CHAPTER 4

RESULTS AND DISSCUSSIONS

4.1 Characterization of zinc waste

4.11.

Chemical compositions

Initially the chemical composition of zinc waste was analyzed quantitatively by

XRF. The compositions in weight percent of oxides are shown in Table 4.1.

Ta

h
ble 4.1 Chemical eompo

vaste analyzed by XRF

Oxides SiO, K,O ZnO CuO
Yowt 22.45 0.63 3.09 0.07
Oxides PbO SO, L.O.
Yowt 1.07 0.64 | 13.94

Zinc waste was Compose were SiO,, CaO and SO,,

with respect to the zinc#efi ) Chapter 2. SiO,, CaO and SO,
came from silicate, limestone : d in the process, respectively.

alitatively analyzed by the EDS
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Fig.4.1 EDS spectra of zinc waste
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Comparing to European zinc waste, zinc waste from Tak plant contained only

~7% of iron oxide but large amounts of CaO, SiO, and SO,. Therefore, zinc waste from
the Tak plant is not considered as an iron rich waste. It is believed that the differences in

the zinc refinery process caused the difference in zinc waste compositions.

Since the high percentage of SO, in zinc waste was decomposed into sulfur
dioxide (SO,) which is toxic and hazardous at elevated temperature during glass melting,

it is necessary to remove SO, from zinc waste prior to making glass. In order to remove

shown in Fig.4.2 from g @tlfire td 1400°€."The"pércent weight loss of zinc
waste, which is shown in (€ shange in endothermic and

exothermic energy, which 2
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Fig. 4.2 Thermal properties of zinc waste analyzed by TG/DTA
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To consider the change in percent weight loss and energies in certain

temperature regions, the TG/DTA data was spilit into four different temperature regions at

100°C-190°C, 300°C-415°C, 420°C-900°C and above 950°C as shown in Table 4.2.

Table 4.2 The change in percent weight loss and energy of zinc waste

Temperature Percent weight loss | Exothermic/Endothermic peak
regions

100°c-190%C 8%wt Exothermic

300°C-415°C ' Exothermic

420°C-900°C Endothermic

> 950°C Endothermic
it is observed ¢ temperature range of 100°c-
190°C, an endothermi ! , 50°C, re: g from the dehydration of

gypsum (CaSO,*2H,0 " 1o - in thi gion indicates the evaporation of
water. In the temperaturi ) C-41 . ! eight loss was only ~2%, which
exhibits the evaporation of waterin f e st res. A small endothermic peak in
this region was found af ~3 A fr M, the transformation of anhydrite from
soluble to insoluble. In the tempeﬁa}_T_?, 2 108 0°c-900°C, the weight was slowly

-nl"__'. I‘_J__,__-

found at ~550°C. It is

believed that the cheidge in weight A exothermic peak in this

region derive from thegecomposr 0 al sulfate, a:h as iron sulfate which is

then transformed to hemt!’uHFe 0,). At temperatures above 950°C, the weight rapidly

byﬂswhm um i crhehuabe (-1200°)
AR TNNTT W‘ﬁm‘ﬂ OEI
had been calcined at or ours to remove O prior to use for producing

glasses.
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4.1.3. Phase analysis

Zinc waste was calcined at six different temperatures, 300°c, 450°C, 600°C,
800°C, 1,150°C and 1,300°C, to investigate the phase change as the temperature
increased, by XRD. Phase formation from XRD patterns of zinc waste at each
temperature was then compared with phases that are existed in the original zinc waste.
The XRD pattern of the original zinc waste is shown in Fig.4.3. While the XRD patterns of

the waste calcined at 300 - 600°C and 800 - 1300°C are shown in are shown in Fig.4.4

and Fig.4.5, respectively.
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Counts
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Fig. 4.3 %5 \Tak plant

r"
Q: ﬂartz B: Bassanite, G: Gypsum S: cate

Accordiﬁ t%ﬂ@ %ﬁl%cﬁlrWzH f«}sfe] %ﬁntained four major

phases in zinc Naste composition, WPlCh are quartz (SIOZ) gypsum ‘}CaSO <2H,0),
@ AR IO BATENE R roir
magnesifim aluminum fluoride silicate: KMg,(Si,Al)O, F,), with small amount of sulfur

compounds such as copper sulfide (CuS), iron sulfate (FeSO,) and zinc sulfate

(ZnS0,*H,0).
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Fig. 4.4 XRD patterns of zinc waste calcined at 300°C, 450°C and 600°C

Q: Quartz, B: Bassanite, G: Gypsum, A: Anhydrite
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1300°C
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Fig. 4.5 XRD patterns of zinc waste calcined at 800°C, 1150°C and 1300°C

Q: Quartz, A: Anhydrite, C: Cristobalite, F: Hematite
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Consider XRD pattern of zinc waste calcined at 300°C. Anhydrite or calcium

sulfate (CaSO,) was found as a new phase with low intensity of bassanite peaks. The
lower in intensity of bassanite peaks indicates the evaporation of water molecules as the

temperature increased.

At 450°C, the peaks of bassanite phase disappeared indicating that the water
molecules were completely evaporated of from zinc waste. It was also observed that

anhydrite has become a dominant phase (as shown in high intensity) with low intensity

ot " | V /

At 600°C, only two

were observed with no new

phase formation.

At 800°C, hematit istobal D.) phases were found with low

At 1,150°C, thr ’é’n % ‘ ed, which were anhydrite,
Y t, although low with intensity.
Hematite phase was abs i ature..A m‘ ous phase was observed as a
mixed phase with other cry. alh '“* pearance of amorphous hump and
the decreasing of crystalli ph en: ities he initial melting of zinc waste as

the temperature increa

At 1300°C, it ismoticeable that the only phase shown was amorphous since no

crystalline phase was obséryed.

L ANYNANENNG, o e
Y 13 mﬁﬂmmmﬁﬁzxﬁz

waste from the Tak plant was yellow as shown in Fig.4.6 (a). At 300° C, the color

changed to yellow-brown. At 450°C, the color changed to brown because of the

completed evaporation of water molecules from the structures, which can be confirmed

by the disappearance of bassanite phase in XRD pattern. At 600°C, the color changed
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to red. The change of color to red was believed to be attributed to the formation of iron

oxide (Fe,O,) with respect to TG/DTA results. At 800°C, the color changed to dark-red,
which indicated the increasing of iron oxide phase formation with respect to both

TG/DTA results and XRD pattern. It is noticeable that at 1150°C, zinc waste was partly

melted as the powder was aggregated together after calcining.

(c) (e)

Fig. 4.6 Zinc waste from Tak plan_" e calcined at 300°C (b), 450°C (c),
600°C (d), 800°C ()% e

v,

e‘ e .

4.1.4. Particl

Particle size distrialitiop of zinc waste was examined by master sizer machine.

Various sizes ﬂ%l&% %ﬂ%?"m&k%ﬂ@ as illustrated in a

broad and wide%rve of particle size distribution shom in Fig.4.7. The‘@/erage particle

= QRN TUININY 1A Y
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10

Velume (%)

he images of zinc waste
particles are shown in Fig.4. i i i groups of small particles
formed together in two diff 8 ‘ ' rticles formed as large rod
like grains are shown in Fig. |

shown in Fig.4.8 (b).

(a) (b)

Fig. 4.8 SEM images of zinc waste as rod like grains (a) and irregular grains (b)
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4.2 Characterization of melted glasses

4.2.1. Physical behavior

All the mixtures of twenty-five glasses were melted at 1,450°C for 1 hour. After
melting the glasses were investigated for their melting behavior (viscosity), homogeneity
and color by visual observation and optical microscopy (OM). It was found that twenty-
three out of twenty-five glasses were homogeneously melted without any remaining un-

dissolved materials. Phase separation was observed in two glasses, which were G#13

The images of 15 and G#24 are given as

examples in Fig.4.9. Th ix B. It was observed that
the glass with phase s while the homogeneous
glasses were black. It w, igh viscosity glasses (G#15

and G#19) was distorted w, ular shape.

Fig. 4.9 Melted glasses of GC#2 (a), GC#5 (b), GC#13 (c), GC#15 (d), GC#24 (e)

The images of glasses taken by OM are shown in Fig.4.10. The images of

homogeneous glasses, G#8 (a) and G#21 (b) were compared with the images of phase-
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separated glasses G#13 (c) and G#14 (d). The phase-separated glasses were found

to contain large amount of droplets distributed in the glass matrix.

"".I':'.I' f

.umf_ﬂ. ¥ i

Prior to produgifg g tra@ion temperature (T;) and

crystallization temperatur? & ) of the twenty -five glasses were examined by TG/DTA.

The T, and T ﬁ H ﬁﬂ%ﬁ%ﬂ%ﬂf}ﬁ%eﬂ from a base line

with exothermidjpeak. Therefore both T and T, can be estimated by con5|der|ng a point

om0 TV LT RY P ) DN

endothermic peak at elevated temperature that demonstrates the values of melting of

glass.
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An exothermic pea i, an an be seen in.evel DTA curve indicating that
glasses would simply foam glass ' HCS. s found that T and T, of the twenty-five
glasses are in the réng (o] ~\ -870°C respectively. These
temperature ranges werg o i 5ign - nucleation and crystallization
temperatures in producing of glz he values of T, and T, of twenty-five

glasses were meas Jred 8

Vi

it

AULINENINYINT
AU INYAE



Table 4.3 T and T of twenty-five glasses

40

G# | T Cots | T,C0)t5 | G* | T,(°C)t5 | T, (°C)t5
1 570 705 14 608 822
9 565 730 15 630 872
3 575 710 16 633 816
4 585 711 17 567 756
5 600 747 18 589 733
6 576 71 19 578 778
7 550 561 716
8 555 600 778
9 554 56 722
10 60 0 711
11 567 4 1 722
12 600 5 794
13 600 05,
4.3 Characterizati 1?&%;2:

.u.:!-.r’w?f.‘?:l
Glass-ceramics we e 7““(‘1"7 5

conditions: condition A (5

for 1 hour and 750

condition D (850°C for 1 h

=TI,

reatment process in four different

r 2 hours), condition B (650°C

and 850°C for 2 hours),

ribed in table 3.5 (Chapter

3). The colors of glass-ceramlcs were changed after heat-treatment from black to

various colo

glasses and h

ﬂumg mmwgm TPOSItlons of parent

’Q‘W'ﬂ“&'&ﬂﬁu UAIAINYA Y

After heat-treatment at condition A, B, C and D, various physical properties

include bulk density, percent volume shrinkage, percent water absorption and percent

apparent porosity were examined to evaluate the sintering behavior. The results were

considered in three different groups that were classified by the sintering and the firing
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characteristic of glass-ceramic specimens observed visually after heat treatment.

Group 1 is a group of not well-sintered glass-ceramics consisted of GC#13, GC#14,
GC#15, GC#17, GC#21 and GC#25. Group 2 is a group of well-sintered glass-ceramics
consisted of GC#2, GC#3, GC#4, GC#5, GC#6, GC#7, GC#8, GC#10, GC#18, GC#19,
GC#22, GC#23 and GC#24. Group 3 is a group of over-fired glass-ceramics consisted
of GC#1, GC#9, GC#11, GC#12, GC#16 and GC#20. The not well-sintered glass-

ceramics in group 1 are shown Fig.4.12.

ditions

A . S
GC#13 ; : - - |
GC#14 ) \
GCH#15 4 .l
GC#17 —
GC#21 e =
GC#25

FUEANIIINEINS,

o € a o/
AWTANT T Ve =
absorptiq‘n and percent apparent porosity as a function of heat-treatment temperatures

at condition A, B, C and D of glass-ceramics group 1 are shown in Fig.4.13, Fig.4.14,

Fig.4.15 and Fig.4.16, respectively.
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Fig.a.14 Percent volume shrinkage of not well-sintered glass-ceramics (group 1)

Bulk density and percent volume shrinkage increased with the increasing of

heat-treatment temperatures.
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Fig.4416 Percent apparent porosity of not wel l-sintered glass-ceramics (group 1)

Percent water absorption and percent apparent porosity decreased with the
increasing of heat-treatment temperatures. After heat-treatment at condition C and D,

percent water absorption and percent apparent porosity decreased to ~0%.



The specimens of the well-sintered glass-ceramics in group 2 are shown in

Fig.4.17. The specimens are in the good circular shape after heat-treatment

e

Heat-treatment conditions
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Fig.4.17 The well-sintered glass-ceramics (group 2)
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The variation of bulk density, percent volume shrinkage, percent water

absorption and percent apparent porosity as a function of heat-treatment temperatures

at condition A, B, C and D of glass-ceramics group 2 are shown in Fig.4.18, Fig.4.19,

Fig.4.20 and Fig.4.21, respectively.
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Fig.4.19 Percent volume shrinkage of well-sintered glass-ceramics (group 2)
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Fig.4.21 Percent apparent porosity of well-sintered glass-ceramics (group 2)
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Bulk density and percent volume shrinkage increased with the increasing of

heat-treatment temperatures after heat-treatment at condition A and B. On the other
hand, bulk density and percent volume shrinkage slightly decreased with the increasing
of heat-treatment temperatures after heat-treatment at condition C and D. Percent water
absorption and percent apparent porosity decreased with the increasing of heat-
treatment temperatures. Percent water absorption and percent apparent porosity

decreased to ~0% after heat-treatment at condition B, C and D.

The over-fired glass-ceramic group 3 are shown in Fig.4.22. The

specimens were in a good cir ape afié treatment at condition A, and B

7 e
L7/ 55\

GC#1

GC#9

GC#12

GC#11

GC#16

EL

Fig.4.22 The over-fired glass-ceramic specimens (group 3)

The variation of bulk density, percent volume shrinkage, percent water

absorption and percent apparent porosity as a function of heat-treatment temperatures
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at condition A, B, C and D of glass-ceramics group 3 are shown in Fig.4.23, Fig.4.24,

Fig.4.25 and Fig.4.26, respectively.
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Fig.4.24 Percent volume shrinkage of over-fired glass-ceramics (group 3)
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Fig.4.26 Percent apparent porosity of over-fired glass-ceramics (group 3)

Bulk density and percent volume shrinkage increased with the increasing of

heat-treatment temperatures after heat-treatment at condition A and B whereas they
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intensely decreased with the increasing of heat-treatment temperatures after heat-

treatment at condition C and D. Percent water absorption and percent apparent porosity
decreased with the increasing of heat-treatment temperatures. Percent water absorption
and percent apparent porosity decreased to ~0% after heat-treatment at condition B, C

and D.

Basically, the density is an intensive property and is the relative between mass

and volume of the substances. Bulk density, in terms of glass-ceramics, is an additive

function of the volume fraction of d crystal phases co-existing in glass-

ceramics. Percent volume shrinkage inal-shape of glass-ceramics after
heat-treatment. A productisﬁly rqﬁrreééer firing if a reduced shrinkage
was observed. Percent 0 percent apparent porosity.
Percent apparent por€ ened pores-those pores
connected to the sur S sSome open pores are
eliminated directly, many arg sformed_.i . As a result, the volume

fraction of closed pores ificrgase i ially-ar creases toward the end of the

Therefore, in order to evalugﬁfag sintering behavior, all of these properties were

A L
.-d',..-"=.-f

unwell-sintered glas ramics group 1\ treatment at condition A

and B. When consuder& together ater ébsﬂtion and percent apparent
porosity, high percentagefofawater absorption @nd apparent porosity was observed. This

density of theq‘!)ver-ﬁred glass—ceraomics group (z:‘intensely decrefjed after heat-
~RRTR AT AR TN oo
fired chéracteristic. Since it is believed that the decreasing of percent water absorption
and percent apparent porosity after heat-treatment is a consequence of the elimination
of opened pores. Therefore the opened pores of the unwell-sintered glass-ceramics
group 1 were almost completely removed after heat-treatment at condition C and D, as

the percent water absorption and percent apparent porosity decreased to ~0%,
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whereas the opened pores of the well-sintered glass-ceramics group 2 and the over-

fried glass-ceramics group 3 were almost completely removed after heat-treatment at
condition B, C and D. The well-sintered glass-ceramics group 2 seemed to offer good

physical properties after heat-treatment at condition B, C and D.

The raw data of percent volume shrinkage, bulk density, percent water
absorption and percent apparent porosity after heat-treatment at condition A, B, C and
D are shown in Table C-1, Table C-2, Table C-3 and Table C-4 in Appendix C,

respectively. Bulk density of twenty-fiv -geramics after heat-treatment at condition

A, B, C and D were in the ran 1.91-2.74 g/cm 1.80-2.71 g/cm

1.78-2.75 g/cm respectlve é
e —

In terms of heat- tre lass-ceramics were not well-

sintered after heat-treatm aSs-ceramics were mostly over
fired after heat-treatment ifon . sindicate t the heat treatment process
-ceramics in this study.

v
Therefore glass-cerami 1 heat ss at conditions B and C

Crystalline p@&es of glass-ceramis at f£ondition B (650°C for 1

hour and 850°C for 2 hours)
were identified by XRdjT he size and morphology of crys@ were observed by SEM.
Chemical compositions oftthescrystals and residual glass were determined by EDS. Five

major crystal ﬂsuv&le ’f}%r@aﬁc@%& &l ;}ifg]e‘sﬂases: wollastonite-

ferroan  (Ca, B,Me 0,.15(Si0;);),  pyroxene (Mg09 Fe,sis (Cao751N oF€0.018)(Si, 6)
i
from theimixing of the above crystal phases were also found in a number of glass-
ceramics such as the mixed phases of wollastonite-ferroan and anorthite, the mixed
phases of quartz and cristobalite and the mixed phases of quartz, cristobalite and
anorthite. Crystal phase formation can be affected by the compositions of each glass-

ceramic and the heat-treatment temperatures. The results were discussed by
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considering the correlation of glass-ceramic compositions and heat-treatment

temperature of single phase formation and multiple phase formation as follows:

® Single phase formation
1. Wollastonite-ferroan crystalline phase

The single wollastonite-ferroan phase was found in GC#1, GC#10, GC#23 and

GC#24. The compositions of these glass-ceramics enriched of CaQ with medium

amount of SiO, as shown in Table 4 4

Table 4.4 Compositions o ‘_ '-»,.&__ ramlc!& wollastonite-ferroan phase

GC# Sio, u--"/ﬁ ""'-M-L‘ Zn0 | ALO, | Fe,0,

1 45 "'? m“\ 1 3

10 5 5

23 1 5

24 1 5
The crystal formatign of wo fp::-:" G é4 heat-treated at condition
B and C was investigated "-'-"-mt_'c{ lechniques. The XRD patterns of
GC#24 after heat-treatment at Ci Srdit on B are shown in Fig.4.27. The SEM
micrographs after heat-tre nt at condition e shown in Fig.4.28 (a) and (b),

respectively. — Y )

sae

Iﬂ )
ﬂ‘lJEl’WlEWI‘ﬁWEﬂﬂ‘E
QWWﬁ\ﬂﬂ‘iﬂJ AN Y
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¢ Wollastonite

GC#24(C)

GC#24(B)

9.

2 —— 18pPm FZ‘;“'
SYREC, 19KV . %4500 1nd

-

Fig.4.28 SEM nﬂ &Jpﬂ % m&mﬁ wﬂ fq Q §ewed in GC#24 at

heat-treated at condmon B (a) and C (by

91RO IUINIINENRY, ...

the XRD pattern after heat-treatment at condition B. Small acicular crystals dispersed in
the glassy matrix were observed in the SEM micrograph after heat-treatment at condition
B confirming the presence of wollastonite-ferroan. The crystalline peaks of wollastonite-

ferroan as shown in the XRD pattern became narrower and sharper after heat-treatment
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at condition C. The crystal size of wollastonite-ferroan noticeably increased after heat-

treatment at condition C as can be seen from the SEM micrograph. The EDS spectrums,
spotted on the acicular crystal area (A) and glassy matrix area (B), of GC#24 heat-
treated at condition C are shown in Fig.D-1 and Fig.D-2 in Appendix D, respectively. The
EDS analysis showed that acicular crystals contain mainly Si, Ca and confirming
wollastonite-ferroan (Ca, ,;FeO, ,,(Si0,),), as identified by XRD technique whereas the

glassy matrix enriched in Si, Al, Na and Fe with poor in Ca.

The XRD patterns of GC # ed at condition B and C are shown in

Fig.D-3 in Appendix D. The X

8 the micrographs of GC #10 heat-
n ‘1. Flgdf:g D-5 (a) and (b). The XRD

treated at condition B and

patterns and the SEM at condition B and C are

shown in Fig.D-6 and Fi

The single pyroxegé phas found | BCH3, GCH#5, GCH#6, GC#17,
GC#18, GC#21, GC#22, a #25 ter. t at conditon B and C. The

pyroxene phase was found in ¢ i O as shown in Table 4.5.

Table 4.5 Composiﬁons _
e
GC# S@ B,0, | Na,0 | ( f'zoa Fe,0,

fi 5 | ° 1V 3

45 15 1@] 5

45 |€16,| 5 | 18@p 10 | 3 1

ntained pyroxene phase

ol ol W IN

L
o

o)
™
-c-ft
oocncn'"ﬂoomwm

25 55 5 5 20 8 3 1
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The XRD patterns of GC#2 heat-treated at condition B and C are shown in

Fig.4.29. The microstructures of GC#2 heat-treated at condition B and C are shown in

Fig.4.30 (a) and (b), respectively.
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I Nitipnk
Fig.4.30 SEM micrographs (1500x) of pyroxene phase observed in GC#2 after heat-

treatment at condition B (a) and C (b)
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The crystalline peaks of pyroxene of GC#2 were obviously seen in the XRD

pattern after heat-treatment at condition B. Small dendritic crystals dispersed in the
glassy matrix were observed in the SEM micrograph after heat-treatment at condition B
confirming the presence of pyroxene. The crystalline peaks of pyroxene as shown in the
XRD pattern became narrower and sharper after heat-treatment at condition C. The
crystal size of pyroxene noticeably increased after heat-treatment at condition C as can
be seen from the SEM micrograph. The EDS spectrums, spotted on the dendritic crystal

area (A) and glassy matrix area (B), of GC#2 heat-treated at condition C are shown in
ﬁ’y The EDS analysis showed that the
nd Fe confirming pyroxene

o) 'is leD technique whereas the

in

Fig.D-8 and Fig.D-9 in Appendix

dendritic crystals contain E
(Mgo.937FeD.063)(Ca0.751 Naw
glassy matrix enriched in

The XRD patte after heat-treatment at
and SEM micrographs of F heat { ; condition B and C are shown in

micrographs of GC #25 after he “at condition B and C are shown in Fig.D-19
and Fig.D-20 (a) and (b). '

The single anbahte phase was found GC#1ﬂand GC#14, which were

-\ ﬁ?ﬁﬁﬁ %"Wm ﬁ“f*"‘“e oo

13 60 15 5 15 0 1 1 5

14 60 15 5 15 0 1 1 5
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The XRD patterns and the SEM micrographs of GC#13 heat-treated at

condition B and C are shown in Fig.4.31 and Fig.4.32 (a) and (b), respectively.

*
@ Cristobalite

GC#13(C)

Fig.4.31 XRD patte
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Fig.4.32 SEM micrographs (1500x) of cristobalite phase observed in GC#13 after heat-

treatment at condition B (a) C (b)



58
The crystalline peaks of cristobalite were observed with an amorphous hump

as shown in the XRD pattern after heat-treatment at condition B. A few of very small
crystals dispersed in the glassy matrix were observed in SEM micrograph after heat-
treatment at condition B confirming the crystallization. The narrow and sharp crystalline
peaks of cristobalite can be clearly seen in the XRD pattern after heat-treatment at
condition C. The crystal morphology of cristobalite can not be identified from the SEM
micrograph, since the interconnected phases formed after heat-treatment at condition C.
By visual observation, three different areas were observed including area (A), area (B)
and area (C). The composmons \*j /v
spectrums, spotted on are@

condition C, are shown i rg D\'22 andnﬁgﬁlﬂe in Appendix D, respectively.
The EDS analysis sh

ows t : Wy Si and Ca whereas no
significant differences b S
observed. The area (B) an in gr

were examined by EDS. The EDS

, of GC#13 heat-treated at

area (B) and area (C) were

less content of Ca when

The XRD patt My ,‘fﬂ_’ ) , 14 after heat-treatment at
condition B and C are sh _*_—_‘ ig.D-25 (a) and (b). Since the
compositions of GC#14 and Gb'ﬁfé we -,t controlled, the crystal phase
formation and the mlcrostructw-és-qfﬁp#‘r’, entically observed. It was believed

GC#13 and GC#14 a -l heat-treatment at dicates the microstructure of

‘ /
the spinodally decom oses glass, which i is a type of phase!e‘-:parated glass. The phase-

separation i ﬁ)jJ ﬂﬁ cl m%(m ﬂ'ﬁirﬁj tallization) and the
spinodal dec ﬁvﬂ decomposmon from
nucleated phase separation is the uﬁerconnecteddorm like morphiglogy, which has

voon Bkl b a1 14 V1216 E
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® Multiple phases

1. Mixed phases of wollastonite-ferroan and anorthite

The mixed phases of wollastonite-ferroan and anorthite phase were found in
GC#4, GC#9, GC#11 and GC#12. These glass-ceramics contained low percentage of

SiO, and high percentage of CaO as shown in Table 4.7.

Table 4.7 Compositions of glass-ceramics contained mixed phases of wollastonite

ferroan and anorthite

GC# | SiO, | B,O, ZnO | ALO, | Fe,0,
4 45 | 15" : 5 3
9 | 47 . 420 AT 5 5
1 | 45 o ) | 1 3
12 47 AF W 5 5
The XRD pa S heat- iton B and C are shown in
Mo \
Fig.4.33. The microstru S, #4 Heat-treate ndition B and C are shown in
Fig.4.34 (a) and (b), respective : _7 .1/?
e
< JA? ¢ Wollastonite
A Anorthite
ﬂ"‘ . e . . GW(C)
A .
Q w ¢ , =)  cou@S
q
0 10 20 30 40 50 60 70 80
2-theta

Fig.4.33 XRD patterns of GC#4 heat-treated at condition B and C
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Fig.4.34 SEM micrographs (1 %wollastom@nd anorthite phase observed

—

on B{a) C (b}x._“_

in GC#4 after heat-treatmy

After heat-treatment opd!

XRD pattern after heat-treatme aitidbhdmdd}é Tw dis%nct crystal morphologies of
3 |
acicular crystals and dark de ntnc_é:tystats_’\& observed in SEM micrograph after

i

(ol < I
heat-treatment at condition C. Theﬁempom}of the acicular crystal, the dark
- T, I ge—a—

LA A L A
dendritic crystal and t&e glassy ﬁé’ﬁ were’ E“?ﬁ‘l‘fﬁgd by EDS. The EDS spectrums,

- -

spotted on the aciculé'vfr crystatarea-(A),-dark-denar iic crysta 4iea (B) and glassy matrix
area (C), of GC#4 heaﬂeated at condition C, S wn:T F|g D-26, Fig.D-27 and

Fig.D-28 in Appendix D, respectlvely The EDS analysis showed that the acicular

crystals  cont ollastonite-ferroan
(Ca, 4;Fe0, 4l ﬂ T’ga%irk dendrmc cﬂals contain malmn[l Si, Al'and Ca confirming
anorthi pj r? i Sy matrix
enriched Qnﬁ Vfavﬁ ﬁﬁmmr‘j te Mﬁﬁ %Tnd GC#12

heat-treated at condition B and C are shown in Fig.D-29, Fig.D-30 and Fig.D-31,

respectively.
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2. Mixed phased of cristobalite, quartz and wollastonite-ferroan

The mixed phases of cristobalite, quartz, and wollastonite-ferroan were found in
GC#7, GC#8, GC#15, GC#19 GC#16 and GC#20. The compositions of these glass-

ceramics enriched of SiO, with medium amount of CaO as shown in Table 4.8.

Table 4.8 Compositions of glass-ceramics contained cristobalite, quartz and

wollastonite-ferroan

GC# | SO, | B,O, [ Na,0 | CaO | MgO | ZnO | ALO, | Fe,0,
7 | e3 | s 3 | 1 3
8 | 59 | 5uts | 3 | 5 | 3
15 | 64 — | — 5 | 5
19 | 64 ) 5 3
16 | 58 o) N 1 5
20 | 567 A4 5 S T -

The XRD patterns tion B and C are shown in

Fig.4.35. The microstructuregfof GO# ‘ ition B and C are shown in
i
Fig.4.36 (a) and (b), respectively. : /’:2
2
RN,
# Cristobalite
A Quartz

= Wollastonite

NINYINTF~

2-theta

Fig.4.35 XRD patterns of GC#19 heat-treated at condition B and C
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Wy,
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Fig.4.36 SEM micrographs ( istobali
observed in GC#19 after heat- , at gondi C(b)

After heat-treat tected erystalline peak was observed
in the XRD pattern. Ho stals Were observed in the SEM

micrograph indicating that ti S ae ' \ ‘a at-treatment at condition

glassy matrix area (C), GCH 9 he: onC, are shown in Fig.D-32,

Fig.D-33 and Fig.D-34 in ﬁppendix D respectively. The EDS analysis showed that the
L

F- %
acicular cryst ﬁ\@ qurYI ﬁﬂﬁiwmmollastonite—fenoan
(Ca,, FeO (Si‘ ) as identified by technique whereas the glassy matrix enriched

2.87 0.13

BN 1R [1PT O N b

believed that the flower-like crystals could be either the crystal of quartz or cristobalite.
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The XRD patterns of GC#7 and GC#15 heat-treated at condition B and C are

shown in Fig.D-35 and Fig.D-36. The XRD patterns and the SEM micrograph of GC#8
heat-treated at condition B and C are shown in Fig.D-37 and Fig.D-38 (a) and (b),
respectively.The mixed phases of cristobalite and quartz with large portion of
amorphous phase were found in GC#16 and GC#20. The XRD patterns of these glass-
ceramics heat-treated at condition B and C are shown in Fig.D-39 and Fig.D-40,

respectively.

It is noticeable from all twenty-five glass-ceramics that the size of crystals

developed with the increasing ¢ ‘M\ >z

crystal phases in the XRD patterns.wet
| —

after heat-treatment at CV .
433, Mechany
4

The bending strefigthyfobtained

jlass-ceramics after heat-

treatment at condition B angfC are Sho

140

T80 o = —mgrm = =5 = = = S s B e s i e

100 +

g
f
|

|
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|

Bending strength (MPa)
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Fig.4.37 Three point bending strength of twenty-five glass-ceramics after heat-treatment

at condition B(#) and C (H)
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It was found that not all of glass-ceramics heat-treated at condition C gives

the bending strength higher than condition B. The bending strength of eleven glass-
ceramics heat-treated at condition C was lower than condition B. Thus the bending

strength does not greatly depend on heat-treatment temperature.

There are many factors possibly influence the strength of glass-ceramic, such as
porosity, flaw, crystal morphology and the mismatch of thermal expansion coefficient
between the crystals and glassy matrix. The presence of pores strongly influence on the

strength of glass-ceramics not only bec y reduce the cross-section area over

which the load is applied, but m t as stress concentrators [27]. As

ace can be the origin of crack
- _
propagation. Flaws gen i On ave a wide distribution of
, but may depend greatly
on method of processi o ecifically on what factor
actually affects the stren . ) ve known that the strength

of glass-ceramics usuélly ; n ! ince the crystals present in the

e material, increasing its

strength. The presence o i -_-‘a_‘ , ughness [27, 29]. However,
since glass-ceramics are co poé@@d' dif e phases, glassy phase and crystal
phase, the mismatch of thermaf%ééiéﬁ nt developed during the cooling

process resulting in thEdarge dual stresses.
It is noted thatgr élas - ave b@\ polished to smooth the
surface before subjected to ‘me three point bﬁgping test. Therefore, as the surface of

samples was ﬂinuogﬂlo%c%rﬂb%r% OW%}»@Fﬁ@e polished surface.

In addition, dunr‘H the polishing proce°§s surface ﬂaws can be acmdentally introduced

RN VI”I’”% NEE 1
oqte and pyroxene show higher streng on

than glass-ceramics C ined mixed
phases. The bending strength and crystal phase formation of glass-ceramics heat-
treated at condition B and C are shown in Table 4.9. The results were classified by type

of crystalline.



Table 4.9 The bending strength of glass-ceramics heat-treated at condition B and C

GC# Condition B Condition C
Crystals Strength (Mpa) Crystals Strength (Mpa)
1 W/Am 46.6t58 W 297t 4.9
10 W/Am 79.6 £20.1 w 940+ 42
24 W 84.41 6.6 W 10651 17.2
23 w 87.0%t 17 W 89.7%t7.3
5 P iQ M[ P 101.6 £19.8
17 | P/Am § 54112, W/ /4’ 76.0+7.6
18 i %12 o ? 8201 6.5
6 P — 5 "-"\f 78.018.3
3 P 704090 ) NI R 78.7£9.2
21 P 7 49 L% \P 79.3+ 145
25 | P/Am g8\ 4 \\ ™ 630%103
22 P £+_114 103.1 %1822
2 P 192.0 1455 119.3 £ 21.0
14 Am 79?%%4 - 53.416.7
13 | Am | _ssktae. I Cu 553+7.3
11 A/Am*fq . + _j‘?j 520+ 8.1
9 A U a22+a8 17 230t
4 AAm | ¢ 835108 oy WA 41.1£15.5
o | P[] ST 3 TR [ TT Bet s
20 Am 46.8X 54 cQ 48.2:4,14.3
R A TR V] R V] P 72k
7 C 89.5F 16.2 C/QW 75.4 1+ 16.6
8 C 93.92 * 16.48 c/Qw 65.17 £ 10.6
15 Am 220t 1.8 C/Qw 58.81+11.9
19 Q/Am 90.23 + 14.8 c/Qw 76,17 £ 25.8

65
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The highest bending strength obtained from this study is the bending strength

of GC#2 heat-treated at condition C (contained pyroxene phase), which is ~119.26 MPa.
The bending strength of GC#2 is also the highest after heat-treatment at condition B,
which is ~101.96 MPa. It is noticeable that the bending strength of GC#22, GC#5
(contained pyroxene phase) and GC#24 (contained wollastonite phase) are comparable
to the bending strength of GC#2. The bending strength of GC#22 heat-treated at
condition B and C is ~101.10 and 103.11 MPa, respectively. The bending strength of
GC#24 and GC#5 heat-treated at condition C is ~105.52 and 101.64 MPa, respectively.

The bending strength o m%“‘ A Eained mixed phases is noticeable

he lowest bending strength

obtained from this stud eat-treated at condition C,

which is ~22.96 MPa

ceramics (wollastomteawd pyro ed 3 con@on B and C are shown in

Fig.4.38. The bending atrength of mixed @ases glass-ceramics heat-treated at

condition B aﬁ %ﬁhéﬂ ‘W%'Aﬁ %)Wﬂhq% strength of glass-

ceramics showrilin these figures excludmg the over-f red glass- ceramacs

’QW']a\ﬂﬂ‘ﬁm URNAINYAY
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According to XRD and SEM results, the size of crystals increased with the

increasing of the heat-treatment temperatures in either single or mixed phases glass-
ceramics. Thus it can be explained in two different ways, the bending strength of single
phase glass-ceramics increased with the increasing of crystals size whereas the

bending strength of mixed phases decreased.

In general, the formation of crystals in glasses enhances the strength under the
condition of uniform distribution in glassy matrix and uniform crystal size. Therefore, it is

believed that the bending strength d thi n of mixed phases might come from the
' ]

non-uniform of both distributio ince they contained different crystal

phases. In addition, the b be due to the shear stresses
arising from the differen ient between the crystals and
the residual glass pha med in the samples cause
large mismatch of ther iop coeffici ' rate large residual stresses.
When the boundary she oo T lo} ater than the strengthening

resulting from the crystals lopmen 7 tal size can be ignored, then the

According to zinc waste:gﬁgtg'gﬁed gnificant amount of heavy metal that is lead
(Pb), therefore it was V& amine the leachs ity characteristic of Pb in

glass-ceramics mat eavy metal leached out

concentration is dlffe t in difference countries. The It limit of the leached out

concentration éi Taiwanese limit is 5
ppm [4, 21, 2§fij% ﬁ“ﬂ ﬁﬁ%«ﬂﬁmﬁ %y metal leached out
concentration, thus the USA regulatofy limit was selected to use as a_standard in this
s SR N3 BV TS o 11
was usei:l to examine the chemical stability of glass-ceramics in terms of leaching of

heavy metals ions. The concentration of Pb in the leachate of glass-ceramics was

compared with the USA regulatory limits (5 ppm) [4].
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Chemical durability is usually referred to the resistance of the glass surface to

chemical agents. In general, the durability reaction begins at the surface and spreads
inwards as a result of either the diffusion of the invading elements into the glass or the
breakup of the glass network bonds by the attacking species. Hence, the mechanism of
attack includes leaching of mobile ions out of glass, uniform dissolution of the glass
network and preferential dissolution of glass. During leaching, invading ions from the
fluid medium enter the glass structure through the interstices and exchange sites with

host ions in the glass. Then the host ions gradually move to the glass surface. These

mechanisms call “leaching”. Alkali g‘. s are oblle ions in the glass, leaching of

Glass-ceramics ases, which are crystal and

residual glass phase. 3s-ceramic is the chemical
durability of the crystal : hase ompositions of crystal usually

differ from the residual i of al dissolution during leaching

glass contain compositions tha . readily attacked by the medium than others,
pe different from that of parent

glass.

L )
SN

Therefore thg:ﬁffact of crystal

1 tie leachability of Pb was

discussed. The leached out concen cefamic matrix heat-treated

at condition B (650°CB 1 hour and ours) aﬂr C (750°C for 1 hour and

850°C for 2 hours) are shown,in Table 4.10. Note that the TCLP test was conducted on

oo B gemm WA,
’51 W a\ﬂﬂﬁm URINYIRY



Table 4.10 Leached out concentration of Pb in glass-ceramics

GC# Condition B Condition C
Crystalline Concentration Crystalline Concentration
(ppm) (ppm)
1 W/Am 3 w 2
10 W/AM 11 w 7
24 w 2 W 2
23 w 2 W 2
5 P » P 22
17 P/Am 17
18 P 1 32
6 P / 42
3 P { 3 26
21 P = 23
25 P/Am 34 (= 50
22 P 42 E:‘J.;}f 20
2 P AN 18
14 Am Hi;ﬁ_ < 4
13 Am = A 4 4
11 | wame T > 2
=t -
9 Ao = 11
4 | AAm ™ 9 WA 2
12 h | ‘ ; 8
20 g I |8 l I § 20
6 j: 2 q%_& - a‘-:zs l
7 C 19 clQwW 2
19 Q/Am 14 clQw 2
8 0 18 CIQW 6

70
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It is very interesting that the leached out concentrations of Pb in glass-

ceramics contained pyroxene phase heat-treated at condition B and C were very high
and none of them gave the leached out concentration of Pb lower than 5 ppm, which is
the limit required by the EPA of USA. However, many of glass-ceramics obtained in this
study gave the leached out concentration of Pb lower than the limit. The leached out
concentrations of Pb in six glass-ceramics, which are GC#1, GC#24, GC#23, GC#16,
GC#14 and GC#13, are lower than the limit in both heat-treated at condition B and C.

The highest of Pb concentration were found in GC#25, which is 34 ppm and 50 ppm

'k}/’f/ely.
em$ra@chabmty of Pb was considered.

contained gle wollastonite phase trended to

after heat-treatment at condition

The effect of heat—
Pb concentration of
decreasing as the te es) ( '\:\\‘ Pb concentration of glass-
ceramics contained si and eri \- phase trended to increasing as the

temperature increases of glass-ceramics contained

4.35. Coefficient of t rﬁavgx?,q

,um &5 !'

In this study, it is ote --d erence te perature ranges were used to
determine the thermal expansﬂ;eﬁﬂﬂ#i t by cor

g =

idering the only the range of graph
between dL/dLo"/t~ and ten sre that Ope. Thermal expansion of

n' o
twenty-five glass-cerami for 1 hour and 850°C for

¢

2 hour) is shown in Table 4 11. The results were classified by type of crystalline.
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Table 4.11 Thermal expansion coefficient of glass-ceramics

GC# Crystal Temperature (°C) oL COE (x10°/°C)
1 W 100-350 12.2
10 W 100-350 12.2
24 w 100-350 13.7
23 W 100-350 14.3
5 P 100-350 13.7
17 P 13.8
18 P 13.9
6 P 14.4
3 P 14.3
21 P 13.4
25 P 13
22 P 12.4
2 P 15.5
14 c 942
13 @ 12.0
11 WIA 11.8
9 A/AM 12,5
4 \ 135
12 A 12.4
8 craW ) 100-350 12,5
© |G Ty e e A -
20 |'q) ER™ " 400200 LY

. Q 500- o
%ngﬁm NS N F%)i‘@nnnoﬂ_& :iﬁ ]
Swa 0 bioggup! ! 0 :
7 C/QW 200-400 8.4
19 e 200-400 13.5
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The general, the addition of alkaline oxide into silicate glass increases the

thermal expansion coefficient. This is because the addition of alkaline oxide increases
the number of non bridging oxygen causing the un-symmetry of Si-O bond, the
substitution of interstices sites and the prevention of bond bending. When Na,0O was
replaced by CaO with a fixed amount of SiO,, the strength of glass-structure is
increased causing the decreasing in thermal expansion coefficient. Consider the
addition of MgO compared with the addition of Na,O and. Since the field strength of
MgO is higher than those of CaO and Na,O, the capability of reducing thermal

Unlike the simp )OSitit ‘ itions of the initial glass in this
study were varied iderably complex oxide
compositions. Therefo jon of thermal expansion

coefficient as the functio

In this study, w
the type of crystal. GC#2
coefficient, which is ~15.5 e ‘ e range of 100-350°C whereas

GC#7 contained mixed phases of Gii

=
Cl

thermal expansion cosffi
400°C. Thermal expaasic icier eramics was in the vicinity

whereas of multiple glag-ceramics Wa
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