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LOW TEMPERATURE SYNTHESIS OF ZrO -TiO AND SiO GLASS FROM Zr(NO3 )4 , Ti(OC4 H9)4
AND Si(OC 2 H5 )4  

.'2 
2  A 2

lhou Li-song Zhu Conp-shan Xie Juan-juan**

Journal of the Chinese Silicate Society, Vol.11, No. 4, Dec. 1983

' \sing Zr(NO ). 5P 0 as one of the starting materials,
glasses in the ssem irO -Ti"-Si'd were prepared by the
sol-gel method. The influence of various factors on the
gelling properties of the system, the variation of viscosity
with time of the reaction system, the different environ-
mental conditionon the unity of gel mass and the effect of
heat treatment conditions on the final results have been
studied in detail. In order to investigate the change of
dry gels during heat treatment, DTA and IR absortion spect-
roscopy analysis were also made. On the basis of the above
studies, small transparent glass nieces were obtained, and
some problems were discussed, such as the method of d.ding 'p •
water into the reaction system and the function of ZrV+ ) ion

in the glass, etc.

--

* Received Sept.7, 1982

** Xie Juan-Juan is a 1982 praduate of the Shanphai Technological Science
University. Comrade Jiang Zhonp-hong checked and approved this; text and
also brought forth suggestions. We sincerely thanl- each of them.
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FORWARD

The low temperature synthesis of glass oxide has many advantages . It

is especially suitable towards the preparation of the glass grout possin- a

high melting point, or in the glass group which under high temperatures easily

split and crystalize.

With ZrO, and TiO 2 silicate glass there is found a good anti-alkalinity ri

and a very low heat expanding coefficient"', but because of the very high melting
N.

noints of ZrO 2 and TiO2'", using traditional meltinp processes for these types
%4 2

of glass is difficult. Consecuentlv, ir recent years many people have conducted

studies on the low temperature synthesis of T102-5102  , ZrO 2-i' 2
'  g lass,

12- l2. 2

and have produced merbrane fiber' or small glass pieces""' . As for the

synthetic glasses in the ZrO 2- Ti0 2-SiO 2 system, to date we have only seen the

works of Masayuki Nogame and Yoshiro Moriva" . They have produced non-crys-

talline membranes , researched the membrane refracting power and anti-alkalinitv

stability, along with the glass compositional change.

Low temperature synthesis of glass oxides for the most part used various

ester types and metal alcoholates as starting materials. Recently, the use of

soluble inorganic salts as starting materials has also been studied. T. Hava-

shi'", etc., attempted to synthesize CaO-FiO 2 glass using Ca(NO3)2 and

Si(OC 2}P5)4 as starting materials and only created a very low density glass

powder. M.Yamane'l Iused Sr(N03)2 and SI(OC 2H5 )4 Ps starting materials in the

synthesis of small pieces of SrO-SiO2 glass. When Sumio Sakuhana" ' used

7r(n-C 31i70)4 as a starting material to prepare ZrO 2-SiO 2 and Na20-7rO2-"iO 2

glass fiber, he discovered Zr(n-C 2 150)4 is greatly volatile. Currently there

is still no domestic supply of zirconium acid ester reagent. V'e use 7r(I'O3) 4
-'(])
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as one of the starting materials in the study of the low temperature synthesis

of ZrO 2-TiO 2-Si0 2 plass. The method of adding water, the ratio of solvents to

be used, the usefulness and varieties of catalytic promoters, the Influence of

humidity conditions, etc., on the Relling perio , the variation of viscosity

with time of the reaction system, and the different environmental conditions

on the unity of gel mass have all been studied in detail. DTA analysis of dry

gels and IR absortion spectro Photometry of dry gels under heat treatment at

different temperatures over tine were both conducted. Finally, experimental

parameters were chosen, hvdrolvsis using separate steps was employed, and ttie

slowly rising and falling temperature beat treatment method was used in an 02

atmosphere. 1Measura-le small transparent plass pieces were obtained (Fi.1),

refracting power was determined, and usinp theoreticallv calculated values

comparisons were made.

Fig.i Photograph of glass
sZrOO -2oTiO,.75SiO, (made

by sol-gel method)

(2)
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PREPARATION

1)lMaterials and Procedure
,

-, The pure chemicals used are zirconium nitrate[Zr(NOs),-5HO,, ethyl

silicate and butyl titanate. Anhydrous ethanol is used as a solvent. Using

a magnetically stirred reflux reactor the synthesis reaction was carried out.
'p.

2) Steps

The six different ZrO 2 content systems researched in tlis work are arran-

ged in Thble 4. The complete preparation procedure is as illustrated in Fir. 2.

ISL(OCH C,HH

Mixing at room temperature(r.t.)
under stirring

Mixed solution ii H,O

Refluxing at 75-C for 2h, cooling
down to r.t.

Mixed solution 2 ITitOCH,).
I Refluxing at 75"C for 2h, cooling

down to r.t.

Mixed solution 3 Zr(NO.J,

I Refluxing at 75C for 2h, cooling

4r down to x.t.

Mixed solution I 1i,o

Stirring at r.t. for lh
JMixed solution s

Gelling

Gelled mass

Ageing. dryirg

Dry gel I

I Heating to 00"C in 0,

fOxide glass pieces

Fig.2 Schematic illustration of the preparation procedure

(3)
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e3) Measuring Gellinp, Dry Cels and Class

3.1 Determination of Gelling Time

Create a mixed solution in the reaction system whose viscosity constantly

increases, then finally chanpes into a gel mass comnletely void of any fluidity.

The period of time starting when the container can be tilted 45", at which

anple the gel's surface does not move, is fixed as the gelling time.

3.2 Variation of Viscosity in the Reaction System

After setting the mixed solution for seventeen hours, measure its vis-

cosity on a rotating viscosity pauge each consecutive fixed time period.

Mak-e a lg7icurve.

3.3 DTA Analysis

Grind the dry gel into powder, use a QT-2 type Shimadzu thermal analyzer

to determine the DTA curve. The rise in temperature speed is300OC/h.

3.4 Infrared Spectro Photometry

Crind the specimens of different temperatures that were subject to dry

rel heat treatment into powder. Use the YEr pellet method to determine the IR

absortion spectroscopy. Instrument: Type 580D (American made), wavelenpth

range: 200-4000cm-'.

3.5 Index of Refraction

Under a microscope use the raker line movinp method to determine the small

glass piece index of refraction.

(4)
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RESULTS AND DISCUSSION

1) The Influence of Various Factors on Gellinp Time

Since the low temperature synthesis creates more types of glass, and the

solution mixture's make up is complex, the factors that affect hydrolysis

polymerization are therefore more numerous. Vater is one reactant, and adding

water clearly has an important effect. The quantity of solvent used affects

the system's degree of dilution, and whether the catalytic agent is or is not

useful directly influences the depree of acidity or alkalinity of the syster.

All of these have a larpe influence on the reaction outcome.

1.1 The Influence of Adding- Vater and the V'ethod of Raisinp the Amount of Vater

Added-- the Two-Step Adding Vater Method

In Fi-.3 tle data obtained from the one-step adding water method is used,

where /(= Vo ) approaches 0.5 time, liquid mixture gellinp is already very

speedy. After addinF the 7r(NO3)4 ethanol solution, there wasn't even time to

pour the mixture from the reactor before it agglomerated. If the making of

Plass pieces is desired, a way to increase the amount of water added should be

devised so that the gel can assume a network space structure, but as stated

above, once water is added laree limitations are incurred. Afterwards we use

the two-step addin!, water method. 'irst, by addinP the water this causes the

Si(nC2P 5 ) 4 to have partial hydrolysis. After the three types of materials have

already been added and have been mixed together cool the mixture to room ter-

perature, and while stirrinT pour in drop bv drop a measured quantity of water.

This way, I can be raised to, 2-3. The plass in FiP. was obtained using the

two-step adding water method.

* (5)
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The hydrolysis speed of the three types of starting materials used in this

work differ quite alot. If enough water and three types of startina materials

are added the result will be the precipitate separating out due to speedy hydro-
SW

lysis, and the synthesis reaction will have no way to be carried out. By addinp

the starting materials in correct order, and adding the water in different

steps, the synthesis reaction is puaranteed to occur smoothly.

1.2 Amount of Solvent to Use

From Fip.4 it can be seen that, where other conditions are kept the same,

an increase in the amount of solvent used causes the gellinp time to be leng-

thened. This is because the time in which excessive arounts of solvent need to

evaporate is longer. In general, a too small of amount of solvent is detri-

mental to the hydrolysis polyreaction. On the other hand, the Pellinp time is

bound to greatly increase. Cenerallv a pellinr time from 2-3d is apnropriate,

consequently it was chosen that in this work R) V295o8 - serveVal OC296 ) 4 "+-V T1 OC,99 1,

asi.

1.3 The Types and Usages of Catalytic Agents

The effects of using hydrochloric acid (PCI) and ammonium hydroxide

(N'4OH) as catalysts are seen in figures 5 and 6. When using fCI, its density

relation curve showed very little value during the gelling time, this rinute

concentration of hICl was approximately 1.2X1O-'N. For the UICI comnarative

situations, observe figures 3 and 4, because the concentrations of IICI are not

the same, the pelling process can be speeded up or delayed. When using NP4 O,

its effect can also speed up or delay the ,ellinp process. This kind of rhe-

nomena can easily be explained usinp principles of colloid chemistry.

(6)
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Fig.7 shows the changes in the mixed solutions' viscosity curves during the

reaction system. Curve 1 shows 1.37XI0-N NHOH used aq a catalyst, the chan-

pes in viscosit" are quicker, anc the gelling time is shorter. Vhen there is

no catalyst (curve 2) the changes in viscosity are slower, and the gellinp time

longer.

60 /
- " 2

22

".4

"-'.I . .I1 t ! ,

-0.05 0.15 0.25 V 6,,' ' ,7S 1,25 1.75 Rt

Fig.3 Gelling time vs amount of Fig.4 Gelling time vs amount ut
water added CHOH added

I-R.H.=5%, 2-Exposure to air i-R.H.=95,%, 2-Exposure to air

6% 60- 2.
2

40.

Z20

10' " 1 0"O 10"1 1
10- ! 10 -  

J O' 0
-  

C (x 1.'
o V)

Cj4C, Oel.2N) #NH,OH

Fig.5 Gelling time vs concentration Fig.s Gelling time vs concentration

of HCI of NHOH
1-R.H.-=5%, 2-Exposure to air 1-R.H.-=95, 2-Exposure to air

(7)
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1.4 Influence of the ZrO 2 Content

Table 1 gives the 7rO2 content, the water added to each system, the amount

of solvent used and the gellinp time (not havinp yet used a catalyst). As the

7rO 2 content increases, even though we have taken the step to increase the arourt

of solvent used, the amount of water which we are able to add in throvuh the one-

step adding water method, and the gelling time as well, are both greatly reduced.

This is because the TiO 2 content in each system is the same. This increase in

22* ~ the 7r0 2 content inrlies a reduction in the amount of starting material

Si(OC 2 1 5)4 used. As a result this brinps about a reduction in the amount of

-ater that can he introduced. AddinP TI(OC4 " 9 ) 4 , Zr(N "3 )4 hydrolysis is very

easy, consenuentlv pelling tire is drastically shortened.

In another work, we studied sore technological conditions in the low temn-

erature svnthesis of Tin 2 - Sin 2 glass systems. For the 20TiO 2.0S0 2 svste",

let 'Y =0.25, P=1.0 tire, and gellinp tine as 40h (in air). Combining the data

in Table I it can be more clearly seen: as the system's ZrO 2 content increases,

pelling time qradvn, r ices; when the ZrO 2 content reaches 20"7, the pellinp

-5- 4

2-

1I9 20 2 2 3 24
% t

Fig.7 Change of viscosity of mixed
solution 5 with time during gelling

I-Wth NH,OH as catalyst, 2-Without

catalyst

(8)

.
ftP.

4ft ,:, ; -- ; " - " " - - - " - - ' ; . " - " ', '" ."-'' . . - *, ". "'" "." -. . . .. -" ". .- P



process is extremely speedy, the process is almost instantaneously completed.

1.5 Placement Conditions

From Figures 3 and 4 it can be discovered that in the hermetic atmosphere

where relative humidity, R.H.-95%, the gelling time is longer. This is because

the solvent exposed to air evaporates quickly. Longer gelling time more easily

results in thorough hydrolysis polyreaction and in turn brings about a higher

viscosity gel, and increases the possibility of creating glass pieces.

If the preparation conditions are not the same this will influence the

gel's final state and whether or not the dry gel pieces are intact. As the

dry gel pieces are exposed to air during aging time, within only five days they

break into small fragments. If the mouth of the container holding the pel mass

is covered up with aluminum foil, prick a small hole in the aluminum foil

using a needle every day. Sixteen days later stop makinp the holes. Every

day afterwards cover up one hole per day. By the 65th day, it will be disco-

vered that the dry gel fragments broke into some large pieces and some small

pieces; but if within two days all the holes that were punctured are covered

up again, then by the 71st day the dry gel is still one whole piece. From

this it is apparent that proper control of the gel mass and the surroundine

interflow of air can be effective in preventing the gel piece from crackinp.

Moreover, the longer the aging time, the greater the shrinkage which occurs

during the dry stage of the dry gel's aging time before heat treatment. As a

result, during the heat treatment, the dry gels volume will contract even more,

and this is beneficial towards the preparation of glass pieces.

(9)



2) The Transformation of Dry Gels into Glass During Feat Treatment

2.1 Under the two conditions of introduction of 02 and non-introduction of 029

inspect the dry gels after heat treatment of them at different temperatures.

Color change resultinp from the added heat is seen in Table 2.

When not Introducing 02, the blackening of the dry gels is caused by the

charcoaling of oreanic matter. Introducing 02 causes the orpanic matter to

oxidize and thus be removed, solvin,' the probler of blackening. As for the

amount of oxvpen to use, -2L/min is adequate.

2.2 From the dry gel's DTA curve (Fig.8) the phvsical and chemical changes

occurred wher heat was added can clearlv be seen. The two peak heat absortior

temperatures 120"C and 170C corresnpnd to the residual moisture in the dry eels

and the evaporation of the organic compounds. From 285"C to 6350 thert i-

oxidation of organic material and decorposition of nitrate (N03) Included ,nside

a broad exothermic area ' "' . ',fter 635'C the curve tends to stabilize.

2.3 The infrared spectra can offer important information about the chanoes in

composition and structure of the dry pel when heat is added. Figure 9 is the

IR absortion spectra of the dry gel treated at different temperatures. The

absortion peak rosition, corresnondinp vibration and the variation tendency

Table I Influence of the ZrO, content on the maximum
amount of water added and the gelling time

Gelling time(h)
System •R (exposure to air)

1'_ 0.25 1.00 27
2. 0.25 1.50 1.0

3 0.12 1.75 

4 0.07 2.00 Instantaneously

5 0.04 2.25 Instantaneously
0.%02 2.S Instantaneously

%*,,.- • * . . . .*.% , .. o . . .. . . . .. ... .
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*with increasing temperature are all shown in Table 3.

4,.

I3

400 250 349 10 L4~0 000 o0 200

dia.wave ftvmbe(CMI1)

Fig.9 IR absorption spectra of the drY
Fig.g DTA curve of the dry gel gel treated at different temperatures

1-100*Co 2-250T, 3-450T, 4-550*Ct
5-600*C# 6-9O0T

4Table 2 Color change of the dry gel during beat treatment

Temperature jColor
VC) In, 0 In air

-4IOD Light yellow Light yellow

250 Light brown Brown
450 Light yellow Black
550 White black
600 White, translucent black
Soo Colorless, transparent Grey

Table 3 Analysis of the IX absorption spectra in fig.g

cAbsorption peak Corresponding Variation tendency
position (c-) Vbaitemperature

*I3400 Si5-OH. H-OH Abating [14)
21640 IH-OH Abating [14)

3 1380 NO.- Abating and vanishing at
4' 4501C [I.10 )

4 1080 si-O-Si Strengthening [83
5950 Si-0--Ti Strengthening [s)

Soo0 3 + 7 No significant variation (11)
Is.450 Si-O-Si (fexng f significant variation III]

.~s. (flexing



The absence of the peaks corresponding to the Si-O-Zr bond can be seen in

Figure 9 and Table 3. This explains how Zr4 + is an adjusting network body that

enters the glass structure, that is to say, the location of Zr and Ti4+ in

the glass is not the same as their function. Masayuki Nogami and Yoshiro Mo-

riya"' stated clearly in their study concerning the anti-alkaline stability of

the amorphous ZrO2 -TiO 2 -SiO 2 membrane and of the IR spectra that the strenp-

thenine mechanisms of Zr4+ and Ti4+ on the glass network are not the same.

The Ti4 + attending network forms into an Si-O-Ti bond, thus Zr then enters an

empty pan in the network causinp the accumulatinp densitv to increase, thereby

raisinp the anti-alkalinity of the glass. S.P. Mukheriee and others""' have

Pointed Out that during the low temperature synthesis of La 203 -ZrO2 -Cio 2 glass,

2 4+

the function of Zr+ is to enter into the open pap of the silicone oxide's

network structure, to strengthen the static electricitv, and make the plass

structure even more stable.

3) The Influence of the Feat Treatment Rising Temperature Speed on the Final

Results

Under similar conditions of oxygen introduction, different rising tem-

% perature systems lead to different final results. The experiment clearly

indicates: slowly rising temperature is beneficial towards the creation of

glass pieces, and the key is in the rising temperature speeds durinq the low

temperature stage (<3000) . We carried out contrastinp experiments of three

different kinds of risinp temperature systems: for the whole course of the

heat treatment where temperatures rose at 20"C/h, in the end, plass powder waq

obtained; before 100" at rising temperaures of 60"C/h, 100-300"C at rlsikn

temperatures of IO'C/h, and after 300'C at 20"C/h, what was obtained were small

(12)



* pieces of glass the size of grains of rice; when during the whole course rising

temperature speeds were at 10C/h or even lower (eg. 7.5"C/h), small pieces of

transparent glass were obtained as shown in figure 1. However, it should be

pointed out, the speed of rising temperature is not the only important factor

in deciding the final outcome. The dry gel's intrinsic quality is most important.

Moreover, cracks may appear if after reaching the highest temperature the ten-

nerature is again dropped too fast.

4) Class Refractive Indexes

Table 4 pives the theoretical calculated values and determined values of

six glass compositions and their refractive indexes. Theoretical calculations

are carried out using the forrula n- P,7 1"'" z . P,, nt can be divided by each

set's weight percentape content of organic matter and part refractive index.

It can he observed, as the 7r0 2 content in the Plass increases (coinciding

with the reduction of SiO 2 content because TiO 2 content stays unchanped at

20mol'%), the refractive index gradually gets larper. This explains the increase

in compactness of the glass, and has a direct relationship on the increase of

the capacity of the glass to be filled in or packed, caused by 7r 4  enterinp

the network gaps.

Table 4 Glass compositions and their refractive indexes

Composition(mol%) Refractive index
System t

1 5 20 75 1.667 1.639

2 10 20 70 1.690 1.645

3 is 20 65 1.711 1.659

4 20 20 60 1.732 1.664
$ 25 20 55 1.754 1.667
S50 20 SO 1.775 1.705

(13)
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CONCLUSIONS

* .1) Using the gelling method in the low temperature synthesis of Zr0 2-TiO1-

SiO 2 glasses, small pieces of glass were produced. The study, of the procedure

states clearly: of one desires to reach the goal of synthesizing pieces of

glass, one needs to take each starting material and add it in separately accor-

ding to the hydrolysis property's weak-strong sequence, the sequential hydro-

lvsis, and the step by step polymerization technicue. Otherwise, only loose

plass powder will be obtained. The step by step adding water method this pro-

cedure uses allows for the amount of water that can be added in to he greatly

increased, thus guaranteeing evenly distributed transparency. It also nossessep

the capacity for the formation of three network-structured pel masses as well.
.

2) If one introduces into the system EC] or NH4OF as catalysts, differinp

amounts of the catalyst used can have opposite effects on the Pellirr function.

In addition their use is not easy to rigidly control, hence by the end of this

work no catalyst was used at all. Throuph the appropriate selection of other

conditions can one control the pelling time.

3) When performing heat treatment, the slow rising and falling of temperatures

is greatlv beneficial towards the creation of glass.

4) Zr4 + and Ti4 + each perform differentlv in class, the former beine a networh

adjusting body, the latter being a network formation body.

5) The sizes of the glass pieces created are still not large enoueh. Condi-

tions for drying and heating stares still await further study.

(14)
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