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The pless transformation temperanwe, Ty, of an fron rich

glaxs, made up of hazavdous fndusiriad wasees, and of

the correspotding slass ceramics with different percent-
ages of ervstal plase was investigated by differential
difarenerey, differeniial thevmal analysis { DTA ) wind
density megsurenients. Tle T, vadves, evaluared by dif-
Jevent medfrodds, ave similar for the peareit gloss aned gloss
cevginfes Wit o fow percent of ervstad phase (13, 30
witi ), while for the samples with 30 and 35w af crvs-
ferd phase the T, valves abtained by dilatonmretry are abowt
HE aned F30°C hicher than the DT detevonnined  val-
nes, respectivele The Tovalves of the parent glass and
af the 335 0wt glasy covamic evaliated by deasiny meas-
nremens, resified fo e 3000 and 6007 C respeciively fr
wigrs fiehfiglied ehan dhe densioe vaviatfon henveen an-
nealed and nonannealed plasy samples way abour 4014
wleny e thar it conld be wiilised to evalnaie the effi-
clener of the annealing treatment v fron ricl Mook
nontransparent ghasses. The ditatometvic softening poine
resulted fn frefng dependent on percentare of ervstal
Phase in the glass ceramifes.

The evaluation of the gliss transformation interval is
of great importance lor glass technology and especially
for the annealing heat treatment which is carried out
in order to remove the internal stresses of glasses. The
annealing range is limited by the upper and lower an-
nealing temperatures, corresponding 1o a viscosity of
~10" and ~10"° dPas respectively.” * The first tem-
periture is near the glass transformation emperature,
T, at which the glass viscosity tukes a value of ~10M"
dPa s; the second temperature corresponds 1o the strain
paint. 1.e. the temperature below which it is assumed
thatt the glass behaves us a solid and elastic material.
The elficiency of the annealing heat treatment in re-
moving siresses 15 uswilly estimated by observation of
the final glass product in polarised light by means of a
polariscope.
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A [urther important point is the temperature at
which deformation aof the glass article may occur un-
der its own weight. This temperature can be evaluated
by the dilatometric soltening point, T, corresponding
1o a viscosity of ~10'" dPas.

[n glass ceramics, due to the presence of crysial
phases. the deformation starts at considerably higher
temperature than in amorphous glass™ " As a result
Lhe viscosity might increase by a Tactor ~[{F-10"dPas
compared with the expected viscosity of the residual
glassy phase.’” ™ In this case the viscosity is usually de-
fined as apparent viscositv.™" Alternatively, some au-
thors'™ " use the term effective viscosity which was
intraduced 1o define the viscosity of dilute suspensions,

Apparent viscosily acquires i particular importance
in the manufacturing process of glass ceramic articles
and in the high temperature application of these ma-
terials. The heating rate between the nucleation and
crystallisation temperatures in the production eyele of
alass ceramics depends on the increase of the appar-
ent viscosity as 4 result of phase transformation: 1
the heating rate is oo high and erystallisation rae slow,
the products may deform due to decrease of apparent
viscosity!

[n this work the T, temperatures of an iron rich
elass and of glass ceramics made up of hazardous
imdustrial wastes were measured by a differential
dilatometer, differential thermal analysis (DTA)Y and
density measurements. The dilatometric softening point
in erystalliscd slusses was investigated as a function of
the percentage of erystal phase formed by different heat
treatments.

Experimental

Aniron rich glass having the following composition
(wt %) 5329810 4 1ALOG: 24 1 Fe. O+ FeO); 5-20a0),
[-BM e 227200 [-TPbO: 6-4MNa0: -1 K0 was pre-
parcid. This glass was obtuined by mixing jarosite. a
hazardous waste arising from hvdrometallurgy of zine
ores, granite scraps and glass cullet. The raw material
characterisation and details about the melting condi-
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tions are reported elsewhere,"™" The melting was car-
pied out at 1400°C utilising 99-8% corundum cruei-
bles, The mell was poured inte a hot stainless steel
mould. annealed and then cut in specimens or subse-
quent thermal treatment.

Crystallisation heat treatments of bulk glass sam-
ples were carried out at 630°C for 2. 4, 10 “and 20 h.
The crystallisation times were selected on the basis of
previous investigations, inorder o abtain samples with
different percentages of ervstal phase!"™ The erystal-
line phases were determined by x-ray diffraction (XR D)
technigue. {Philips PW 1830 apparatus and Culkl, ra-
diation) and the crystalling fraction was evaluated by
measuring the change of the density between the par-
ent glass and the heat treated sample. using a He dis-
placement Pyenometer (AceyPye 1330).1

The glass teansformation lemperature. T, and the
dilatometric softening point, Tl for the parent glass and
crystallised samples were obtained using a Netzsch 402
ED differential dilitometer, In these experiments sam-
ples with 3%3%25 (mm’) size were treated at 3°C/min
and 20°Cmin heating rates,

T, wemperatures of the parent glass and crystal-
lised samples were estimated by the DTA technique
{Metzsch STA 409 apparatus) using 30-335 mg bulk
samples at 20°CHmin heating rate,

T, temperatures of the parent glass and plass ce-
ramics were also evaluated by density measurements,
In this series of experiments, 20220020 (mm’) sam-
ples were heat treated for [ b at different temperatures
in the range 430-6200C for the parent glass and 300
HE0°C For the glass cerumics. respectively, and quenched
on cold stainless steel moulds, The density of each sam-
ple was measured by He displacement Pycnometer. The
experimental error associated 1o these measurements
was evaluated as £0-0003 glem’,

Results and discussion

Figure | shows the dilatometrie traces at 3% min heat-
ing rate obtained for the parent glass, A, and for the
samples crystallised at 650°C for 2. 4. 11t and 20 h and
indicated as B, C, I3 and E. respectively. The crystal-
line fraction {w1) thlll:il{_‘d by density measure-
ments' " resulted o be about 13% for B, 30 (or C, 50
Ya for Dy and 353%, for E samples, respectively.

7, temperiatures of the parent glass (A) and cryvs-
tallised samples B and C are comparable while glass
ceramics [ and E show a consistently dilferent
dilatemetric behaviour and much higher 75, values. With
respect o the parent glass, the dilatometrie softening
paint. 7. increases about 30 and 50°C for samples B
and Cand about 130 and 200°C for sumples 12 and E,
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Figure 1. Difalomeltric curves of the parent glass (A) and
crystaliisad samples with 15 wi: {B). 30 wi% (C). 50 wi%: (Dt and
55 wi%a (E), respectively

respectively. as also indicated in Figure 1. Dilatometric
measurements weie also carried out at 20°Cimin heat-
ing rate. The corresponding T, and 7, occur at about
20-30°C higher than the ones obtained at 3*Cimin:
the dilatometric traces show a similar behaviour. The
results are reported in Table 1.

The T temperature was also evaluated by IYTA lech-
migue by inferring the onset of the endothermic eflTect
in the glass transformation region, The sensitivity of
the DTA evaluation depends on the experimental con-
ditions; the higher the heating rate the clearer the endo-
thermic effect, Figure 2 shows the DTA traces, abtamed
at 20°C/min for the parent glass, A, and for the crys-
tallised samples B and E. In the parent glass, T, occurs
at about 369°C and the erystallisation exothermic peak
at 7536°C. In sample B, with 15 % erystal phase, the
glass transformation temperature ol the residual glassy
phase can be identilied at about 376%C. Due to the
preliminary formation of the part of the crystal phase,
the erystallisation peak occurs at lower lemperature,
T28°C. with a reduced thermal effect in comparison Lo
the parent glass, In sample, E. the crysiallisation
cxothermic effeet 1s not evident and the ¥, ol the re-
sicdlual glass is not elearly distinguishable, However, the

Table 1. T, and T, values oblained by dilatometry, differential thermal analysis and estimated by the method

of Gehihoff & Thomas '™
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Figure 2. OTA traces of the parent glass (A and of the crpsiallised
samples & and E

modification of the DTA trace occurring in the wem-
perature range 600-640°C could be considered and 7,
identified at about 607°C.

Results for 7, and 7, are plotted as functions of
percentage of crystal phase in Figures 3 und 4, respee-
tively, The dashed lines in the figures indicate the val-
ues of T, and T, for the residual glass estimated, for
the sake of comparison, by the method of Gehlholl &
Thomus."™ In performing this evaluation the
dilatometric values of T, and T, for the parent glass al
3°C min. 358 and 613°C, respectively, were used as ref-
erence points It was also assumed that the crysiallisa-
tion begins with the formation of magnetite followed
by growth of pyroxene solid solution.™ The composi-
tion of the residual glass was culeulated as the differ-
ence between the composition of the parent glass and
that of the crystul phases formed, 9 w1 of which was
titken as magnetite and the remaining as hedenbergite
solid solution,

Table | summarises the results for T, und 7. both
experimentally oblained and caleulated.

T, values, obtained by dilatometry and DTA are
similar for the parent glass and for B and C samples
and comparable with the GehlholT & Thomas'™ esti-
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Figure 3. Variation of T, as a function of crysialiine fraction and
comparison with the Gehlhoff & Thomas' ™ estimated values
dashed line — values, calcwated by Gehthoff and Thamas mathod
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Figure 4. \Variation of T, as a funclion of crystalline fraction and

comparson with the (dashed inel Gahihoff & Thomas™ estimarted

values
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mated values. For 3 and E samples, however, the
dilatometric results are considerably higher than the
ones obtained by DTA and the values caleulated by
the GehlhofT Thomas approach.™ It appears that for
crystallisation higher than aboutl 30%, the T, value
obtained by dilatometry is influenced by the crystal-
line phise so that it can be considered in the sense of
apparent viscosity', Values obtained by this technique
and reported in literature™ " as “transformation tem-
perature’ of different glass ceramics should be consid-
ered as characteristic of the composite of crystal phase
and residual mele; T, 0l the residual glassy phase can
be expected at o lower lemperature,

Similar consideration also apphlies for the
dilatometric softening point, In this case all values
obtained Tor the glass ceramics (B through E) should
be considered as apparent viscosity. In Tact. the T, of
sumple B, with only 13% crystal phase, ocours at about
IFC higher then the T, of the parent glass. For the
sample E, with 35% crystal phase. the variation ol T,
is as much as 230°C corresponding to a viscosity vari-
ation of about 10°-10° dPas,

The transformation emperature. T of the parent
elass was investigated by density measurements'™" car-
ricd oul on glass samples treated Tor 1 h at different
annealing temperatures in the transformation range lol-
lowed by rapid quenching. The results are depicted in
Figure 3 which shows the measured density as a func-
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Figure 5. Variation of densily as a function of annealing lemperature
for parent glass (4]
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tion of annealing temperature. From the ligure it ap-
peitrs that o sensible variation ol density occurs at about
560°C. a temperature which is coincident with the
dilatometrie 7, obained at 3%/ min heating rate. From
the fgure it appears that | h anoealing below 7, does
not influence the density ol the sample while annealing
at o temperature higher than ¥, produces a decrease in
the sample density. After annealing atl temperatures
higher thun 390°C the density reaches g constant value
beciuse during quenching the relaxation process is fast
and follows the temperature variation, For the investi-

muled composition the density variation, as a result of

the annealing is about 0-0H g/cm’ which is about twenty
times higher than the sensitivity of the picnometer.
Densily measurements were also carried out on E
glass ceramic. Figure 6 shows the density variation as
a funciion of annealing temperature. The ohained plot

is similar to that of the parent glass. lo this case, T, of

the residual glassy phase occurs al ubout 600°C and
the density variation is about 0-006 gfem’, Thus in the
case of gluss ceramics, 7, obtained by density meas-
urements is in good agreement with the value of abouw
H07°C abtained by DTA and the one evaluated by the
Gehlhofll & Thomas'"™" method (see Table 1),

Conclusions

The glass transformation emperature of iron rich glass
and glass ceramics with dilferent erystalline frictions
wars investigated by different techniques. e, dilatometric
curve, DTA teace and density variation. The values ohb-
tained for the parent glass and glass ceramics with a

Crdcess Fechmolomy Vol 2 N, #85 Ansist O rober 0007

ciystal phase lower than 300 are very similar while for
the glass ceramics with higher crystallinity the
dilatometric 7, is consislently higher and il should be
considered as an apparent viscosity characteristic,

The diktometric soltening point in glass ceramics
increases with percentage of crystal phase and also de-
pends on apparent viscosity. For the sumple with 13
wi'h erystal phase the increase i3 about 30°C while for
the sample wath 33 wi crystal phase is about 230°C,

For nentransparent black iron rich glasses, density
measurements could be an efficient tool 1o evaluate the
elfect of an annealing heat treatment when poliriscopic
observation cannot be applied. This is the case in most
of the compositions made up of industrial as well as of
nuclear wastes where iron content is usually high.
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