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Processing, physical and thermal properties of
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The cure and pyrolysis behavior of a Blackglas™ resin and Nextel™ 440 impregnated with
Blackglas™ resin were studied. Cure of the Blackglas™ resin is an exothermic process and
DSC studies indicate that with an increase of catalyst content from 0.1 to 1.0%, the onset
and peak temperature of cure are decreased coupled with an increase in the enthalpy of
cure indicating a greater extent of cross linking. However, pyrolysis char yield of the
pyrolyzate is relatively insensitive to cure conditions.

Cure pressure and pyrolysis environment are variables in the processing of Blackglas™
matrix composite reinforced with Nextel™ 440 plain weave fabric. Variations in cure
pressure from 30 to 80 psi had no discernible effect on the chemistry of the pyrolyzate.
However, the higher cure pressure resulted in top and bottom ply damage. Pyrolysis in an
Ar environment resulted in incorporation of up to 12 wt % C of which 8 wt % was graphitic
in nature in the ceramic matrix. Pyrolysis in NH3 resulted in 3.9 wt % nitrogen and 1.5 wt %
carbon in the matrix, with all the nitrogen and carbon bonded to Si. The cured panels have
to be pyrolyzed/densified between 6-7 times to achieve required density and porosity
content. Oxidation behavior of the composites at 1000 °C indicate that the argon pyrolyzed
CMC’s lose more weight due to decomposition of the pyrolytic carbon, whereas, NH3
pyrolyzed CMC's are stable as both the N and C are bonded to Si in the matrix. Dielectric
constants K’ and K” measured at 1 GHz in the as-processed condition are high in the argon
pyrolyzed CMC, (K'=11-28) due to the presence of pyrolytic carbon. On the other hand NH;
pyrolyzed CMC exhibit low dielectric constant (K’ =4). On oxidation, the dielectric constant
in both the Ar and NH3 pyrolyzed panels is approximately 4.0. © 7999 Kluwer Academic
Publishers

1. Introduction simultaneous incorporation of carbon and oxygen in
The polymer pyrolysis route to processing of ceramicghe matrix results in a metastable glassy phase with
and ceramic matrix composites (CMCs) is being ac-an increased resistance to devitrification [10], which is
tively developed. Many different preceramic polymersuseful as a matrix in CMC’s [11] in the intermediate
have been discovered since their original developmertemperature range (800—110D).
by Yajimaetal. [1, 2]. These polymers onthermaltreat- In general, preceramic polymers contain a backbone
ment transform into a variety of ceramics, such as, SiGhain of silicon or silicon and O/N with alkyl (e.g.
from polysilanes, SN4 from polysilazanes, Si-O-C —-CHs, —GHs5 etc.) or aryl (e.g. —6Hs) substituents
silicon oxycarbides from polysiloxanes, silicon oxyni- attached to the silicon. In siloxane based precursors,
tride, silicon carbonitride [3—7]. The interest in thesethe backbone is made up of Si-O units. These poly-
materials has been spurred by their potential for lowmers are typically converted to ceramics in two stages.
cost, ease and lower temperature of processing. In stage one, the polymer is cured and crosslinked
Recent work with polysiloxanes has attracted at-into a solid. In stage 2, the cured solid is pyrolyzed
tention because they can be transformed into relain an inert/reactive environment, where it is trans-
tively high yielding (75-80% ceramic yield) Si—-O-C formed into a ceramic with the simultaneous emission
ceramics when pyrolyzed in the 800-10@range of gases such as hydrogen and hydrocarbons. This is
[6-9]. Pyrolysis beyond 110 results in a carbother- schematically illustrated in Fig. 1a. Typically, silicon
mal reduction into SiC, Si@ SiO(g) and CO(g). The oxycarbide glasses (S;Gy), have silicon in multiple
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Figure 1 Schematic illustration of the polymer pyrolysis process.

configurations and carbon present in both the networ2, Experimental

structure and as free carbon. Many factors effect th& his section is divided into three sub-sections. In the
structure and chemistry of the pyrolyzate. The degredirst section, the experiments performed on the pure
of crosslinking and branching in the cured product [12],Blackglas resin 489A are reported. In the second sec-
pyrolysis temperature and atmosphere [13] are knowtion, the processing of ceramic matrix composites with
to have an effect on the pyrolyzate. However, the speBlackglas resin and Nextéf 440 fibers is discussed.
cific effect of these variables on the mechanism of transFinally, the methods of characterization of the physical,
formation is not completely understood. oxidation and electrical properties are presented.

Polymeric precursors like polysilazanes have been
used to synthesize high tensile strength ceramic fibers
(Nicalon™ SiC fibers). But precursors like polysilox- 2.1. Cure and pyrolysis of Blackglas resin
anes are ideal candidate matrices since they form Blackglas resin 489A was used with 489B as the cat-
glassy ceramic on pyrolysis. The ceramic product has alyst in all the experiments with the matrix materials.
lower associated shrinkage which reduces the residud@ifferential Scanning Calorimetry (DSC) studies were
stresses and cracking. However, other causes for an iperformed on samples of Blackglas resin using a Perkin
creased flaw structure exist. The evolution of gaseouElmer Series 7000 DSC thermal analyzer system. Sam-
products during pyrolysis results in porosity at both ples with three different catalyst contents of 0.1%, 0.5%
the micro and nano levels causing a degradation in thand 1.0%, were studied from 28 through 200C ata
mechanical properties. This appearance of porosity reheating rate of 3C/min. The enthalpy of cure, the re-
quires additional infiltration, cure and pyrolysis cyclesaction start temperature, the peak temperature and the
to reduce the porosity levels in the composite and buildinish temperature were evaluated from these experi-
up the thermomechanical properties. ments.

The objective of this study was to determine the ef- In order to study the mechanism of pyrolysis of
fect of cure and pyrolysis variables on the structure andlackglas resin, samples were first cured in air &tG@5
composition of the ceramic product. The preceramicand 150C with different amounts of catalyst for 180
polymer studied was an Allied Signal proprietary ma-min. The cured polymer samples with 0.1, 0.5and 1.0%
terial called Blackgla$' (solution 489A). In addition, catalyst ratios were then pyrolyzed into silicon oxycar-
CMCs using Blackglas as matrix were processed unddside ceramics by heating to 982 under an inert Ar
differing conditions to assess the effect of processingatmosphere. The gravimetric analysis of the pyrolysis
variables on the structure, composition and propertiesvas performed using two different procedures. Small
of the CMCs. The variables studied were cure pressursamples{ 100 mg) were pyrolyzed in a Seiko Thermo
and pyrolysis atmosphere. Gravimetric Analyzer (TGA) by heating from 25 to
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1000°C at 10°C/min. Bigger samples{ 1 g) were py- (CVD) technique. The final prepreg composition was
rolyzed in tube furnace from 25 to 98¢ at 5°C/min.  46.7 wt % resin and 53.3 wt % fiber. The prepreg was
In both cases high purity argon (99.99%) ata 100 cc/mirsubjected to the processing sequence shown in Fig. 2.
flow rate was used. The layup procedure used was the following. The
Chemical analysis was performed on the pyrolyzedorepreg was removed from the freezer and allowed to
samples by Quantitative Technologies Inc. New Jerseyequilibrate to room temperature. 15 orl5 cm plies
to determine the effect of curing condition on the chem-were cut using an aluminum template. Stacking of plies
istry of the pyrolyzate. The C, H and N analysis wasinto 6 or 12 ply laminate panels in the sequence 0/90
performed using optimum combustion techniques. Thavas made with the warp dominant surface down, fol-
Si analysis was performed using Atomic Absorptionlowed by matching of warp and fill predominant sur-
Spectroscopy after digestion of the sample. Oxygeraces. After stacking, all panels were weighed, bagged
analysis was not performed. and debulked. Following debulking, a thermocouple
In order to study the types of chemical bonds presentvas placed into the panels and the vacuum bag was
after the cure and pyrolysis process infra red (IR) specinstalled. Fig. 3 shows a schematic of the layup. The
troscopy was performed using a Biorad FTIR. Curedpanels were then autoclave cured using the cure cy-
and pyrolyzed samples were powdered and mixed witltle presented in Fig. 4a. As can be seen from Fig. 4a,
KBr to obtain the spectrum in the diffuse reflectancethe panels were exposed to a maximum temperature
mode. X-ray photoelectron spectroscopy (XPS) analyef 150°C following a hold at 65C. A 30 or 80 psi
sis was performed using an Perkin Elmer PHI 5000Cautoclave compaction pressure was applied during the
on powdered pyrolyzed samples using an Alfave-  curing cycle. After cure, the panels were visually in-
length. The charge effect was compensated using a negpected, followed by ultrasonic and X-ray NDE and
tralizer gun. High resolution scans ob§iOisand Gs  finally trimmed.
peaks were obtained to determine the chemical bond The cured panels were then placed in a furnace retort
configurations of the pyrolyzate. and pyrolyzed in either argon or ammonia atmosphere.
The panels were heated up to 8Tlusing a pyrolysis
cycle shown in Fig. 4b. Pyrolysis gas flow rate through
2.2. Processing of the Blackglas matrix the retort was 60 cc/s. Pyrolysis results in a signifi-
composite cant weight loss in the matrix along with an increase
3M Nexte 440 BF18 plain weave fabric was in porosity. Panels were then subjected to further pro-
prepregged with Blackglas resin 489C (a more vis-cessing (densification cycles, Fig. 4c) by reinfiltration
cous version of 489A) by Allied Signal Inc., Des of the panels with Blackglas resin 489A, followed by
Plaines IL. Prior to prepregging, the fabric was coatedcuring and re-pyrolysis. Densification of the panels was
with a 0.1 um thick pyrolytic carbon by Synterials achieved using a pressure/vacuum apparatus. The panel
Inc., Herndon, VA. using a chemical vapor depositionwas laced into the unit and first evacuated, followed by

TYPICAL PROCESSING
SEQUENCE
| Layup Laminate |
Ceramic Cloth
Tape or Preform Autoclave Cure
NDI Inspection
Preceramic
Polymer Initial Pyrolysis
(CMC-0)
Layup on Mold @ Reimpregnation and Cure |
Autoclave Pyrolysis
Low Temperature (CMC-1)
and Pressure Cure Repeat Impregnation,
Cure and Pyrolyﬁation
. Processes to the
Pyrolysis under : 1
Cantrolled Temperature | NDI Inspectlon | Fully Densified State
and Pressure |
Testing
Net Shaped Blackglas™ - Process Control
Ceramic Ceramic @ - Physical Properties
Matrix Composite - Mechanical Properties
- Thermal Properties
- Electrical Properties

Figure 2 Flow chart of the experimental method used in processing Blackglas matrix composites.
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(1) Nylon Bagging Film
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(6) Bag Sealing Compound
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Figure 3 Schematic showing the layup of the composite panel prior to its introduction into the autoclave for the cure cycle.

160

Hold at 149 "C for 1 Hour

140 |-

120 |-

100 |-
| Apply pressure
80 |-

Release pressure

60 |-

Temperature 'C

Hold at 65°C for 30 min

40 30 or 80 psi

Pressure (Arbitrary Units)

20 |

0 1 1 1 ! 1 1 1 1 1 1 1 [ I 1 1 2 1 1
0 50 100 150 200 250 300 350 400 450 500
Time in Minutes

(a)

1000

900 L 871°C @ 44 Hours & Hold for 3 Hours

800 L 760°C @ 40 Hours

700 |
600 |-
500 ™~
400
300
200
100 21'C @ 0.5Hours

o i L 1 1 1 ] 2 1 1 I 1 L 1 L 1
0 500 1000 1500 2000 2500 3000 3500 4000
Time in Minutes

(b)

Figure 4 The time-temperature cycles used for the processing of the composites: (a) the autoclave cure cycle, (b) the pyrolysis cycle and (c) the
densification cycle.@ontinued.
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TABLE | Table giving the panel identification and processing condi- ity was measured using a modified ASTM C-20 method
tion for all. Also shown is the key processing variable studied for each[14]. Here, instead of infiltration with boiling water, the
panel panels were pressure/vacuum infiltrated before mea-
Panel  Cure Pyrolyzing suring wet weight. Chemical analysis similar to the
name  pressure  atmosphere  Comment method used in the analysis of Blackglas ceramic was
030 20 psi Argon Baseline perform_e_d on the_composites to determine thg chemical
P80 80 psi Argon Effect of autoclave cure pressure composition. Optical and scanning electron microscopy
PNHs 30 psi NH, Effect of pyrolysis environment ~ Was performed on samples cut from the three panels,
to observe the cross section microstructure. The cross-
section samples were cut, cold mounted and gradu-
the introduction of the resin Blackglas 489A mixed with ally polished so as to minimize cracking during the
catalyst into the panel. Following the vacuum impreg-process.
nation, the panels were subjected to a 80 psi pressure Oxidation behavior of the C-coated Nextel 440 fab-
to force the resin into all the pores. The impregnatedic was performed on a Seiko TGA by heating up from
panels were then cured and pyrolyzed. More than oneoom temperature to 105C at a rate of 10C/min in
densification cycle was required and this process of rean environment of flowing air at 100 cc/min. Oxidation
infiltration, curing and pyrolysis was continued until behavior of the pyrolyzed panels were examined using
relative weight gain in ceramic matrix over the previ- samples 25 25 mm in dimension in a tube furnace in
ous step was 1%. It was found that 5-6 densifica- a static air environment. Thermomechanical analysis
tion/pyrolysis cycles were required to reach a point of(TMA) was performed in the temperature range of 25—
diminishing returns, after which subsequent densifica1150°C using a heat up rate of X&/min in an environ-
tion and pyrolysis did not result in more than 1% weightment of flowing air 200 cc/min in a Seiko TMA on the
gain. pyrolyzed panels both in the in-plane and out-of-plane
The panels were subjected to process control testrientation using two samples for each case. Samples
i.e., pyrolysis weight loss, dimensional, volume andof the composite were used to evaluate the effects of
porosity measurements at each processing step. Fgdocessing variables on the electrical properties. The
lowing final pyrolysis, the panels were again examinedpermittivity at X-band (8-12 GHz) was measured on
for flaws using visual and NDE inspection techniques.waveguide specimens 2525 mm in dimension in the
Six panels were processed and two processing varas-processed state and after oxidation at 815 anéi®82
ables were studied. The processing variables includefbr up to 100 h using an Hewlett Packard 8510B Net-
the effect of autoclave cure pressure and the effect of pywork Analyzer.
rolysis atmosphere on the composite properties. Panel
nomenclature along with the processing conditions and
variables is summarized in Table I.

3. Results and discussion
3.1. Cure and pyrolysis of Blackglas resin

2.3. Characterization of the physical, 3.1.1. The hydrosilyation reaction
electrical and oxidation properties of The process by which a silicon-carbon bond is synthe-
Blackglas matrix composites sized by addition of organosilanes/siloxanes that con-

The Blackglas CMCs were subjected to the followingtain silicon hydrogen groups to organic compounds
characterization and analysis procedures. Open porosgvith terminal double bonds is called a hydrosilyation
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reaction [15_17]. In the cure of B|ackg|as resin, a Sim-TABLE Il Summary of the effect of catalyst content on the DSC
plified representation of the cure reaction where A andesults on Blackglas resin

E are two functional groups in the monomer is giveny, cataiyst Onset() Peak (C) AHeorr (3/g)
y
0.1% 104.7 1375 —244.6
~A + B~ lvst— ~AB~ | 1 0.5% 68.4 106.7 —-370.7
+B~+ Catalyst + Catalyst (1) g, 65.8 102.6 —430.5

This type of reaction is typical of step polymerization
in which the catalystis regenerated after the completion

of the reaction, is also representative of the hydrosily- F
lation reaction. Neglecting the effects of multifunction- 50 E
ality (> 2) of the monomer units and assuming equal 100 3
reactivity of the functional groups, :
-150
Rate of reaction= _dAT _ —dBl 200 |
dt dt ) ;
= K[A][B][Catalyst]  (2) <= "0F"
E 300
whereK = Rate constant Kg-exp(—AH/RT), Kgis 5 350 3
the temperature independent constait is enthalpy : [ |
of reaction,T is temperature anR is gas constant. So -400 |
the curing kinetics is affected not only by time and tem- 450 3 u
perature of curing, but also the catalyst concentration. :
For this study, one or more cyclosiloxane monomer(s)  -500 bl do bt bbb b

0 02 04 06 08 1 12 14 16 18 2

having the general formula, % Catalyst Concentration

R’ Figure 5 The effect of amount of catalyst mixed with Blackglas precur-
| sor 489A on the heat of reaction obtained from DSC experiments.
lsi _O\
\ | ]
R ficient viscosity and restrains the mobility of the cat-
alyst molecules to active sites. Fig. 5 shows the effect

of catalyst concentration on the enthalpy of the curing
were used as the starting material [5]. In this monomerfeactions. Table Il details the reaction start and peak
nis an integer between 3 and 30, R aridife a combi- temperature along with the heat of reaction. The heat
nation of hydrogen, alkene (€, hydrocarbons) and 0f reaction is corrected for weight loss due to vaporiza-
alkyl (-CHs, —GHs etc.) groups. In these alkene and tion of the low molecular weight monomer units. Since
alkyl groups at least one vinyl carbon atom is directlycuring of Blackglas is an addition polymerization reac-
bonded to Si [5]. The chemistry of the monomer istion, there are no by-products to the reaction. Weight
proprietary to Allied Signal Corporation. The catalyst loss in the curing process is due only to evaporation of
used in the reaction are complexes of platinum whicrthe monomer. To confirm this, a DSC experiments were
yield very few by products. The exact chemical natureperformed on the pure Blackglas solution (0% catalyst).
of the catalyst and Blackglas resin 489B is proprietaryAlthough the weight loss in this case was'5%, no re-
to Allied Signal Corporation, Morristown, NJ. action peaks were observed. From the Table Il itis clear
The results of the tests performed on the Blackglaghat the heat of reaction is exothermic and is a function
489A solutions containing 0.1%, 0.5% and 1.0% cata-0f the catalyst concentration. With an increase in the
lyst to study the curing characteristics is outlined below.catalyst content, th& H increases antionsetand Tpeax
temperatures decrease. Thgak Which is a measure
of the reaction rate, decreases/@d increases, in ac-
3.1.2. Effect of catalyst concentration on the  cordance with Equation 2. Therefore faster kinetics and
curing of Blackglas resin a larger number of active sites at higher concentration
The hydrosilylation reaction between H and vinyl of catalyst cause a greater extent of curing yielding a
groups (—CH=CH,) attached to Si atoms is typically larger heat of reaction.
catalyzed by platinum [15]. This reaction is schemati-
cally represented in Fig. 1b. Blackglas, which is made
up of siloxane backbone with H and vinyl groups at- 3.1.3. Effect of temperature and time
tached to silicon, has a functionality (of the monomer on the curing of Blackglas resin
units) greater than 2. DSC test runs in conjunction with IR spectroscopic
In case of the multifunctionality of the monomer techniques were used to determine the effect of tem-
units, polymerization leads to network formation andperature and time of cure on the characteristics of the
cross-linking. Typically, such polymers exhibit a gel Blackglas 489A resin mixed with different amounts of
point at which point the reaction medium achieves suf-catalyst. Samples cured at varying temperatures and
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TABLE IIlI Test matrix of cure and DSC experiments on Blackglas gt 150°C for 180 min. Sincethe IR spectra ofthe Black-
resin solution

glas solution could not be obtained due to proprietary
restrictions, the actual polymerization mechanism and

psc the extent of curing can only be qualitatively assessed

% Cure temp. Cure time

Catalyst {C) (min)

0.1% 75 180 v
0.1% 150 180 X
0.5% 75 180 v
0.5% 150 180 J
1.0% 75 180 X
1.0% 150 180 X

alyst content were cured at 75 and 280for 180 min.

by comparing the spectra of the cured samples. Curing
was studied by monitoring the peaks attributed to Si—H
(2154 cntt) and Si—vinyl (1597 cm?') [18] groups.
Differences in the peak height among the different cure
conditions indicate that with increase in temperature of
cure and catalyst content, the intensity of the Si-H and
C=C (Si~vinyl) stretch decreases suggesting a greater

extent of cure. From Tables IV and Fig. 7 it can be
times were subsequently analyzed using DSC and IReen that the kinetics of curing of 0.1% sample &t@5
spectroscopy. The test conditions are summarized iis slow and complete cure is not achieved even after
Table lll. Samples containing 0.1%, 0.5% and 1.0% cat180 min. Hence DSC run on the post@cured sam-

ples of Blackglas show an exotherm due to post curing.

Neither the cure temperature nor the catalyst conterBut on increasing either the catalyst content or the cure

had any significant differences on the characteristics ofemperature, the exotherm disappears.

the IR spectrum. Fig. 6 is a representative IR spectra of Additional studies were conducted to examine the
the Blackglas 489A solution with 0.5% catalyst curedcure kinetics at a fixed catalyst content and cure

TABLE IV DSCtestresults showing effects of catalyst content, cure time and temperature on the onset temperature, peak temperature and enthalpy
of post cure

Post cure characteristics

% Cure temp Cure time

Catalyst {C) (min) Onset{C) Peak {C) AHcorr (3/9)
0.1% 75 180 124.4 147.7 -7.6
0.5% 75 180 — — 0
0.5% NA2 0 68.4 106.7 -370.7
0.5% 150 2 No peak No Peak -0.8
0.5% 150 180 No Peak No Peak 0

aNA = Not applicable.
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Figure 6 Representative IR spectra of cured sample of Blackglas resin mixed with catalyst and cured. This particular sample was mixed with 0.5%

catalyst and cured at 13C for 180 min.
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0.5% Catalyst/150°C Cure

0.5% Catalyst!75°C Cure

Energy (a.u.)

0.1% Catalyst/75°C Cure

0.1% Catalyst/Blackglas Resin

T T 1
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Temperature (°C)

Figure 7 DSC runs of cured Blackglas resin mixed with different amounts of catalyst and cured at different temperatures. The cure conditions were
0.1%/75°C, 0.5%/150C and 0.5%/75C, with all samples cured for 180 minutes at temperature. The DSC runs indicate incomplete curing in the
0.1%/75°C Blackglas sample.

temperature. Blackglas resin with 0.5% catalyst were3.1.4. Pyrolysis of the cured Blackglas

cured at 150C for different time intervals were then product

reheated on the DSC. Fig. 8 shows the plondfl vs.  Table V details the pyrolysis yield (wt. of ceramic/wt.
time of curing. The cure kinetics for this reaction as canof cured polymer) of the Blackglas ceramics obtained
be seen from the plot is very fast. Expressing the extenthrough pyrolysis of samples cured under different con-
of reaction as\ Hpost cured Blackgla)A H(glackglas resimy it~ ditions. It is evident that the curing conditions did not
can be seen that even a short time of 2 min is enoughhange the pyrolysis yields much. This is surprising,
to complete 99% of the reaction. since extent of cross-linking has been shown to have a

TABLE V Pyrolysis yields and carbon content of ceramic as a function of catalyst content and cure temperature. All samples were cured
for 180 min

% Yield % Carbon
%
Catalyst 75C 100°C 150°C 75°C 150°C
0.1 81.6 NAF 82.4 22.3 25.7
0.5 82.4 82.3 82.5 28.1 26.9
1.0 82.0 NAF 83.0 NAF NAF
0.5+ 70 psi NAF 82.9 NAF NAF NAF
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Figure 8 Curing kinetics of Blackglas solution 489A containing 0.5%
catalyst cured for different times at 150.

and XPS spectroscopy. Fig. 9 shows the IR spectrum
of the argon pyrolyzed samples. Comparing Figs. 6 and
9, most peaks present in the precursor disappear on py-
rolysis and are replaced by a broad peaks of Si—O-Si
and Si—C stretches at 1065 ctiand 810 cm?, re-
spectively. The broad peak centered at 1837 tiB
attributed to amorphous carbon. CHN chemical analy-
sis determined that the carbon content of the ceramics
shows no particular trends except for one case. The
Blackglas resin with 0.1% resin and cured atZshad

a lower carbon content (see Table VI) compared to the
other samples. The reason for this may be attributed
to the incomplete curing of this sample resulting in
slightly lower yield and carbon content. XPS of the py-
rolyzed Blackglas ceramic also did not reveal major
differences in the characteristics of the bonding based
on differences in the catalyst content or cure tempera-
ture. Fig. 10 is a representative spectra of the Blackglas
matrix pyrolyzed in Ar at 982C, showing deconvo-
luted Si, C and O peaks. Both Si and C atoms show
two major bond configurations. For Si atoms this arises

strong effect on the pyrolysis yields [12]. In order to because Siis bonded to both O and C atoms. Carbon on
explain this apparent anomaly, the samples were furthe other hand shows peaks matching C—C (graphitic)
ther analyzed for chemical composition and using IRbonds at 284.3 eV and Si—C bond at 283.1 eV.

TABLE VI Table showing the chemistry, fiber volume fraction and porosity in the as processed Blackglas matrix composites as well as some basic

information about monolithic Blackglas and Nextel 440 fibers

Chemical composition

Fiber volume Apparent
Panel ID %Si %0 %C %H %N %Al %B fraction/) porosity (%)
Matrix 40.57 NAR 26.87 0.4 NAF NAF NAF NA 5.0
Fiber 13.07 49.71 NAF NAF NAF 37.0 0.2 NA NA
P30 NAF NAF 11.65 0.13 NAF 15.0 <0.1 31.57 3.29
P80 NAF NAF 12.26 0.16 NAF 15.55 <0.1 29.49 3.27
PNH; NAF NAF 1.48 <0.1 3.92 15.08 <0.1 28.1 4.42

aNAF: Not analyzed for.
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Figure 9 Representative IR spectra of the Blackglas ceramic pyrolyz
resin with 0.5% catalyst cured at 150.

ed at®@@ean argon environment. This spectra corresponds to Blackglas
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Figure 10 Representative XPS spectra of cured and pyrolyzed Blackglas ceramic. This particular XPS spectra is of a Blackglas resin 489A mixed
with 0.1% catalyst cured at 15C for 180 min and subsequently pyrolyzed at 962in Ar.

Two possible explanations for the minimal influence by the incomplete cure. Incomplete cure results in a
of catalyst content and cure temperature on the pyhigher degree of unreacted functional groups. During
rolyzate are proposed. (i) It is clear that the curingthe initial stages of pyrolysis (¥ 300°C), the wt. loss
conditions do not strongly affect the chemical compo-(see Fig. 11) is probably associated with evaporation of
sition, pyrolysis yield or the chemical structure of the volatile monomer units.
pyrolyzates. This implies that either there is a thresh-
old level beyond which cross-linking does not increase
yield or that there is the possibility that the samples un3.2. Implications of the cure and pyrolysis
derwent complete curing during the initial stages of the study for processing of Blackglas
pyrolysis process due to thermal activation. (ii) Lower matrix composites
yield and carbon content in product which had a 0.1%lt has been determined that the kinetics of the hydrosi-
catalyst content and cured at@Swas possibly caused lylation reaction is extremely fast and the controlling
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Figure 11 Thermogravimetric analysis of blackglas sample when heated from room temperature t€1k@er flowing argon.

factor in the cure process is the migration of catalystcation cycle, the normal pyrolysis cycle was repeated.
to reaction site. The extent of curing is promoted byThis densification and pyrolysis cycles were repeated
increasing the catalyst content and by increasing théCMC-1 and higher) till required decrease in the poros-
temperature of cure. However, while processing comity content was achieved. The overall process cycle is
posites, in particular, large parts and panels, slow andepresented in Fig. 1.

uniform curing is required to prevent delamination.

Based on the results of the catalyst content and cure

time/temperature on the characteristics of the struc- ) ]

ture and chemistry of the pyrolyzate, the cure cycle3-3. Processing of the Blackglas matrix

shown in Fig. 4a was adopted for processing of the composites

composites. The cure cycle had a two step heating-3-1. Process data

up to 150°C with a 30 min hold at 65C to equili- Process data such as density, porosity and weight
brate. Two different cure pressures of 30 or 80 psi werd0Ss on pyrolysis were monitored at each stage of
used. the processing of the composites. Fig. 12a—c are the

Fig. 11 a plot of weight change as a function of results of process data plotted as a function of the
temperature derived from a thermogravimetric analyzeProcess step. The first pyrolysis cycle going from the
(TGA) of a representative cured Blackglas resin sameured state to CMC-0 is the most important step since
ple heated in a flow of Ar from room temperature to this determines not only the number of subsequent

1100°C. Three distinctive reg|0ns can be identified. infiltration/densification and pyl’0|ySIS StepS to follow
They are but also the microstructure and properties of the

final composite. Pyrolysis of cured Blackglas resin
Region| 25 ~ 530°C results in porosity and shrinkage. Therefore on the
. . first pyrolysis, density of the composite decreases, the
Regionll  530-766°C porosity increases from 0% in the cured state to greater
Region Il 766— 1100°C than 30% after CMC-0 accompanied by a weight loss
of > 5%. From Table VI it can be seen that the porosity
Maximum weightloss{ 12%) occursinregionll. This in pure Blackglas matrix is approximately 5% which is
temperature range corresponds to the pyrolysis stage imuch lower than that measured for the composites. The
which the pyrolyzate goes through a high surface areagason for this dissimilarity between the monolithic
high porosity and low density phase. In processing thélackglas and in the composite is that in the latter case
Blackglas matrix composites a very slow heating ratehe constraint and dissimilar shrinkage between matrix
was adopted in this temperature range to minimize thend fibers in the composite causes matrix cracking
effects of shrinkage and porosity. Fig. 4b shows detailsvhich contributes to the additional porosity in the
of the pyrolysis schedule employed in the processingomposite. Fortunately, much of the porosity present
of the Blackglas matrix composites. In order to elimi- after CMC-0 is interconnected and get filled up with
nate the porosity formed after the initial pyrolysis cy- resin on subsequent infiltration with Blackglas resin
cle (CMC-0) additional infiltration and cure cycle was 489A during the densification process. On subsequent
performed as shown in Fig. 4c. Following this densifi- pyrolysis, (CMC-1 and higher), the porosity gradually
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fills up with the pyrolyzed product and there is a steady It can also be seen from the figures that the panels
increase in the density and decrease in open porosity30 and P80 behaved almostidentically while the BNH
of the composite as shown in Fig. 12a—c. panel had greater weight loss and associated porosity at
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Figure 12 Process control variables as a function of the number of densification/pyrolysis cycles: (a) the density of the blackglas matrix composite,
(b) porosity content and (c) weight loss after each densification/pyrolysis cycle.
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each step. Therefore PNidanels had to be processed els, apparent porosity and the calculated fiber volume
one additional step (CMC-6) to achieve the same porosfraction of the composites are listed in Table VI. Also
ity levels as P30 and P80. shown in the table, are the compositions of the origi-
nal fiber and monolithic Blackglas processed through
CMC-0 in an environment of Ar under similar condi-
3.3.2. Pyrolyzed products tions as the composite panels for comparison purposes.
Two panels of each of the three experimental condition§ he chemical analysis data shows that panels P30 and
were processed. The chemical composition of the panP80 had a chemically different matrix in comparison

(b)

Figure 13 Optical micrograph of the CMC under various conditions showing the microstructures: (a) P30 sample, (b) P80 sample ang (c) PNH
sample. Continued.
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Figure 13 (Continued.

to PNHs. The pyrolysis in ammonia resulted in the in- Fig. 13a—c show low magnification optical micrographs
corporation of 3.9% N in composite with as little as of the cross-section of the panels. The panels were well
1.5% C. On the other hand pyrolysis in Ar resulted incompacted and the warp and fill fibers are seen. It has
approximately 12% C in the composite. It is evidentbeen shown that pyrolysis of polysiloxane polymers
from the Table VI that, the autoclave cure pressure dideads to the formation of micro and nano pores [21].
not affect the chemistry of the final product. P80 had an all the samples the extent of open porosity is mea-
slightly lower volume fraction of fibers but was slightly sured while the extent of closed porosity (both nano
richer in carbon when compared to P30. and microporosity) is unknown. Porosity levels in the
composites were 6%.

The large cracks seen in the matrix are indicative of
3.3.3. Development of microstructure a weak matrix, a consequence of the dissimilar shrink-
Representative samples were cut from the three panelage of fiber and matrix during pyrolysis and cool down
polished and mounted for microscopic observationsfrom temperature. These cracks were formed during
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Figure 14 Low magnification SEM micrograph showing the cracked structure after first pyrolysis.

the first pyrolysis cycle (CMC-0) and contribute to the top and bottom plies as shown in Fig. 13d. This top
interconnected porosity. This is apparent from Fig. 14 ply crack cracking is absent in P30 and PNwnhich
which shows a low magnification SEM picture of a were both cured at 30 psi. In addition, the number and
Blackglas matrix composite after the first pyrolysis cy- size of the cracks in the P80 is larger compared to the
cle. The figure shows the network of cracks formedP30 as seen in Fig. 13a and b. It is concluded that the
during the first pyrolysis cycle. The cracks were filled higher cure pressure in the former case resulted in ma-
up during the subsequent reinfiltration and pyrolysistrix cracking resulting in a larger density of cracks in
steps. Examination of the matrix cracks at higher magthe final product.

nification indicate that the material at the edges of the On the other hand, pyrolysis in ammonia atmosphere
cracks are chemically different compared to the rest ofesulted in significant differences in processing steps,
the matrix. Fig. 15a and b are high magnification SEMmatrix chemistry and microstructure of the composites.
images along with Si (Fig. 15c¢) and O (Fig. 15d) en-Pyrolysis resulted in substitution of C with N in the
ergy dispersive X-ray maps of the regions in Fig. 15b.matrix. Of all the composites, the number of cracks is
The regions around the crack are richer in oxygen amost extensive in PN{(Fig. 13c). Pyrolysis in NH
indication that trapped oxygen and/or trace amounts ofieads to larger shrinkage (more of the C is lost and not
oxygen present in the Ar reacted with cured polymermuch of it compensated by an increase in N) yielding a
during the cure step and became included in the ceramiweak porous matrix. Pyrolysis in NHields a slightly

in the pyrolysis stage. Pathways for oxygen are retainethrger porosity levels.

through the reticulated crack in the subsequent pyroly-

sis steps. Although cracks are also formed in the fiber

rich areas (Fig. 15a), these cracks are filled up and thg 3 5. Oxidation of Blackglas matrix CMCs
fibers remain properly spaced and completely wetteq ong term stability of the Blackglas matrix CMCs
by the matrix. is critical for prolonged use at elevated temperatures.
When exposed to elevated temperatures there are two
sources of oxidation (i) Burn out of the carbon coat-
3.3.4. Effect of processing variables ing on the Nextel fibers and (ii) Intrinsic oxidation of
Of the two processing variables studied the autoclav8lackglas matrix. It was shown by Goncey al. [19]
cure pressure did not have a significant effect on theising thermo gravimetric analysis that C-coating thick-
composite microstructure and chemistry. The apparentess played an important role in determining the total
porosity of the CMCs is not a function of the com- weightloss on heatup from 25to 900. In their studies
paction pressure as shown in Table VI. The rationalét was shown that this weight loss occurred at approx-
behind increasing the cure pressure was to ensure goaahately 650°C. The weight lost on heating up Nextel
wetting and compaction. Further it was expected thatin440 fabric coated with different thickness of C-coating
creasing the pressure would increase fiber volume frads shown in Fig. 15 [19]. Thermogravimetric experi-
tion. The advantages of increasing the pressure were natents of the Nextel fabric coated with carbon were
realized. Curing the panels at 30 psi pressure ensurgeerformed in a Seiko TGA by heating in the range of
good wetting and compaction. In fact, higher pressure25-1000C at 10°C/min in an environment of flow-
were detrimental. When higher cure pressures of 80 psing air (100 cc/min). Relative weight of the sample as a
are used, extensive cracking occurs in the fibers in th&unction of temperature is shown in Fig. 16. The carbon
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burn out occurs between 570 and 620with a total NH3 pyrolyzed panels have approximately 28 vol %
weight loss of 2.9 wt %. Comparison of this data with Nextel fibers and the 1% total weight loss corresponds
Fig. 15 indicates that the carbon coating thickness onvell with the carbon coating burn out. The matrix in
the Nextel 440 fabric is approximately 0.18n. Both  the NH; pyrolyzed panels is stable as the C and N are
the 6 and 12 ply CMC panels processed under the threlgonded to the Si. On prolonged oxidation there is even
different conditions were oxidized for up to 500 h in a small increase in weight which corresponds to the
a furnace in a static air environment at 10@ The oxidation of the Si in the matrix yielding SO On
samples were periodically removed, weighed and reinthe other hand, on oxidation, the Ar pyrolyzed panels
troduced into the furnace. The results of the oxidationexhibit as much s.a 5 wt%decrease in weight. Of
tests are presented in Fig. 17. this 1 wt% is accounted for by carbon coating burn
The oxidation experiments indicate that compositeoff. The other 4 wt% is due to the oxidation of the
pyrolyzed in an NH environment resulted in only a 1% pyrolytic (graphitic) carbon present in the matrix. The
decrease inweight afteraslongas500hat T@JThe  presence of the graphitic carbon is verified by the XPS

\ -
178 128KV 25808 P\
)

Figure 15 Scanning electron micrograph of the P80 sample showing the presence of cracks in the matrix in (a) fiber rich areas, (b) matrix rich regions
together with the (c) silicon and (d) oxygen X-ray dot map for the region. Dot map clearly shows that darker areas in (b) are richer in oxygen. Regions

A are the matrix from first pyrolysis, while regions B are reinfiltrated mat@ortinued.
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Figure 15 (Continued.

data in Fig. 10. These results indicate that the Ar py- 0
rolyzed panels are less oxidation resistant than the NH
pyrolyzed panels. -1

'
[\

e —

3.3.6. Thermomechanical analysis of

Blackglas matrix CMCs
Thermomechanical analysis was performed from 25 to
1000°C on all the Blackglas matrix composite pan-
els in both the in-plane and out-of-plane orientations
and the data is summarized in Table VII. In the in- -5
plane orientatiopny, > apzo> apgoWhile in the out-

Weight Loss (%)
A &

of-plane orientationvpnp, < ap3o< apgo The density -6 L L L L
of the composites follow the trengbyi, < pp3o< Ppso 0 0.05 0.1 02 0.3
and the porosity content in the composite is in the or- Carbon Coating Thickness (jm)

der of VP.NH3 =~ VPSO’.% Vpso (Se.e Flg' 12)' In. addition Figure 16 Weight lost on heat up of Nextel 440 fabric coated with dif-

the denSIty of matrix cracks is the Ia_rgeSt in the \NH ferent thickness of carbon coating. The experiment was performed in a

pyrolyzed samples. The CTE of the fibers are the samega in the temperature range of 25-9D[19].

in all the cases and all three composites have very sim-

ilar volume fraction of fibers (28—-31 vol %). Hence,

the largest in-plane CTE in PNHmay be attributed sion of the Nextel fibers. The resulting composite CTE

to the presence of a large number of matrix cracks (seis similar to the CTE of the un-reinforced Nextel 440

Fig. 15) which resultin a lower constraint for the expan-fabric. The out-of-plane CTE is controlled primarily by
the expansion of the matrix. The larger porosity content
in the matrix of the PNHR results in easy accommoda-

TABLE VII Coefficient of thermal expansion of Blackglas matrix tion of the expansion of the panel resulting in a lower

composites reinforced with Next&! 440 in the temperature range of overall CTE in the out-of-plane orientation. AIthough

200-750C the porosity levels of P30 are almost the same as that
Sample CTEPPMPC of PE_SO,ago is less than that ofg_o. Thisis prpbably due
Panel ID orientation (200-75C) to slightly lower volume fraction and to fiber damage
in P80, which reduces the composite CTE.
Nexte™ 440 — 5.4 inthe
Fabric® 25-1000°C range
P30 In-plane 4.7 i ) i
Out-of-plane 3.7 3.3.7. Dielectric properties of Blackglas
P80 In-plane 4.4 matrix CMCs
OUt'IOf'p'a”e 4.1 Dielectric properties of representative specimens from
PNHs g:t’_i?_;ane 253 each of the three processing conditions were evalu-
' ated using the waveguide technique at a frequency of
3CTE: Coefficient of thermal expansion. 10 GHz. In addition specimens oxidized for up to 100 h
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TABLE VIII Dielectric properties at 10 GHz of Blackglas matrix composites reinforced with Nextel 440 fabric under various processing conditions
and oxidation states

Oxidation Nextel 440 (Uncoated) Nextel 440 (Uncoated) P30 P30 P80 P80 3 PNH PNH3
conditior? K’20 K720 K’ K” K’ K” K’ K”
As-Processed 5.7 @ 9.375 Ghz 0.015 @ 9.375 GHz 11.0>1.0 28.0 >1.0 3.9 >1.0
5h — — 4.3 0.22 4.3 0.22 4.0 0.22
10h — — 4.3 0.22 4.3 0.22 4.0 0.11
50h — — 4.3 0.22 4.3 0.22 4.0 0.13
100 h — — 4.3 0.22 4.3 0.22 4.0 0.13

ap30 and P80 were oxidized at 982 while PNH; was oxidized at 816C.

100.1

Weight Loss 2.9%

Relative Weight (%)

98.0-
Carbon Coated Nextel 440 Fiber

970}
1213°C
71.1 min
9%.9%

96.0 1 1 i

30 272.5 518 757.5 1000

Temperature (°C)

Figure 17 Thermogravimetric analyzer plot of relative weight (as a percentage of original weight) as a function of temperature of the C-coated Nextel
440 fabric on heat up from 25-110G at 10°C/min in an environment of flowing air.

B P30-12 Plies —A— P80-6 Plies at 1000°C were examined and results are summarized
in Table VIII. In the as-processed state the dielectric
constantk’ in the Ar pyrolyzed sample is in the range
—h— P80-12Plies  -O— PNH3-6 Plies of 11-28 whereas in the Nf-yrolyzed sample it is
approximately 4.0. The difference in dielectric con-
stants in the two processing conditions arise due to the
difference in the matrix chemistry. The Ar pyrolyzed
panels have as much as 8 wt% graphitic carbon (see
Fig. 10) which makes them very electrically conductive
resulting in a large value df’. On the other hand the
NH3; pyrolyzed panels have network C and N bonded
to Siin the matrix resulting in lower electrical conduc-

~0— P30-6 Plies —V— PNH3-12 Plies

Weight Loss (%)
0

-3
tivity and lower dielectric constant. Both categories of

4 samples have a dielectric loss factof of ~1.0. On

oxidation for as little & 5 h at 982C for the Ar py-

-5 rolyzed samples resulted in a significant drogKihto
0 1 2 10 25 50 100 200 500 4.3 and this value dk’ remains stable even after 100 h

Time (hours) of oxidation. This drop irK’ can be attributed to a burn
Figure 18 Weight loss as a function of oxidation time of Blackglas ma- off of the graphltlc carbon presentin the matrix. THe

trix CMC's at 1000°C in a static air environment in a furnace. Three N the NH? F’Ym'yzed Sample remans .Stable around 4'_0
processing conditions were studied (i.e. P30, P80 anddpkd two @S there is little change on the chemistry of the matrix
panel thicknesses of 6 and 12 plies were examined. on prolonged oxidation at 8T€.
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4. Conclusions 4,

The following generalized conclusions can be drawn:

5 R. Y.

1. The curing behavior of Blackglas precursor solu-

tion is strongly dependent on the catalyst content. Thee,

curing is an extremely fast process.

2. Ceramic structure and ceramic yield of Blackglas 7

is not dependent on the curing conditions. The ceramic
contains free and network carbon and yields-aB2%. 4

3. Processing of CMCs leads to shrinkage cracking
and porosity. Autoclave cure pressure did not signifi-
cantly affect the chemistry and porosity in the CMC.
However the cure pressure increases cracking and darm?
age in the P80 CMC.

4. Processing inammonia increases the cracking and
porosity in the CMC. Also ammonia pyrolysis intro-
duces N in the PNElcomposite.

5. Crack like interfaces are present in the fully den-
sified CMCs. These interfaces significantly deteriorate
the oxidation resistence.

14.
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