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ABSTRACT

Alumina ceramics was reinforced by in-situ formalion of La-B-aluminate in g-alumma matrix. The powder
muxture of which compesition 1s (100-12x)AL0s+ x(La.0; + 11ALOy) was prepared for the formation of La-B-
aluminale 1 g-alumina matrix. The amount of La-B-alurunate in the matrix was contralled by varing x which
is number of moles. The dense composite was produced by sintering at 1600T in ar or hot-pressing at 1550
under 30 MPa. Bending sirength and fracture toughness were increased, resulting from the grain growth inhihi-
tion and the crack deflection and crack bridging mechanism when La-B-aluminate was praduced in c-alumina
matrix.
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1. Introduction

Alumina ceramics has many advantages such as high
meltng pownt, high hardness, high temperature stabn-
Iity, high temperature strength and high wear resista-
nce bul it has also critical disadvantage of brittleness
under mechanical and/or thermal stress. So. the wide
application of alumina ceramics has been limiled in
the field demanding high strength. To strengthen the
alumina ceramics many researches on the reinforce-
ment hy fiber or whisker have been done. But, there
are many problems such as interfacial cracking and
diffuculties in homogeneous mixing and fuil densifica-
tion. By the way, Ko et 2l have discussed the reinfor-

cement of g-alumina matriz by formung elongated or
plate-shaped ™-alumina.

LaAl;;0y5 which 15 one of the rare earth aluminates.
is thermally more stable than other f-tvpe alumina
and has smaller platelet size than P"-alumina. So, in
this study, in-situ reaction for the formation of dense
a-alumina matrix dispersed with plate-shaped LaAl;Oq
has been investigated in order ta develope the stro-
nger and tougher alumina than monolthic alumina ce-

ramics.
1. Experimental Procedure

In this study, Al.O; and La(NOs)s<6H.OQ were used
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Table 1. lmpunties of the Malerials Used. {ppm)

ALO* La(NOy)s- 610" |

Si 10

Na 2 <10
Mg 2

Cu <1 <10
Fe 5 <10
Ca <100
Mn <10
Ba <20
or <10
Cr <10
Ni <10
PN <10
K <10
a <10
CeO: <25
PryOyp <al
Nd»0; <50
SmO <50

*AKP-30, Sumitomo, Japan
**Na. 5220, Unocal, Molycorp.,, U.S.A.

Tabhle 2. Phases to be Formed by Calculation Through
Rational Analysis, wt%e(volde)

x 1 aALD, LaALiOu
0 100 0

05 930 {93.1) 70 (69
10 85.1 (86.4) 139 (136)
L5 79.4 (79.7) 20.6 (20.3)
20 728 (732) 272 (26.8)

as starting materials and ithe impurities of these mate-
rials are shown in Table 1. The reason far ihe use
of La(NQ;}-6H,0 as La.0Os source is for the homoge-
neous mixing between La0; and AlLQ, and the pro-
motion of umform reaction in whole specimen. La(NOy)s
*6H,O was dissolved in dishilled water and the appro-
priate amounts of alumma powder were added to
above solution fo make siurry with the composition
of (100-12x)AL0;+x(La:0s+11A1:0z), x: number of
males. The equilibnium compositions afier sintering
with respect to x were calculated through rational ana-
lysis and tabulated in Table 2.

,24,

The wel mixture was dried under IR lamp while
stirrmg and calcined i awr at 600C for 12 hours. Calo-
ned powder was compacted uniamally under a pres-
sure of 25 MPa, followed by Lhe isostalic pressing um-
der a pressure of 300 MPa. The powder compacts were
sinlered at 1600°C for 1, 3 and 10 hours n air. The
powder mixture (about 13g) was also hol-pressed at
1550 for 30 minutes under 30 MPa in Ar atmosphere,

Densities ol the specimens were determmed hy the
Archimedes principle. After grinding and polishing 1he
surface of the specimen, phases were analyzed by
using X-ray diffractometer (Rigaku, D/Max-3C System)
and scanning electron microscopy (JEOQL, JSM 35-CF).
Three poinl bending strength was measured lor hot-
pressed specimen by using a universal testing machine
(Schenck Trebel, UPM-120) with a crosshead speed
of 0.5 mm/min and a support span of 18 mm. Fraclure
loughness was measured [or hot-pressed specimen by
the Vicker's indentahon method® with a load of 98 N.

3. Results and Discassion

There are two compounds which are normally
formed in La,(0s5-Als04 system:LaAlOs, a cubic perovs-
kite”, and LaAl;Ow a hexagonal compound with the
P-ALD; structure”. Ropp and Carroll® have observed
that LaAl O began to be formed via LaAlQ, at around
1400C and completely formed at around 1600T hy fi-
ring La,Ov/ALO(=1/11) mxture for 24 hours. Kato
et al® have reporled thal LaAl,0; was formed at lo-
wer temperature, 12007, for 2 hours by coprecipitation
from La(NCOg}s 6HQ and AKNG.),-6H.O. And they
have commented thal the discrepancy in the [ormation
temperature of LaAl(he mighl be attributed to the
difference in the preparation method; i.e. coprecipita-
tion and mixing of two oxides. Alse, Tsukuma and Ta-
kahata” have reported that LaAl,Q; was [ormed at
14547 by the following reaction.

10A]20’3 B LazOd- A]gOs — Lag(s- 11:'-\]20';

So, in this study, the pre-experiment was done to
investigate the reaction sequence in case of starting
from La(NQg)s-6H:O and AlLO; The powder mixture
with the compasition of LayOs:Aly(0,=1:11 was calcined
in awr at 600T for 12 hours and sintered at 1300T,
14007, 1450, 15007, 1600C and 1700 for 3 hours.
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Fig. 1. Volume fracliom of the phases present at va-
rious temperatures.
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Fig. 2. Densities with different x values.

X-ray diffractometer was used to analyze the phases
of each specimen. The results are shown in Fig. 1 and
lhe reaction seguence can be summerized as follows.

L8.203"F 11A1203 — L8.203'A1203+ 10A1;0;
<1300

e LﬂgOg . llAlqu
16007

LaAlQ, 12 an intermediale phase and formed around
8007 and as temperalure increases to 1400, 1t reacts
with AlOs to give LaAl;Os. The formation of LaAl, O
is nearly completed at 1600, ie., the sintering tempe-
rature of this study.

Fig. 2 shows the relative densilies of the specimens
sintered at 1600 for 1, 3 and 10 hours and hot-pres-
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Fig. 3. Bending strength for the specimens with diffe-
rent x values hot-pressed at 1550 for 30 min
under 30 MPa in Ar atomosphere.
—_ 3.5 ; E T
o
o
E F -
z 3.0} g
=
©
¥ 2.5F .
y
,!/" T T T T Al T

Fig. 4. Fracture toughness for the specimens with dif-
ferent x values hot-pressed at 1550C for 30
mun under 30 MPa in Ar atmosphere.

sed at 1550C for 30 minutes. Here, although the exact
theoretical density of LaAlQis 1s net known, it can
be estimated from JCPDS card (33-699). According to
JCPDS card, L2Al;(Qye has hexagonal structure with
a=5561A and ¢=22.0414. So, if the chemical formula
and lattice parameters are correct, the theoretical den-
sity of LaAl; Oy can be calculated to be 4.071 g/am®™®
In Fig. 2 the increase in density with the increase in
sinlering time is understandable and the densities of
most specimens were above 99% to the theoretical
density for each composition. And the specimen hot-
pressed at 1550T for 30 minutes under a pressure
of 30 MPa had hgher density than sintered specimen.
So, the formation of plate-shaped LaAl;(hs in a-alu-
mina matrix does not seem to impede the densification
of the matrix.
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a) ¥x=0 b) x=05 ¢} ¥x=10 d) x=15

Bending strength and fraciure toughness [or hot-
pressed specimen are shown in Fig. 3 and Fig 4. The
highest bending strength obtained was 7030 MPa which
is more than twice Lhat of monolithic alumina. The
bending sirenglh increased up to x=1£ beyond which
decreased slightly. This lendency mplies that there
15 an apimum fraction of LaAlnOw m a-alumina matrix.
By the way, the fracture toughness measured by the
Vicker's indenlation technique showed slight mcrease
only with increase m x value. In crder to see the role
of LaAal Oy in a-alumina matrix, the microstructures
have heen investigated.

Fig. 5 shows the microstructural developmeni with
increase in x value. As x value increases, the formation
of Laal, 0y increases remarkably Plate-shaped LaAln
Oy prams are homogeneously distributed in g-alumina
malrix. As Lhe amount of LaAly;Qs increases, the grain
size of c-alumina matrix 18 decreased noliceably. So,
the result in Fig. 3 thal the bending strengih increases
as the amount of LaAly(s increases is understandable
because it is well known that generally ceramic male-
rials with smaller grain size have higher bending stre-

ngth than those with larger grain size. But, as the
amount of LaAl,Oy increases superabundantly, m case
of ¥>1.0, they are touched each other (Fig. 5{d)). So,
when the external stress 1s applied, crack seems to
be intialed in that place and results in lower bending
strength, In this g-alumina/La-8-aluminate system, the
opbmum amount of LaAl;0); seems to be x=1.0.
In order to see the mode ol crack propagation, Vic-
ker's indentations were made on the polished surface
of the specimen hot-pressed al 15507 for 30 minutes.
In Fig. 6, the crack front deflects when the crack tip
meets the LaAl; Oy platelets and result m longer crack
path. In some cases the crack slops propagating and
newly created crack propagates from other position.
The LaAlOyg platelets which are formed in g-alumina
matrix will dissipate effectively stress concentration
at a crack Lp and conseguently the crack seems lo
slon propagating. If the stress applied from the process
zone of the crack exceeds a certain linutalion, a crack
will he created in other position, thal is, carck brid-
ging phenomena occurs. And the latter crack will un-
devgo the same process repeatedly. But, in spite of

0= & 9] &3] 7
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Fig. 7. Microstructures of o/f”-alumina (a) and o/p-
La-alummate {b).

this crack bridging effect, mcrease in fracture tough-
ness m c-alumina/La-B-aluminate system was not re-
markable compared with a-alumima/B™-alumina system
that Ko et @l.” have reported, although the experimenl
conditions of both are almest same. The reason seems
to be the smaller size of LaAl, Oy platelet. The size
ol LaAl;,(hs platelet(~5 pm) 15 much smaller than thal
of B”-alumina (~30 uym) as shown in Fig. 7. The smal-
ler platelets may result in the smaller deflection angle
than the larger platelets do'® and this may be one
of the reasens why this svstem shows lesser toughen-
ing effect than that with a-alumina/B”-alumina,

On the other hand, because the size of LaAl;Ou
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fig. 8. Schematic diagrams of o/f”-alumma {a) and
o/B-La-aluminate ().

platelel 1s smaller than thal of B*-zlumina, LaAl O
platelets can be distribuled more uniformly and fre-
quently at the grain boundaries of a-alumina matrix,
if volume fractions of LaAlt)y; and $*-alumina in a-
aluming matrix are same (Fig. 8). The more trequent
accurrence of LaAl,0Os platelets at grain boundanes
gseems to be very effective to retard the grain growth
of matrix because LaAl;;Oy platelets can mhibit the
grain beundary migration. The remarkable grain grow-
th inhibiting effect by LaAl, 0y platelets results in the
remarkable ncrease wn bending strength.

And, there seem to he other advanlages in the rein-
forcement by LaAl; O Although the amount of the
LaAl;;(Ohs platelets increases to some extenl, sirengthe-
ning effect is still available due to the smaller size.
On the other hand, m a-alumna/B"-alumina composite
the bending strength decreased rapidly in the range
x>1.0% Also, the formation of LaaAl, O in a-alumina
matnx (1600C, 3h) 1s easier than thal of B™-alumina
(1600, >10 h).

4, Conclusion

Introduction of plaie-shaped La-B-aluminale in a-alu-
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mina matrix through reaction sintering makes the alu-
mina ceramics stronger. Reaction sequence for the for-
mation of LaAl;Ohs seems to be the formation of LaAlO;
at around 8007 followed by the solid state reaction
of LaAlQ, and ALO; to produce LaAlyOys at around
14007C. This reaction 1s completed around 1600, Stre-
ngthening of alumina by LaAl:Oy platelets 1s thought
to be due to the gram growth inhibiting effect and
the increase in fracture toughness seems to be due
to the crack deflection and crack bridging mechanisme.
Comparing the two systems, c-aluming matrix remfor-
ced with f*-alumina and La-f-aluminate, we can tenta-
tively conclude thai short-length-platelets contribute
more to the strength than to the toughness. Short-le-
ngth-platelets also make the larger loading in a-alu-
mina matrix possible.
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