HT-01 0.500 - - - 0.236 | 0.239 - 0.056 -
RB-SiC-HT-02 0.496 - - - 0.238 | 0.240 - 0.057 -
RB-SiC-RT-01 0.500 - - - 0.234 | 0.241 - 0.056 -
RB-SiC-RT-02 0.498 - - - 0.239 | 0.242 - 0.058 -
RB-SiC-RT-03 0.501 - - - 0.231 | 0.240 - 0.055 -
RB-SiC-RT-04 0.498 - - - 0.235 | 0.242 - 0.057 -
RB-SiC-RT-05 0.500 - - - 0.236 | 0.236 - 0.056 -
RB-SiC-RT-06 0.501 - - - 0.237 | 0.237 - 0.056 -
RB-SiC-RT-10 0.497 | 0.122 | 0.120 | 0.255 | 0.236 | 0.236 | 0.206 | 0.0333 1.153
RB-SiC-RT-13-E 0.500 - - - 0.230 | 0.231 - 0.0531 1.335
RB-SiC-RT-14-E 0.496 - - - 0.229 | 0.230 - 0.0527 1.310
RB-SiC-RT-15-E 0.500 - - - 0.230 | 0.230 - 0.0529 1.328
RB-SiC-RT-16-E 0.500 - - - 0.230 | 0.230 - 0.0529 1.328
RB-SiC-600-01 0.497 | 0.125 | 0.124 | 0.248 | 0.230 | 0.230 | 0.211 0.0350 1.130
RB-SiC-600-02 0.499 | 0.123 | 0.128 | 0.248 | 0.231 | 0.231 | 0.211 0.0350 1.140
RB-SiC-600-03 0.499 | 0.123 | 0.125 | 0.251 | 0.231 | 0.231 | 0.211 0.0350 1.145
RB-SiC-600-04 0.497 | 0.125 | 0.123 | 0.249 | 0.231 | 0.230 | 0.214 | 0.0360 1.153
RB-SiC-600-05 0.498 | 0.123 | 0.123 | 0.252 | 0.230 | 0.230 | 0.210 | 0.0346 1.144
RB-SiC-600-06-E 0.498 - - - 0.229 | 0.230 - 0.0527 1.324
RB-SiC-600-07-E 0.499 - - - 0.235 | 0.235 - 0.0552 1.392
RB-SiC-600-08-E 0.499 - - - 0.230 | 0.231 - 0.0531 1.327
RB-SiC-600-09-E 0.499 - - - 0.230 | 0.230 - 0.0529 1.327
RB-SiC-800-01 0.498 | 0.122 | 0.124 | 0.252 | 0.230 | 0.230 | 0.209 | 0.0343 1.134
RB-SiC-800-02 0.496 | 0.122 | 0.122 | 0.252 | 0.230 | 0.230 | 0.209 | 0.0343 1.130
RB-SiC-800-03 0.498 | 0.122 | 0.124 | 0.252 | 0.235 | 0.235 | 0.210 | 0.0346 1.173
RB-SiC-800-04 0.495 | 0.123 | 0.124 | 0.248 | 0.229 | 0.230 | 0.210 | 0.0346 1.136
RB-SiC-800-05 0.495 | 0.124 | 0.125 | 0.246 | 0.231 | 0.231 | 0.215 | 0.0363 1.148
RB-SiC-800-06-E 0.499 - - - 0.230 | 0.230 - 0.0529 1.333
RB-SiC-800-07-E 0.500 - - - 0.230 | 0.230 - 0.0529 1.330
RB-SiC-800-08-E 0.499 - - - 0.230 | 0.230 - 0.0529 1.330
RB-SiC-1000-01 0.496 | 0.122 | 0.122 | 0.252 | 0.230 | 0.231 | 0.210 0.0346 | 1.141
RB-SiC-1000-02 0.497 | 0.123 | 0.122 | 0.252 | 0.230 | 0.229 | 0.209 0.0343 | 1.134
RB-SiC-1000-03 0.495 | 0.123 | 0.122 | 0.250 | 0.231 | 0.230 | 0.209 0.0343 | 1.130
RB-SiC-1000-04-E 0.499 - - - 0.230 | 0.230 - 0.0529 | 1.328
RB-SiC-1000-05-E 0.500 - - - 0.230 | 0.231 - 0.0531 | 1.331
RB-SiC-1000-06-E 0.500 - - - 0.231 | 0.231 - 0.0534 | 1.335
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Temp Max Ext. Modulus Stress Failure
Specimen (°C) Load (Ib) Off (Ib) (msi) (ksi) mode
RB-SiC-HT-01 800 3192 - - 56.6 Vertical axis
RB-SiC-HT-02 1000 6304 5000 17.42 110.3 Platen failure
RB-SiC-RT-01 23 7216 - - 127.9 Vertical axis
RB-SiC-RT-02 23 7754 5000 29.1 134.1 Vertical axis
RB-SiC-RT-03 23 2989 2989 20.9 53.9 Vertical axis
RB-SiC-RT-04 23 6214 5000 34.7 109.2 Vertical axis
RB-SiC-RT-05 23 7164 5000 24.0 128.6 Vertical axis
RB-SiC-RT-06 23 6640 5000 26.3 118.2 Shear
RB-SiC-RT-10 23 11531.5 - - 3459 | Brittle high energy
RB-SiC-RT-13-E 23 1752 1752 20.20 - -
RB-SiC-RT-14-E 23 4945.1 5000 35.18 - -
RB-SiC-RT-15-E 23 4947.0 5000 34.77 - -
RB-SiC-RT-16-E 23 4924.2 5000 49.48 - -
RB-SiC-600-01 605 6094 - 0.248 1742 | Brittle high energy
RB-SiC-600-02 599 6577 - 0.248 188.1 Brittle high energy
RB-SiC-600-03 600 6057 - - 173.2 | Brittle high energy
RB-SiC-600-04 605 6780.7 - - 188.5 | Brittle high energy
RB-SiC-600-05 596 6495.6 - - 187.5 | Brittle high energy
RB-SiC-600-06-E 615 1642 1642 11.63 - -
RB-SiC-600-07-E 596 49184 | 49184 28.52 - -
RB-SiC-600-08-E 604 49164 | 4916.4 29.73 - -
RB-SiC-600-09-E 598 5001.2 5001.2 29.41 - -
RB-SiC-800-01 810 3856.1 - - 112.4 Plastic deformation
RB-SiC-800-02 - - - - - -
RB-SiC-800-03 - - - - - -
RB-SiC-800-04 825 4013.8 - - 115.8 Plastic deformation
RB-SiC-800-05 794 4904.9 - - 135.1 | Plastic deformation
RB-SiC-800-06-E 783 43535 | 4353.5 18.78 - -
RB-SiC-800-07-E 803 4942.9 | 4942.9 16.81 - -
RB-SiC-800-08-E 810 4909.2 | 4909.2 16.47 - -
RB-SiC-1000-01 990 3076.9 - - 88.8 Plastic deformation
RB-SiC-1000-02 997 3001.0 - - 87.4 Plastic deformation
RB-SiC-1000-03 1001 3034.9 - - 88.4 | Plastic deformation
RB-SiC-1000-04-E | 990 3149.6 3149.6 12.30 - -
RB-SiC-1000-05-E | 999 3169.8 3169.8 11.79 - -
RB-SiC-1000-06-E | 996 3170.9 3170.9 13.09 - -
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Specimen

Comments

RB-SiC-HT-01 Crack propogation along vertical axis on both sides
RB-SiC-HT-02 No visible cracks, was still taking load when test was complete, early removal due to
premature cracking due to failure
. small corner chip, .030" wide, cut at 45 deg. Great parallelism, .0005 on length, +/- .001
RB-SiC-RT-01 on sides failed spectacularly, broke bottom, 1" wide SiC platen and chipped alumina
platen, parts of specimen lost in room, in room, vertical axis failure
. 0.050" corner chip at 45 deg angle. One side parallel to +/- 0.002, other is .001, Great
RB-SiC-RT-02 Parallelism top-bottom, 0.0005" Did not fail completely, failure on one side, crack
propogated vertically and sheared corner half way up through specimen
. insignificant knicks from cutting, less than 0.010" on corners at 45 deg, Great parallelism.
RB-SiC-RT-03 Top to bottom perfect (.0005"), sides within +/- .001, Premature failure, looks to have failed
along a bond line of the plate from processing
. .058" corner sheared at 45 deg from cutting, few knicks and imperfections, Two long
RB-SiC-RT-04 cracks propogating along vertical axis through entire length
. No sheared corners, some slight knicks, great parallelism all around, no significant bond
RB-SiC-RT-05 line. Failure with small crack initially, took load until the material, started to soften near
7000 Ib, stopped test at 7000 Ib, Cracks along vertical axis
. Failure along corners and sides, no visible cracks along the vertical axis, Failed the lower
RB-SiC-RT-06 SiC platen, possibly due to stress concentration on one corner due to lack of perfect
alignment along load path
. cracked at 1500 Ib, cracked at 2000 Ib, cracked at 6700 Ib, cracked at 11000 Ib, failed at
RB-SiC-RT-10 11531 Ib, failed top and bottom 90% alumina Rescor rods. Upon failure of the SiC
specimen, the load platens were shocked and failed due to the energy release
RB-SiC-RT-13-E specimen cracked at 1700 Ib, test stopped early to avoid extensometer damage and failure
to load platens, strain too high, stiffness low
RB-SiC-RT-14-E specimen cracked at 2500 Ib, continued test to 5000 Ib, much higher stiffness at higher
loads
RB-SiC-RT-15-E no cracking of specimen, took to 5000 Ib
RB-SiC-RT-16-E best strain/modulus measurement yet
RB-SiC-600-01 Specimen pulverized, 45 degree shear failure along gage section, good failure, high
strength, had to re-bond top SiC platen
RB-SiC-600-02 Specimen pulverized, completely sheared on all four sides leaving a point in the center of
the specimen, appromately halfway up specimen height, re-bond top SiC platen
RB-SiC-600-03 sheared along gage section, up through the height of the specimen, re-bond top SiC platen
RB-SiC-600-04 sheared along gage section. Completely pulverized into multiple pieces
RB-SiC-600-05 Excellent failure along gage section, top and bottom sections in tact. Top SiC platen has

three cracks, replaced with another.

RB-SiC-600-06-E

specimen cracked and test was stopped early

RB-SiC-600-07-E

good measurement of stiffness, test ran to 5000 Ib where the test stopped, bottom platen
cracked slightly, replaced

RB-SiC-600-08-E

good measurement, test ran to 5000 Ib and stopped

RB-SiC-600-09-E

good measurement, test ran to 5000 Ib and stopped

RB-SiC-800-01 Extreme deformation beyond typical failure, specimen did not fail in pulverizing manner
RB-SiC-800-02 Failed when loading into the fixture.

RB-SiC-800-03 Failed during warm up, machine was in force mode but did not activate
RB-SiC-800-04 Good failure, strained after peak load reached, same failure type as RB-SiC-800-01
RB-SiC-800-05 Failed with high strain after peak load
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RB-SiC-800-06-E

less stiff than 600 C, stopped test at 4300 Ib

RB-SiC-800-07-E

Test ran to 5000 Ib, looks like it started to yield on extensometer curve, specimen length
plastically deformed to .498" from .500

RB-SiC-800-08-E

ran to 5000 Ib, started to yield, good data, specimen deformed from .499 to .498

RB-SiC-1000-01

Failed with high strain similar to 800 C specimens, with less load at peak

RB-SiC-1000-02

Failed with plastic deformation effect after peak, took beyond failure with temperature still
in 1000 C test range

RB-SiC-1000-03

Plastic deformation after peak, 5 min test

RB-SiC-1000-04-E

Did not yield, stopped test at 3150 Ibs, top platen developed a crack, replaced with a new
one

RB-SiC-1000-05-E

Good stiffness, load jumped around 0.002 in/in due to a crack in specimen, test stopped at
3150 Ib, specimen did not yield and plastically deform

RB-SiC-1000-06-E

Extensometer measurement not linear but gives good data when taking strains from 0.003
to 0.004 in/in, stopped test at 3150 Ib. replaced lower platen, had a crack starting

Table A.2: AHPCS Silicon Carbide Specimen Data

L w1 w2 Area mass | Density

Specimen (in) (in) (in) (in*2) (9) (glcc)
AHPCS-RT-15-01 0.501 | 0.250 | 0.250 | 0.0625 1.279 2.493
AHPCS-RT-15-02 0.495 | 0.250 | 0.250 | 0.0625 1.250 2.466
AHPCS-RT-15-03 0.500 | 0.250 | 0.250 | 0.0625 1.249 2.439
AHPCS-RT-15-04 0.499 | 0.250 | 0.250 | 0.0625 1.242 2.430
AHPCS-RT-15-05 0.501 | 0.248 | 0.250 | 0.0620 1.239 2.434
AHPCS-RT-15-06 0.500 | 0.250 | 0.250 | 0.0625 1.255 2.451

AHPCS-RT-16-01 0.500 | 0.250 | 0.250 | 0.0625 1.225 2.392
AHPCS-RT-16-02 0.500 | 0.250 | 0.250 | 0.0625 1.220 2.382
AHPCS-RT-16-03 0.499 | 0.250 | 0.250 | 0.0625 1.232 2.411

AHPCS-RT-16-04 0.501 | 0.248 | 0.250 | 0.0620 1.200 2.357
AHPCS-RT-16-05 0.500 | 0.249 | 0.249 | 0.0620 1.228 2.417
AHPCS-RT-18-01 0.499 | 0.250 | 0.250 | 0.0625 1.263 2.471

AHPCS-RT-18-02 0.500 | 0.250 | 0.250 | 0.0625 1.264 2.468
AHPCS-RT-18-03 0.499 | 0.250 | 0.250 | 0.0625 1.264 2.473
AHPCS-RT-19-01 0.500 | 0.250 | 0.250 | 0.0625 1.293 | 2.525
AHPCS-RT-122-01 0.499 | 0.250 | 0.250 | 0.0625 1.278 | 2.501

AHPCS-RT-122-02 0.496 | 0.250 | 0.250 | 0.0625 1.274 | 2.508
AHPCS-RT-122-03 0.500 | 0.249 | 0.250 | 0.0623 1.266 | 2.482
AHPCS-600-I18 0.499 | 0.249 | 0.250 | 0.0623 1.273 | 2.501

AHPCS-600-19 0.500 | 0.250 | 0.250 | 0.0625 1.274 | 2.488
AHPCS-600-122 0.500 | 0.249 | 0.249 | 0.0620 1.255 | 2.470
AHPCS-800-I8 0.499 | 0.249 | 0.249 | 0.0620 1.263 | 2.491

AHPCS-800-19 0.497 | 0.248 | 0.248 | 0.0615 1.270 | 2.535
AHPCS-800-122 0.497 | 0.248 | 0.248 | 0.0615 1.256 | 2.507
AHPCS-1000-18 0.496 | 0.248 | 0.248 | 0.0615 1.284 | 2.568
AHPCS-1000-19 0.497 | 0.248 | 0.248 | 0.0615 1.275 | 2.547
AHPCS-1000-122 0.497 | 0.248 | 0.243 | 0.0603 1.237 | 2.521
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Temp Max Ext. Modulus Stress Failure
Specimen (°C) Load (Ib) | Off (Ib) (msi) (ksi) mode
AHPCS-RT-15-01 23 2644.5 2644.5 14.97 42.3 crushing
AHPCS-RT-15-02 23 1096.2 1096.2 3.78 17.5 vertical edge
AHPCS-RT-15-03 23 3318.6 3318.6 18.66 53.1 crack
AHPCS-RT-15-04 23 3133.3 3133.3 14.90 50.1 high energy shear
AHPCS-RT-15-05 23 2583.6 2583.6 8.60 41.7 high energy shear
AHPCS-RT-15-06 23 23371 2337.1 5.82 374 crushing
AHPCS-RT-16-01 23 3812.6 3812.6 17.72 61.0 high energy shear
AHPCS-RT-16-02 23 3820.6 2500 19.33 61.1 high energy shear
AHPCS-RT-16-03 23 42791 2500 22.56 68.5 high energy shear
AHPCS-RT-16-04 23 2828.8 2500 15.01 45.6 high energy shear
AHPCS-RT-16-05 23 4064.6 2500 18.70 65.6 high energy shear
AHPCS-RT-18-01 23 7190.6 3500 26.23 115.0 high energy shear
AHPCS-RT-18-02 23 6935.2 5000 26.47 111.0 high energy shear
AHPCS-RT-18-03 23 6119.6 5000 24.19 97.9 high energy shear
AHPCS-RT-19-01 23 7004.9 5000 28.77 112.1 high energy shear
AHPCS-RT-122-01 23 6593.5 5000 24.66 106.2 high energy shear
AHPCS-RT-122-02 23 7086.8 5000 29.55 113.6 high energy shear
AHPCS-RT-122-03 23 5442.9 5000 18.93 107.9 high energy shear
AHPCS-600-18 604 6610.7 2500 20.66 106.2 crack, stopped
AHPCS-600-19 592 7097.3 3500 15.45 113.6 high energy shear
AHPCS-600-122 599 6692.4 3500 18.97 107.9 high energy shear
AHPCS-800-18 794 5974 .4 2500 14.22 96.4 crack, stopped
AHPCS-800-19 794 6181.7 2500 10.32 100.5 high energy shear
AHPCS-800-122 796 6319.6 3500 16.61 102.8 crack, yield started
AHPCS-1000-18 994 5079.4 3500 11.08 82.6 yield started
AHPCS-1000-19 996 4806.1 3500 9.46 78.1 yield started
AHPCS-1000-122 990 4891.0 3500 9.24 81.2 yield started
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Specimen

Comments

AHPCS-RT-15-01
AHPCS-RT-15-02
AHPCS-RT-15-03
AHPCS-RT-15-04

AHPCS-RT-15-05
AHPCS-RT-15-06

Crushing of specimen started on the side where at location of large crack

Specimen split on one side, causing premature failure, side with failure has several small
cracks

Very small crack on one edge, failure with small cracking noise, no shearing or vertical
failure, specimen still all in tact

Failed vertically along the corners of the specimen, and sheared into the center of the
specimen close, to a 45 degree angle, pinched lower platen, causing a crack. Replaced with
another SiC platen

A few cracks on the sides and top of the specimen initially, failed in shear and vertically on
one side

A few small cracks on 2 sides of the specimen before testing, specimen crushed in the center
at the location of the cracks

AHPCS-RT-16-01
AHPCS-RT-16-02
AHPCS-RT-16-03
AHPCS-RT-16-04
AHPCS-RT-16-05

Good failure, high energy, sheared at a 45 degree angle all around specimen, meeting at the
center half way up height

Another good failure, high energy, removed extensometer at 2500 Ib before failure, specimen
failed at 45 degree toward the center and shattered similar to the reaction bonded specimens
Good failure, high energy, specimen failed at 45 degree toward the center and shattered
similar to the reaction bonded specimens and 16-02

Good failure, due to a few very small surface pores and lower density, it is assumed at the
material is quite porous, sheared toward center cross section and height at a 45 degree
Good failure, just as others, shear failure in the center of specimen after extensometer
removal

AHPCS-RT-18-01
AHPCS-RT-18-02
AHPCS-RT-18-03

Crack at 3500 Ib, extensometer removed, crack at 6700, brittle failure, lower SiC platen
failed, replaced with a new one
Ext removed at 5000 Ib, first crack at 6000 Ib, good shear brittle failure

Good shear brittle failure, ext removed at 5000 Ib, crack at 850 Ib, no cracks on the surface of
the part, possibly an inclusion

AHPCS-RT-19-01

Brittle shear, upper platen cracked, good failure and strain measurement

AHPCS-RT-122-01
AHPCS-RT-122-02
AHPCS-RT-122-03

Brittle shear, good failure and strain measurement
Nice linear extensometer strain measurement, high modulus, good failure

Low failure point, must have had an internal flaw or crack that was not seen on the surface

AHPCS-600-18

AHPCS-600-19
AHPCS-600-122

High strength, very minimal cracks in material before test, one crack propogated through and
measured after test, no material brittle failure, stopped test at 6600, specimen started to yield.
Stiffness compares to room temperature due to near flawless material surface finish, post test
mass and surface finish not affected by temperature

Crack at 2200 Ib,didn't effect stiffness through strain measurement, top platen fell out of top
fixture, possibly this cracked at 2200, failing the top platen. Rebonded top platen
Extensometer slipped but still gives good data

AHPCS-800-18

AHPCS-800-19

AHPCS-800-122

High strength, started to yield, stopped test when cracked and strain decreased, specimen
deformed to 0.498" length after test, specimen discolored to a darker brown than other
specimens upon testing. Measured mass, found it to be 1.277 g, indicating oxidation
Specimen taken to failure, could not determine if specimen oxidized, the color of the
specimen did not change at all, pulverized significantly, possibly more than the 850 C
pyrolyzed specimens.

Good high failure cracking, stopped due to high load and yielding, initial stiffness very high,
mass 1.260 g after test

AHPCS-1000-18

AHPCS-1000-19

AHPCS-1000-122

More initial strain due to softening of silicon carbide platens, this material does not soften due
to excess silicon whereas the platens do, high stress, good stiffness, comparable to 800 C.
Corner chipped off during test before failure, slightly darker color than non-tested sample, no
evidence of oxidation (no white dots).

Yield started, test stopped at 4800 Ib, crack in platen, small, did not replace, may allow for a
higher strain measurement, giving lower stiffness, strain for these specs calculated from .003
to .005

More strain due to crack, still gave a good modulus from .003 to .007, test stopped when
starting to yield, chip taken out of specimen. Lower platen cracked again, replaced
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Appendix B: Oxidation Test Results

Appendix B.1. Reaction Bonded Silicon Carbide Specimens (RB-SiC) Data

volume | volume pre-test post-test mass
Specimen L (in) w1 (in) w2 (in) (in"3) (cm”3) mass (g) mass (g) | change (g)
RB-SiC-01 | 0.505 0.238 0.259 0.031 0.510 1.491 1.490 -0.001
RB-SiC-02 | 0.489 0.238 0.243 0.028 0.463 1.388 1.388 0.000
RB-SiC-03 | 0.500 0.235 0.239 0.028 0.460 1.373 1.372 -0.001
RB-SiC-04 | 0.502 0.231 0.240 0.028 0.456 1.367 1.367 0.000
RB-SiC-05 | 0.495 0.237 0.246 0.029 0.473 1.401 1.400 -0.001
pre-test | post-test | density
density density | change
Specimen | (g/cm”3) | (g/cm”3) | (g/cm”3) | Comments
RB-SiC-01 2.923 2.921 -0.002 | length not parallel, sides not parallel
RB-SiC-02 2.995 2.995 0.000 length too short, corner missing, good parallelism
RB-SiC-03 2.984 2.981 -0.002 | one end parallel on short sides
RB-SiC-04 2.997 2.997 0.000 nub would cause early failure in compression on end
RB-SiC-05 2.962 2.960 -0.002 | long ends not parallel

Appendix B.2. AHPCS Based Silicon Carbide Data

Pre-test dimensions

volume volume
Specimen L (in) w1 (in) w2 (in) (in*3) (cm”3)
115b 0.551 0.366 0.511 0.103 1.689
116b 0.651 0.415 0.528 0.143 2.338
116¢ 0.696 0.417 0.642 0.186 3.053
118a 0.686 0.378 0.386 0.100 1.640
120a 0.684 0.461 0.613 0.193 3.168
Post-test dimensions, 1000 C 10 minutes volume volume
Specimen L (in) w1 (in) w2 (in) (in”3) (cm”3)
115b 0.548 0.365 0.508 0.101 1.662
116b 0.646 0.414 0.525 0.140 2.292
116¢ 0.686 0.412 0.638 0.182 2.975
118a 0.680 0.380 0.383 0.098 1.613
120a 0.680 0.460 0.613 0.192 3.146
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Post-test dimensions, 1000 C 12 hours

volume volume
Specimen L (in) w1 (in) w2 (in) (in”3) (cm”3)
115b 0.549 0.365 0.508 0.101 1.657
116b 0.645 0.412 0.524 0.139 2.275
116¢c 0.685 0.415 0.637 0.181 2.969
118a 0.680 0.381 0.377 0.098 1.607
120a 0.678 0.460 0.611 0.191 3.129
mass volume density
original | 10 min | 12 hour | original | 10 min | 12 hour | original 10 min 12 hour
Spec )] )] )] (cm"3) | (em”3) | (cm”3) | (g/cm”3) | (9/cm”3) | (g/cm”3)
115b | 4.1398 | 4.1688 | 4.2008 1.689 1.662 1.657 2.451 2.508 2.535
116b | 5.5018 | 5.5171 | 5.5487 2.338 2.292 2.275 2.354 2.407 2.439
116c | 7.2359 | 7.2659 | 7.3050 3.053 2.975 2.969 2.370 2.443 2.461
118a | 4.0386 | 4.0476 | 4.0749 1.640 1.613 1.607 2.462 2.509 2.536
120a | 7.5556 | 7.5981 | 7.6423 3.168 3.146 3.129 2.385 2.415 2.443
mass change volume change | density change mass/surface area
10 min 12 hour 10 min 12 hour 10 min 12 hour 10 min 12 hour
Spec | (%) (%) (%) (%) (%) (%) (mg/cm”2) | (mg/cm”2)
115b 0.701 1.474 -1.55 -1.88 2.28 3.42 24.8 52.4
116b 0.278 0.852 -1.94 -2.67 2.27 3.61 10.2 315
116¢c 0.415 0.955 -2.57 -2.76 3.07 3.82 18.0 41.5
118a 0.223 0.899 -1.64 -2.04 1.90 3.00 6.8 27.3
120a 0.562 1.147 -0.68 -1.22 1.25 2.40 23.4 47.8
AVG 0.44 1.07 -1.68 -2.1 2.15 3.25 16.6 40.1
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Appendix C: Procedures

Appendix C.1. AHPCS Specimen Preparation

1. At the green cured state (400°C) from the injection molding process, the
specimens can be easily machined and formed into shape using a saw with a
diamond wheel, or sanded, ground or filed dry using grinding or sanding
equipment. A belt sander was used to prepare the specimens for pyrolysis. Sand
the specimens into rectangular prisms to relieve the specimens from all
imperfections and to attain good dimensional stability for volume measurements.

2. A respirator, gloves and glasses are to be used when preparing the specimens,
whether using a wet saw or sanding equipment. A lab coat or other protective
clothing can be worn to shield the body from airborne particles.

3. Specimens can be cut with a water cooled or un-cooled diamond wheel in order to
relieve the specimens of imperfections or sheared corners that occurred from
removal of the part from the mold, or from part cracking due to high porosity.
The parts cut very easily in the cured state. It is recommended to cut the
specimens dry as to not contaminate the specimens with water prior to the
pyrolysis procedure. When cutting with the South Bay Technology low speed
saw, a blade thickness of 0.008” and 3” diameter was used. One cut through a
specimen thickness of approximately 0.75” and height 1.0” takes approximately
5-10 minutes. Some specimens were sanded to relieve minor blemishes and
imperfections, and some needed to be cut into as many as three separate pieces to
remove undesired imperfections to allow for reasonable specimens for processing

and compression testing. Once specimens are cut using the diamond saw, the
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specimens can be finish sanded to attain good dimensional stability.

The specimens can be sanded very easily in the green cured state. When sanding,
rotate the sides of the specimen to get flat, parallel and perpendicular edges, the
deck surface of the belt sander may not be perfectly aligned, but should be within
a few thousandths of an inch. Use calipers to check and measure the dimensions
of the parts. A tolerance of 0.005” between the largest and smallest dimension on
a side was desired. Most dimensions were within 0.002-0.003”, and one
dimension varied from 0.009” on a side.

Measure all dimensions of the specimens cured at 400°C using a caliper, attaining
measurements to the nearest 0.001”. Take three measurements per side to attain a
good average for calculation of volume.

Once the specimens dimensions are measured, the specimens can be weighed
using the Model AE100 +\- 0.0001 gram scale in Crosby Hall, room 102. Be sure
the scale attains a constant measurement for each specimen, take up to three
measurements for accuracy. Align the specimens on the graphite plate that is
used to hold the specimens in the tube furnace during pyrolysis. Keep all
specimens in the same location, documenting the location with pictures and
labels, a sheet of white paper in the background works well for documenting and
labeling the specimens.

Calculate density from the measured dimensions and volume calculated, and from
the mass attained when weighing each specimen.

The specimens are now ready for pyrolysis in the tube furnace under an inert

atmosphere.
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Appendix C.2. Procedure for MTS 810 and FlexTest SE

10.

11.

12.

13.

14.

Turn on MTS Flex Test SE

Turn on computer, load Station Manager (Programs, MTS FlexTest, Station
Manager)

Load “UMaine” Configuration

Load configuration name “SiC Compression”

Load Procedure “SiCCompressionWstrain”.  This procedure allows data
acquisition of actuator load, actuator displacement and extensometer strain.

Check procedure for appropriate load rate of 0.005 in/min, hold during test for
extensometer removal at desired load, and end of test parameters.

Create a folder for the specimens. Go to Specimen Editor.

Once a folder is created, reset the specimen name.

Turn on hydraulics in the hydraulic room. Make sure the hydraulic service
manifold (HSM) is turned to off, as the default will be.

Turn on the hydraulics first to low position, then to high. A pressure reading on
the gauge under high pressure will indicate that it is on.

Click on the exclusive control button, this will allow control of the station and
actuator.

Reset or override any interlock buttons on the station manager.

Turn on the HSM first to low, then high in the station manager.

Click on the manual command control button. This will allow manual control of

the lower actuator.
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15. Make sure the active mode is set to displacement. This controls the actuator
displacements. If the values under the manual command are changed, the actuator
will move. Make sure there is nothing in the way of the actuator before turning
this on. If the actuator is set to force, the actuator will move into position until the
command force is attained. If desired with fixture setup, set to force. If not, make
sure to use displacement mode.

16. To move the upper actuator, switch the manual lever to on. This is located on the
right, front side of the actuator. Move the top actuator up and down with the
switch to position.

17. To use the grips, turn on the pressure at the rear box, and apply the pressure
desired to grip specimens or fixtures. Adjust the pressure using the knobs.

18. Once all of this is done, the actuator and grips are functional.
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Appendix C.3. Procedure for bonding alumina and silicon carbide fixtures

1.

Heat the steel block fixture until the Rescor alumina fixture fits the inner diameter
of the bore of the interference fit. A hot plate or oxygen/acetylene torch can be
used to heat the block.

Use a weight or the hydraulic actuator to apply pressure to the fixture and steel
block, keeping the assembly vertically aligned as it cools.

Once the alumina inserts are fit into the steel blocks, install the Aremco alumina
inserts into the bore of the Rescor alumina.

Fit both fixtures into the grips of the actuator.

Adjust the height of the top load head manually using the switch on the right,
front side of the load frame.

Install the silicon carbide load platens in between the Aremco alumina inserts.
Carefully adjust the height of the upper load head until contact is made between
the SiC platens.

Allow vertical alignment of the top and bottom fixtures using a set of machinist
gage blocks of the appropriate size. The Aremco alumina inserts used were 1.5”
diameter discs, and the silicon carbide platens were ground square to 1.000” +
0.002”. Gage blocks with a thickness of 0.250” can be used to create a centered
and square SiC platen on the Aremco alumina disc. This will allow good
alignment of the specimens using the gage blocks to reference from the SiC
platens when loading specimens for testing.

Once the fixtures are aligned, switch the control mode to force on the MTS

FlexTest Station Manager and apply 250 Ib to the assembly.
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10.

11.

12.

13.

Bond the upper Aremco alumina insert to the Rescor alumina rod, and the SiC
platen to the Aremco insert using high temperature alumina ceramic putty,
Thermeez (Cotronics Corp, NY).

Bond the lower SiC load platen to the lower Aremco alumina insert using the
putty. Surround the test fixtures with the furnace after 1-2 hours of room
temperature cure.

Ramp the furnace up to approximately 100°C (212°F) at a rate of 7-10°C/min to
cure the putty for 1 hour.

When the 100°C cure time is complete, open the furnace, remove the load from
the fixtures. The upper fixtures will be bonded as one piece, allowing the upper
load platen to move upward without dropping any fixture pieces.

The fixtures are ready for compression testing once the bonding of ceramic is

complete.
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Appendix C.4. Procedure for High Temperature Compression Tests

1.

Install the lower steel load platen with alumina fixture into the bottom grip with
the 9/16”-12 UNC threaded rod. Apply pressure at the grips, approximately 2000
psi.

Install the upper fixture in the same manner. Install the upper fixture thin plate
diffuser for high temperature tests.

Adjust the height of the lower and upper load heads until a satisfactory height is
attained for aligning the furnace with the load platens and extensometer bracket.
Make sure the notches in the Aremco alumina inserts are located at the front of
the assembly. The extensometer will reach through the furnace and attach to

these notches.

. Mount the furnace on the load frame. Adjust the height accordingly so the center

of the furnace surrounds the specimen area, and allow room for the extensometer
ceramic leads to attach to the alumina inserts through the holes in the side of the
furnace.

If the furnace is in position, open it along its cantilever beam and swing it open to
allow room for specimen loading onto the silicon carbide load platens.

Gently raise the lower actuator using the manual command using very small
increments.

A right angle square tool should be used to check the alignment of the fixtures.
Due to the interference fit of the alumina rods within the steel blocks, alignment
should not be an issue. If the fixtures are out of alignment, heat the steel blocks to

remove the alumina rods, clean the blocks and the alumina rods with a fine grit
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10.

11

12.

sandpaper, blow any dust or residue off the fixtures, and reheat the block to allow
the alumina to be fit into the steel fixture. This will eliminate bending of the
fixtures as well as the specimen, to allow for good load distribution through the
vertical centerline of the entire assembly. Reattach the steel blocks and alumina
into the MTS grips using the threaded rod once this is complete and check for
alignment.

Once the fixtures are aligned, place a specimen in the center of the lower SiC load
platen with a pair of tweezers or extended gripping tool. Align the specimen on
the silicon carbide load platens using machinist gage blocks of the desired sizes
for to align the specimen along the centerline of the load path. Lower the upper
load head until the specimen touches the upper load fixtures, or use the
displacement command to come close to the specimen without touching it, then
use the force command to allow the specimen to be loaded up to 50 Ib.

If a satisfactory parallel connection is made between the specimen and the load
fixtures, switch the control mode to force. Apply a force of 50-250 pounds to put
pressure on the specimen to allow it to stay in place. Switch the control mode

back to displacement.

. Attach the extensometer mounting arm to the load frame. Adjust the height so

that the center of the extensometer is aligned with the center of the specimen.

Attach the ceramic extensometer leads within the notches of the Aremco alumina
inserts. This will allow for a starting gage length of approximately 10% larger
gage length than the 1.000” gage length of the extensometer. The extensometer

maximum extended length is approximately 10%, be sure that a positive strain
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13.

14.

15.

16.

17.

18.

19.

20.

percentage is reading on the MTS FlexTest SE monitor. Once loaded in
compression, the strain will decrease until failure as the extensometer follows the
loaded specimen. Be sure to check the strain under high temperature loads, as the
silicon carbide will expand under temperature. With the extensometer attached, it
is important not to over-extend the extensometer during this ramp up period.
Strain can be monitored using the extensometer output and the displacement
output, as the displacement output will be much larger than the strain output due
to the larger length of the test assembly as compared to the gage length of the
extensometer.

Zero the displacement, force and strain using the Auto offset button once the
extensometer is attached.

Once all is checked, if a high temperature test is desired, turn on the furnace and
allow warm up to the test temperature.

Place the steel safety cage around the test assembly.

Attach the coolant fittings to the steel fixtures, use Teflon tape on the fitting
threads to prevent leaks. Open the valves, run the tubing to and from a sink, and
turn on the water to allow coolant flow through the steel fixtures.

When a steady-state test temperature is achieved, start the test program on the
MTS Station Manager.

Run the test.

Once the test hold command is reached, remove the extensometer from the
assembly. Continue the test until the specimen is loaded to failure.

Save the data file and repeat the test with another specimen.
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Appendix D: Relay Box Wiring Schematic
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Appendix E: Temperature Computer Program Code (Autoclave)

The following two programs are the primary programs used to control the MTS 653
Furnace with a P.I. control algorithm. These programs are entitled SetPointDataForm
and SetPoint and are written in Delphi 5 computer code, originally developed by Dr.

Vince Caccese and students at the University of Maine.

Table E.1: SetPointDataForm Computer Code

unit SetPointDataForm;
interface

uses
Windows, Messages, SysUtils, Classes, Graphics, Controls, Forms, Dialogs,
OleCtrls, vcf1, ComCtrls, Tabnotbk, StdCtrls, AxCtrls, Spin, Buttons,
Grids,HeatChamberC ;

Const
MaxRecords = 200;

type
TSetPointDataFRM = class(TForm)

PrevBTN: TButton;
NextBTN: TButton;
EnterBTN: TBitBtn;
RepeatBTN: TBitBtn;
DeleteBTN: TBitBtn;
TotalSpin: TSpinEdit;
TempStepED: TEdit;
TimeED: TEdit;
TemperatureED: TEdit;
Label4: TLabel;
Label3: TLabel;
Label2: TLabel;
Label1: TLabel;
Label5: TLabel;
LayerGrid: TF1Book;
CommandCombo: TComboBox;
StaticText1: TStaticText;
StaticText2: TStaticText;
StaticText3: TStaticText;
BitBtn1: TBitBtn;
BitBtn2: TBitBtn;
Memo1: TMemo;
procedure PrevBTNClick(Sender: TObject);
procedure FormCreate(Sender: TObject);
procedure GetTempStepData(TempStep: integer);
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procedure SetTempStepData(TempStep: integer);
procedure EnterBTNClick(Sender: TObject);
procedure WriteGridData(CurrentStep: integer);
procedure NextBTNClick(Sender: TObject);
procedure RepeatBTNClick(Sender: TObject);
procedure TotalSpinChange(Sender: TObject);
procedure BitBtn1Click(Sender: TObject);

private
{ Private declarations }

public
CurrentTempStep : integer;

{ TotalTempSteps :integer; }
ControlData : array[1..MaxRecords] of ControlTempRec;
procedure ShowListBox;
procedure WriteCFGData(CFGName: String);
procedure ReadCFGData(CFGName: String);
{ Public declarations }

end;

var
SetPointDataFRM: TSetPointDataFRM;

implementation
{$R *.DFM}

uses Daqfi32Main, SetPoint;

procedure TSetPointDataFRM.ShowListBox;

var

i,ssError : integer;

pShown : Smallint;

pX,pY,pCX,PCy: integer;

ThisWidth, ThisHeight : integer;

nRow1,nCol1,nRow2, nCol2 : integer;

List1 : TList;

Txt : String;

PTxt : PChar;

begin

Fori:=0to 3 do

begin

Txt := Inttostr(i);
StrPCopy(PTxt, Txt);
List1.Add(PTxt);

end;

end;

procedure TSetPointDataFRM.WriteCFGData(CFGName: String);
var
i . integer;
FN : textFile;
begin
{$I-}
AssignFile(FN,CFGFileName);
Rewrite(FN);
WriteIn(FN," TEMPERATURE CONTROL DATA");
WriteIn(FN, TotalTempSteps);
for i:=1 to TotalTempSteps do
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begin
Writeln(FN,ControlData[i]. CommandType);
Writeln(FN,ControlData[i]. Command);
Writeln(FN,ControlData[i]. Time);
Writeln(FN,ControlData[i]. Temperature);

end;

CloseFile(FN);

{$1+}

end;

procedure TSetPointDataFRM.ReadCFGData(CFGName: String);
var

i . integer;
FN : textFile;
tmpstr : string;
begin
AssignFile(FN,CFGFileName);
Reset(FN);
ReadIn(FN,tmpstr);
ReadIn(FN,TotalTempSteps);
TotalSpin.Value := TotalTempSteps;
TempStepED.text :='1";
for i:=1 to TotalTempSteps do
begin
ReadIn(FN,ControlData[i]. CommandType);
ReadIn(FN,ControlData[i]. Command);
ReadIn(FN,ControlData([i]. Time);
ReadIn(FN,ControlDatali]. Temperature);
CurrentTempStep :=i;
WriteGridData(i);
end;
CurrentTempStep = 1;
GetTempStepData(CurrentTempStep);
end;

procedure TSetPointDataFRM.PrevBTNClick(Sender: TObject);
begin
If CurrentTempStep > 1 then
begin
dec(CurrentTempStep);
GetTempStepData(CurrentTempStep);
end
else
begin
CurrentTempStep := 1;
GetTempStepData(CurrentTempStep);
end;
end;

procedure TSetPointDataFRM.GetTempStepData(TempStep: integer);
begin
TempStepED.Text := IntToStr(CurrentTempStep);
CommandCombo.ltemIndex := ControlData[TempStep].CommandType;
TimeED.text := FloatToStr(ControlData[TempStep].Time);
TemperatureED.text := FloatToStr(ControlData[TempStep]. Temperature);
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end;

procedure TSetPointDataFRM.SetTempStepData(TempStep: integer);

begin

ControlData[TempStep].CommandType := CommandCombo.ltemindex;
ControlData[TempStep].Command  := CommandCombo.ltems[CommandCombo.ltemindex];
ControlData[TempStep].Time := StrToFloat(TimeED.text);

ControlData[TempStep].Temperature := StrToFloat(TemperatureED.text);
end;

procedure TSetPointDataFRM.FormCreate(Sender: TObject);
begin
CurrentTempStep :=1;
TotalTempSteps :=1;
CommandCombo.ltemIndex := CM_RAMP;
SetPointDataValid := false;
PrevBTNClick(Sender);
end;

procedure TSetPointDataFRM.EnterBTNClick(Sender: TObject);
begin
SetTempStepData(CurrentTempStep);
WriteGridData(CurrentTempStep);
end;

procedure TSetPointDataFRM.WriteGridData(CurrentStep: integer);
var
pText : String;
begin
LayerGrid.SetactiveCell(CurrentStep,1);
pText := ControlData[CurrentStep].Command;
LayerGrid.Text := pText;

LayerGrid.SetactiveCell(CurrentStep,2);
pText := Format('%*.*f', [8, 2, ControlData[CurrentStep].Time]);
LayerGrid.Text := pText;

LayerGrid.SetactiveCell(CurrentStep,3);
pText := Format('%*.*f", [8, 2, ControlData[CurrentStep]. Temperature]);
LayerGrid.Text := pText;

end;

procedure TSetPointDataFRM.NextBTNClick(Sender: TObject);
begin
If CurrentTempStep < TotalTempSteps then
begin
inc(CurrentTempStep);
GetTempStepData(CurrentTempStep);
end;
end,;

procedure TSetPointDataFRM.RepeatBTNClick(Sender: TObject);
begin
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if CurrentTempStep < TotalTempSteps then
begin
inc(CurrentTempStep);
SetTempStepData(CurrentTempStep);
WriteGridData(CurrentTempStep);
end;

end,;

procedure TSetPointDataFRM.TotalSpinChange(Sender: TObject);
begin

TotalTempSteps := TotalSpin.Value;
end;

procedure TSetPointDataFRM.BitBtn1Click(Sender: TObject);
begin

SetPointDataValid := true;

HeatChamberMainFrm.show;
end;

end.

Table E.2: SetPoint Computer Code

unit SetPoint;
interface

uses
Windows, Messages, SysUtils, Classes, Graphics, Controls, Forms, Dialogs,
StdCtrls, HeatChamberC,DAQ32HeatInterface, Daqfi32Main,SetPointDataForm,
ExtCtrls, Grids, ComCitrls;

Const
IntervalTime = 1; {Gain Timer Interval}
Period = 5;

type

TSetPointFRM = class(TForm)
ControlTimer: TTimer;
Timer2: TTimer;
zone3DutyCycleBar: TProgressBar;
GroupBox1: TGroupBox;
Label1: TLabel;
Label2: TLabel,;
Label3: TLabel;
Label4: TLabel,;
Label5: TLabel,;
zone1DutyCycleBar: TProgressBar;
Label6: TLabel;
zone2DutyCycleBar: TProgressBar;
Label7: TLabel;
Label8: TLabel;
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Edit1: TEdit;

Edit2: TEdit;

Edit3: TEdit;

Button1: TButton;

Label9: TLabel;

Label10: TLabel;

zone1KpED: TEdit;

zone1KiED: TEdit;

zone2KpED: TEdit;

zone2KiED: TEdit;

zone3KpED: TEdIit;

zone3KIED: TEdit;

Label11: TLabel;

SetPoint_Ed: TEdit;

Label12: TLabel,;

Label13: TLabel;

incr_ed: TEdit;

PTemp_ED: TEdit;

Label14: TLabel;

Label15: TLabel,;

Time_ED: TEdit;

Label16: TLabel,

Command_ED: TEdit;

Label17: TLabel;

Overshoot_CB: TComboBox;
Overshoot_CkB: TCheckBox;
procedure TemperatureControlData;
procedure TurnElementOn(ElementNo: integer);
procedure TurnElementOff(ElementNo: integer);
procedure Hold(Timelncr: integer);

procedure ControlTimerTimer(Sender: TObject);
procedure Timer2Timer(Sender: TObject);

procedure CalculateSetPoint(Time: real);
Procedure AdjustTemperature;
procedure FormCreate(Sender: TObject);

procedure Zone1Gain(GainTimelncr1: integer);
procedure Zone2Gain(GainTimelncr2: integer);
procedure Zone3Gain(GainTimelncr3: integer);
procedure PIControl;

procedure PIControlParameters;

procedure Button1Click(Sender: TObject);
procedure Overshoot CBChange(Sender: TObject);
procedure WriteCFGData(CFGName: String);
procedure ReadCFGData(CFGName: String);

private
{StepNo,} TimeStepNo, Command: integer;
Gain1StepNo,Gain2StepNo,Gain3StepNo: longint;
HoldTime,PreviousError1,PreviousError2,PreviousError3: real;
zone1Ki,zone2Ki,zone3Ki,zone1Kp,zone2Kp,zone3Kp : real;
HoldTemp,Stoplinc,Zone1,Zone2,Zone3 : boolean;
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CalculateGain1,CalculateGain2,CalculateGain3 : boolean;
ResetZone1,ResetZone2,ResetZone3 : boolean;
PreviousTargetTemp : real;
{ Private declarations }
public
{ Public declarations }
ElapsedTime :real;
DeltaT : real;
Overshoot :real;
end;

var
SetPointFRM: TSetPointFRM;
CurrentSetPoint : real;
PreviousTemp,CurrentTemp: Real; {High Temp Furnace Control}

implementation

uses PressureControl;
{$R *.DFM}

{*************WriteCFGDatan * * *% *

}
procedure TSetPointFRM.WriteCFGData(CFGName: String);
var
FN : textFile;
begin
{81}
AssignFile(FN,CFGFileName);
Append(FN);
Writeln(FN,'SET Point Form CONTROL DATA'");
Writeln(FN,zone1Ki,zone2Ki,zone3Ki,zone1Kp,zone2Kp,zone3Kp);
WriteIn(FN, Overshoot);
If Overshoot_CkB.Checked then Writeln(FN, 'ON') else WriteIn(FN, 'OFF");
CloseFile(FN);
{$1+}
end;
{*************WriteCFGData**************************}
procedure TSetPointFRM.ReadCFGData(CFGName: String);
var

FN : textFile;

TmpStr : String;

TS,i :integer;
begin

AssignFile(FN,CFGFileName);
Reset(FN);
ReadIn(FN,tmpstr);
ReadIn(FN,TS);
fori:=1to TS do
begin
ReadIn(FN,tmpstr);
ReadIn(FN,tmpstr);
ReadIn(FN,tmpstr);
ReadIn(FN,tmpstr)
end;
ReadIn(FN,tmpstr);

’

3

151



ReadIn(FN,zone1Ki,zone2Ki,zone3Ki,zone1Kp,zone2Kp,zone3Kp);
ReadIn(FN, Overshoot);
Overshoot_CB.Text := FloatToStr(Overshoot);
ReadIn(FN, TmpStr);
If TmpStr="ON' then Overshoot_CkB.Checked:=true
else Overshoot_CkB.Checked:=false;
CloseFile(FN);
end;

{reessmasyHeating Element Control-ON/OFF * * }
procedure TSetPointFRM.TurnElementOn(ElementNo: integer);
/[Edited - Brian Baillargeon 05/28/2002
var
Out1,0ut2,0ut3,ALL : integer ;
begin
Out1 := Heat_Ch1;
Out2 := Heat_Ch2;
/lzone3 := Heat_Ch4; {Channel three on DagBook does not work}
/IALL :=Heat ALL;
Case ElementNo of
1 : TempControl. TurnHeatOn(Out1);
2 : TempControl. TurnHeatOn(Out2);
{3 : TempControl.TurnHeatOn(zone3);
4 : TempControl.TurnHeatOn(ALL);}
end; {Case}
end;

procedure TSetPointFRM.TurnElementOff(ElementNo: integer);
//[Editted - Brian Baillargeon 05/28/2002
var
Out1,0ut2,0ut3,ALL : integer ;
begin
Out1 := Heat_Chf;
Out2 := Heat_Ch2;
/lzoned ;= Heat_Ch4; {Channel three on DagBook does not work}
/IALL = Heat_ALL;
Case ElementNo of
1 : TempControl. TurnHeatOff(Out1);
2 : TempControl. TurnHeatOff(Out2);
{3 : TempControl.TurnHeatOff(zone3);
4 : TempControl. TurnHeatOFF(ALL);}
end; {Case}
end;

{rexsmmmaaaaxReads Input Data From SetPointDataF orm s
procedure TSetPointFRM.TemperatureControlData;
Var

i : integer;

PreviousTime : real;
begin
for i:=1 to TotalTempSteps do
begin

PreviousTime := SetpointDataFRM.ControlData[i-1].Time;
Control_Templi].Temperature:= SetpointDataFRM.ControlData[i]. Temperature;
Control_Temp]i].Time:= SetpointDataFRM.ControlData([i].Time;
Control_Temp[i]. CommandType:=SetpointDataFRM.ControlData[i]. CommandType;
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end
end;

{******************Set Point Temperature COntroI**********************}
procedure TSetPointFRM.CalculateSetPoint(Time: Real);
/[Edited - Brian Baillargeon 05/28/2002

var

Interval1 : cardinal;
STemp, ETemp :real;
STime,ETime  :real;
TSlope : real;
DelT : real;
i,Clncr : integer;
begin

StepNo := 0;

TemperatureControlData;

for i:= 2 to TotalTempSteps do

begin

if (Time >= Control_Temp][i-1].Time) and (Time < Control_Templi]. Time) then

begin
StepNo:=i-1;
break;
end;

end;

Command := Control_Temp[StepNo].CommandType;
STime := Control_Temp[StepNo].Time;

ETime := Control_Temp[StepNo + 1].Time;

DelT := ETime-STime;

case Command of
CM_HOLD :
begin
Command_ED.text := 'HOLD";
STemp:= Control_Temp[StepNo].Temperature;
ETemp:= Control_Temp[StepNo].Temperature;
end;
CM_RAMP :
begin
Command_ED.text := 'RAMP;
STemp:= Control_Temp[StepNo].Temperature;
ETemp:= Control_Temp[StepNo + 1].Temperature;
end;
end; {case}

TSlope := (ETemp-STemp)/DelT;

CurrentSetPoint := STemp + TSlope*(Time-STime);

if (Time<1e-10) then CurrentSetPoint := Control_Temp[1].Temperature;

if (Time>Control_Temp[TotalTempSteps].Time) then CurrentSetPoint := 0;
end;
{***************Time Counter For Hold Command*************************}
procedure TsetPointFRM.Hold(Timelncr: integer);
begin
If HoldTemp then
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begin
ElapsedTime := Deltat*Timelncr;
if ElapsedTime >= HoldTime then
begin
HoldTemp := false;
Inc(StepNo);
end;
end;
end;

{rexwrmmmeeaxTimer For Set Point Temperature Control********xxxxxxxy
procedure TSetPointFRM.ControlTimerTimer(Sender: TObject);

var

StepTemp,StepTime : Real;

begin
DeltaT := ControlTimer.Interval/1000/60;
If StartSetpoint then
begin

TemperatureControlData;
PressureControl.CheckPressure;

CurrentTemp := AveAirTemp;
ETime := (Deltat*Timelnc);

CalculateSetPoint(ETime);
AdjustTemperature;

Time_ED.Text := Floattostr(time);
Incr_ED.text := Inttostr(StepNo);

inc(Timelnc);

{ if Holdtemp = true then
Inc(TimeStepNo) }
end

end;
{********************Check Furnace Temperature*********************}
Procedure TSetPointFRM.AdjustTemperature;
//[Edited - Brian Baillargeon 05/28/2002
var
zone1Temp,zone2Temp,zone3Temp,AveTemp,HTOverShoot : real;
begin
Timer2.Enabled := true;
{zone2Temp := Temperature[3];
zone3Temp := Temperature[5];
AveTemp :=(zonel1Temp+zone2Temp+zone3Temp)/3 ;}
HTOverShoot := 5;
If CurrentTemp >= HighTempLimit Then
begin
TurnElementOff(1);
TurnElementOff(2);
Go := false ;
StartSetpoint :=false ;
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showmessage('TooHot');
end
else
If (CurrentTemp < CurrentSetPoint) and not Zone1 then
begin
if command = CM_RAMP then
begin
TurnElementON(1);
TurnElementON(2);
Zone1:= true;
end
else if command = CM_Hold then
begin
if Which_Heater = 0 then
begin
TurnElementOn(1);
/[Test - Baillargeon 06/20/2002
TurnElementOn(2);
//HeatChamberMainFRM.HeatMsgEd.Text := 'Heater #1 On';
Zone1 := true;
end
else if Which_Heater = 1 then
begin
TurnElementON(2);
/[Test - Baillargeon 06/20/2002
TurnElementON(1);
//HeatChamberMainFRM.HeatMsgEd.Text := 'Heater #2 On’;
Zone1 := true;

end;
end;
end
{If (zone2Temp < Temp) and not Zone2 then
begin
TurnElementON(2);
Zone2:= true;
end;
If (zone3Temp < Temp) and not Zone3 then
begin
TurnElementON(3);
Zone3:= true;
end}
else

{Prevents excessive overshoot in the event that the PI control is
incorrectly tuned}
If Overshoot_CkB.Checked and (CurrentTemp >= CurrentSetPoint + Overshoot) then
begin
TurnElementOFF(1);
TurnElementOFF(2);
zone1DutyCycleBar.Position := 0;
end,;
end;
{*************************PI Control ParameterS********************}
procedure TSetPointFRM.PIControlParameters;
begin
zone1Kp:= StrToFloat(zone1KpED.text);
zone2Kp:= StrToFloat(zone2KpED.text);
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zone3Kp:= StrToFloat(zone3KpED.text);
zone1Ki:= StrToFloat(zone1KiED.text);
zone2Ki:= StrToFloat(zone2KiED.text);
zone3Ki:= StrToFloat(zone3KiED.text);
end;
{************************* PI Algorlthm *****************************}
Procedure TSetPointFRM.PIControl;
var
zone1Temp,zone2Temp,zone3Temp,zone1Error,zone2Error,zone3Error: real;
zone1Pterm,zone2Pterm,zone3Pterm,zone1sumError,Zone2sumError: real;
Zone3sumkError,zone1lterm,zone2lterm,zone3lterm: real;
TempCommand: real;
begin
SetPointFRM.PIControlParameters;
SetPoint_ED.Text := FloatToStr(CurrentSetPoint);
zone1Temp := AveAirTemp;
{zone2Temp := Temperature[3];
zone3Temp := Temperature[5];}
TempCommand:=CurrentSetPoint;
{Zone 1}
zone1Error := TempCommand-zone1Temp;
zone1SumeError := PreviousError1+zone1Error;
If ResetZone1 then
PreviousError1:=0
else
PreviousError1:= zone1SumError;
zone1Pterm :=zone1Kp*Zone1Error;
zone1lterm :=zone1Ki*zone1SumeError;
ResetZone1 :=false;
If zone1lterm < 0 then {Bounds the Integral term in the event of integral wind up}
begin
zone1lterm:=0;
ResetZone1:= true;
end;
If zone1lterm > 1 then
begin
zonellterm:=1;
ResetZone1:= true;
end;
Edit1.Text:= FloatToStr(zone1lterm);
If CalculateGain1 then
zone1PercentGain:=zone1Pterm + zone1lterm ;
end;

{ *** Gain Control }
{Zone1}
procedure TSetPointFRM.Zone1Gain(GainTimelncr1: integer);
var
Z1ElapsedTime: real;
begin
CalculateGain1 := false;
If Zone1 = true then
begin
zone1DutyCycleBar.Position := Round(zone1PercentGain*100);
Z1ElapsedTime:= GainTimelncr1*IntervalTime;
end;
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If Z1ElapsedTime >= Period*zone1PercentGain then
begin
TurnElementOff(1);
TurnElementOff(2);
zone1DutyCycleBar.Position := 0;
end;
If Z1ElapsedTime >= Period then
begin
CalculateGain1:= true;
Zone1:= false;
Gain1StepNo:= 0;
end
end;
{Zone 2}
procedure TSetPointFRM.Zone2Gain(GainTimelncr2: integer);
var
Z2ElapsedTime: real;
begin
CalculateGain2 := false;
If Zone2 = true then
zone2DutyCycleBar.Position := Round(zone2PercentGain*100);
Z2ElapsedTime:= GainTimelncr2*IntervalTime;
If Z2ElapsedTime >= Period*zone2PercentGain then
begin
TurnElementOff(2);
zone2DutyCycleBar.Position := 0;
end;
If Z2ElapsedTime >= Period then
begin
CalculateGain2:= true;
Zone2:= false;
Gain2StepNo:= 0;
end
end;
{Zone3}
procedure TSetPointFRM.Zone3Gain(GainTimelncr3: integer);
var
Z3ElapsedTime : real;
begin
CalculateGain3 := false;
If Zone3= true then
zone3DutyCycleBar.Position := Round(zone3PercentGain*100);
Z3ElapsedTime:= GainTimelncr3*IntervalTime;
If Z3ElapsedTime >= Period*zone3PercentGain then
begin
TurnElementOff(3);
zone3DutyCycleBar.Position := 0;
end;
If Z3ElapsedTime >= Period then
begin
CalculateGain3:= true;
Zone3:= false;
Gain3StepNo:= 0;
end
end;
{ Gain Timer }
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procedure TSetPointFRM.Timer2Timer(Sender: TObject);
begin

SetPointFRM.PIControl;

If Zone1 = true then

begin
Inc(Gain1StepNo);
SetPointFRM.Zone1Gain(Gain1StepNo);
end;
If Zone2 = true then
begin
Inc(Gain2StepNo);
SetPointFRM.Zone2Gain(Gain2StepNo);
end,
If Zone3 = true then
begin
Inc(Gain3StepNo);
SetPointFRM.Zone3Gain(Gain3StepNo);
end;
end;

{

procedure TSetPointFRM.FormCreate(Sender: TObject);
var

Interval2: cardinal;

begin
PlIControlValid .= false;
ControlTimer.Enabled := false;
Timer2.Enabled .= false;
StartSetpoint := false;
Go .= false;
HoldTemp  :=false;
Zone1 = false;
Zone2 := false;
Zone3 .= false;

CalculateGain1:= true;
CalculateGain2:= true;
CalculateGain3:= true;
ResetZone1 :=false;
ResetZone2 :=false;
ResetZone3 :=false;
StepNo =1;
TimeStepNo :=0;
Gain1StepNo :=0;
PreviousError1:=0;
PreviousError2:=0;
PreviousError3:=0;
PreviousTargetTemp:=0;

Interval2 := round(IntervalTime*1000); {Gain Timer Interval}
Timer2.Interval := Interval2;
ETime := 0.0;
Timelnc := 0;
Overshoot_CB.Iltemindex :=1;
end;
procedure TSetPointFRM.Button1Click(Sender: TObject);
begin

HeatChamberMainFrm.show;
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PIControlValid := true;
TemperatureControlData;
end;

procedure TSetPointFRM.Overshoot CBChange(Sender: TObject);
var
code : integer;
begin
val(Overshoot_CB.text,Overshoot,Code);
Overshoot_CB.text := FloatToStr(Overshoot);
end;

end.
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Appendix F: Technical Drawings for Mold Pieces
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Appendix H: Compression Test Results

Figure H.1: RB-SiC-RT-01
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Figure H.3: RB-SiC-RT-03
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Figure H.5: RB-SiC-RT-05
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Figure H.7: RB-SiC-RT-10
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Figure H.9: RB-SiC-RT-14-E
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Figure H.11: RB-SiC-RT-16-E
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Figure H.12: RB-SiC-HT-01
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Figure H.13: RB-SiC-HT-02
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Figure H.14: RB-SiC-600-01
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Figure H.15: RB-SiC-600-02
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Figure H.16: RB-SiC-600-03
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Figure H.17: RB-SiC-600-04
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Figure H.19: RB-SiC-600-06-E
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RB-SiC-600-08-E

Figure H.21:
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Figure H.23: RB-SiC-800-01
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Figure H.25: RB-SiC-800-05
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Figure H.27: RB-SiC-800-07-E
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Figure H.29: RB-SiC-1000-01
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Figure H.31: RB-SiC-1000-03
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Figure H.33: RB-SiC-1000-05-E
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Figure H.35: AHPCS-RT-I5-01
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Figure H.37: AHPCS-RT-I5-03
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Figure H.39: AHPCS-RT-I5-05
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Figure H.41: AHPCS-RT-16-01
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Figure H.43: AHPCS-RT-16-03
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Figure H.45: AHPCS-RT-16-05
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Figure H.47: AHPCS-RT-I8-02
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Figure H.49: AHPCS-RT-19
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Figure H.51: AHPCS-RT-122-02
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Figure H.53: AHPCS-600-18
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Figure H.55: AHPCS-600-122
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Figure H.57: AHPCS-800-19
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Figure H.59: AHPCS-1000-18
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Figure H.61: AHPCS-1000-122
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