Available online at www.sciencedirect.com

SCIENCE@DIRECTO Egsas

ol TSR
ELSEVIER Journal of the European Ceramic Society 25 (2005) 3413-3425

Vi

www.elsevier.com/locate/jeurceramsoc

A phenomenological description of the rate of the aluminum/oxygen
reaction in the reaction-bonding of alumina

Jill M. Aaron?, Helen M. ChaR, Martin P. Harmet, Maytee Abpamarfy Hugo S. Carar*

a Department of Chemical Engineering, Lehigh University, Bethlehem, PA 18015, USA
b Department of Materials Science and Engineering, Lehigh University, Bethlehem, PA 18015, USA

Received 24 November 2003; received in revised form 23 August 2004
Available online 22 December 2004

Abstract

The isothermal reaction kinetics of aluminum oxidation in loose AAIpowder was studied in the temperature range 4552655ing
thermogravimetry. The powder compositions ranged from 30 to 65 vol.% aluminium, with average Al particle sizes in the ranggrh.4—2.7
The oxygen mole fraction was varied between 20 and 100%. It was found that only 70-80% of the aluminum can be oxidized below the
melting point of 660C. The weight gain curves were well fitted by assuming that the rate of oxidation was first order with respect to the
amount of aluminum, which can be oxidized below 860 left in the sample. The reaction rate was observed to be independent of both the
partial pressure of oxygen and the aluminum particle size. It was shown that the same kinetics relationship could also be applied to a broad
range of experimental oxidation data in the literature, yielding a common value of the Arrhenius constant and activation energy. The kinetic
model was successfully applied to the controlled processing of RBAO powder compacts for constant temperature hold and constant reaction
rate cases.
© 2004 Published by Elsevier Ltd.
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1. Introduction The oxidation of aluminum occurring during the RBAO
process is given by the reaction

The reaction-bonded aluminum oxide (RBAO) pro-
cess was developed by the Advanced Ceramics Group of4Al + 30— 2AI203 @)
the Technical University of Hamburg-Harburg in Ham-
burg, Germany. The RBAO process involves heat treating
attrition-milled Al/AloO3 or Al/Al,03/ZrO, powder com-
pacts in an oxidizing atmosphere to produce@d-based
ceramics: 19 RBAO precursor powders are made using air
30-80vol.% aluminum powder, 20—70 vol.% alumina pow-
der, and 0—20 vol.% zirconia powder. The addition of zirconia
improves the microstructure and mechanical properties of the
final ceramic%3

This reaction is extremely exothermic and results in volume
expansion and weight gain. Due to the weight gain, the reac-
tion rate can be determined using themogravimetry (TG).
Reaction behavior of a typical RBAO powder heated in
is shown irFig. L The furnace temperature was increased
at 1°C/min. The weight gain is plotted against the furnace
temperature, which may be different from the actual sample
temperature. After the initial weight loss, associated with the
evaporation of fugitive species, there is a rapid acceleration of
the rate of reaction at a furnace temperature of about@50
The reaction rate reaches a maximum in the furnace tem-
perature range of 500-55C. Under these conditions, the
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Fig. 1. Reaction behavior of a typical, RBAO powder heaté@/min in air.

the reaction slows down to the point that no further conver- aluminum, but some work has also been reported in pow-
sion will occur if the furnace temperature does not exceed theder samples. The rate of oxidation of aluminum has been
melting point of aluminum at 668C, when total conversion  observed to be extremely temperature sensitive, and various
will occur. It is the uneven volume gains and sharp thermal kinetic models with different mechanisms have been used to
gradients associated with the ignition phenomena that causelescribe the oxidation at various temperatures.
stresses which result in sample crackiny®’Cracking can Cabrera and Motf developed theories for the mecha-
be avoided by using low heating rates and isothermal tem- nisms which control the oxidation of metals for thick, thin,
perature holds that avoid reaction runawa/® ’Knowledge and very thin oxide layers. For thick oxide films and suffi-
of the reaction kinetics of the oxidation of aluminum can be ciently high temperatures, either the metal or oxygen ions are
used to avoid uncontrolled reactions. soluble in the oxide and diffuse through the oxide layer. The
The purpose of the present study is to determine the ox- driving force is a concentration gradient that is inversely pro-
idation kinetics of RBAO powders comprising a mixture of portional to the film thickness leading to the classic parabolic
Al and Al,O3. The oxidation of the Al was studied using rate law of the form
thermogravimetry, and kinetic constants were determined as
a function of aluminum concentration, oxygen partial pres- X% =2At (2
sure, and aluminum particle size. Note that in previous mod-
eling studies, the reaction rate had been assumed to be seconfheretis the time X, proportional to the amount of aluminum
order with respect to aluminum, and first order with respect converted and, a constant proportional to the species diffu-
to oxygen, but this had not been confirmed experimentdlly. ~ Sivity acrossthe oxide. Since oxygenions have poor solubility
As will be seen, the data from the present Study y|e|ds a in aluminum OXide, the rate of diffusion of aluminum ions is
kinetic model which, in addition to being directly pertinent commonly assumed to control the reactionrate. Thus, the rate
to RBAO conversion, has general applicability to studies of Of oxidation can be considered to be relatively independent

Al oxidation in the literature. of the oxygen pressure.
Isothermal weight gain experiments below 48resulted

in weight gain curves that fit a parabolic rate . 132%As
discussed above this corresponds to the growth of an amor-

2. Background phous oxide layer which is controlled by aluminum ion dif-
fusion through the layeé¥-22This is also valid for the initial
2.1. Oxidation of aluminum weight gain region above 45C, but as will be discussed

below the fit does not extend to higher conversions.
The oxidation of aluminum has been the subject of many  An Arrhenius plot of the rate coefficients from data fit-
studiest! =21 Most of them have used thin, flat samples of ting parabolic kinetics below 45 and in the initial region
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Fig. 2. Arrhenius plot of rate coefficients from data fitting parabolic kinetics from various studies.

above 450C for various studies is shown iRig. 2 Rate are plotted together does the similarity between the rates be-
coefficient data of Gulbransen and WyséhgSmeltzet®, comes apparent.

and Aylmore et af2 are closely clustered. Values collected At temperatures above 45Q, and higher conversions,

by Beck et all” and Suvaci et al® are significantly lower.  the parabolic model is no longer valid. The observations
Nevertheless, when the data points are considered togethemmf an amorphous oxide layer up to about 480with the
they form a band which suggests a common activation en- growth of a crystalline oxide layer at the metal-amorphous
ergy. Shown irfable lis a wide range of rate constants and oxide interface at highertemperatures indicate thatthe change
activation energies reported by the original authors. The ap-from parabolic kinetics is probably due to the nucleation and
parent differences disappear when the actual rate coefficientgrowth of crystalline alumind?-2°This suggests that the sec-
are presented on the same plot. The same phenomenon wilbnd and final regions of the weight gain curves correspond to
be observed with the rate data at higher conversions and tem+he nucleation, growth, and cessation of growth of crystalline
peratures. This is because there are two constkiaisd E, oxide16-180xygen is transported through the amorphous ox-
that can be used to fit the data and many combinations ofide layer to the metal-oxide interface for the formation of
these two give good fits. Only when the experimental results crystalline aluming?

Table 1
Activation energies and Arrhenius constants of data fitting parabolic kinetics for various studies
Data source Temperature rang€Y Activation energy (kJ/mol) Arrhenius constangfgm’ s)
Gulbransen and Wysohy 350-450 96 7.&10°°
96 8.4x 1077
Smeltzet® (thin film range) 400-600 159 161073
172 8.0x 1073
Smeltzet® (thick film range) 400-600 170 1102
212 6.0
Aumann et af? 250-375 48 6.6 107%°
Aumann et af? 375-450 164 2.610°°
Beck et alt’ 450-575 226 7.6 1072
5.0x 1073
Suvaci et al8 450-575 206 110t

238 2.4x 1071
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3. Experimental procedure Table 2
Properties of RBAO powders used in experiments
3.1. Powder processing Powder Al reacted below Cat (mol/cr®)  Average particle
melting point (%) size @m)
RBAO powders were prepared from starting powders of 30 initial vol.% Al - 62.72 8985x 1cr§ 1.635
Al (spherical powder, 99%+~40um, Aldrich Chemical 4> initialvol.% Al 70.76 9492107 1.437
65 initial vol.% Al  71.66 1326x 10~ 2.628

Co. Inc., Milwaukee, WI) and AlO3 (AKP-30, >99.99%,
0.4pm, Sumitomo Chemical Co. Ltd., Japan). The three pow-
der compositions processed comprised 30, 45, and 65% vol-ticle size distribution analyzer (Model LA-910, Horiba In-
ume aluminum, with AJO3 as the remaining portion. These struments, Japan). A small quantity of powder was diluted
compositions will be designated as AlI30, Al45, and Al65, in ethanol in a small beaker, then placed in an ultrasonic
respectively. Zirconia, which is often a component of RBAO bath to break up any agglomerates. The analyzer was filled
powder, was not added because the possible formation ofwith ethanol and then the diluted powder was added until the
Al3Zr.23 would confuse interpretation of the TG data. transmittance of light through the optical cell was in the range

Appropriate proportions of the starting powders were 85-95%. The sample was continuously circulated through the
mixed and attrition-milled (Laboratory model type 01HD optical cell, stirred, and subjected to ultrasonic vibration to
Szegvari Attritor System, Union Process, Akron, OH) in maintain the particle dispersion. A measurement was taken
400 ml of mineral spirits using 2.5 kg of high purity, 3 mm once the patrticle size distribution reached a steady distribu-
Al>03 balls. The stirring arm rotation speed was maintained tion. The average particle sizes and size distribution for the
at 580 rpm. three powders, respectively, are showiTable 2andFig. 3.

Two hundred grams of the ABO and Al45 powders were Previous studigs>’ have shown that milled aluminum
milled for 8 h, and 100 g of AI65 powder were milled for 7h. particles are flake liké® However, for the moderate range
After milling, the Al,O3 balls were separated from the pow- of substrate morphologies studied in the literature, particle
der slurry using a coarse strainer and rinsed with acetone.morphology does not appear to play a significant role in the
The powder was separated from the mineral spirits and ace-reaction rate.
tone by vacuum filtration. The resulting filter cake was left to
dry overnight in a fume hood. Once dry, the cake was ground 3.3. Thermogravimetric measurements
using a mortar and pestle and passed through at@8ieve.

Approximately 200 mg of loose RBAO powder was used
3.2. Powder morphology and size in each thermogravimetric experiment. This amount of pow-
der was judged to be large enough weight gain to make

The particle size distribution and average particle size experimental error due to the equipment insignificant, yet
were measured for each powder using a laser-scattering parsmall enough to minimize diffusional limitations in the
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Fig. 3. Particle size distributions of RBAO powders on a volume basis.
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Table 3 same oxygen concentration. The weight gain versus time
Post-milled powder composition for the Al45 powder for varying isothermal hold temper-
Initial powder Post-milling vol.% Al Post-milling vol.% AJO3 atures (80% oxygen) are plotted kig. 4. It can be seen
composition that for the higher temperatures, the reaction slows down
30 initial 25.13 74.87 considerably after a certain point, and then seems to stop
ch)l.i?fi)tﬁll 2464 65.36 almost completely. Calculations, however, show that there
vol.%Zl : : is still aluminum present at this point. Experiments per-
65 initial 50.82 49.18 formed at the highest temperature (without a runaway reac-
vol.% Al tion) with a longer isothermal hold period showed that only

between 70 and 80% of the total aluminum in the sample
would react below the melting point. The maximum amount
of aluminum that could react below the melting point was
slightly different for each powder and complete conversion
could only be achieved by raising the temperature above
the melting point. The percentage of aluminum reacted be-
low the melting point, the concentration of aluminum left,
and the average particle size for each powder are given in
Table 2

Defining the conversion a as the aluminum reacted

experiments. The degree of compaction is important since
it may create diffusional limitations. However, calculations
by Watsoff for highly compacted RBAO specimens have
shown that, for the rateRypserverg actually measured before
ignition, the reaction will not be diffusionally limited.

For each experiment, the powder sample was put in an
Al,O3 crucible, weighed, then placed in the TG analyzer
(Model STA 409, Netzsch Instruments, Paoli, PA). Mixtures

of oxygen and helium gas with varying compositions flowed divided by the total amount of aluminum that will re-

through the TG. at 50 cifmin. during all expenments. To act below the melting point, the data were fit to the
ensure the desired TG atmosphere, the gas mixture was al-

lowed to flow through the TG for 1 h before beginning each equation:
experiment. For each powder, one experiment was performedkt — —In(l—a) ®)
where the powder was fully reacted and the change in mass
was recorded. The post-milling composition of the powders  pjots of —In(1 — ) versus time up to 85% conversion
was ca!culated using the data from this experiment and areso; the Al45 powder at various temperatures are shown in
shown inTable 3 _ Fig. 5a and b. Plots of the data for the AlI30 and Al65 pow-
Several experiments were performed on each powder with gers show similar results. When the isothermal temperature
isothermal holds at various temperatures and with various gasig reached, the time is takentas0, however, partial reaction
compositions. For these experiments, the sample was heategccyrred before the isothermal temperature was reached. The
to 20°C below the desired temperature at a rate ofG0nin. amount that reacted during heating to the isothermal tempera-
and then heated to the isothermal hold temperature at a rate of; ;e depended on the powder and temperature. This accounts
[ °C/min. This method of heating the sample to the isother- ¢4, the varying initial points for each experiment. Beyond

mal hold temperature was used because it took the sampleypoyt 859 conversion, the reaction slowed down consider-
to the desired temperature in the least amount of time while 4,1y |t seems likely that at this point, there was a change

avoiding any overshoot above the desired temperature. Afteri, the mechanism controlling the reaction. The reasonable
keeping the sample at the isothermal hold tgmperature for6 h.it of the experimental data in plots efIn(1—«) versus

it was then cooled to 20C at a rate of 10C/min. Isothermal time to a straight line up to 85% conversion suggests that
hold temperatures used in these experiments varied from 455during this period the reaction rate was first order with re-
to 565°C. spect to the amount of aluminum left in the sample. This is a

~ Thermal runaway occurred during the experiment with an rely experimental observation which has been clearly seen
isothermal hold temperature of 566 for the AI30 powder,  \yhen taking most weight gain data in the literatife!517.18

and 535 C for the Al45 and Al65 powders. Experiments done g4 replotting them in terms oki= —In(1 — ) Note that
above these temperatures did not give useful data. For eachy, Fig. 4a and b, the small variations in the degree of

powder (and avoiding thermal runaway), one experiment was conyersion at zero time arise due to corresponding differ-
extended frm a 6 to a 12 fisothermal hold to determine the  ences in heat-up period prior to reaching the isothermal test

maximum oxidation below the melting point. temperature.

The oxygen concentration was varied in several experi-
ments using the same powder and the same isothermal tem-
perature. The results of experiments done on the AI30 pow-
4.1. Effect of oxygen concentration and aluminum der at 505C with varying oxygen concentration are dis-
concentration on the reaction rate played in Flg 6. The small variation between the curves

shows that the effect of the oxygen concentration is neg-

As discussed above experiments were performed with Var-'igib|e. This is consistent with the observations of other
ious isothermal temperature holds for each powder with the investigators:*

4. Experimental results and discussion
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Fig. 4. Weight gain curves at various temperatures for 45 initial vol.% Al powder with oxygen concentration of 80%.

4.2. Effect of temperature rates that differ most. This is shown fig. 7. It also shows
that the Al65 powder, which has the largest average particle

An Arrhenius plot of the rate coefficienksfor the three size of the three powders, has a rate coefficient in between

powder compositions is shown Fig. 7. The figure shows  that of the other powders. This indicates that, in the limited

the Arrhenius equatiorkE kg exp(—E/RT)) to be agood ap-  range of particle sizes studied, particle size does not correlate

proximation of the temperature dependence. All the fitted with oxidation rates between 455 and 585

lines for each powder have approximately the same slope,

independent of powder composition. The difference inkhe 4 4. comparison of experimental data with reaction

values is a factor of about 3.4, which is not large for kinetic \yechanisms in the literature

constants. The values of the activation enekgwand the Ar-

rhenius constank that were determined from the data, as  There exist several reaction mechanisms (with re-

well as the average of each of these values, are shown injteq kinetics equations) for the oxidation of aluminum

Table 4 that might explain the observed RBAO powder oxidation
S behavior>11-13.16.17.2F he experimental data obtained in the
4.3. Effect of particle size present study were compared with each mechanism to check

) ) _ for consistency.

The average particle sizes of the powders are shown in | has already been established that at temperatures above
Table 2 and the particle size distributions of the powders on 450°C the data cannot be represented by a simple parabolic
a volume basis are shown Kig. 3. The particle size dis- equation, as done by Cabrera and Mbtit lower tempera-
tributions are fairly narrow with a minimum particle size of  yres. An extension of the parabolic model to spherical parti-
about 0.3Jum and a maximum particle size of aboutiih.  ¢les that assumes aluminum diffusion across the oxide layer
The ABO and Al45 aluminum powders have average particle and accounts for the change in the particle size was used by
sizes that are close in value, but rate coefficients and reactiony, et al® to describe the reaction kinetics of RBAO powder.
At 540°C, however, their experimental data deviated signifi-
cantly from their model. It was speculated that the deviation
was due to the presence of a particle size distribution and the

Table 4
Activation energies and Arrhenius constants for RBAO powders

Powder Activation ener Arrhenius constant L . . . . .
(kJ/mol) o © variation of the gradient of chemical potential of the diffusing
— 5 oxygen with conversion.
30 initial vol.% Al 226 855 x 10" I\ detailed Vsi d d by Beck &7 al
45 initial vol. % Al 215 288 x 1010 more detailed analysis was advanced by Bec al.

65 initial vol.% Al 225 108 x 1011 Previous investigations of the oxidation behavior of alu-
minum suggested that the deviation from parabolic kinetics

Average 222 Z1x 100 ; . )
around 450 C was due to a change in mechanism, from diffu-
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Fig. 5. (a) Fit of experimental data to first order dependence on the concentration of aluminum for 45 initial vol.% Al powder at 455, 465, 475Carfd)485
Fit of experimental data to first order dependence on the concentration of aluminum for 45 initial vol.% Al powder at 495, 505, 515;@nd 525

sion across an amorphous layer to a change in structure by eipositions is:

ther crystallization of the amorphous layer, or nucleation and 2 5
growth of crystalline alumina, but no equations describing We = p3[1 — exp-mv™2r7)] (4)

the kinetics were proposéd:*31%Beck etal'’ found thatat  whereW, is the weight of crystals grown on unit area;
temperatures between 450 and 5C5ucleation and growth  density of the crystalline alumind; thickness of the crys-

of crystalline alumina controlled the oxidation of aluminum tajs; v, radial velocity of growth;2, nucleation density, and
after an initial period of parabolic growth and proceeded un- ¢, time. To this value he added the rate given by the parabolic
til the crystals ceased growth. The equation describing the model. The model, however, contains three parameters that
crystalline growth based on uniformly expanding cylinders were adjusted at each temperature to fit the weight gain data.
of constant height that nucleate instantaneously at randomThere are also unexplained discontinuities in the parabolic
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growth ratesFig. 10a and b show that the first order model RBAO powder than on thin, flat aluminum samples, the simi-
fits the data well. Additionally, as discussed below a single larity of the shape of the weight gain curves from Beck ét all.
activation energy can be used to accommodate the temperaand this study suggested that the mechanisms controlling the
ture dependence. crystalline growth were the same. In spite of the number of
Suvaci et alt® attempted to use this model to predict the fitting parameters available (parabolic growth rate constant,
oxidation rate in RBAO powder with limited success. While crystallinear growth rate, radial growth rate, thickness of alu-
this may indicate that the nucleation and growth of the crys- mina layer and nucleation density) the representation of the
talline alumina occurred by a different mechanism in the weight gain curves was limited to the low conversion region

65 initial volume % Al
(Particle Size = 2.628 pm)

Ayl

45 initial volume % Al
(Particle Size = 1.437 pm)
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(Particle Size = 1.635 um)
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Fig. 7. Arrhenius plot of rate coefficients for various powders.
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data from Beck et al. to first order dependence on the concentration of aluminum at 525, 550, &@d(6Y Fit of experimental data from Suvaci et al. to

first order dependence on the concentration of aluminium at 450, 475, an€5@{) Fit of experimental data from Wu et al. to first order dependence on the
concentration of aluminum at 54C for powders of different composition. (e) Fit of experimental data from Gaus to first order dependence on the concentration

of aluminum at 456, 500, and 506.

of the process, with significant deviations at higher conver- the lack of observation of this region was not significant for
sions. the purpose of this study.
It should be noted that most past studies have shown a brief
initial region of rapidly decreasing reaction rates that were 4.5. Consistency of literature data with first order
not seen in this work. This may be due to the period of heat- reaction kinetics
ing at the beginning during which partial oxidation occurred.
However, the initial region of decreasing reaction rate found  The difficulties encountered by previous investigators
in most studies corresponded to very small conversions, soin representing the oxidation rates were discussed in the
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Table 5

Activation energies and Arrhenius constants of data fitting a first order equation for various studies

Data source Temperature rang€) Activation energy (kJ/mol) Arrhenius constant ¥
Beck et al’ 450-575 230 B4 x 1012

Suvaci et al8 450-500 119 B1x 10

This study 30 initial vol.% Al 455-555 226 85 x 100

This study 45 initial vol.% Al 455-525 215 .28 x 100

This study 65 initial vol.% Al 455-525 225 .a8x 10t

previous section. The question naturally rises, therefore, is stants obtained in this work for loose powders and they fall
the experimental data in the literature consistent with the in a trend line that shows the same activation energy as the
reaction kinetics observed in the present work? To addressloose powder measurements. Additionally, the data fit extend
this point, the data from several groups were fit to the first to temperatures as low a 410 considerably extending the
order equation up to 85% conversion, and assuming a max-range of temperature for which the model can be applied.
imum conversion as indicated by the individual curves. The Some of the data at high temperature show a rapid initial

fit of the data is shown iffig. 8a and b for Beck et al/ in rate with a sudden slowdown at low conversions. It is likely

Fig. 8 for Suvaci et all® and inFig. &d for Wu et al> that the data correspond to runaway conditions and were not
and in Fig. 8 for Gaus® Coefficients of regressiorRf) included in the analysis. In several studies, reported in the
exceed 0.99. literature, the point of maximum conversion was not reached

An Arrhenius plot with the rate coefficients found in hence the first order equation could not be fit to the data.
Fig. 8a—e is shown irFig. 9. The activation energies and However, for low conversions, the first order equation can be
Arrhenius constants determined from the figure are given in approximated by a linear equation of the form
Table 5 As before, the data of Beck et Hl.and Suvaci et
al.18 are significantly lower than the rest. Regardless, the fig- o = k¢ (5)
ure shows, as stated earlier, that the reaction constants are
close to those from other investigators. Measurements of thewherea is the conversionk is the rate coefficient, antis
rate of oxidation of RBAO compacts were carried out by time. An Arrhenius plot of the rate coefficients, as rate of
Suvaci et al'8 for flat pellets 2.5 and 4.0 mm thick, at tem- weight gain per unit area, extracted from data in the linear
peratures from 410 to 49%. Since the weight gain curves region of the weight gain curve for several oxidation studies
were very well represented by the first order kinetics model, (including the current work) is shown igig. 10 The figure
the values of the apparent kinetic constants are also presentedontains rate coefficients from data collected by Gulbransen
in Fig. 9. The data are remarkably close to the kinetic con- and Wysong! (one sample), Smeltz€¥ (two differently
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Fig. 9. Arrhenius plot of rate coefficients for experimental data from this study and various other studies.
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Fig. 10. Arrhenius plot of rate coefficients from data fitting linear equation studies.

prepared samples), Aylmore et’dl(one sample), Beck et  still obscure. Nonetheless, it is significant that a relatively
al.l” (one sample), Suvaci et H.(two differently prepared  simple kinetic model has applicability over a broad range of
samples), and this study (the powders containing 30, 45, anddata in the literature.

65 initial vol.% Al). The activation energies and Arrhenius ~ An attempt was made to fit the experimental data above

constants determined from the data usedig. 10is are 85% conversion from this study to an equation that might cor-
tabulated inTable 6 relate to a change in mechanism. However, no equation was

Despite the variations in the activation energies and Ar- foundto fitthis data, and itis difficult to suggest a mechanism

rhenius constants for each set of data, the values of the ratd0 explain the behavior in this region.

coefficients inFig. 10are similar for all the studies; with the

exception of data from Beck and Aylmore, the overall slope 4.6. Applications of kinetics equations to prior reaction

is the same. From this, a single activation energy and Arrhe- bonding results

nius constant can be determined if all the data are considered

together. This shows that the behavior of the oxidation of alu-  In previous work, Gaus obtained curves for several runs
minum is similar for flat samples and powders with various on compacted RBAO samples with isothermal temperature
preparation techniques and that the equation(s) describingholds at different temperatures for different lengths of time.
the kinetics at various temperatures should be the same forFig. 11shows a comparison between the weight gain curves
all the studies. We acknowledge that this is purely a phe- obtained by Gaifsand the weight gain predicted by the
nomenological description, and the reaction mechanisms arefirst order equation using the average activation energy and

Table 6

Activation energies and Arrhenius constants of data fitting a linear rate law for various studies

Data source Temperature rang€Y Activation energy (kJ/mol) Arrhenius constant (gfsih

Gulbransen and Wysohy 450-500 158 Bx 107

Smeltzet® 450-600 164 Bx 10
153 34x 10

Aylmore et al'® 500-650 217 Bx10*

Beck et alt’ 450-575 228 Bx 10°

Suvaci et al8 450-575 111 2 %1072
128 18x 1071

This study 455-555 209 Gx 10
202 50x 10*

203 14 x 10°
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Fig. 11. Experimental (continuous lines) and predicted weight gains at various temperatures and isothermal hold lengths using differerkifiettasrder

Arrhenius constant determined in this study. The correspond-RBAO powders can be expected, but the average activation
ing data calculated using the first order equation and an ac-energy and Arrhenius constant values will provide a useful
tivation energy and Arrhenius constant derived from Gaus'’s estimate of weight gain and noticing that there are always
own work are also included. The determined activation en- variations between powders.

ergy and Arrhenius constant predict the weight gain curve ~ Watsorf performed experiments on samples of compacted
very well. The prediction of weight gain using the average RBAO where a maximum reaction rate was set to avoid both
activation energy and Arrhenius constant determined in this diffusion control of the reaction and ignitidhAvoiding diffu-
study is somewhat lower than the actual weight gain but still sion control and ignition prevents the development of thermal
very reasonable. It is obvious that some variation betweenand chemical stresses which cause sample cracking.

12
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Fig. 12. Experimental weight gain vs. temperature curves for 1 g, 4 g, and 16 g samples from Watson (continuous lines) and as predicted by fiegteorder equ
(dotted lines).
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In his experiments, the temperature would increase at a 4.
rate of 5°C/min if the reaction rate was below a maximum
rate, chosen to prevent both ignition and concentration gradi- >
ents. When the reaction rate reached the maximum set value,
the temperature would stay the same or increase slowly to g
keep the reaction rate at the set value. Weight gain versus
temperature curves are plottedfigy. 12 It shows data for
several samples from Watson in the region where the reaction ”:
rate is approximately constant at the maximum set value and
shows the temperature predicted from the first order equation
for the mass and set reaction rate of each sample. The pre-s.
dicted curves start at the minimum temperature that will give
the desired rate for the unconverted sample. The predicted
temperatures and the experimental values of the sample tem-
peratures match very well.

10.

5. Conclusions

11.

In the temperature range 455-5%5 the reaction kinetics

for the oxidation of RBAO powders was observed to be first
order with respect to the concentration of aluminum, and zero
order with respect to the concentration of oxygen. The kinet- 13.
ics were also found to have an Arrhenius dependence on tem-
perature with an activation energy of 222 kJ/mol and an Ar- 14
rhenius constant in the range 2.880'°to 1.08x 10'1s™1,
A survey of the literature revealed that the experimental data
from a broad range of studies were also consistent with the 1%
aforementioned kinetics model put forward. Further, the pro- |
posed correlation is simpler than the multiple regions and
mechanisms presented previously. Over the small range of17.
average Al/AyO3 particle sizes examined, there was little
influence of average particle size on oxidation kinetics. The
kinetics presented will be useful to predict the reaction behav-
ior of RBAO powder compacts as long as diffusional effects
are not important, and ignition is avoided.

12.

19.
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