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FOREWORD

This report was prepared by the Thermally Protective Plastics and
Composites Section, Plastics and Composites Branch, and was initiated
under Project 7340, 'Nonmetallic Composites and Materials," Task 734001,
"Thermally Protective Plastics and Composites." The work was administered
under the direction of the Nonmetalli. Materials vivision, Air Force
Materials Laboratory, with Mr. R. W. Farmer (AFML/LNC) as the Projecf
Engineer.

This report was submitted by the author in September 1971.

Many of the items described-in this report were commercial items that
were not developed or manufactured to meet any Government specification,
<0 wifhstand the tests to which they were subjected, or to function as
applied during this study. Any failure to meet the objectives of this
study is no reflection upon any of the commercial items discussed herein

or upon any manufacturer.

This technical report has been reviewed and is approved.

) DS
T. . REINHART, JR.
Acting Chief, Plastics and
Composites Branch

Nonmetallic Materials Division
Air Force Materials Laboratory
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ABSTRACT

Future reentry vehicles will use pyrolyzed plastics and monolithic
graphites for shape stable, thermal protection systems. O*idation kinetic
models and kinetic constants for these models will be necessary to predict
(1) Vinear and mass losses, (2) altered heat and mass transport features
of the ablation contaminated flow field, (3) the effects of ablative and

cortaminant species on optical/radar observables, and (4) related phenomena.

constant heating rate thermogravimetry was used to study the funda-
mental'kinetics and mechanisms of surface oxidation at temperatures to
1000°C. The materials included an ablative pyrolyzed plastic, an ammonium
chloride-fi!led version of this maté}ial, three graphites, graphite fabric,

and a carbon.

The thermograms of powder samples of the pyrolyzed plastic and most
of the other materials were similar. Oxidative resistance was reduced by
an increase in airflow rate, heating rate, oxygen concentration, pressure,
or surface area. These sample and environmental responses were consistent/

with an Arrhenius-type kinetic model.

There was evidence of diffusive effects, of the type normally found
at temperatures above 1000°C, in some of the heating rate, oxygen con-
centration, and surface area experiments. This unexpectéd result was
tentatively explained in terms of a phase boundary control theory of

surface oxidation.
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The recording thermobalance was unsatisfactory in operation over a

sufficiently wide range of sample and environmental variables for a com-

prehensive investigation of kinetics and mechanisms. A prototype version

of a unique gas purge/vacuum netwvork was therefore built and cemonsirated

over an extremely wide range of environmental variables.
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INTRODUCT ION

Pyrolyzed plastics and graphites are capuble of excellent ablative
performance in severe hyperthermal environments. The low recession rates
result from efficient heat rejection and a tclerance for pressure and
shear mechanical effects. These materials are finding current use and
are being further developed for such Air Force applications as heat

shields, leading edges, nose caps, and rocket nozzles.

Oxidation is a major process in the ablation of pyrolyzed plastics
and graphites. Oxidation consists of chemical, heat transfer, and mass
transfer elements dependent upon surface temperature. Surface oxidation
dominates up to about 2000°R. The surrounding, local oxygen is rapidly
consumed at higher temperatures. Diffusion and associate gas-to-surface
effects then control the overall rate of oxidation. Transition between
surface and external control is a third rate-controlling region. Sub-
limation begins at very nigh temperatures and ultimately exceeds oxidative
rates, thus controlling mass iransier,

Oxidation on the surface during graphite ablation is frequently ex-
pressed as

. n -E/RT
m = A(zPe) e (1)

where m is the mass transfer rate (as lbs/ftz-sec) away from the surface,

A is the first Arrhenius constant, z the mole fraction of surface oxygen,
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Pe the static pressure at the boundary-layer edge, n the effective oxygen »

concentratiun exponent, E the second Arrhenius constant, R the gas con-

stant, and T the temperature (Reference 1).

The Arrhenius-type correlation was originally derived from a review ’

of various kinetic correlations and isothermal thermogravimetric data for

a wide variety of carbons and graphites (Reierence 1). More accurate
! correlations for surface oxidation as well as correlations for the tran- F
i . . . . !
sition and diffusion regions have been largely based upon Equation 1. J
. i
)‘ The kinetic constants n, A, and E cannot be directly intrepreted as .
1

fundamental properties as density or specific heat., Their physical de-
pendence upon the nature of the surface, thermal history, and other fu-
gitive variables is similar to the surface-dependent character of emit-

tance. Consistent with this analogy, the surface reastion rates show not ;

only the expected large dependence upon ' 1perature but, further, a de-
pendence upon type of graphite and its surface through the values ot n,
A, and E. In the transition and diffusion rate-controlling regions,
however, mass transfer becomes relatively independent of the graphite,
its surface, and surface temperature but is dependent upon the rate of
oxygen supply. The surface reaction rates then show an expected large

dependence upon n, Pe and Pw' and z.

1 A recently postulated mechanism of graphite oxidation suggests that

b

surfa- = reactions alone may control oxidation at most temperatures (Ref-

erence 2). The theory of phase boundary control specifically excludes

N e T e ooy e pieppa
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transition and diffusion effects suggesting temperature-dependent surface
reactions to the sublimation region for a constant partial pressure of

surface oxygen.

The postulated phase bcundary control mechanism raises serious ques-
tions about the validity of experimental methods to (1) establish specific
kinetic models, (2) measure kinetic constants for these models, and (3)
verify postulated mechanisms. The questions stem primarily from two
attendant characteristics of phase boundary control. The first effect is
a dependence of an "apparent' rate-controlling mechanism upon critical
sample and environmental variables that can affect the terms of Equstion
1. Specifically, these variables could conceivably include airflow rute
and the attendant influence upoun local external and local surface oxygen
concentration and pressure, static oxygen concentration und preusure, and
surface arca of the sample. The second etfect is a shitt ir the eftective
temperature range oi the apparent mechanism with a change in the magnitude
of one of the varifables, The importanit end result of theae twe vtfects

Is an Incorrect value of n, A, or £,

In this report, several anpects of the surface oxidation ot ablative
pyrolyzed pla~tics and graphites are considered. A proevious, constant
heating rate, thermogravimetric study was first re=investigated in terms
of better definition of kinetic models and mechunisms, with particular
emphasis on phasc boundary control. The responses of a variety of
materials are discussed in fundamental terms. The effects ot changes in
sample and environmental variables found in some runs are explained in

terms of a derived kinetic model for a constant heating rate.
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There was evidence of diffusive effects in some of the oxygen con-
centration and surface area experiments that suggested trancitional or
diffusion control at far below normal temperatures. By postulatiig a
phase boundary control-type nechanism, a method was then derived to iden-
tify the effective temperature rarge of true surface reaction control by
assuming a step change in E or A, or a change in any other sample and

environmental variable.

The relatively ecasy perturbation of an individual sample or environ-
mental varlable Ir constant heating rate thermogravimetry with the direct
portrayal of the cffective temperature range of the corrcsponding shift
In the apparent mechanism was postulated to be a powerful tool for the

study of phase boundary cemtral offacts,

An apparatus capahls «f aparation aver o wide range of constant values

of alrflow rate, hoatl  rate, oxygen cuncentratlen, pressure, and sample
surface area was shiwn ti ho exsentlial fur this typn of study. To show
that this oxtremely stringent requlrement could be practically met (with
the oxception of sampie surfaco area), a prototype gas purge/vacuum net-
work was constructed and demonstrated to be compatible with the recording

thermobalance,

The repore concludes with detalled recommendations for apparatus
arrangements, analytical methods, experimental methods, and san.,.le conflg-
urations for the comprehensive «tudy of surface oxidation kinetics and
mechanisms using either isothermal or constant beating rate thermogra-

vimetry. The historical use of thermogravimetric results to produce basic

[
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numbers or to complement other techniques as ablation in an air arc heater,
chromatography, effluent gas analysis, mass spectrometry, etc., justifies
the continuing use of these methods, It is particularly believed that
constant heating rate thermogravimetry can be a highly effective tool in

a fundamental study of the phase boundary rontrcl theory of oxidation.

The importance of precision information on surface oxidation kinetics
and mechanisms for a practical case of entry of a ballistic vehicle is
briefiy discussed in the following background section. Surface oxidation
is shown to exist primarily at high altitudes and to result in little
actual mass transfer. The mass ioss is, however, potentially significant
in terms of the production of electrons from contaminants present in the
ablator. The background is concluded with projected nceds for precision
information from the end-use viewpoint of the prediction of high altitude

optical/radar observables and related phenomena.

vu'ﬁﬁuiu ..t




oo alec 2t

AFML-TR-71-207
Part |
SECTION 11

BACKGROUND FOR GRAPHITE ABLATION

An oxidative thermogravimetry experiment is relatively simple from
external appearances. It is difficult to fully appreciate the nighly
complex heat transfer, mass transfer, and physicochemical proceuses that
transpire. It is further difficult to comprehend how information from a
thermogravimetry experiment may apply to the even more complex situation
of ablation for a ballistic entry vehicle. This section gives a very
brief introduction to important graphite ablation mechanisms, surface re-
action kinetics, reaction prcducts, high altitude aercthermochemical
phenomena, and kinetic and observable dependencies upon graphite type.
The general observations are considered to partially apply for high
quality grades of pyroclyzed plastics in lieu of more definitive infor-
mation. The background concludes with projected needs for kiretic models
and kinetic constants for advanced ablative pyrolyzed plastics and graph-

ites from an end-use viewpoint.

1. RATE-CONTROLLING MECHANISMS

Four fundamental mechanisms exist in graphite ablation. Oxidation
begins on the surface at a relatively low temperature. The rate increases
rapidly with increasing temp:rature. With the resulting depletion of
local oxygen, the rate of diffusive supply across the boundary layer i»
eventually rate controlling. Combined diffusion, boundary layer com-
position, and surface reaction effects exist for an intermediate, tran-
siiion case. At higher temperatures, subsimation begins and ultimately
controls mass transfer (Reference 2),

6
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There is a strong temperature dependence for the reaction, transition,
and sublimation regions. Figure 1 illustrates mass transfer, ncrmalized
against the diffusion mass transfer, as a function of temperature (Ref-

erence 3). For the case of ''fast" surface kinetics, the onset of re-

action-, diffusion-, and sublimation-control occurs at about 1760, 246¢C,
and 5960°R. Mass transfer dependence upon pressure is further shown by

this parametric plot
2. SURFACE REACTION KINETICS

An Arrhenius correlation for surface reaction kinetics during ablation

h = A(zPe)n exp (-E/RT) (1

The correlation was derived using numerous thermogravimetric data for
many carbonaceous and graphitic materials together with basic fluid me-
chanics (Reference 2). The values of n, A, and E were dependent upon the
study reviewed, the specific material, and the specific material sample.
The ranges wer2: n =0 to &, E = 8 to 60 Kcal/mole, and A = | to 109
Ib/ftz-sec~atmn. Two c<ets of A and E were selected ior two limiting
cases of '"'slow" and '"fast" kinetics. The parameter n was taken as one-

half.
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3. REACTION PRODUCTS

The primary reaction products are CO, C02, 0, and 02. Their spatial
and temperature dependency were well illustrated by a recent rate-coupling
similarity analysis for chemical equilibrium, a laminar boundary-layer,
and a stagnation point (Reference 4). Flight conditions were for a 20

Kfps entry at 100 Kft.

CO2 was found to deminate at the lower wall temperature and CO was
most plentiful at the higher temperatures. At intermediate temperatures,
the gas-solid precducts were coupled by multicomponent diffusion to the
yas-phase products. There were 1imiting plateaus for mass transfer, as
normalized with the one-half power cf the ratio of the nose radius and
the stagnation pressure at the boundary-layer edge (Figure 2). For "'slow'
kinetics, the plateaus resulted from 02, 602, and CO domination below
2500, at 2500 to 3800, and above 38)0°R, respectively. There were orders-
of-magnitude change In near sur pecies with small changes i.a temper-
ature. Modified '"slow,'" or "'slower' kinetics for an analysis using a
different numerical method and property inputs gave an intermedlate
plateau somewhat displaced in position (Reference 5). Another analysis
that approximated diffuslon coupling agreed well at the lower temperatures,
did not show intermediate plateaus., and predicted less mass transfer for

the final CO asymptote (Figure 1, Reference 2).

The rapidly increasing rate of mass transfer with temperature at low
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temperatures primarily involved chemical equilibria control of gas-phase
composition and diffusion effects. The plateau characteristics were

further dependent upon the magnitude of the kinetic constants.

L. EVALUATION OF ARRHENIUS CONSTANTS

Kiretic models and kinetic constants have been provided by 2 variety
of analytical and experimental methods for numerous carbonaceous and
graphitic materials. Tvpical results of a thermogravimetric study in air
at atmospheric pressure for several graphites are summarized in Figure 3
(Reference 6). The large differences in oxidation rate at low tempera-
ture were markedly suppressed to 2 similar and higher rate at a higher

temperature where diffusion effects were important.

Many isotherma! thermogravimetric studies have been made in air,
oxygen, and other gases at both high and low pressuras over wide tempera-
ture ranges. Relative mass transfer rates calculated from models .and
constants for five graphitic Investigations on different graphites are
summarized in Figure 4 (Reference 2). A wide disparity is shown In any

mass transfer rates predicted a priori from these results.

Two sets of kinetic constants ware further verified indirectly in air
arc heater esperiments (Figure 5, Reference 7). The two sets corr:sponded
to fast {as porous molded graphite) and slow (as pyrolytic graphite)
kinetics. Flat-faced cylinders of ATJ graphite of three diameters were
run in a hypersonic, low density airstream. A welghted averaging method

was used to derive a universal kinetic model for surface reaction,

et am, L4
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transition, and diffusion effects. Oxidation rates predicted by the

model correiated, within some scatter, for surface temperatures from

about 1300 to 2700°K (Figure 5).

Kinetics were investigated for three pyrolyzed plastics and two
graphites using an air arc heater (Reference 8). Figure 6 illustrates a
parametric plot for kinetic constants’ evaluation. A comparison was made
between mass transfer rates using the constants with rates for fast and
slow kinetics based upon thermogravimetry as extrapolated tvy theoretical
models to cover a wide temperature range (Figures 7 and 8). The pyrolyzed
plastic and graphite mass tronsfer rates were effectively bracketed by the
two calculated curves in the surface reaction region with individual mass
transfer measurzments agreeing well in the reginn of diffusion effects.
There were, however, large differences at very high temperatures. The
kinetic results were applied to aerothe-mochemical and thermostructural

anzlyses for a hypersoric and a lifting vehicle entry mission.

A variety of exnerimental methods were applied in Reference 1 studies
to investigate such principal variables as yas velacity, specimen con-
riguration, temperature, and method of heating for a pyrolyzed plastic
and five graphites. Figure 9 shows a temperature independent, oxidation
limit due to inadequate oxygen supply for high velocity tests on imluctively
heated samples. The normalized values of oxidation were further compared
with air arc heater results at three test points. Calculations were made
to compare w’ . numerous air arc he~ter runs of flat-faced samples with

surface temperatures largely in the transition, diffusint effects, and

sublimation regions. The calculazions weic based upon kinetic constants
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resulting from an examination of the laboratory experimental results to
allow for airflow rates at subsonic velocities that were strikingly

slower than for other values previously used in ablation analysis. The
differences were tentatively attributed to COZ/CO ratio influences par-

tially affecting previous measurements.

The variations in the oxidation region over a wide range of pressures
were studied for ATJ graphite ucing an air arc heate- (Reference 9). The
mass transfer results were adjusted tc more properly reflect oxygen
concentration at the ablating surface and a parametric plot was made to

obtain Arrhenius constants (Figure 10).

Thermogravimetry was a contributing element in previous studies on
the ablation of pyrolyzed plastics and graphites as illustrated by the
few preceding examples. Typical values of n, A, and E were further
selected for several previous investigations and are summarized as Table
I. With some exceptions, the kinetic model is essentialiy that of

Equation |.

5. HIGH ALTITUDE ABLATION

Surface reaction and diffusion affects occur at *igh altitudes during
ballistic entry. As a typical example, the altitudes for reaction,
diffusion, and sublimation control onset are about 318, 306, and 150 Kft,
recorctively, for a zh Kft/sec entry case (Reference 10). The corres-
ponding surface temperatures are about 2000, 3000, and S4SO°R for

radiatian equilibrium at the nose cap stagnation point (one foot radius).
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High altitude optical/radar observables and other phenomena dependent
upon specie distributions can be markedly affected by the release of
ablative and, in particular, contaminant species. Alkali metals are
easily ionized and release many electrons. In practice, the material
metal Jevel is usually proportioned to total mass transfer rate for
initial calculations. As a highly approximate exampie for illustration,
a factor of four change in metal injection rate could conceivably lead to
a variation of three in mean eiectrons/cc and a large deviation of 10

dbsm in radar cross section (Reference 11).

6. FUTURE REQUIREMENTS

Commercial pyrolyzed plastics and graphites for candidate ablative
use are contaminated by numerous elements and compounds. A first assess-
ment was made for three graphites and a purified grade using manufac-
turers and other unpublished data. The detectable levels of three easily
ionized alkali metals, in ppm, were in the nominal ranges of 0 to 90 for
calcium, 3 to 11 for potassium, and 0 to 120 for sodium. The dominant
impurity was calcium. The largest data scatter was also found for this
element. With further review, few data could be found for pyrolyze:
plastics. The contamination was expected to be relatively high, a resuit
of a high concentration of impurities for the starting materials and many

processing steps.

High accuracy kinetic models and kinetic constants will not neces-
sarily be required for advanced ablative pyrolyzed plastics and graphites.

The total mass loss is relatively small for the comparatively mild heating

23

S ek o3

—

.




|

AFML-TR-71-207

Part |

and short times that surface reaction and diffusion mechanisms function

for ballistic entry. Adequate kinetic information can probably be provided
by the primary current method of air arc heater characterization and

Arrhenius parametric plots.

Depending upon requirements, however, the analysis of high altitude
optical/radar observables and related phenomena could dictate precision
kinetic data. This i5 primarly due to (a) :he strong dependence of mass
transfer rate on temperature at low surface temperatures and (b) the large
quantities of electrons that can be produced by minute'quantities of
contaminants from an impure ablative material. This preliminary study
has suggested that improved analysis and experiments for specific ablative
pyrolyzed plastics and graphites could be required for the prediction of
impurity injection rates withir factors of two to ten for surface reaction

control at high altitudes.

This section emphasized a graphite nose tip and a pyrolyzed plastic
heat shield for a ballistic entry vehicle. Diffusion effects, rather
than sublimation, car dominate ¢otal mass loss in other types of entry
(Reference 7). Precision kinetic niodels and kinetic constants, therefore,
can be essential to analyses for certain areas of entry vehicles for

hypersonic, lifting, low angle, and other cases.
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SECTION 111

EXPERIMENTAL MATERIALS

1. PYROLYZED PLASTICS

Two pyrolyzed plastics were tested; their preparations and properties
have been described in Reference 12. A composite was first prepared
“rom Union Carbide WCG graphite fabric and Coast Manufacturing Company
R~120 phenolic resin. The composite was pyrolyzed in an inert atmosphere
up to a maximum temperature of 815°C. A filled version of the pyrolyzed
material was prepared by immersion into a boiling satursted solution of
ammonium chloride. The residual ammonium chloride content was about 247

by weight.

The pyrolyzed plastics were machined into cylinders 3/4 inch in
diameter by 1/2 inch in thickness. Fine powders were prepared for
thermogravimetry by cryogenic grinding. A cylinder was first immersed
into liquid nitrogen and pulverized with a carbide~tipped drili. The
drill press speed was 1950 RPH. The powder was collected and manually

sieved to pass a US Standard do. 325 screen.

Ammonium chloride powder was used for reference purposes. The coarse,
commercial powder (reagent grade) was ground at room temperature with a
mortar and pestle. The -100/+120 screen fraction was used for thermo-

gras imetry.
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2. GRAPHITES

The carbon and graphite materials were originally in a variety of
configurations. The materials, all products of the Union Carbide Cor-
poration, and original forms consisted of AGKSP electrode, ATJ electrode,

WCB graphite fabric, Grade 40 porous carbon, and Grade 40 porous graphite

in the form of flat panels.

The cryogenic method was used to prepare fine powders with the ex-

ception of WCB graphite fabric. This material was ground with a mortar

and pestle. All powders were sieved to pass the 325 screen.
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SECTION IV

THERMOGRAV IMETRY PROCEDURE~

1. INTRODUCTION

Constant heating rate thermogravimetry is a dynamic version of the
classical isothermal experiment. The weight/temperature thermogram is
continucusly generated by a recording thermobalance with temperature in-

creasing at a fixed rate.

The oxidative thermogram cf 2 prolyzed plastic or graphite is uniquely
different from an iscthermal coun-erpart. The thermogram is a kinetic
history from solid tc total gas. Differences existing between materials
or sample constituents at only critical isothermal temperatures can often
readily show within the wide range of temperature. Tke perturbations, as
uncovered by many isothermal runs, of a single sample or environmental

variable change can stand cut in the constant rate thermogram.

in constant heating rate thermogravimetry. The thermogram can help
quickly sort out the thermogravimetric result of these changes. The
method was thus felt to be ultimately helpful, when applied with other

suitable techniques, in elucidating complex kinetics and mechanisms,

27
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2. RECORDING THERMOBALANCE »
A modified Aminco Thermo-Grav recording thermobalance was used for

constant heating rate thermogravimetry at 9°C/min to 950°C (Figure 11).

This instrument and experimental procedures for its use have been pre-

- e——

viously described in detail (Reference 13). This report section gives a

Y

brief summary of relevant functions and methods.

Ay Ly e

The weight/temperature thermogram was automatically plotted by an

Lo %ﬁac -

X-Y recorder. During the run, sample weight change moved two precision

,‘ springs. A linear variable differential transformer (LVDT) response drove

4
]
the recorder pen. A Chromel alumel thermocouple gave the emf to move the 1
X-axis carriage. |
The balance components were enclosed within a Pyrex‘quartz envelope. 1
The suspension system included a top, two springs, a support rod with
. fixtures, and, at the far end, a crucible and holder. The Pyrex support a

rod was centrally joined to the springs. This rod held the LVDT core,

——

a calibration weight in a tare pan, and an oil dashpot ring.

- .

The Coors 230 3/0 crucible was made of porcelain. The furnace tube

and integral thermocouple sheath were made from quartz. The 0.010 inch

—y

127

diam:ter thermocouple wires were insulated with ceramic spines and placed

in the sheath in proximity to the sample crucible.
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Heating rate was closely regulated by a furnace controller. The L
Chromel alumel thermocouple for the controlier was located within the

annular wall of the furnace.

3. EXPERIMENTAL METHODS »
All powders were first '"dried'' at 100°C for 30 minutes in a small
vacuum oven. The samples were then stcored in a vacuum desiccator. A r
#

specific sample was removed and permitted to "equilibrate' at ambient

room conditions prior to beginning a run.

]

1

The standard run was for a =325 screen, dried 100 ng powder at 9°C/min A

to 950°C in initially quiescent air. An analytical balance was used for "

weighing out the sample and weighing any run residue (+ | mg). There :

were a number of runs at other than standard conditions. The specific

conditions were annotated on the respective thermogram. %
!?
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SECTION V

DISCUSSION OF RESULTS

1. PYROLYZED PLASTICS

Air Force application areas for pyrolyzed plastics include heat shields
and nose tips of entry vehicles. The low recession rate ‘and fair in-
sulative ability is a well known result of mass injection blockage,
oxidative resistance, surface radiation, surface sublimation, and a

relatively porous structure.

An experimental pyroiyzed plastic was made by inert atmosphere
pyrolysis of a graphite fabric/phenolic resin composite to 815°C. This
matrix was impregnated with ammonium chloride for internal endothermic
decomposition, the release of large quantities of gas, and porosity
reduction. Improved ablative cooling and efficient insulative ability

were the primary goals

Ammonium chioride and other impregnants as ammonium fluoborate,
tungsten diboride, etc., became of additional interest in later work in
potentially altering high altitude optical/radar observables and related
phenomena. Low impregnant concentrations could alter the rates of con-
sumption and production of electrons and other flow field species. High
concentrations could further alter flov field temperature and velocity

distributions.
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Thermograms for the pyrolyzed plastic, filled composite, and ammonium
chloride were sketched together (Figure 12). The pyroulyzed plascic
thermogram for air resembled an elongated arc tangent function. Weight
loss began near 400°C. There was little sample left above 900°C. A
major maximum rate of weight loss pecked near 530°C; a subdued peak was
found around 700°C. This thermogram was similar to one for WCB graphite
fabric, Thera was little weight loss for either material in vacuum. This
implied efficient phenolic resin conversion Into a carbonazeous material

during pyrolysis.

The thermograms for the pyrolyzed plastic and ammonium chloride were
essentially additive by a law of mixtures to give the filled composite
result for both air and vacuum. Weight loss in vacuum was almost entirely

due to the filler. There was a major and a minor maximum rate of weight

loss peak for the filled composite in air near 400 and 700°C, respectivel’.

The ammonium chloride powder was more thermally stable in air than in

vacuun. This result was consistent with normal vapor pressure relation-

ships.

2. GRAPHITES

Air Force applic-tion 2reas for graphites include nose tips of entry
vehicles. The high erosion resistance is a result of internal conduction
and storage, mass injection blockage, oxidative resistance, surface

radiation, and surface sublimation.
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The oxldative thermogravimetry of powders of four carbonaceous and
grophitic materials gove similar results (Figure 13). The thermograms
ware for ATJ graphite, Grsde 40 porous carbon, WCB graphite fabric, and
the pyrolyzed plastic. Weight loss commenced near 525°C with little
residue remaining above 950°C. There was an early maximum rate of weight
loss region. A sccond maximum, suggested by thermogram shape, was never

reached except for the pyrolyzed plastic.

The AGKSP graphite thermogram revealed relatively high oxidation
resistance (Figure 13). This result was possibly associated with the
high purity of this material, a small effective pore volume or surface

area, or other unknown factors.

The presence of impurities can influence oxidation rates. For ex-
ample, the oxidation susceptibility of carbon fabrics is well known to
be highly sensitive to relative hydrogen acrivity. The effect of pH on
the oxidation of two carbon fabrics is shown by Figure 14 (from Ref-
erence 14). The susceptibility was markedly reduced by an increase in
pH, the primary impurity being sodium in the form of hydroxide. Large

effects were also reported in further isothermal runs.
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SECTION VI

KINETICS AND MECHANISMS OF GRAPHITE SURFACE OXIDATION

i. [INTRODUCTION

The oxidation of carbon and graphite was a subject of analytical and

experimental stvdy over the past century. The classical processes,

evolved primarily from heterogeneous mechanisms for carbon, coal, graphite,

and coal models, considered surface reaction to control oxidation at low
temperatures. Diffusion processes were the rate-controlling mechanism at
higher temperatures. There was a complex transition intermediate between

these two regions.

The specific surface reaction mechanisms have not been comprehensively
identified anu 'nderstood. It is generally accepted that the three basic
processes are diffusion of gaseous reactants to a reactive surface site,
physical reaction, and gaseous product desorption (Reference 2). There
are many remaining questions as to the exact role of peras and regions
between pores, the infiuence of cataiytic agents and contaminants, the
effects of absorbed water and other surface gases, surface activation,
surface reactivity for specific graphite grades, surface chemical groups,
etc. From 2 physical standpoint, oxidation for surface reaction contrcl
is considered to be highly dependent upon the specific nature of the
graphite sample and its surface characteristics, relatively independent
of the rate of oxygen supply (exrluding total starvation), and extremely

dependent upon temperaturz (Reference 2).
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Oxygen consumption ircreases rapidly with temperature for active
surface reaction processes. The surface region is depleted in oxygen and

enriched in CO, COZ’ and N The decrease in available oxygen reduces

9"
the rate of surface reaction. The transport of more oxygen, by normal or
thermal diffusion, or other process, increases the oxidation rate. This !
low oxygen pressure at the <urface leads through a transition intermediate

to a steady-state transport balance between 02 in" and CO, COZ’ and N2 s

Ilout‘ll

ue WA .,.5, s

True diffusion control is dependent upon the surroundings. Mass
transport equilibrium results in an oxygen surface pressure below that of

the surroundings. A perturbation of the system, as an increase in gas

Tasd P e

velocity, that changes the local pressure also changes the rate. An in-
crease in surface temperature only will not result in a rate increa.e if -

local pressure is controlling the rate for a constant gas temperature.

Therefore, these and more complex consicerations result in the generally
accepted viewpoint that true diffusion control is relatively independent ’}
of surface (not gas) temperature, strongly dependent upon the surroundings, );

and reiativeiy independent of the type of graphite.

A more recent postulated mechanism for oxidation is phase boundary
control. The review of Reference 1 suggests that surface reactions alone

control oxidation and are temperature dependent to at least 6000°F (3340°C)

~—

for a constant partial pressure of surface oxygen. There is a low tem-

perature region of CO, dominance with a high valus of E (about 40 Kcal/

2

mole), a moderate temperarure region with rapid CO and CO

2 production

corresponding to a low value of E (35 Kcal/mole), and a high temperature

38
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region with CO as a primary product and an intermediate value of E (10-15
Kcal/mole). Phase boundary control is difficult to experimentally verify
over diffusion control due to the strong system dependence of the latter.
Reference | pr:sents initial supporting evidence based upon extensive
results on gas velocity. pressure, and temperature effects. In particular,
an increase in velocity results in a “restoration" of rate dependance
upon temperature. Rate dependence upon temperature is a major character-
istic of surface reaction control. Further, the rate is shown to’vary
with local pressure to the 0.3-0.5 power, a potential result for phase

boundary control.

An important conclusion for phase boundary control of graphite oxida-
tion is that local pressure dependence and changes in E are closely tied
to the translation from one oxidative region to another. An accurate
characterization of the kinetic model, its pressure dependence, and
kinetic constants is desirsble in the prediction of graphite ablation

over a wide range of pressure and temperature.

Kinetic models of graphite oxidation were proposed in numerous pre-
vious studies and experimental data were fitted to evaluate kinetic con-
stants for these models. A basically different approach was taken in
this preliminary study. A kinetic model with important sample and envi-
ronmental terms was used to help interpret the results of the novel
application of constant heating rate thermogravimetry. Other than main-

taining sample and environmental variables at an initially constant level

by procedural consistency, there was no intent or attempt to match ideal
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requirements as necessary for factual kinetic constant evaluat®en. To
use this approach, a brief analysis was necessary to convert the iso-

thermal relation into a constant heating rate case.
2. KINETIC MODEL ]
The extensive review of surface reaction oxidation of a variety of 3

carbons and graphites under Reference 2 resulted in the following

Arrhenius correlation

V-t"ﬂg 14 &

n -E/RT
~-dw/dt = A(S(zP) /wo) e (2)

A term B was useful for "lumping" the variables of a single experiment,

- e e

thus

n

3 = A(S(zP) ) (3) }

-E/RT
~dw/dt = B e (%)

and gave the result

The isothermal solution of Equation 4 was simply

e 2

-xl
(- w') = Bt, e (5)

for assumed reaction initiation at zero time. (The subscript | em-

phasized isothermal values and X = E/RT.)

ho
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The constant heating rate relation was

. X
~dw/dT = (B/T) e (6)
and the limits of integration were taken as
w . T =X
- fc:w=(B/T) fe dT (7)
1 0

The constant heating solutiorn of Equation 7 was

w=1 - (BE/R‘i’) p(X) (8)

where the func“ion p(X) is defined as

-1 =X o -1 -X
p(X) =X e - f X e dX (9)
X

and illustrated in Figure 15 (from Referencc 15).

A reciprocal relation for the constant rate and isotherma] solutions

vias useful in understanding interrelations

.\.(xI - x)
X = r(t/t,)((l - wl)/(l -w))e (10)

where the constant heating rate T appeared implicitly as T and t

(Reference 12). For example, a prediction was possible for the

weight fraction for a constant-rate experiment, knowing the isothermal

by
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K
‘# value for the same period of heating at that temperature via the relations

(h-w=r( ~ wl)/X ()
2 X
r=X e p(X) (12)

Figure 15 illustrates the relationship between r and X {Reference 15).

. The Arrhenius correlation was for constant values of the variables
within the lumped term B. [In addition to possible changes in other
variable values, the surface area of the experimental sampie powders

J‘ was continuously changing during the run. Exact isothermal and constant-
heatiny-rate kinetic solutions were also obtained in closed form for the
complete oxidation of poreless graphite spheres. The relations, however,
wer. inconveniently complex for either parametric calculutions or other

immediately preactical use.

No attempt was made to derive a kinetic model for a filled pyrolyzed

plastic or graphite. It was clear, however, that it would be difficult

to handle pore structure and proportional surface areas. This problem
was concluded to perhaps be best amenable to a law of mixtures or other

empirical appreach.

-

The Arrhenius correlation was consistent with the phase boundary
control mechanism of Reference | subject to the proper values of n, A,
and E for low *.mperature surface cxidation. Reference 1 further reviews
a variety of models for regions in which transition exists ond diffusior

dominates.
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3. KINETIC CONSTANTS, SAMPLE VARJABLES, AND ENVIRONMENTAL VARIABLES

The kinetic constants n, A, and E ideally reflect the intrinsic
oxidative susceptibility of the material. A previous survey gave averaged
values for a variety of carbons and graphites. The rasults were n = 1/2,
A= I.3lx106 gm/atml/z-cmz-min, and £ = 44 Kcal/mole for a terminal
surface reactivity control temperature of about 840°C (Reference 2).

This value of E was comparable to more recent results for fast kinetics
for pyrolytic graphite (Reference 16), a wide variety of carbon.,
graphites, and pyrolytic graphite (References 6, 17, and 18), and exper-

imental and theoretical results for the low temperature stage of phase

boundary control (Reference 1).

The Arrhenius -orrelation revealed important dependencies upon area,
initial weight, oxygen concentration, and pressure. Heating rate was an
additional variable for the constant-rate case. Tha rigorous verification
of the basic Arrhenius correlation, the evaluation of A and E, and the
evaluation of the n term, all within the iumped B parameter was not easy.
1t was well known that accurate measurement of weight and temperature
along with the precise control of oxygen concentration, pressure, and
surfzcz area within minimal experimental error was a difficult under-
taking even vor the surface reaction control case. There was even
g eater experimental difficulty for the region of transition and diffusion

control.

Ll
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L, CONSTANT-HEATING-RATE KINETICS PARAMETRIC STUDY

A brief analysis was made for the postulated and unproven kinetics
for the constant-heating-rate case. The term.(BE/RT) was parametrically

varied over values consistent with possible experiments and materials.

4

A representative value of (BE/R%) was 1011. The basis was:

1~

6 2 2
= 1,3x10 gm/atmz-cm -min, £ = 44 KCal/mole, P = 1 atm, S = 72.5 cm ,

>
I

.I.

9°C/min, W, = 0.1 gm, and z = 0.21. S was for 0.1 gm of 4h-micron-
diameter spheres of an 0.94 gm/cm2 density material.

]], 1012, and

Thermograms were calculated for (BE/R%) values of 10
10'3 (Figure 16). These values for Equation 8 roughly compensated for
the known low estimate for S, uncertainties in A and E, and possible

variations in B for other experiments.

The parametric thermograms were displaced toward a higher level of
relative thermal stability with decreasing values of the term (BE/RT).
The general shape of cach thermogram, however, was relatively independent
of the magnitude of this term. There was no maximum rate of weight loss.

This was consistent with the original Arrhenius correlation.

hs
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5. ANALYTICAL EVALUATION OF ARRHENIUS CONSTANTS

The analysis of isothermal thermogravimetric results to obtain the
two Arrhenius constants was a well known procedure. A classical method

was to prepare a parametric plot of the linear equation
log, o (-dw/dt) =-(E/R In 10)(1/T) + log, B (13)

where the terms ~(E/R In 10) and 109108 were evaluated as a slope and an
intercept, respectively. B and E were then calculated from these two

terms.

A wide variety of methods was available for the treatment of constant
heating-rate data, including Equation 15 (Reference 19). Of the available
computer methods, an approach using matched weight and temperature values
to avoid weight-loss rate measurement errors for a nearly linear thermo-
gram was attractive. A computer code widely applied (Referescs 19 and
20) for ablative plastic materials was of particular interest for oxi-
dative thermogravimetry and is briefly summarized in the appendix of this

report.

hé
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SECTION VI $

SAMPLE AND ENVIRONMENTAL VARIABLES

1. INTRODUCTION

There are a variety of important sample and environmental variables

in graphite oxidation. Section VI summarized some general trends for [

surface reaction, transition, diffusion, and phase boundary control cases.

The complex interplay between variables was more specifically illus- F
tratad in two recent studies. In one investigation, isothermal thermo-
J4 gravimetry was <onducted for pyrolytic graphite using an Amino Thermo-

Grav (Referencas 21 and 22). Samples with one of three surface areas

i

(0.394, 0.927, and 6.27 cmz) were run at five temperatures, 760, 816, 871,
927, and 982°C, and four airflow rates, 25, 50, 70, and 100 cm/sec (Figure
17). Oxidation rate increased rapidly with temperature for the surface

reaction region and was less dependent upon temperature for the diffusion

region. In a related but opposite fashion, an increase in airflow rate
gave little effect on oxidation rate for the surface reaction case and R
increased the rate for the diffusion case. The rate further increased i
with decreasing surface area in both. An unusual result was an increase
in transition temperature range with decreasing surface area. This range
was between ©16-871, 871-927, and above 982°C for the three surface areas.
There was little apparent effect of airflow rate on transition temperature
range. The Arrhenius constant E was sensitive to the range closely
following 'breaks' in classical parametric plots of oxidation rate versus

1/T. Unfortunately, the experimental results were not examined in light

43
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of overall phase boundary control mechanism, particularly in terms of
(a) oxidation rate dependence upon power of the flow rate (or pressure)

and (b) surface srea effects.

A variety of methods was appliied in an investigation at the higher
temperatures where diffusion was a major effect (Reference 1). The
techniques Included low velocity tests in resistance heated tube furnaces,
low velocity tests of inductively heated samples, high velocity tests of
inductively heated samples, and air arc heater tests extending into sub-
limation controi. The materials included a glassy carbon, five graphites;
and a pyrolyzed plastic. There were few low temperature measurements.
Oxidation rates were insensitive to temperature above about 1540°C and
dependent upon flow at rates higher than an onset value of about 220
cm/sec. Extensive studies were made at the higher temperatures to eval-
uate the effects of gas velocity, material type, sample configuracion,
and temperature. Similar oxidatjon rates were found for three different
graphites; there was minor apparent effect of minor variations in density,
porosity, purity, and structure on oxidative rate. Rate differences were
found, however, for the significantly lower densities of the glassy
carbon and pyrolyzed plastic. Thirty-degree conical samples were neces-
sary to avoid the shape changes found for flat face and hemispherical
configurations. Preliminary supporting evidence was presented for a
phase boundary control mechanism primarly in such terms as differeuntial
oxidative rates for the dominant planes of anisotropy of pyrolytic
graphite, E dependence upon temperature, existing kinetic models, and
oxidation rate dependence upon flow rate (or surface oxygen partial

pressure).
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References 1, 21, and 22 represent two examples of recent work par- »
ticularly relevant to the postulated features of phase boundary control.
There were a large number of additional previous studies well illustrating

the critical aspects of sample and environmental variables. A review of

this iiterature was far beyond the scope of this report. Other important r
studies and reviews, for example, iwclude References 2, 16, 23, 24, 25,

and 26. |

This section details important sample and environmental variables ; g
uncovered in this preliminary study. There was emphasis in understanding
fundamental interrelationship§ in terms of the Arrhenius kineti. correla- )

tion and in planning approaches to more detailed understanding in any |

future work.

2. SAMPLE CONFIGURATION

Fine powders were used primarily to maximize oxidation rate in a

"'worst case' sense in this preliminary work. First, the kinetic analysis .
reyealed higher oxidation rate for the higher surface area of a fine

po&?er. Secondly, the diffusion of gaseous phases was probably pron..ted
by ﬁine powders. Intradiffusion amidst particles and perhaps inter- '
diffusion within particle pores should have. further_increased oxidation

rate. Any equilization of surface and pore structure by grinding should

have suppresscd intrinsic oxidation resistance between the different f

materials.
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There was an additional practical problem in using a solid sample
configuration. The limited quantity of available materials, their small

sizes, and attendant machining aspects were additional restrictions.

The experimental results revealed that fine powders promoted oxidation.
For example, the ammonium chloride <31led pyrolyzed plastic was run in
three particle sizes {Figure 18). These included: a bulk particle,
as-ground powder, and sieved powder. More oxidation was found with

decreasing particle size.

The most significant effect of particle size was for a swatch of WCB
graphite fabric compared to =325 sieve powder prepared by grinding the
fabric (Figure 18). The result was consistent with expected faster

oxidation for an increased total surface area.

The surface area variability between materials was probably suppressed
by grinding. The sieved particles were less than a limiting dimension

of bk microns in size. The particle distribution scale was unknown.

A typical poreless surface area was 72.5 cm2 fecr a 100 mg sample of
perfect spheres. A typical measured surface area was 2xlO5 cm2 for the
same weight of pyrolyzed plastic powder. There was little doubt that
only a small fraction of the available area was subject to oxidation
during .hermoqragimetry. To a limited degree, the similarity of many
oxidation thermograms was consistent with the similarity of internal pore
structure of bulk particles within two material classes of ‘wide' and

"narrow' distributions of relative pore volume (Section Vill).
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The apparent minor effect of surface area of powders (but nct particle
size of particles) was somewhat consistent with some previous results.
Reference 14 reported a relative minor effect for the thermogravimetry
of two otherwise similar carbon cloths with widely varying surface areas
(Figure 19). Isothermal thermogravimetry likewise gave little obvious

surface area effect.

A sample with a constant surface area and equilibrium internal pore
structure was desirable for practical kinetic analysis. While extremely
difficult to achieve experimentally and maintain for a long time, a
receding flat face approached an ideal surface area (Reference 1). The
existence of an equilibrium pore structure obviously required detailed

study for specific materials.

The similarity of response of many materials was not a direct result
of oxygen ''starvation' of the sample limiting oxidation or causing other
defective aspects of the experiment. This was well illustrated by other
routine constant-heating rate and isothermal runs on a wide varizty of
samples. Figures 20 and 21 illustrate the diversity of oxidation behavior
of carbonaceous and graphitic fabrics resulting from varying degrees of
carbonization of the precursor material. Flgure 22 shows the effects of
a yarn, bar, or whisker form of carbon or graphite of unspecified nature.
Figure 23 illustrates the protective effect of oxidation resistant

coatings applied to a carbon fabric.
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Figure 21. Isotherma! Thermograms for Carbonaceous and Graphitic
Fabrics
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3. OXYGEN CONCENTRATION AND PRESSURE

Systematic variations were one approach to studying oxygen concen-
tration and pressure, either to clarify mechanisms, for kinetic analysis,
or empirical®' . The use of different gases of varying oxygen content was
a means of varying concentration. The chamber pressure was adjustable
over certain rangas. it proved difficult, however, to maintain both

oxygen concentration and pressure at constant levels during the run.

The quantity of air necessary for oxidation of a 100 mg sample of
carbon was approximately equal to 0.6 of the volume of the weighing
column. For the standard run, therefore, local sample consumption
probably exceeded the supply by convection currents. Runs in other gases
were subject to the same problem although to a lesser degree if the
initial oxygen concentration was higher than for air. A reduced pressure
run began with essentially the same oxygen concentration as for air but
with considerably less available oxygen. A practical method for studying
both oxygen concentration effects in spite of these handicaps was by

gas-purging runs at atmospheric and reduced pressure.

AGKSP graphite powders were run in an alr purge and in initially
quiescent air (Figure 24). Lower thermal stability was found for the
1 titer/ min air-purge run. This Implied a changing oxygen concentration
for the standard run ahove 750°C where the two thermograms began

to converge.
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AGKSP air-purging runs at~reduced pressurz were consistent with expected
increased oxidation #¢ a higher flow rate (Figure 24). The results were

also consistent with reduced oxidation with a decrease in pressure,

A sufficiently high airflow rate, at either ambient or reduced
pressure, promised a reduction of changes in oxygen concentration. The
limiting levels of either flow rate or pressure for the AGKSP runs, how-

ever, were at the extremes of stable operation of the thermobalance.

A orototype gas-purge/vacuum network was assembled to give controlled
levels of flow rate and pressure over wide ranges with stable operation
(Figure 25). The control and stability performance of this version of

the apparatus of Reference 23 was reasonably good in checkout runs.

For the prototype apparatus, the inlet flow rate into the crucible
chamber was regulated by glass capillary tubes. The inlet gas was pre-
neated by passage down a tube on the chamber wall before free injection

just below the crucible.

Pressure was controlled by a sensitive Cartesian diver manostat. An
insensitive vacuum regulator permitted gross adjustments. In addition,
the regulator pressurized the capillary tubes for better regulation and
permitted direct reading of the rotameter. A differential manometer was
used for visual monitoring of pressure fluctuation during the run.
Injection of a second gas at the manostat wss an optional means of

controlling any large fluctuation.
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L. HEATING RATE ;
The pyrolyzed plastic was run at heating rates of 3°C/min and 9°C/min

(Figure 26). There was little similarity between the two thermograms.

The reference temperature for 50% weight loss dropped from about 660°C

at the higher rate to near 570°C at the lower one. ’

A change in surface oxygen concentration was a possible factor in the

1 unexpectedly large heating rate dependence. The long ''tail' for the !'
9°C/min run and the absence of this region at 3°C/min was consistent with

possible changing oxygen concentration at the higher rate.

Additional runs were desirable for probing heating rate and any
attendant effects as for oxygen concentration change. Unfortunately, the
3°C/min rate was the lowest availabie. The highest useful rate of

9°C/min was convenient for looking at a large number of materials.

5. OQVERALL OXIDATION MECHANISMS

There was considerable evidence of important diffusion effects and
perhaps a dominant phase boundary contrci mechanism for constant-heating-
rate thermogravimetry. First, the temperature rate of weight loss was '
nearly constant following a low temperature period. Secondly, there was

little difference between the materials excluding AGKSP. These two

results were strongly characterictic of diffusion effects. r

In addition to two results consistent with apparent diffusion effects,

there were several additional observations concerning overall mechanisms.

The constant-heating-rate experiment was, first of all, significantly
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different from the conventional isethermal run for a solid sample. The
steadily decreasing quantity of sample powder consumed a steadily de-
creasing total quantity of oxygen. Although oxygen shortage may have
prevenced a transitional "tripping” as it did for the conventional iso-
thermal case, there was also a tendency toward oxygen concentration
equilibrium if diffusion effects were already important. There was

“ttle doubt that the large sampie powder surface area promoted early
diffusion effects in a low temperature transitional range (Reference 21).
The fact that oxidation rates were found to be higher at the higher air
flow rates and lower at the lower pressures for AGKSP primary runs was
further evidence of diffusion effects (Figure 24). The higher oxidation
rates were more characteristic of diffusion than of surface reaction
(Figure 24). The distinct differences for runs at two heating rates
suggested important diffusion effects at the higher rate and surface

reaction effects at the lower (Figure 26).

The overall conclusion for sample and environmental variables was a

capability of giving the external appearances of true diffusion control

.

s
"

Ary b msem memen e wal T
Uv iy "

ruc control,
were not consistent with true control., The first was an apparently
paradoxical result of surface reaction effects occurring at higher
temperatures than did the diffusion effects for four runs for AGKSP
(Figure 24). The second was a steady decrease in the surface transfer

of the limited quantity of oxygen in che thermobalance at the 'iigher run
temperatures. This loss of oxygen could have lead to oxygen 'starvation
of the sample at a near constant surface concentration. Starvation was
similar in some respects to the "supply limited" cases of Reference |

(Figure 9).
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The apparent ability to provide external appearances of shifting

—

surface reaction versus diffusion effects by shifting samgle and environ-
mental variables was consistent with the overall phase boundary control
mechanism of Reference 1. The sample and environmental variables of
material type (n, A, E), airflow rate (n, z, P), oxygen cocncentration ’
(n, z, P), heating rate (t, T, f), pressure (P), surface area (&), and
initial weight (wo) corresponded to terms in the Arrhenius kinetic format.
Therefore, there was little reason not to expect transition to be

apparently kinetically dependent to varying degrees. Several cases were

- -, e

postulated as examples. Theoretically, the "onset' temperature was only

dependent upon time for the conditics of transition occurring at the same

rate of oxidation, or oxygen consumption, for both isothermz] and

constant-heating-rate cases for a fixed value of the paramneter B. Another

criterion was for transition to occur only after a fixed, "onset’ quantity -
of oxygen was consumed from a starved system. Then taking transition to

be dependent upon oxidized weight and an isothermal temperature of 800°C, i

the reciprocal relation (Equation 10) gave 980°C for € = 44 Kcal/mole and
T = 9°C/min. Or stated another way, a constant heating rate slowcd
oxidation to the point that Y80°C was necessary to lose the same materisl
lost at 800°C for the same total time. As a final case of three, tran- f
sition was postulated to be compietely dependent upon kinetics. Tran-
sition was then dependent upon B, temperature, time, and weight for the

isothermal case anc further dependent upon the term (BE/R%) for the

—

constant-heating-rate case (Equations 5 and 8).
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The value of E is temperature dependent for phase boundary contro!
(Reference 1). The transition temperature was reduced to a single value
for true kinetic dependence by considering a step-change in E. The
effective result was w = 0. For the constant-heating~-rate case, typical
results wer«. about 60C, 770, and 880°C for (BE/R%) = 1013, 10]2, and
IOll, respectively (Equation 8). Isothermal onset temperatures were

readily available from Equation 5 for this step-change.

There were several runs where the rate of sample oxidation went
through a minimum value. The materials were a pyrolyzed plastic particle,
graphite fabric, graphite fabric powder, and AGKSP graphite powder
(Figures 12 and 13). The minimum rate was unexpected in that this
impliad a possible change in rate-controlling mechanism. The minor
deviation possible, experimental error, and irregular oxidation were

possible factors in this result,

A versatile thermobalance capable of systematic variations in airflow
rate, heating rate, oxygen concentration, pressure, surface area, and
weight was a potential means of analysis of phase boundary control or
other oxidation mechanisms for either isothermal or constant-heating-rate
thermogravimetiy. This preliminary work suggested that limited shifts
in a few sample and environmental variables resulted in apparently
corresponding but still to be fully explained shifts in surface reacticn

effects zad diffusicn effects.
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SECTION VIII

PHYSICAL PROPERTIES

1. DENSITY, POROSITY, AND PORE SPECTRA

Density and porosity were examined using a mercury intrusion porosi-

meter. This instrument was manufactured by the American Instrument r
Company. The operational procedure and physical arrangement were de-

scribed in detail in Reference 27. J

The similarity of the oxidation thermograms of the pyrolyzed plastics,
carbons, and graphites was remarkable in view of the wide ranges of
densities and porosities (Table I1}. The nominal limiting vaiues were
0.5-1.0 gm/cc for apparent density, 1.5-2.0 gm/cc for true density, and )

24~70% for total porosity.

e

The materials were roughly classed as having ‘wide' and 'narrow"

distributions of pore volume as a function of mean pore diameter (Figure

27). In contras% to the highly irregular cells of the pyrolyzed plastics,

the commercial carbons and graphites had nearly equal concentrations of

a wide range of cell sizes. This was attributed to a known open, inter-

locked ceil structure (Reference 28).

The thermogravimetry samples were prepared bv cryogenic pulverization.

o 21

The particle major dimension was 4l microns. The density, porosity, and
pore speztra characteristics of the samples were therefore somewhat

different from the bulk particles used for porosimetric measurements.

69

g PR posr 5, s ook S Sk a5 i o
R e e e e e e e e T e e e e sty Bt SRR T




o RO TN F S5 T 4 VRTRIVSCI Tar X ST N TR S-S NN Y
S tihaite S g okrg-is ooy imbubrasist Pt umtaicaeigi sl ere e R A S S il

AFML-TR-71-207

Part |

P ashe aa e

‘EILp SJzJInIdENURY
g

-po3jou ssa|un wni |3y AJp ul 9J_.06€ e suanoy ¢ jo judwiedslasd pue poylaw 13g
13

0°9% 70°¢ ol°l 931ydeay snolod Q¢ 2pedy

s'0 8- 64 002 00" 1 uogie) snOJod Oh Ipedy

Sy 10°¢ oLt uoqie) snolod QZ spedy

" L°69 8s°1 §4%°0 a1aqey s31ydeay gom

3p140|Y) wn}uoumy

6°¢T %8°1 €171 ‘21358 |d PazA|OlAy

(19pmod 2Aa1S GZE€-)

002 D13se(d PozA|oady

0Z? (A4 0S°i 46°0 dt1iseld pazAjosdyg

(w6 /.,w) (3usdtad) (22 /wb) (22 /16) Ajaadoagd/etaaiey
eady 22e4.dng Aysouaag Alisuag Alisuaq
o1j109dg jusaseddy jeaoy anJ] jusaeddy

11 3718vL

S311Y3d40Y¥d TVIISAHd

70

T

4

e A e

2

omg

ey 2N

A

T




o

o

\
- . - WS e . e v T - % e o @ - -

e

s|etd4a3ey SNOI.:, 104 ea3dadg adsog [z @Jnbig

SNOYOIN ~ ¥313WVIQ 3¥0d NVIW

I'0 ol o]
T ] I oc¢ _,.m
X
(@]
m
Z
oiavd 3JLIHAVYHEO 80M 3Qved © o
NOBYYD SNOYOd Ob 3QVyH9 v ob ™
NOBYVD SNOo¥O0d 0¢ 3avy9 a - '
3LISOdN0D Q3ZINO8¥VYD 03713 _o.fz o m
31ISOdWN0D Q3ZINOBYVD A3TdINN © .N ~
09 &
>
@
L
2
m
Q
08
20
m
S
S &
~
! Qo &
~ I 1 ] I m
&
T —
Yoo
T -
i o
< oo
Y - I‘n — b.m
T — sl ¥ " E‘E{EEEEE




AFML-TR-71-207
Part |

The pore spectra for Grade 40 porous graphite was nearly identical
to the results for the two porous carbon grades (Figure 27). The density
and total porosity results for all porous carbons and graphites agreed
well with handbook values (Reference 27). The pore spectra for the
pyrolyzed plastic was in good agreement with a distribution for a similar

material (Reference 12).

2. SPECIFIC SURFACE AREA

Specific surface area was examined using a nitrogen absorption
Sorptometer. This instrument was manufactured by the Perkin-Elmer
Corporation. General procedures for similar measurements; were detailed

in Reference 29.

The specific surface ar.as of the pyrolyzed plastic were relatively
high (Table Il). The results were 220 m2/gm as a bulk particle and 200

m2/gm as a fine powder for a reference pretreatment condition.

There was ¢ strong dependence of absorption measurements upon
pretreatment. As an exampie, ‘‘apparent’’ specific surface areas of iz,
4o, 160, and 220 m2/gm were found for four bulk particles of the pyro-
lyzed plastic for pretreatment in a helium purge for three hours at room
temperature, 80, 100, and 350°C. These values were for cither a one-
point estimate or a three-point evaluation of a classical Brunauer-
Emmett-Teller (BET) parametric plot. The 220 mZ/gm value was held to be

the most valid as approaching a true specific surface area.
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High temperature pretreatment was not possible for the ammonium
chloride filled pyrolyzed plastic due to filler pyrolysis. Estimates
were made, however, as a point of interest for three bulk pairticles after
helium pretreatment for three hours at room temperature, at 80, and
100°C. The apparent results were roughly 0.1 of the normal composite for
equivalent pretreatments. There was evidence of minor filler -ecompo-

sition for the 100°C degassing.

The strong dependence of apparent specific surface area upon pre-
treatment conditions was possibly associated with more efficient removal
of absor.:d vapors at the higher temperatures, the opening cf fissures,

surface ''activation," or other unknown aspects.

Apparent specific surface area dependence upon temperature implied
that an equilibrium internal pore structure may not exist. A further
implication was that there were gross uncertainties in Arrhenius con-
stants due to pore structure variations during thermogravimetry. If an
equilibrium structure was possible, he pretreatment prior to the experi-
ment was desirable. On the other hand, the similarity of the oxidation
thermograms for the different materials impited that variable pore
structure was possibly an insignificant factor, masked by cther effects,

or the equilibrium structure was perhaps approached while heating up.
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SECTION IX

ACCURACY, PRECISION, AND SENSITIVITY

1. RLSIDUAL WEIGHT

There was a linear and reproducible weight loss error from 600-950°C
for quiescent air runs. The thermograms were not corrected for the small
error of up to 3/4% maximum at 950°C. No error was found for air purging
runs at reduced pressure. A near linear weight loss error for vacuum
runs resulted in a maximum deviation of about 4% at 950°C. All vacuum

thermograms were corrected for this error.

The error in air was primarily due to electrical component drift. The
error in vacuum was attributed to buoyancy force increase due to pressure
increase while heating and electrical component drift. The buoyancy
force error was later elimirated with a Cartesian diver manostat that

gave a near constant pressure.

A parasitic welght error found during early work with the Thermo-Grav
£ the springs. Thi

115 €rior was eliminated

by using cooling blowers to maintain temperature equilibrium.

2. REFERENCE TEMPERATURE
Temperature errors wWere associated with thermal gradients for the

crucible, sample, and the reference *thermocouple. There were additional

thermacouple calibration arrors.
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The reference thermocouple was located in a quartz sheath about 3/4
inch directly below the crucible. A second thermocouple was bonded into
a crucible with ceramic cement. The differential temperature was recorded
as a function of reference temperature (RT) for a 9°C/min run in quiescent
air. The RT exceeded the crucible temperature (CT) by up to about 7°C

(Figure 28).

Differential temperature runs were made with 100 mg samples of the
pyrolyzed plastic and filled composite. The CT first approached and then
exceeded the RT by up to 8°C during exothermic oxidation of the pyrolyzed
plastic. The ammonium chloride filler gave .n expected endothermic

cooling during pyrolysis.

Tne two Chromel alumel thermocouples were calibrated against a
platinum, platinum + 10% rhodium standard thermocoupie (ST). The ST wa-

certified by the National Bureau of Standards. The independent variab..

was the normally recorded RT and the dependent varizbles were coriantions.

The corrected RTr and CTr conformed to the relations

RT_ = RT - (RT - ST) (14)

CT_ = RT_ - (RT - CT) (15)

The corrected crucible and reference temperature differences ranged
as high as +10°C for the pyrolyzed glastics. In view of possible

additional error due to poor thermocouple contact and a thermal gradient

for the crucible and sample, this value was considered conservatively low.
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T

- == - -- 3. - THERMOGRAM REPRODUCIBILITY

Duplicate oxidation thermograms revealed reproducibility of a sample

run within a fow weight percent (Figure 29). An average difference of

about 6% by weight was found for thermograms for two different samples of i

AR APt

the pyrolyzed plastic. The reasons for this large imprecision were un-

known but could have been associated with imperfect grinding or sieving

-

operations.

o

L. PHYSICAL PROPERTIES

-~

s SS.s .

o

A detailed analysis of porosimetric errors led to typical maximum
14’ values for carbonaceous materials: +0.05 gm/cc for apparent density,
40.10 gm/cc for true density, and +6% for total porosity (Reference 27).

The results for the commerzial carbon and graphite porous grades were in

excellent agreement with other measurements (Reference 28). The absolute
accuracy of poros-imetry was limited to some degree by the inaccessibility

of pores with m2an diameters above about 10 microns.

The rature and magnitude of errors for typical ni*rogen absorption

s L5 4 i dhnk

measurements were described in detail elsewhere (Reference 29).
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3 SECTION X

SUMMARY OF THE ACTUAL EXPERIMENTAL WORK

Constant-heating~rate thermogravimetry was conducted in air for two
pyrolyzed plastics, three graphites, a graphite fabric, and a carbon
material. All sample powders gave similar thermograms except a high

density, high purity graphite and a filled pyrolyzed plastic.

A nunber of procadural variables proved significant. An increase
in airflow rate, heating rate, oxygen concentration, pressure, or surface

area gave decreased oxidative resistance. The materials fell within

either "wide" or "narrow'" distributions of pore volume. Both classes
gave similar thermograms. The sample and environmental effects were
partially consistent with the external appearances of diffusion contro!l
of oxidation. These external appearances were tentatively attributed to

phase boundary control of graphite oxidation.

The thermobalance was inadequate for detailed study of sample and

—

environmental variables. There were limitations on the operational ranges
of airflow rate, heating rate, oxygen concentration, and pressure. A
protctype gas-purge/vacuum network was successfully built to extend
capabilities. A versatile thermobalance capable of detailed study of
sample and environmental variables over wide ranges was considered a

potential means of confirmation of phase boundary control of graphite

Ll s e

. oxidation.
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.
3 ‘§ An isothermal relation in an Arrhenius format was solved for a

constant-heating-rate run of a constant surface area sample. The in-

dicated trends of decreasing oxidation resistance with increasing oxygen
concentration, pressure, or surface area were reasonably consistent with
the experimental thermograms. The experimcnis were not designed for

Arrhenius constants evaluation and no attempt was made to do so.

The weights of a pyrciyzed plastic and ammonium chloride were es-

A P

sentially additive, by a law of mixtures, to give the hermograms of an

oo

ammonium chloride filled pyrolyzed plastic in both air and vacuum.

Density, porosity, pore spectra, and specific surface area were

o wd e oa

examined for selected materials. There were wide ranges of densities

EL

and porosities. The pore spectra largely fell within two general classes.
Specific surface areas were strongly dependent upon the method of sample

pretreatment.

The «tandard thermogravimetry run was for a -325 sieve, dried 100

mn aradas
sheng rvo-v\-c

E:
y quiesceni air. There were ]
two major errors. A temperature error due to combustion, endothermic
decomposition, thermal gradients, or thermocouple error approached a 1

max imum of jj0°C. Weight error was largely due to electrical component } J

drift plus a pressure change effect for vacuum runs. The drift and

g 2

pressure errors ranged up to maximum values of about 0.75 and 3.25%

weight loss at 9Y0°C, respectively.
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1 SECTION XI

CONCLUSIONS AND RECOMMENDAT IONS

o

k Constant heating rate thermogravimetry in oxidizing atmospheres was

a rapid and useful method for studying sample and environmental variabies
r empirically, verifying mechanisms, and estimating Arrhenius constants |
ﬁ from constant surface area data. The potential ease of shifting major
i sample and environmental variables over wide ranges with corresponding

shivts in apparent surface reaction control effects or diffusion control

L .b...: PY

effects was attractive for studying phase boundary control or other

4 oxidative mechanisms. Isothermal thermogravimetry was more promising

l for defining exact mechanisms and evaluating Arrhenius constants

- e e

precisely.

- . A
e

There were problem areas in the precise use of either constant heating .

rate or isothermal thermogravimetry. Approaches for (1) holding critical !

variables at a constant level during the run, and (2) reduciny experi- A

mental error included:

Qr
(1]
(4]
[41
[

T
[¢]
=
w
[+)
=t
<!
-~
a

T | ey

temperature,
2. Isothermal temperature - sample temperatures consistent

with rapid weight loss and zero thermal inertia for the sample.

3. Oxygen concentration - a miniature sample immersed within ?
a constant velocity, high mass flow, preheated stream of oxidizing

gas.

|
| 4. Pressure - a manostat or oti »r device for pressure

\ controi.

t 81
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5. Pretreatment - sample pretreatments to assess effects.

6. Surface area - a carefully designed, near constant area
sample.

7. Temperature error - a miniature sample/holder with direct
sample thermocouplie emplacement.,

8. Weight error - a miniature sample/hoider and pressure
control.

9. Density, porosity, pore spectra, and specific surface

area - interrupted thermogravimetry runs to assess constancy.

The recording thermobalance was extensively modified for the thermo-
gravimetry of ablative plastics to 1400°C in helium purging flow.
Although there were no further oxidative experiments, several new and
planned features were amenable to solving identified problem areas
(Reference 30). These included, for esample, a wide range of heating
rates, little thermal inertia for isothermal runs over a wide temperature
range, a high velocity gas purge around a carefully designed sample, a
vacuum/purge gas network, a potential variety of solid sample config-
urations, direct thermocouple instrumentation of the sample, reduced

experimental! error, and easy interruption of the run at anytime.
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APPENDIX #

YRIM EMPIRICAL KINETICS COMPUTER CODE

TRIM was a general zomputer code for empirical kinetics (References
19 and 20). Arrhenius constants were calculated from integral weight {
fractions as a function of temperature for a constant heating rate. Many

data points were therefore possible without the chore of often inaccurate

weight loss rate measurements.

AT ey Y L s
" '

The general kinetic model of surface reaction oxidation was
. -X
-dw/dT = (B/T) e ’
For this model, TRIM solved

2 . k
loglo((l - w)/T ) =-(E/R In 10)(1/T) + Iogmr(BR/ET) . 3

The terms -(E/R 1n 10) and loglor(BR/Ef) were made equal to a slope and

an intercept, respectively, for this nearly linear equation. E and the o
product rB were estimated by the scandard method of least squares.

Knowing E, an "averaged' value of the near constant r could be estimated ]
by either (1) direct calculation usiny Equation 12 or (2) as a reference . L
in a table (or figure) as a function of X. Knowing r, B followed from

the product rB. ‘

A N

PAR 3 was a useful companion to TRIM, This computer code graphically E
constructed a thermogram from input kinetic ccnstants. For the present

model, PAR 3 solved Equation 8 for a given number of weight/temperature

T, S

i
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data points. The results would be plotted grashically by an X-Y plotter
in the standard thermogram formst. PAR 3 was a potentially useful means

of assessing the relative importance of B and component terms.
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