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K1 FERBEER T (Wt%)
Table 1. The composition of the parent glass (wt%).

SiOz CaO Al203 MgO Fez0O3 CaFg B3Oz NaxO KoO

426 272 55 236 1031 5.13 1.9 3.65 1.35
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FRE S ) DTA A 25 S e

2.2 Z5MEERIE

W 7K T 3R RURE Bk AT B 2= KA /N T T4 pm,
256 /O M1 A (NETZSCH STA 449 C) Il i %
it 35 289 (R W/ TBOAAT Dy, IR 2 B O AL O, Tt
HBIEZ 10 °C/min.  H X G 247 H X (Panalyt-
ical X'pert Pro Powder) fa I 455 & B 35 40 7R 1
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Plus F1F 15 21 5ol it BB AE (0 A iR & S 2.
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Fig. 1. (color online) DTA curves of the parent glass

samples containing 0—4 wt% La2Os3.
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Table 2. The miller indices and diffraction angles of

the augite glass ceramic samples with 0-4 wt% La2Og.

{hkl} {221} {310} {311}
La0 29.96° 30.42° 30.94°
Lal 29.92° 30.30° 30.90°
La2 30.00° 30.42° 30.92°
La3 30.00° 30.48° 30.92°
Lad 30.00° 30.52° 31.00°

A 32 AE AT 5 W7 i Lao O ¥ N 5 A8 4L,
F W 1 wt%LagO3 [ ¥ Jin A % A7 {221} & 1] %
XoF S T ) PR3 0, = ZE BT Lag O3 I I AE
La3™ B 170 B4 1M A A7 AR AH I 1 Cat
BT, (AP EE R R WER 3R, 4
4k B38 N Lag O3 MV NI, La2—Lad 13l &t B
FEfHIEEL T CagLag(SiOy4) ¢ 55 —AH, %55 M)
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I 3V #E TR AR O R K Cat 1, DRl e f
FHREAT 25 AR [TV A R By A AR AR AR, WA AT A U
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Fig. 2. (color online) XRD patterns of the glass ce-
ramic samples containing 0—4 wt% La20Ogz (Cu radi-
ation, A = 1.54 A): (a) La0-La4 glass ceramics; (b)

La0-La4 glass ceramics partial enlarged patterns.

La0—Lad i &% 3% 35 FF 5 b & 90 A0 1 25
JER W (K 4), Lal b dn B A AH 45 & & &,
CasLag(SiOy4) ¢ 5 —AHHI & 2 1E La2—Lad £ an
BT .

®3 MEAMBHE TR R

Table 3. Ionic radius of different elements in augite phase.

ion La3t Ca?t Mg2+ Fe3+ A3t Si2+
Coordination number 6 6 6 6 6 6
Tonic radius/A 1.032 1.000 0.720 0.645 0.535 0.400
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R4 WIN0—4 wt% LagOs 4 33 h & W AR ¥ 45 i
& (wt%)

Table 4. Crystallinities of crystalline phases in the
glass ceramics containing 04 wt% La2O3(wt%).

Sample La0 Lal La2 La3 La4

Crystallinity 90.7  92.1 90.0 89.1 87.7
Augite 90.7  92.1 88.3 858 823

CasLag(SiO4) s 00 00 1.7 33 54

DTA 45 K& W], AW 2 () La, O #EIR T F
i 2E dm AH FF AR T B IR B2, T XRD % B, Lal #f
ol A AH &5 i R . AVERE RN, 7R R
oL PR BT TB] P % 1B 22 A ) R L B T RE 2 T
) Lag O3 $2fit 1 5 2 KM A T ZAZ O, AT e
B E A R A ER KR E. SRR
B: 0.5 wt% i) LagO3 7] LLYE N Fey O5-CaO-ZnO-
SiO9 RS B I TEAZAZ O, AR LR A 1Y
A B 25 AR A R A B R M A
v A 2 AR A A o A% 7 BRI K O 11,
I, Lal # il O 0 A0 45 o B2 o 1Y) 5 DR T e 2
LagO3 1E N 5 it B 4% 4% 0 35 3 WG R4 AH B9 % B,
W R Bk A A D9 TR A R k0 A 2 A R T
WA SCHR IR TE 1 mol% 7 A5 I 1= S Ak 4 m B AR

(a) (b)

() (2)

Ca0-MgO-Aly03-Si02-Nag O 25 [15) 3% 75 1 v i
B, PRtk Lal #F i boRE £ A 45 i P A v 1Y) D IR
A REAE 1 wt% ) Lao O 108 A A1 2 A B P i) sl
HEE. FA CagLag(SiOy) ¢ 28 —AHIIIE BUIE O A
45 i BEAE La2—Lad FF 5 P I RFSE PR, i 2
) Lag O3 23 BHAGHE A1 3= & AH B TR 1.

3.3 WS

AL P IS R 5 ) I H T (La0-SE—Lad-SE)
AT B (La0-B—Lad-B) #1 # H2 55 2 f I8 F o
B3P, B 7 B R W, R R A
K& W BROIRBURLAH, b Lal () 8URAH i 22, T
La2—Lad £ & HF RN A B Lag O W8 IR R85
FRAE. WHUH T IR A BN, Y LaOs INInE KT
2 wt% i}, La2—Lad =4 FE i P AAE A 55 R
[X. B LaoOs & S MIFE R, 1% A AIX IR TG K
FHAE Lad FF i 2 I H 800 25 28 45 5 i R4 7 o T
& ME O A TR IRE 1Y) B 3La0-SE—Lad-SE
R URLAH B2 A A ORI AH U B Lag O3 5 i
1AL A 5 XRD 19 3 fi 74 45 5 B 10 45 SR AR A
R 458 15 B 4% R B, SEM-BSE R F b [X B Ry
R THFHOCR EHEX. Rtk La2— Lad FEFH 1
R X N B AR T R ) e R T P UK La o 3R

(d) (e)

® )

3 B2 0—4 wt% Lao O3 MURmIEB AR B F RAUESIR )+ (a) La0-SE, (b) Lal-SE, (c) La2-SE, (d) La3-SE,
(e) La4-SE N T (f) La0-B, (g) Lal-B, (h) La2-B, (i) La3-B, (j) Lad-B AiFHUN BT A

Fig. 3. SEM pictures of glass ceramics with 0-4 wt% LazO3 doped: (a) La0-SE, (b) Lal-SE, (c¢) La2-SE,
(d) La3-SE, (e) La4-SE are the SEM second electron images; (f) La0-B, (g) Lal-B, (h) La2-B, (i) La3-B, (j)

La4-B are the SEM backscattered electron images.

N B B € B AR S B3 B L M 0 2 B
4 45, F STEMYE # # 51 7% 1 3 1% (HAADF) #:
3T W% Lad BE & (B 4), 36 ) I A% i 1% (EDS)

I3 BT R B3 Lad 3 IX 7. iR 4E EDS(14 4 (b)),
XRD % RAHAADF A% R B2 7R, Kl 4 (a) o
B RSFAE100 nm e A5 (1 6 8 IR 0K A 2
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La ff] CazLag(SiO4) ¢ AH 7E CAMS Fil &t 3 35 1)
FAERE (B4 (a)-A). 7E B IK 1) 3% 53 5 44
(Kl 4 (a)-B), #&E 5 2 W K 477 % AT FE AR &
B2 M A 3 A R (4 (a)-C). AR 4 B 4 (b)
RE B 43 BT 0T 0 La G 2 76 85 A1 3 & A A E B 2R
MR K AEE S, T B R B A R K I
Laff] & &, Z I, B# 7 La®t il i & 4 6 %

BEN M A7 i A AR 8 B CasLag (SiO4)6 4
PR A AE T A SR R R R
B

P STEM &5 SRAIE SE ] 4 1A 30 35038 b o 1
HH O 0 IF AR B H WL SEM WL S 1) 3R FURL AR
FIR L TR A S 5T b 35 A7 — S B B B AT [
PO AR 1 SR IX.
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Fig. 4. (color online) TEM (a) and EDS (b) point scanning pictures of La4 sample.
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(c
B 5 Lad FE A F#AC BB B RS BUF R R (a)
600 °C, 4 h; (b) 720 °C, 0 h; (c) 720 °C, 1 h; (d)
830 °C, 2 h

Fig. 5. The BSE-SEM photos of La4 sample at differ-
ent heat treated stages: (a) 600 °C, 4 h; (b) 720 °C,
0 h; (c) 720 °C, 1 h; (d) 830 °C, 2 h.

Nt — DA La & E NI, FH SEM/E
B O N L8R T A [ F Ak Y B ) Lad
FEdh (B15). 45 R EBIRTE600 °CIB K. 720 °CH#x
AR AR IR 1 h)E, Lad BEF A )& B La
FI 5, HAE830 °C F LR 2 h G AL i
La A H W EE. 5i4h, R4 XRD A DTA Hl SEM-

BES &M 4514 73 Hr & B, 72 CAMS 2 3 i 34 o
CagLa6(SiO4)6 E‘Jﬁﬁﬁk/ﬂﬂ?}ﬁﬂ:fﬁﬁi‘ﬁ

3.4 IBILMERED T

La0—Lad 5 i BE B A i« KRR KB A K R 2K
o s B B 1) A S 2 B PU T e T R A S P
e ERE N3 5 iR, BEAE LaoOg i I G N, T4
FE ity 1% B RS I, B o B 2 S0 38 n s AR 1
EF, T R h 2 AR IR A 35

LayO3 K E RN 6.51 g/cm3 MBI R KT HAh
JERERE 23, Pt A TN Lag O & 10 35 38 A i 1) %6
FE b dh 4 b, Lal FEd BT i 2 e K, WA
550 A R 45 & P B A0 Lad [V T8 A AH % )
FHOG. WA IR 45 5 B2 BE 4 Lao O3 & &34 N1 T
B& Fl CagLag(SiO4) ¢ 55 —AH 1 TE B SR 18 B b
FIPUHT om BE T BF. B o SR 1A Ik R 0 T it B
PrAT o FE B AR AL A 5 FF A SCHR [19) IE 1Y 4fAH 45
mm LBk K 77 5 MR RE B O R, A R EE
CasLag(SiOy4) ¢ fH 5 ¥ T IR, Atk La0—Lad #F i
NN =N i = e B Y TR R G
LaO—Lad £ i IR 5147 5 B2 o i B85 et b 4 548
TR R A 0 [ ATl o B 3.

*5 B2 0—4 wt% [ Lag Oz T B3 55 R AR IR AN R A0 B ik g AR

Table 5. The properties of La0-La4 glass-ceramics in this work, marble, granite and other glass ceramics.

Samples NO Density Bending strengths Acid-resistance HoSO4 Alkali-resistance NaOH
/(g/cm?) /MPa /(wt%loss) / (wt%loss)
La0 3.15 163416 12.99 0.86
Lal 3.18 198418 15.61 0.94
La2 3.20 172+£12 16.24 0.90
La3 3.22 162+15 18.52 1.05
La4 3.23 153412 17.30 0.94
Marble [17] 2.6—2.8 14—17 >5 >5
Granite: [17] 2.5—2.8 12—15 2.2—4.2 2.4—3.6
Glass ceramic 2.70 10147 o o

from fly ash [18]

4 i ®

A CAEAE 4 DTA, XRD A1 SEM 43 #r 3L 7t |-
K STEM+EDS #ff 7t 77 348 7~ T LaOs /£ 2 =
T A A R B 3 B R B AF AR T AT Lag O

S A B P R R M RE RS . D R (~1
wt%) LagOs 7I LA #E W5 £ A8 % . IF Hol 1
La3t #l Ca?* B 7L A2 R AHIL 1%, 45 Ladt Al i@
o B e Ca?t i [ T M A AR T, Rl La—O B
Bt (243 kJ /mol) KT Ca—O #AE (134 kJ/mol), {#
75 B 00 PR A AR A ot B R AT o L B v T
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RN LagOs (). 1B Ladt fERERR £ 220050 3 35 1)
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FH AL F B Ca?t AT Sitt B 7 Ok SiE 28 K5 A HH (1 7 K.
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[ A WA 2 i AH R 1 8 CagLag (Si04)6 H P
Tl 75 T2 3 [ 5 10 ol o 5 T S At 4 ) R 12 .

KT La O3 TEM AR BB H IE AL, OF
WA Z M Ladt & Fig . MALEE B SR A
£ F DTA, XRD 1 SEM 1 & 15 &5 4 43 #7 2 1 ok
HEM. B4 Goel 25 OB 7¢ Lag O A 4h 22 401 51 il
#11 CAMS RGBS 2, il i La—O S5
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Abstract

Clarifying the effect of rare earth (RE) elements on the microstructure and properties of glass ceramics is technically
and theoretically important for the further development. Thus the glass ceramics of the CaO-Al203-MgO-SiO2 with
0—4 wt% La2Og3 are fabricated from Bayan Obo Mine tailing and fly ash by means of the conventional melting method.
Effect of the existence form and the concentration variation of La®" ions on the crystallization behavior, microstructure
and properties, such as bending strength, chemical resistance and density of the glass ceramics, are investigated by
DTA, XRD, SEM, TEM and EDS. Results show that both the glass transition and crystallization peak temperature of
the samples shift to high temperatures with increasing LazO3s content. Augite [Ca(Mg, Al, Fe)(Si, Al)2Os] is the only
crystalline phase in all the five samples. Augite crystals in the form of column are distributed uniformly within the
residual glass, and their average size is below 100 nm. The crystallinity of augite has been effectively enhanced by the
addition of 1 wt% of LaO3. Owing to the similar ion radius of La®t and Ca2+, Ca?t ions within augite have been
partially substituted by La®". Such a substitution can serve as one of the key factors to the enhancement of bending
strength of the investigated material with 1 wt% of La»O3 because of the stronger bonding energy of La—O than Ca—O.
With further increase of LapO3 from 1 to 4 wt%, the CasLas (SiO4)s secondary phase forms on the boundary between
augite grains and residual glass phase in the form of irregular-shaped particles and this in turn hinders the growth of
augite crystals. The crystallinity of augite will be decreased gradually since then. Meanwhile, the formation of this
La-riched phase (CasLag(SiO4)s) may also prevent augite grains from growing through consuming Ca?' and Si** ions
which are two key constituent elements of augite grains. Therefore, there are two forms of La®" ions in the glass ceramics
developed from Bayan Obo Mine tailing: one is the substitution of Ca®" ion by La3" in augite crystalline phase, and
the other is the forming of secondary crystalline phase La-riched CagLag (SiO4)6. The glass ceramic sample with 1 wt%
of LazO3 shows the optimum properties. Its density is 3.18 g/cm®, the bending strength is 198 MPa, and the weight
loss in 20 wt% NaOH of this sample is lower than 1 wt%.

Keywords: glass ceramic, Las O3, existence form, mechanical properties
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