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ABSTRACT

The kinetics of volatilization of phosphorous oxide from phosphosilicate glassceramic powders prepared by
a sol-gel process were investigated at a given temperature. The rate of P:0; vaporization mcreased with the
Py05 concentration in the phosphosilicate powder. Vaporization from the powder containing 46% Ps0s was analyz-
ed using a kinetic model for diffusion limited evaporation. The diffusion through phosphosilicate glass in the

surface of each particle in the lemperature range 800~-8507 are presented.
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1. Introduction

Glasses and oxide matenals are used in a wide va-
niety of high-temperature applications where volatiliza-
tion rates and thermodynamic stabilities are often limi-
ting factors. The volatilization causes substantial cha-
nges in the properties of the glasses and oxides. The
volatilization stuches can provide information about dif-
fusion coeificients, reaction rate coefficients and some-
times the component lifetimes.

The kinetics of volalilization from glasses and oxide
materials have been studied by many authors'®. Most
of these studies have involved the determination of
mass Joss using 2 thermohalance. The volatilization
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preducts were removed by a flowing gas. From the
time dependence of the volatihzation loss, one can oh-
tain informatien regarding the rafe controling sleps in
the volatilization process (surface reaction and/or df-
fusion control),

The object of this work was the study of the kinetics
of wvolatilization of P.Os from the phosphosilicate
glass/ceramic powders. The scl-gel method of making
phosphosilicate glass was chosen as a low templerature
route since melt [orming of these high P»(s content
glasses would be difficult due to the high volatility
of phosphorus oxide at high temperatures,

The sol-gel process is one of the most promising
methods for the manufacture of glass, pure fine pow-
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ders and ceramics. The theoretical considerations, pro-
cessing techniques and applications relaled to sol-gel
derived ceramics have been reviewed by many au-
thors®~®. The pnme technological impottance of the
sol-gel process 15 that it opens up a possibility of pre-
paring homogeneous glasses and glass-ceramics at lo-
wer temperatures, which are hard to prepare by mel-
ting of oxide mixtures.

Phosphosilicate glasses prepared by the sol-gel me-
thod have been studied by a few investigators. Tho-
mas® has provided m his patent a method for produ-
cing phosphostlicate glasses, Silicon alkaxide was reac-
ted with phosphoric acid to preduce a homogeneous
gel. By this method granular oxide product consisting
al aboul 8 to about 26 weight percent PyQs and aboul
92 to aboul 74 weight percent SiCh could be produced.

Jabra ef al™ has sutdied the gels of the SiOyP.0s
system prepared by a sol-gel method. Silica was intro-
duced as a hydrosol (LUDOX AS) which (s stabihzed
by the presence of NH,' iong. PyO; was introduced
as an aqueous solution of phosphoric acid or ammeo-
nium phosphate (NH,),HPO,. Gels containing 5 to 20
mol% of P0s; were prepared and the conversion of
gels into glasses was obtained by hot-pressing tech-
nidues using graphite dies.

In this paper we report the preparation and proper-
ties of phosphosilicate materials prepared by a sal-gel
method.

2. Experimental Procedure

2.1. Preparation of Gels

In this work, phosphosilicate glass-ceramics contai-
ning 41 and 46 mal% of Py0: prepared by a sol-gel
process were mvestigated. Phosphosihicate glass-cera-
mic powders were prepared using letraethoxysilane
(TEQS, 51(0C:Hs).) and phosphoric acid (H:PO,) as raw
materials. The general procedure for the preparation
of phosphasilicate powders containing 41 and 46 mol%
of P,0s is as follows. In a beaker, equal volumes of
TEOS and ethanol were mixed together. Phosphoric
acid was added slowly into this solution while stirring
with a magnetic sturing rod. The mixed solution was
covered with aluminum foil and stirred at ~45%C on
a hot magnetic stirnng plate. But, due to the lgh con-
centration of P:0;, the gelation proceeded rvamdly in
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one to two fours. Dried gels were opagque with a large
concentration of small pores, and it was very difficult
to remove organics from these gels by heat treatment,
So, phosphoric acid was mixed wilh aboul 18 moles
of water per mole of phospheric acid before adding
it to TEOS. The gelation proceeded more slowly and
glassy gels were obtained. These phosphaosilicale gels
were dried at 45C in an oven.

All the gels after drying at 45T were hand-ground
with a morlar and pestle. The powders were heated
to 5007 at a rate of 0.5C/min. in flowing oxygen and
held for 4 hours al 500C. These phosphosilicate gel
powders heat treated at 5007 were sieved to —200
mesh for further analysis.

2.2. Measurements of Properties

Thermogravimetric analysis (TGA) and diHerential
thermal analysis (IXTA) were used to determine the
physical and chemical reactions and the weighl loss
characteristics of the powders during heating,

Thermogravimeiric analysis was performed on pow-
ders to study the volatilization kinelics at various tem-
peralures. An automated lhermal analyzer was used
for all samples at temperatures up to 1000%. The flow
rate of the carmer gas, oxvgen, was mainiained at 0.2
SLPM during TGA.

Differential thermal analysis was carried out on pow-
ders to observe any reactions occurring m the gels
during heating, All data were obtamed using an auto-
matic recording analyzer with a 16007 DTA cell. Prior
to performung the DTA, the module was cahbrated
aganst the melting point of gold Alpha-alumina was
used as the reference material for DTA. About 30 mg
of powder was packed into a platinum cup sample hol-
der and analyzed at a heating rate of 10T per minute
with compressed air flowing at 0.2 SLPM.

Identification of crystalline phases in the glass-cera-
mic powder samples was obtained by an automated
X-ray diffraclometer. A CuK-o source was used [or
all analyses. The pattern were generally run at 1° 26
per minute. The powders were pround with 2 mortar
and pestle and passed through a 200 mesh sieve before
inserlion mto the sample holder.

The microstructures of the phosphosilicate glass-
ceramic powders were observed by transmssion elecl-
ron microscopy (TEM). The powder 1o be analyzed

2.9 %5)7)
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Fig. 1. Differential thermal analysis of the 46% phos-
phosilicate gel dried at 100T,

was dispersed in methanol and a drop of the slurry
was placed on a carbon coated copper grid. The TEM
was operaled al an accelerating voltage of 120 kV for
all samples.

3. Resusts and Discussion

3.1. Thermal Analysis

DTA of the phosphosilicate gel with 46 mol% of PxOs
dried at 100C was carried out al a heating rate of
5C per minute in flowing oxygen. The DTA curve is
presented in Fig. 1. Two endothermc peaks were ob-
served at ~160° and ~250C. The endothermic peak
at ~160T is atlributed to the physical desorption of
water and the solvents trapped inside the gel. The
other endothermic peak ohserved al ~—250 is suspected
to be due to the evaporation of the water dissociated
from the phosphoric acid. It was reported that water
is dissociated from phosphoric acid at ~2137™,

From the TGA analyses litille weight loss was obser-
ved al temperaiures of 700 to 900T for the gels of
which the phosphorus concentralions were less than
40 mol%. The TGA curve of the 46 mol% gel, run
at a heating rate of 5C per minute in flowing oxygen.
15 presented m Fig. 2. A large weight loss was observed
at temperatures below 2501, which supports the ex-
planation of the peaks shown in the DTA curve. The
slow weight loss at temperatures ahove 2507 was sus-
pected to be due lo the [urther desorption and oxida-
tion of the organic residues.

3.2. Microstracture
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Fig. 2. Thermogravimetric analysis of the 46% phos-
phosilicate gel dried at 50T.
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Fig. 3. TEM dark field image of the 46% phosphosil-
cate glass-ceramic powder heat treated at 800T.

The microstructures of the phosphosilicate glass-ce-
ramac powder with 46 moi% of P.0s were examined
by lransmission electron microscopy (TEM). A TEM
micrograph of the powder is shown in Fig 3. The crys-
talline phase, which was identified as Si(POy), by X-
ray diffraction analysis, 1s surrounded by the glass
phase. It is suspected that P»0s; is evaporated from
the surface of the glass phase. As P.Us is depleted
[rom the surface of each particle, the evaporalion of
PyQ; from the glass-ceramic powders may be contralled
by P.Os diffusion through a depleted iayer, by the de-
sorption reaction or by gas phase diffusition.

3.3. Kinefics of Volatilization

_91_
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Fig, 4. Percentage weight remaining of 41 and 46%
phosphosilicate glass-ceramic powders at 850T
as a function of square root of time.
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The kinetics of volatilization of P:0s from the glass-
ceramic powders has been studied using TGA. Isother-
mal TGA was carried out on the powders in flowing
nitrogen. The percentage weight loss of 41 and 46
mal% powders at 8507 15 presented as a function of
square root of time in Fig. 4. It is shown that the loss
rate at 850T increased as the concentration of P.Os
in the powder increased. The linear dependence of
the weight loss on the square root of time, as shown
in Fig 4, indicates thal the volatilization of PyOs from
both powders at 850T is a diffusion controlted process.

For a diffusion controlled volatilizalion process, a si-
mple graphical method has been developed for deter-
mining the diffusivity from weight logs with the selu-

tion®:

D -
Q= Cu\/;\/t (1)

where; Q =the quantity of material lost per unit sur-
face area after time t
Co=imtial concentration at the surface
D =the diffusion constant{cm®/unit 1ime)
The above equation can be rewritten for the ddiffusion
constant as:
D=(—p T @
Vv

t  C§
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Fig. 5. Perceniage weight loss of the 46% phosphosili-
cate glass-ceramic powder as a [unction of
square root of time.

If the initial concentration 1s known, an estimate of
the value D may be obtained from the graphical plot
which provides a value for the slope (Q/v’t_.) The acti-
vation energy, B, for the diffusion process can be ob-
tained from the diffusion coefficients for various tem-
peratures by the relationship:

E
D=Dy exp(— ﬁ) (3)

where R 18 the gas constant and T is the absolute
temperature.

The diffusion coefficients for P»Os diffusion through
the phosphosilicate glass at 800, 825 and 850, werce
estimated from the parabolic weight loss curves of 46
mol% glass-ceramic powders, which are presented in
Fig.5. The slopes ol the curves were delermmned hy
regression analysis and the surface area of 46 mol%
powder was assumed (o be the same as the specific
surface area of 56 mol% powder which 1s about 3.5 m*
/g. The specific surface area of 56 mol% glass-ceramic
powder was measured by the three pont BET method.
This analysis assumes ihat each powder particle acts
mdependently as a source for P0Os; and that any gas
phase boundary layers are negligible in thickness so
that solid state diffusion of P»Os to the surface where
evaporation occurs rapidly is the rate controlling step
in Pa0s volalilization from each particle. The diffusion

25| R



The Kinetics of Volatilization of P:0s From Sol-Gel Derved Phosphosilicate Glass-Ceramic Powder

w'"
? a
&
"E 07
g
a ! a

o
10-!? . 1 A i 1 —_
EX 89 90 91 97 o3 94
104T (K1)

Fig. 6. Arrhenius plot of the diffusion coefficients.

coefficienls were calculated using equation {2) Lo he
LA&>107Y, 7.30> 107", and 1.53X 10 %*cm?/sec at 800,
825 and 8507, respectively. From the Arrhenius plot
of the diffusion coefficients (Fig. 6), the apparent acti-
vation energy was determined to be ~4.35eV. Many
investigators**'® have reported the diffusion coefficle-
nis and the activation energies for phosphorus diffu-
sion in silica at higher temperatures (1100% and grea-
tery, To compare the diffusion coefficlents estimated
in the present work with those m the literature, the
data in Fig. 6. was extrapolated to 1100, A value of
549 10" B em®/sec was estimated for the diffusion coe-
fficient af 1100C. The values reported in the hterature
are widely scattered from L7X 107" to 20X 107" cm?
fsec.

By analyzing each mdividual particle as a P:0; sou-
vce where volatilizalion is tate limited by diffusion of
Ps0s to the surface, one can estimate the diffusion
length for a one hour diffusion at 850°C. The diffusion
length, /D, for I hour diffusion at 850 was calculat-
ed to be ~—70A, which is consistent with the hypothesis
that the evaporation of P:0; from 46 mol% glass-cera-
mic powder is a process rate controlled by PyOs diffu-
sion through a depleted layer in the surface of each
particle,

4. Conclusion

The phosphosilicate glass-ceramic powders were

A 20w 22 2(1992)
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prepared by a sol-gel process and their thermal pro-
perties and the kinetics of volatilization of P:0; were
studied. The following conclusions have resulted from
this investigation.

1. The rate of Ps0s vapaorization from a phosphosili-
cate powder was sensitive ta lhe composition of the
powder. The rate of Ps{); vaporization increased as the
P;0s concentration in a phosphosilicate powder increa-
sed. The rate of loss a5 a function of time was provi-
ded.

2. Vaporization from 46 mol% glass-ceramic powder
has been analyzed using a kinetic model for diffusion
limited evaporation. The diffusion coefficients for the
P05 diffusion through phosphosilicate glass was es-
timated from the weight loss curves at 800, 825 and
8507 to he 18821077, 7.30:X 107 and 1.53 10~ % cm®
/sec at 800, 825 and 850C, respectively. From the Ar-
rhenivus plot of the diffusion coefficients, the apparent
activalion energy was determined to be ~4.35eV.
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