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Characterization of the spinel phase in a diphasic
mullite gel using dynamic X-ray diffraction
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Dynamic X-ray diffraction (DXRD) has been used in an effort to identify the specific phase
changes which are responsible for observed thermal events at ~980°C in mullite gel
precursors. Specifically, changes in the evolution of the common and strongest diffraction
peak (d =0.139 nm) corresponding to both transient alumina phases and the Al-Si spinel
were followed in order to descriminate between these two phases. Results which compare
the DXRD results for a diphasic mullite gel and a boehmite gel are presented and suggest
that the Al-Si spinel phase forms at ~980°C in diphasic gels along with §- and/or y-Al;03.
These results are corroborated by separate TEM measurements which indicate the presence
of both phases in samples quenched from 1000°C. © 7999 Kluwer Academic Publishers

1. Introduction orthorhombic mullite at 1250C [5, 12, 13]. However,
Sol-gel synthesis is a promising means to produce higls reported previously [14], XRD is unable to deter-
purity mullite at relatively low temperatures. The gen- mine whether the Al-Si spinel also exists in addition to
eral agreement is that the mixing scale in mullite sol-gekransient alumina since these phases not only have sim-
precursors actually controls both the phase transformadlar crystalline structure and close lattice parameters,
tion sequence and the temperature of mullite formationbut also have very faint and diffuse XRD peaks with
Essentially, mullite sol-gel precursors can be characterconsiderable overlapping. Moreover, experimental ob-
ized into two general categories, according to the scaleervations indicate, that not only is silica crystallization
of alumina-silica mixing: single phase gels [1-4] andhindered (cristobalite did not crystalize at all at 1200
diphasic gels [4, 5]. prior to mullite formation) [15], but that the crystalliza-

In single phase gels, alumina and silica are mixed irtion of alumina polymorphs is also retarded [10]. This
the molecular range and the phase evolution has welmplies that diphasic gels may not be composed of two
been documented. In these gels, tetragonal mullite aiscrete phases prior to mullite formation, but rather,
ways forms at~980°C [1-4, 6-8] and is sometimes some AbO3 may be incorporated into the silica phase
coupled with Al-Si spinel formation depending on sol- and some Si replaces At* in the tetrahedral sites.
gel processing conditions used. The kinetics of mul- In view of the above, we have attempted to re-
lite formation from the amorphous aluminosilicate ma-characterize phase transformations in diphasic gels us-
trix is a nucleation controlled mechanism [8] and theing dynamic X-ray diffraction (DXRD) with an empha-
subsequent transformation to orthorhombic mullite atsis on whether the Al-Si spinel exists or not. Although
~1250°C is sluggish. XRD is not able to distinguish between the transient

On the other hand, the concept of diphasic gels isllumina {, §, and@) and the spinel phase since their
relatively new. Although orthorhombic mullite forms peaks are overlapping (Table 1), our previous work with
directly at ~1250°C, which is higher than tetrago- DXRD [14] has demonstrated that simply following
nal mullite formed from single phase gels$¥80°C),  changesn the strongest and the common reflection of
diphasic gels are better suited for low temperature (12500th transient alumina and the spinel phase & 26
to 1500°C) densification through viscous deformation provides added insight into the specific phases which
of the amorphous matrix [4, 9]. The mixing scale in are the causes for the change of peak intensities. Trans-
diphasic gels has been characterized to be in the nanmission electron microscope (TEM) with energy dis-
meter range [5]. Phase development in diphasic gelpersive X-ray spectroscopy (EDX) and differential ther-
has been hypothesized to follow a mechanism wherenal analysis (DTA) were also used to complement the
8-Al,03 forms through the same phase transformatiorDXRD experiments.
sequence as that in boehmite and then reacts with amor-
phous silica to form orthorhombic mullite at1250°C
[5, 10-12]. This phase transformation scheme was pra2. Experimental
posed simply based on the fact that XRD measureThe diphasic gel was prepared by dispersing boehmite
ments showed the disappearance of transient alumirgowder {-AIOOH, CATAPALD, Vista Chemical
(in © or § forms) simultaneously with the formation of Company, Ponca City, OK) in a diluted HN®olution.
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TABLE | Major XRD peaks of the related compounds alumina
a—
Compound Peak positions20 (CoK,) Peak at~80° 26 ? lumi
o—aiumina
Spinel ~80,~54 Yes
y-Al;03 79.8100 53,800 44,0, 46.70,  Yes
22,69, 72.80
8-Al,03 79.7400, 53,55, 42.60,78.95%,  Yes
54.5', 46.20, 38.30
6-Al,03 80.2100 36.80, 38.F5 42.90, Yes 1390C Boehmite
4555, 52,85, 4675 Wyt Diphasic Gel
a-Al03 50.8190, 41.09, 67.9%, 29.67, >
81.%80, 61.9%, 44.20 ]
Boehmite  16.8%, 32.8°, 44.65, 57.5° 8 \
£ fﬂﬂ
1105C m Boehmite
. . Diphasic Gel
A suitable amount of TEOS together with an equal vol-
ume of ethanol was mixed in with the AD; dispersion
. S : . . -~ 700C " ehmi
to give stoichiometric mullite. After gelation (within WWM‘“VL Boehmite
. . Diphasic Gel
12 h in a 60C oven), the sample was ground to fine
powder for further experimentation. 400C M/\M Boehmite
Non-isothermal DXRD experiments were carried out Diphasic Gel
in situwith a Siemens D500 diffractometer (g ra- e
diation) equipped with a position sensitive detector and 70 75 80 85 90
a hot stage. The details of the DXRD technique have
been previously described by Thomson [16]. For both 20

diphasic and boehmite gels, both the 120 reflection of

boehmite at 32829 and the reflection at80° 20 were Figure 1 Selected DXRD patterns at various temperatures for both
. ) . . . diphasic and boehmite gels (heating rate of €dmin).

normalized by comparing the ratio of their integrated

intensities to the integrated intensity of the 120 peak

of boehmite at room temperature. In order to provide ¢,

a comparison with the DXRD results, DTA measure- =t [, goohmite

ments were also performed in a Perkin-Elmer DTA§®%F | o _biphasic el .

1700 differential thermal analyzer at a heating rate of® 0.3 © e .;'."f’."c
10°C/min. In the DTA experiments, the quantities of Bq5F "".'- -~ 290 %,
the diphasic and boehmite gels were chosen so that the 8 02k . %;’ R .
both contained the same quantity of boehmite. TEM ob-2 ™ N
servations were conducted using a Hitachi H600 with a59-15 ¢ o mﬁio@f"??é{ & o
Kevex 7000 energy dispersive X-ray spectroscopy anc-‘g 01 L el o0 .
the specimens were prepared by first firing at 1000 £, s | : o P
for 10 min and then treating by boiling 10 wt % O %o
NaOH solution for 40 min to extract amorphous silica. °0 "2'00' 400 600 800 1,000 1,200 1"40'0 1,600

Temperature, ©C

. . Figure 2 Comparison of normalized peakea80° 26 versus temperature
3. ReSUIts_ and.d'scuss'on . for both diphasic and boehmite gels (heating rate of@0nin).
For both diphasic and boehmite gels, the peak&

20 was followed using DXRD at a heating rate of

10°C/min and Fig. 1 shows the selected DXRD pat-are different. When the boehmite was heated to°8)0
terns at four different temperatures (400, 700, 1105the appearance of the peak-&®0° 260 indicates the de-
and 1390C). The relations between this peak’s nor- composition of boehmite and the formationefl ,Os.
malized intensity versus temperature are compared ifthe gradual increase in the peak intensity between 850
Fig. 2. Although XRD is incapable of differentiating and 1150C is due to the transformation gfAl,O3 to
between the transient aluming,(s, and#) and the §- or 6-Al,03, while the decrease in the peak intensity
spinel phase, DXRD provides additional information attemperatures~1150°C is an indication of-Al,03
because itis able to follow thehangesn the common  formation (Fig. 1). All of these observations are con-
and strongest reflection of both the transient aluminasistent with the work of Weét al.[10, 11] and Liet al.

and the spinel at-80° 26. If it is a valid hypothesis [12] on boehmite decomposition. On the other hand,
[10-12] that alumina transformations follow the samewhen the diphasic gel was heatedAl,0O3 formed at
sequence as they do in a boehmite gel, then similaa higher temperature{400°C) compared to 300C in
changes in the normalized peak intensities- 8 20  boehmite gel as shown in Fig. 2. While the growth of
versus temperature should be expected for both santhe peak at-80° 20 was delayed in the diphasic gel, the
ples. However, as Fig. 2 obviously shows, peak evodecrease in the 120 peak of boehmite was identical in
lution at ~80° 260 in the diphasic and boehmite gels both gels, as can be seenin Fig. 3. In fact, even the rates
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Figure 3 Comparison of normalized boehmite peak versus temperaturd-igure 4 DTA scans of diphasic and boehmite gels (heating rate of
for both diphasic and boehmite gels (heating rate of@Onin). 10°C/min).

of decomposition are identical. Therefore, the presencgic gel corresponds to the burnout of the organics as-
of SiO, apparently does not affect boehmite decompo-sociated with the silica precursor. The exothermic peak
sition but does retard the crystallization pfAl,O;.  at ~1200°C in the boehmite gel is the result of
A possible explanation for this phenomena could beAl20sformation while the broad exothermic peakinthe
due to the fact that a solid state reaction between théiphasic gel at~1300°C is due to orthorhombic mul-
amorphous Si@and AbOj3 derived from the boehmite lite formation. These were also corroborated with the
decomposition in the diphasic gel has taken place t®?XRD measurements. There are no observable ther-
form an amorphous aluminosilicate phase. Further evimal events associated wifh-Al,O3 formation in ei-
dence for this hypothesis is provided by the fact that théher gel, which is consistent with the work of Hoffman
extent ofy-Al,O3 formed as indicated by the peak at €t al [5] and Li et al. [12] in the case of diphasic
~80° 24 is significantly lower in the diphasic gel than gels. Interestingly, a very diffuse and broad exother-
it is in the boehmite gel a+600°C. That is, some of Mmic peak from 1000 to 1200 can be found in the
the alumina has probably formed an amorphous alumidiphasic gel and this could be attributed to Al-Si spinel
nosilicate phase. Another difference between the twadormation. It should be noted that this exothermic peak
gels is the dramatic increase in the peak-80° 20 at  is broader and more diffused than the exothermic peak
about 950C in the diphasic gel (Fig. 2). If this crys- at~980°C which has been observed in single phase
tallization is solely attributed to the transformation of gels when the Al-Si spinel formed [18]. This might be
y-Al,03 to 5-Al,05 [10-12], a gradual increase in the expected in view of the fact that SjGncorporation
peak at~80° 26 would be expected as in the boehmite into Al>Oz in the more discrete diphasic gel is proba-
gel, instead of the sharp increase actually observedly much slower than would occur in single phase gels,
Since Chakravorty and Ghosh [17] have reported thatwhere the alumina and silica are mixed on a molecular
at~80° 26, the intensities of the Al-Si spinel peak are scale.
greater than that of-Al,Os, it is likely that the Al-Si Although the Al-Si spinel contains fairly small quan-
spinel has also crystallized in addition&e\l,03. The tities of silica (<10 wt % of silica as suggested by most
other difference in the two gels is that the maximumresearchers [7, 18-20]), an attempt was also made here
intensities of the peak at80° 20 in the diphasic gel is to use TEM with an EDX-type analyzer to qualitatively
less than that in the boehmite gelat150°C (Figs 1 ~ evaluate the spinel phase in the diphasic gel sample.
and 2). It is likely that this is due to the incorpora- Fig. 5 shows a micrograph of a diphasic gel sample
tion of some of the alumina into the silica rich matrix heated at 1000C for 10 min and treated with NaOH.
as opposed to an alumina-free silica as proposed b-ly-he small rounded dark particles as shown in Fig. 5
some researchers [10-12]. This also explains the fagvere detected to be an alumina-rich, Al-Si phase while
that cristobalite did not crystallize in the diphasic gelthe other particles are pure alumina (primasil ;O3
at 1200°C as it does in a silica sol, for example [11]. s confirmed by separate XRD experiments). There-
The decrease in the peak intensity~80° 20 starting  fore, the TEM measurements also suggest thatthe Al-Si
at~1200°C in diphasic gel is due to the formation of Spinel exists in addition to transient alumina.
orthorhombic mullite from a combination of the silica
rich matrix, transient alumina and/or the Al-Si spinel.
In boehmite gel, this decrease is due to the formatio®. Conclusions
of a-Al,0s. Phase transformations in both diphasic and boehmite
DTA curves for both the diphasic and boehmite gels were characterized using DXRD as well as DTA
gels are compared In Fig. 4. In both samples, theand TEM. The DXRD experimental results suggest that
endothermic peaks at100°C represent the desorp- a pronounced crystallization of the Al-Si spinel oc-
tion of physically adsorbed water and the endothercurred at~980°C in addition to the formation & and/
mic peaks at~460°C are due to the decomposition or y-Al,O3 in the diphasic gel. A separate TEM mea-
of boehmite, as proven by the DXRD measurementsurement also confirmed the existence of the alumina-
(Fig. 3). The exothermic peak a350°C in the dipha-  rich Al-Si spinel phase at 100C.
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Figure 5 TEM micrograph of diphasic gel (heat-treated at 100Cfor 10 min). S is spinel.
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