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The preparation of glasses from gels in the ternary system of SiO,-ZrO,-B,03 has been
investigated. The crystallization character of ZrO, particles and high-temperature structure
stability in the Si0,-Zr0,-B,03 gels were analyzed. The effect of B,O3 as the inhibitor of
crystallization was illustrated. Finally, the result that the purified DD3 single crystal
superalloy melt can retain high undercooling in the Si0,-ZrO,-B,03; coating mold indicates
that the coating has an ideal non-catalytic nucleation property.
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1. Introduction of various mould materials in nucleation inhibition. A
Rapid solidification of highly undercooled melt has large undercooling up to 191 K was obtained in Zircon
been given more and more emphasis in condensationéfrSiO,) mold, which is a kind of Zr@ (Zirconia)-
physics and materials research fields [1, 2], because @ontaining ceramic. Zirconia and silica has been well
the fact that the ultrafine solidification structures wereestablished by sun [5] to be both glass formers and in-
obtained through this process [3, 4]. However, this kindtermediates in relation to its bond strengths and glass
of rapid solidification is carried out under the condi- formation capabilities. Zirconia is expected to incor-
tion of levitation melting or in high purity quartz glass porate in the structure of silica networks to form a
crucible [1, 3], and it is impossible to prepare directly multicomponent glass. Glass formation in the silica-
bulk rapidly solidified materials because of the limi- zirconia system deserves intensive study because of
tation of melt volume and the nucleation catalysis ofits importance in the refractory industries. The glass
mold. Bulk rapidly solidified materials could be pre- in this system can be chemically stable, refractory, of
pared only by pouring the highly undercooled melt intohigh modulus and excellent toughness. However, it is
non-catalytic coating mould, provided that the under-rather difficult to prepare with conventional melting
cooling of the melt is partly or completely retained technigues because of its high melting temperature and
[3]. But effective and cheap way for the preparationthe presence of an extensive miscibility gap. Conse-
of non-catalytic nucleation coating is not available yet,quently, recent attempts have been concentrated on the
accordingly, the research of bulk rapidly solidified ma- preparation of this glass by the calcination of gel, and
terials is far from being settled. The recent researclsome encouraging results have been reported [6, 7].
[3, 10] showed that the undercooling retained from theMeanwhile, Gels and glasses of the@-SiO, sys-
highly undercooled melt in the non-catalytic coatingtem have been widely researched by several authors
mold depends on the structure and high-temperaturf8, 9]. B,Oz acts as an inhibitor of the crystallization
structure stability of the coating. If coating keeps sta-trend in silica gels, according to Jabeaal. [9], but

ble vitreous or less crystalline trend at high temperathe correspondent research work of SiZ¥0O,-B,03
ture, high undercooling can be obtained in the coatindsymbolized as Si-Zr-B) glass or ceramic has not been
mold. Therefore, the research and preparation of theeported yet.

glass-lined coating with structure stability at high tem- In this paper, we aimed to clarify the following
perature is decisive to the preparation of bulk rapidlypoints: (1) the structural changes associated with crys-
solidified materials. In 1981, by using dynamic under-tallization of gels in the systems, (2) the effect o8B
cooling which means that a temperature gradient ofs the inhibitor of crystallization in the S¥B,03 and
about 10C/cm is maintained within the melt during the SiO,-ZrO,-B,03 systems, (3) the non-catalytic nucle-
cooling process, B. Lux [4] investigated the capability ation property of the Si@ZrO,-B,0s3 coating.
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TABLE | Composition of gel sample 2.3. Undercooling measurement in the
Si-Zr-B non-catalytic nucleation coating

Samples Calculated composition (wt%) . . L.
In this experiment, sample f was chosen as the origi-
a 100 SiQ nal composition of Si-Zr-B coating, the detailed pro-
b 90 SiQ + 10 ZrQ, cedure for the preparation of Si-Zr-B coating mold is
¢ gg;g::g ZCEOZ shown in ref [11]. Thereafter, poured DD3 single crys-
e 87 S0 + 1022rf)2 4 38,05 tal syperall_oy melt, which was first pur@fied and then
f 78Si0, + 19% ZrQ» + 3B,0;  Obtained high undercooling, into the Si-Zr-B coating

mold under an Argon atmosphere in the high frequency
heating coil. Then it was processed in a mode of the

following successive cycles: melting—superheating for

. 2—-3 min—cooling—solidification. After the high fre-

2. Experiment procedure guency power source was turned off, the alloy sam-

2.1. Sol preparation , ple was spontaneously cooled and the cooling curve
Six gel compositions of the SIZrO,-B;03 system  \yas recorded by an infrared temperature sensing sys-

were prepared (Table 1) by using tetraethylorthosilicatgem that is calibrated with a standard PiRRtR N,
(TEOS) as Si@source, ZrOG-8H,0 as ZrQ source,  thermocouple.

and boric acid (HBO3) as B,O3 source.

ZrOCl,-8H,0 and boric acid were dissolved in
ethanol and then the mixture was added with 5.65 ml
H,O. After a few minutes of vigorous stirring, a clear 3. Result
and homogeneous solution was obtained. Stirring wa8.1. Stability of gel-derived Si-Zr-B glass
maintained for another 30 minutes after being added he stability and persistence of tetragonal zirconia in
with TEOS. The molar ratio to water of the alkoxide the absence or presence of matrix constraint are in-
molecule TEOS : KO was adjusted to 1: 3 in order to vestigated by calcination of hydrated zirconium salt
avoid the precipitation of EBO3 and Zr(OH). Then and T-gels, respectively, at various temperatures. Cal-
the precursor solution was covered with a plastic sheetjined samples are analyzed for tetragonal and mono-

sealed and placed in a forced-air stove &35 clinic (symbolized as t and m, respectively) zirconia
The preparation procedures of pure S#hd SiQ- by X-ray diffraction (XRD). The data are plotted as
B,O;3 gel are shown in ref [10]. a percentage of the total crystalline zirconia against

temperature (Fig. 1). During the calcination of zirco-
nium salt, the results indicate a sharp reduction in the
proportion of tetragonal zirconia left between 555 and
2.2. Gelling and heat-treatment 750°C, and less than 5% remain at 1380 In con-
According to the overall gelation time of every variety trast to this, almost 100% tetragonal zirconia persist
of sols corresponding to their compositions, differentup to 1350C in the SiQ-ZrO, and SiQ-Zr0,-B,03
time for reaction of hydrolyzing-condensation at@5 gel systems. Fig. 2 shows the growth of metastable
was chosen to prepare different T-sol. Thereafter, th&-ZrO, crystallites in the Si@ZrO, and SiQ-ZrO,-
T-sols were poured onto glassboard for gelation. FoB,0O3 gel systems, respectively. Although the propor-
the purpose of investigating the structural changes agion of zirconia in both matrices is about 20wt%, the
sociated with the crystallization, the heat treatment wasrystallites appear to grow at a rate faster in the,SiO
also scheduled. Once the T-gels had been dried at anmatrix than in the Si@B,03; matrix. The results also
bient temperature for 24 hours, they were heat treateihfer that the growth rates of these crystallites should be
at different temperature from ambient temperature tovery slow.
1500°C. Firstly, the T-gels was heated from ambient
temperature to 4% at a heating rate of &/min, and
held for 2 hours, then raised it to atemperature of 8D0

from 45'C at a heating rate of Z/min, keeping for 1 o —= @
hour. Subsequently, the T-gels was heated to°850 S
for glassing treatment for 1 hour. After that, placed the & 80
T-gels directly into the oven with temperature of 950, = 707
1050, 1200, 1350, 150@ for 30 min for structural g 60 &
stability analysis respectively. £ 50 ¢

After heat treatment, a philips X-ray diffractometer S 40 ¢
was used to identify the crystalline phases presented % 30 |
in the heat treated gels. Finely ground gel powder was & 20 ¢
placed on an aluminum disc as a substrate and nickel- g 10 r o)
filtered CuKa radiation was employed. Different ther- 0 : ‘
mal analysis (DTA) of the gel sample was performed 0 500 1000 1500
using a Rigaku. Micro DTA apparatus at a heating rate Temperature ('C)

o - -
of 10°C/min. Infrared (IR) spectra were recorded (m Figure 1 Variation of the amount of tetragonal Zs@resent in the hy-

KBr pellet) using a perkin-Elmer 580 double beam IR grated zirconium salt (a) and the prepared gel sample f (b) as a function
spectrophotometer. of temperature.
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Figure 2 Growth of metastable t-Zr@particles in silica (a) and silica-

boron (b) matrices. 0.4 1

0.3

3.2. Crystallization characteristics of gels 0.2

The desiccated gels obtained by heating up to°€50
remain glassy or amorphous as confirmed by the com-
plete absence of crystalline phase in the XRD results
(see Table Il and Fig. 3). The crystallization temper-
atures of the various phases, particularly the zirconia
phase, are sensitively dependent on the compositions
of the gels. The first crystalline phase appears to be
always the metastable t-ZpOAt higher temperature, 0.3
m-ZrQ, and crastobalite (existing solely in sample a, b
and c) are detected.

The thermochemical reaction taking place and the
progressive evolution of the gel with separation of crys- 100
talline phases during heat treatment have been stud- 95
ied by the DTA and thermogravimetric analysis (TGA)
technique. The DTA and TGA curves for T-gel sam- %0
ple f are depicted in Fig. 4 and Fig. 5, respectively. 85
The prominent endothermic features of the DTA curves = 80
are attributed to the desorption of physically absorbed E
water (100-150C), and the carbonization of alkoxyl [
group (250-350C). The exothermic combustion of 70 F
carbon occurs in the range of 350—-4%80 Due to the

0.1

0 b N
500 1000 1500 2000

Temperature difference C

Temperature C

Figure 4 DTA curve of the prepared sample f.

very sluggish and complex crystallization path previ- 6 7
ously deduced [12], DTA measurements on the calcined 60 ' ' '
gels (Si-B-Zr) yielded virtually no observable endo- or 0 500 1000 1500

: . . . T ture C
exothermic peaks attributable to zirconia (tand m) crys- cperatie

tallization at about 950 and 135Q respectively. The Figure 5 TGA curve of the prepared sample f.

substantial weight loss in the TGA curve is associated

with a removal of large quantities of water or organic

materials. sorption band ranging from 3700-3100 chnarises
A representative infrared spectrum of gels (sample drom the stretching vibration of hydroxyl groups. The

and f) studied is illustrated in Fig. 6. The broad ab-band at around 1640 cmis owing to the deformation

TABLE Il Crystallization of gel sample

Temperature/C a b c d e f
<850 A A A A A A
950 A A TZ A A TZ¢
1050 A T4 TZy A TZ¢ TZ
1200 A TZy TZy A TZw TZy
1350 A TZn TZm + MZ4 A TZw + MZ; TZy + MZ;
1500 Gy TZs, Cs TZs + Cs + MZy, A TZw + MZ; TZy + MZy
Amount of
crystalline at 1500C 1~5% >50% >80% 0 <1% 1~3%

A = amorphous; TZ, MZ= tetragonal and monoclinic ZrQrespectively C= cristobalite; t= trace, w= weak, m= medium, s= strong.
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Figure 6 Infrared spectra of (a) sample c and (b) sample f at 25, 850, and°T506spectively.

vibration of water [13]. Si-O stretching vibrations are gel structure, see Fig. 6a and b. The band represent-
reported to occur in around 1180, 1080, 750, 640, anéhg B-O stretching vibration at about 1400 cthap-

608 cnTl. Ring structures of Si-O-Si bonds vibrate pears with clear outline [8], shown in Fig. 6b, if the

at around 800 cmt. The absorption band caused by heat treatment temperature is increased. Enhancement
hydroxyl groups is observed to reduce in intensity af band intensity with temperature is explained through
the gels are heated to higher temperature, indicating B-OH group incorporation into borosilicate phase, dur-
continuous desorption of hydroxyl ions from the gel ing which Si-O-B bonds are progressively formed. This
structure. All of these are shown in Fig. 6a and b. process will be discussed later.

During this desorption process mentioned above, the As would be expected, the concentrations of Si-O
chemically bonded water is released, giving rise to theand Si-O-Si groups (see Fig. 6) decrease with the in-
Si-O-Si and Si-O-B bonds at the expense of the Si-Ohtreasing of zirconium ion that is introduced into the sil-
and Si-OR groups, which is confirmed by the fact thatica network of the gel [14], in comparison with the IR
the absorption band near 920 thand attributed to  spectrum of the pure Siand SiQ-B,0s gels shown
the Si-O-B stretching vibration [9] appears at 88D in ref [10], which means that, with the increasing of
up to 1500C at the expense of the Si-OH band [8], zirconium wt pct, the crystallization temperatures of
see Fig. 6b. On the other hand, Fig. 6b shows that th&i0,-ZrO, and SiQ-Zr0,-B,03 gel systems decrease
Si-O-B vibration band is observed to grow with in- obviously (see Table II).
creasing heat-treatment temperature, and the band near
680 cnT! marking the Si-O-B deformation vibration
also increases with treatment temperature and move® 3. The undercoolings of the DD3 single
towards greater wave-numbers, indicating a reinforce-  crystal superalloy melt in the
ment of the bonds. Similarly, the absorption bands due  Si-Zr-B coating mold
to Si-O and Si-O-Sibonds are observed to shift to highetn this coating mold, large undercoolings 100, 120,
wave numbers with an increasing of heating temperai40 K were obtained after pouring the purified melt
ture, inferring the strengthening of these bonds in thento it, and highly developed dendrite was formed. The
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Figure 7 The dendrite structure in the non-catalytic nucleation coating mold at undercoolings of (a) 100 K, (b) 120 K, and (c) 140 K, respectively.

microstructure corresponding to undercoolings wereanism. Similar results were also reported by Forgherazi
shown in Fig. 7. and Znzo [18].

4. Discussions

4.1. Stability and persistence of
gel-derived metastable zirconia Si-Zr-B systems

The result prese_nted gbove clearly |r_1_d|cat_es thaﬁ was shown clearly in Table Il, that obvious difference

metastable zirconia particles can be stabilized in a gel-

. . . f crystallization temperature and crystalline amoun
derived glass matrix. The phase transformation from0 crystallization temperature and crystalline amount

metastable t- to m-Zr@usually observed in zirconia exists between sample a, b, ¢ and sample d, e, f with
powders in the range of 6001000 [15], was not ob- addition of BOs. In binary or multicomponent glass,

S LT B,0O3 usually appears as [11,19]: (1) chain or layer
served in this sample, which implies that the Samezzrostzrugture forymch)jpby (B¢ tr[ihedral] vv(itr)1 charge neu)f
particles are trapped inside Si@article, and appar-

ently, t-ZrG is found first, then a-Si@is deposited and rality, (2) glass network structure formed by combi-

covers the t-Zr@ particles. The stabilization of t-ZrO nation and linkage of [B4}~ tetrahedral with nega-

articles obtained either by precipitation or calcinationtive lon and other tetrahedral or trihedral with charge
P . y precip . neutrality. When metal cations exist in glass structure,
at various temperature up to 100D was explained

by Carvie [16] in terms of a higher surface energy forthey surround the [Bg)~ tetrahedral to keep the charge

the stable monoclinic form with_ respect to that of thene.ll.‘;r:“?gcisive factors influencing the coordination
metastable, tetragonal one, which means that, becau%%ndition are [10,19]: (1) the content and ability in
the t-m transformation involves a positive change ofSupplyin g free oxygen ion of alkali and alkali-earth
volume, it is appealing to consider that the compres, i (2) the content of SO Usually, in the RO-
sive stress due to the high-melting, Iow-expansiver,E,)ZOE;_’Sioz systems with low BOs con:[ent the con-
covalently bonded strong matrix of Si@ not readily ent of SiQ, is sufficient, so whether or n’ot the’B
overcome by the low levers of expansion stress Ofsmaﬁocates in [BQ]- tetrahearal is decided by the content
particles of t-ZrQ resulted from the volume change in

phase transformation (transformation volume). Thus E?r: free oxygen ion supplied by alkali or alkali-earth
critical size is required for the t-Zrparticle (depend- etal. The formation process of SI-O-B ([BD) as

mentioned above is shown in the following equations.

ing upon the composition and/or temperature), so th _ : :
the SiQ encasementis broken up due to stresses causa%-é]g rgi%]n gfigg Qgg gﬂ'g;h; .?.:gglém in the process of

by the transformation volume. According to Carvie, Ei

. . . . irstly,
the tetragonal zirconia particles can not exist at room
temperature for a crystallite size larger than 30 nm,
i. e. the inhibition of this phase transformation could OR OH
be ascribed to a blocking effect of silica, which would | |
hinder the growth of zirconia particles, keeping them RO-SI=OR+ 4H;0 — HO-Si-OH+ 4ROH (1)
below their critical size (30 nm) [17]. The growth and OR O|H
coarsening of metastable zirconia crystallites, as illus-
trated in Figs 1 and 2, infer that these process occur
very slowly, probably via a diffusion-controlled mech- Where, R stand for £€Hs

4.2. The effect of boron in inhibiting
crystallization of Si-B and
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Then, porate into the network to form Si-O-B links, but not
OH OH OH OH B-O-B bonds, as has been pointed out in the reference
| | | | [8]. Therefore, in the process of temperature increasing
3 HO-Si—OH— HO-Si—-0-Si—0-Si—OH- 2H,0 shown in Fig. 6b, the Si-O-B band ([B{) formed
| | | | progressively. As a result, the crystallization trend of

OH OH OH OH 2 Si0O,-Zr0,-B,03 system decreases with the addition
After H3BO3 was added, () of B5Os.
OH OH OH OH
| | | |
HO-Si-OH+ HO-B-OH+ HO-Si-OH— HO-Si—0-B-0-Si—OH- 2H,0 3
I I | | | |
OH OH OH OH OH OH

Then, the condensational reaction between products of Equations 2 and 3 takes place.

OH OH OH
OH OH OH OH OH OH—|Si—O—|B—O—|Si—OH
HO—\|Q.oi—O—|Si—O—|Si—HG- HO—|Si—O— B—O—|Si—OH—> (|) (|) (I) (4)
OH OH OH OH OH OH  oH-$i-0-Si-0lsi-oH
OH OH OH

In Nap,O-B,05-SiO, system, when B transformed 5. Conclusion

from BOs trinedral to [BQy] ~ tetrahedral, the primitive  The preparation of glass containing metastable t-
broken bonds (Si-O) owing to the addition of Nmto ~ ZrO, from gels in the ternary system of Si@rO,-
network were attached by [B{ tetrahedral, leading B,O3 was investigated. The data obtained from DTA-
to a three dimensional network. Therefore, the oxy-TGA, XRD and IR spectrum explain the following
gen ion linked previously by Si-O bond is stabilized situations:

by B-O and Si-O bonds together, and because of the

smaller volume of [BQ]~ than that of [SiQ], the den- (1) The crystallization of t-Zr@ and the phase
sity and strength of Si@B,03-Na,O glass network transformation between t- and m-Zr@re diffusion-
increases, when the ratio of Ma/B,O3 > 1. In SiQ,—  controlled processes.

ZrO, system, however, a large action force exists be- (2) With regard to the structure of the gels, the fact
tween oxygen ion and metal cation“Zy compared is especially relevant that the Si@rO, and SiQ-
with that between oxygen ion and metal cationtNa ZrO,-B,O3 systems do not devitrify or crystallize in
In addition, Zf+ is not a network-forming ion, but a the experimental heat-treatment temperature range up
network-modifying ion, so the addition of Zr into  to 850°C, which indicates that the SiOnatrix could
SiO, matrix will give rise to the network-breaking, and retard the crystallization of t-Zrfand block the trans-
aggregation, which means that'Zmakes oxygen ion formation from t- to m-ZrQ.

arrangement around itself according to its coordina- (3) After holding the Si@-ZrO, and SiQ-ZrO,-
tion number. After BO; was added into Si@ZrO, B,O3 gel systems at 150@ for 30 min, there ap-
matrix, the formation of [BQ] ~ tetrahedral could alle- pear up to 3% crystallite in the S)XrO,-B,03
viate the effect of aggregation and link the broken bondsystem and up to 80% in the SiZrO, system,
(Si-O- =Si-0), thus making the total silica network respectively. All of these suggest that the pres-
much denser and stronger. As shown in Fig. 6b, the B-@nce of BO; make the silica network denser and
band moves towards lower wave-number and grows irstronger, thus inhibiting the silica crystallization
intensity with the increasing of temperature, the initialtrend.

appearance of this band at higher wave-number indi- (4) The result that high undercooling of the DD3
cates that, at lower temperature, the non-bridge B-Gingle crystal superalloy melt was obtained in the
bands are predominant, but the fact that there does n&i-Zr-B coating mold demonstrate that this coat-
appear any absorption band around 720°tifB-O-B  ing have ideal structure stability and noncatalytic
deformation vibration) suggests that the@ incor-  nucleation property.
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