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Typical a-sialon starting compositions, of formula Lng33Sig 3Al27017N143, were densified by
hot-pressing using Ln,03 as sintering additives, where Ln = Nd, Dy, and Yb. The as-sintered
materials were heat-treated at 1450°C for 96 hours and then re-sintered at 1800°C for 1 hour
to observe the overlapping effects of both Ln,O3; and multiple heat-treatment on thermal
stability of the Ln-a-sialon phase and also the change in microstructure. The kinds of grain
boundary phases which occurred also affected the results. The hardness, fracture
toughness and flexural strength of the materials were evaluated using indentation and
three-point bending tests, respectively. Mechanical tests and detailed microstructural
analysis have led to the conclusion that a multiple-mechanism is involved, with debonding,
crack deflection, crack bridging, and elongated grain pull-out all making a significant
contribution towards improving the fracture toughness. Nd-containing specimens were
tough with a highest indentation fracture toughness K;c of 7.0 MPa m'/2, In contrast,

Dy- and Yb-containing specimens were hard and brittle with a highest Vickers hardness
Hyq0 of 18.0 GPa. All re-sintered specimens underwent 38—« transformation to some
degree, leading to a degradation of mechanical properties as a consequence.
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1. Introduction ture can accommodate these M cations when available
Sialons, solid solutions of aluminum and oxygen infrom liquid phase sintering additives, leaving a minimal
silicon nitride, have been widely studied for severalcompositional residue at grain boundaries in the final
decades as engineering ceramics, either intter -  material, which is an important consideration in the
forms. From a preparative point of view, it is much eas-development of fully dense sialon materials for use at
ier to tailor the microstructure and properties ofean  elevated temperatures. On the other handgthhase
sialon material, because of the wide solid solution rangeisually forms as equiaxed grains which are therefore
available for composition selection and also because aff low toughness due to the lack of the conventional
the possibility otx— 8 phase transformation. Concern- pull-out toughening mechanism provided by elongated
ing the mechanism of toughening as well as strengthgrains. Howeveg’ ceramics show unique hardness due
ening,in-situreinforcement via elongated sialon grainsto their intrinsically higher hardness compared with
has proved an effective intrinsic approach (by debondphaseg-sialon, of formula §_,Al,O,Ng_, is tougher
ing, pull-out, crack bridging, and crack deflection) andby self-reinforcement because the final microstruc-
has been suggested as a preferable alternative to extriture contains elongated grains. An additional impor-
sic reinforcement (e.g. using platelets and whiskers)tant variable is that at the temperatures used to sinter
since it improves production economics, thermal staand heat-treat sialon ceramics, rare earialons are
bility, and environmental safety. unstable and transform t8’, thereby modifying the
Isostructural with SiN4, sialon has two formsg-  microstructure and hence the mechanical behaviour.
sialon @) and B-sialon (8’). The general formula of Besides, heat treatment is an effective method for min-
a-sialon is represented as®i1 2> m-_nAlminOnNis_n, imizing the grain boundary glass in nitrogen ceramics
wherex <2 and M cations Li, Mg, Ca, Y, La, and by convertingitinto refractory crystalline phase(s), thus
most rare earth ions (Ln) are incorporated into inter-improving the high temperature properties [1-6]. The
stitial sites in thex’ network. However, the’ struc-  present work is based on the idea of designing a series
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of rare earth oxide-densified monolithic sialon ceram-to the method of Evans andCharles [11]. The flexural
ics with adequate thermal stability and enhancement nattrength of samples (39 3.5 x 2.5 mm) was measured
only of the hardness but also of the toughness by buildat a constant cross-head speed of 0.2 mm/min using
ing up a mosaic assemblage of equiaxed and elongatedthree-point bending equipment (C100D-testing Ma-
grains by controlled in-sit <> 8 sialon transformation. chine, R. D. P.-Howden) with an outer span of 20 mm.
Previous studies have shown thédt> g’ transforma- The measured strength values were used to provide
tion proceeds at different rates when different rare eartheference data because only 2—-3 bars for each sample
oxide densification additives are used [7-10], leadingvere available for testing due to the limitation of sam-
to the formation of different microstructures. There areple size. All samples for mechanical property measure-
therefore many parameters (e.g. starting compositiorments were ground and polished with diamond pastes
sintering additives, sintering methods, schedule of heatef size 45um, 25um, 14um, 6 um, and 1um. SEM
treatment, and environment) which can be adjusted fomicrostructural studies were carried out using a
property optimization. The aim of this work has been toHITACHI SEM (S-2400) instrument.

determine the effects of various rare earth oxide addi-

tives and to relate the extent of transformation by multi-

ple heat-tretment to the modification of microstructure3, Results and discussion

and the changes in mechanical properties. 3.1. Thermal stability and reversible < S

For this purpose, light (N@s), medium (DyOs), transformation of Ln-a-sialons
and heavy (YBOs) rare earth oxides were chosen asx.ray analysis of Lne’ phase content in samples hot-
densifying additives to compare their effect@rther- pressed at 180C, heat-treated at 1450, and re-
mal stability. The hot-pressed materials were not onlysintered at 180T is illustrated in Fig. 1. The levels
heat treated at 1450 for 96 hours but also re-sintered of o’ phase formation were qu|te different in the Nd_,
at1800C for 1 hourtofigure outthe overlapping effects py- and Yb-system. Whereas the as-sintered samples,
of the two heat processing ari— g’ transformation.  griginally designed to give pure Nel now contained
That is one area of newness in this research. The effegomep’ phase (about 30%), but the original Dy- and
of different cation size sintering additives on the ther-yp-o’ samples were still almost puee phase. The:-
mal stability, microstructural characteristics and hencesjg|on stability was highly marked in the case of sam-
mechanical performancei(o, Kic, andot) wereeval-  ples densified with higher atomic number rare earth
uated. oxides, and arises mainly because of the larger homo-
geneity range of the heavy rare easttsialon phase
[12, 13]. This is also obviously apparent from SEM

ihg)s(fa?:ilr:nirc‘)trzl 2;3%%“&(;@ very similar and Corre_micrographs shown in Fig. 2. Fig. 2 shows the mi-
9 post ysir crostructural changes in Nd-containing samples before
sponded to compositions at the lowarrsialon bound-

. . — and after post-heat-treatment. Back-scattered electron
%3’ zfr;{gitg p;;?dfi;?ﬁrigp%lvﬁég (‘ivé't!};nA_l 'gd' micrographs give a sharp contrast between the various
AIN and Lr'}203) were ball milled usin(j %N;{baﬁs |3n phasesp’ grains without rare earth element are black

. ; and more elongated, whereas thiegrains accommo-
isopropanol for one day to prepare a suspension. Th

. S Sating rare earth cations are gray and more equiaxed,
fres_h suspension was processed bY magnetic s‘t'mn%\’/hilst Nd-rich crystalline or glassy phase is white.
drying, and then sieving. The resulting powders were To study the effects of temperature on the thermal

hot- pressed in BN-coated graphite dies at T&Dfbr stability of Ln-«-sialon in more detail, the hot-pressed

one hour ata pressure of 30 MPa. As-sintered .Samplessamples were heat-treated at 14G@or 96 h. The ther-
were heat-treated in an alumina tube furnace in flow-

. . . mal stability of thea’phase was obviously dependent
ing nitrogen at 1450C for 96 hours, and re-sintered . e
in a carbon resistance furnace at 180Gor 1 hour ©" the kind of additive, i. €. Ns, Dy>Os, or Yb;0s.

under a protective nitrogen atmosphere, and then the
furnace was cooled at a rate o&min~* from 1800

to 1200 C to modify the microstructure and change the
o’/ B’ ratio. Before being heat-treated and re-sintered
the specimens were embedded in micron-sized borc__
nitride powder in graphite crucibles. Densities of thesX
samples were measured with a mercury displacemerg
balance using Archimedes’ principle. Phase identificag
tion was carried out by x-ray diffraction using a Hagg- 8
Guinier focusing camera with Cu/ radiation, and "z
using the intensities of the (102) and (210) peaks o
the a-sialon phase and the (101) and (210) peaks @
the B-sialon phase for quantitative estimation of the
a/B sialon ratio. The Vickers hardness as well as in- Nd-system Dy-system Yb-system
dentation fracture toughness were determined at rool . .
temperature by indentation using a Vickers diamonu. ~as-sintered [l —heatroated [] - resintore
indenter and a load of 98 N for 10 minutes. The hard-igure 1 XRD analysis ofx-sialon phase contents in Ln-added samples
ness and fracture toughness were evaluated accordimgfore and after post-heat-treatment.
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at 1450C for Nd-, Dy-, and Yb-samples proceeds ac-
cording to the overall equation [15, 16]:

Liquid + o'— B’ + crystalline grain boundary phase

+ residual glass (D)

where the main crystalline grain boundary phase is
melilite in the Nd-samples, and garnet in both Dy- and
Yb-samples. The transformation occurred with elon-
3 . & gatedp’ grains developing in the matrix and rare-earth
e Al s elements being transferred via liquid phase fram
o — grains to crystalline grain boundary phases.

In addition, it was of interest to discover whether re-
sintering had a significant overlapping effectdr> g’
transformation and re-sintering of the heat-treated sam-
ples was therefore performed at 18Q0In this case re-
verses’—«’ transformation occurred and théphase
content in all samples greatly increased, as seen in
Fig. 1. This was most marked for the lower atomic
number rare earth oxides, for example, the,Qg
densified sample, which contained 7a%and 3095’
before heat treatment, and after heat treatment at
1450 C for 96 hours changed to 18%6-82%p8’, greatly
changed to 54%-46%3’ after 1800C re-sintering.

A similar transformation tendency also occurred for
Dy,03- and YhOgs-densified samples but to a lesser
extent, with these samples showing nearly 100%e-

fore heat treatment, changed to 86%15%p3’ after
1450 C heat treatment, and back to 95%5%p’ af-

ter 1800C re-sintering. The microstructure of these
samples also revealed the change/'ing’ ratio by the
changes in grain morphology and the amounts of differ-
ent phases including grain boundary phase, as shown
in Fig. 3.

3.2. Mechanical behaviour
The densities of samples hot-pressed, heat-treated and
re-sintered are summarized in Table I. All hot-pressed
samplesreached essentially full density. The density de-
creased after heat-treatment and re-sintering. The sam-
ples heat-treated at 148Dfor 96 hours in a BN powder
Figure 2 Backscattered SEM micrographs illustrating the microstruc- bed exhibited weight losses of no more than 1.0% and
tural changes in grain morphology and phase distribution in Nd-sialonthis may be attributed to loss of SiO and nitrogen gas.
bt,aforg (a) and after h/eat-_treatment (b) as well as resintering (c), in whichhe weight losses in the re-sintered samples were more
ahgi]tr:lns are blacke’ grains are grey and grain boundary phases aegarious even though a BN powder bed was used.
As mentioned above, all samples sintered at 2800

gave quite different responses when heat-treated at
In Nd-densified samples, thesialon was very unsta- 1450°C for 96 h. The main difference was that rela-
ble at 1450C and transformed extensively g phase tively small amounts af’— g’ transformation occurred
plus Nd-M (the N&SizsOsN4 melilite phase, but with  in the Dy- and Yb-samples, whereas in the Nd-samples
some substitution of Si and N by Al and O) as the mainmuch morex’— 8’ transformation occurred; moreover
grain boundary crystalline phase. In contrast, Dy- andhe appearance of various grain boundary phases re-
Yb-densified samples both showed good stability ofsulted in significant changes in microstructure, thus
thea’ phase at 145@ with only a small amount g’
produced. The main crystalline grain boundary phase
produced in these two cases was garnetsyO; 5, TABLE | Densities (g/cr) of Ln-sialons as-sintered and post-heat-
YbsAlsO12). Concerning the mechanism of —p' &

transformation, it has previously been concluded that As-sintered Heat-treated Re-sintered
this occurs at temperatures above 135@nd is a re- :
constructive polymorphic transformation which is es-gd's_'al'on g-gg 333 ggé

. . . . _di . _ y-Slalon . . .
sentially chemically controlled via a solution-diffusion- > =2~ 3.42 341 3.39

precipitation route [14]. The transformation during 96 h
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p g A P . : % o . many more equiaxed sialon grains transformed to
‘ s e .,'f-’ < ‘-, § W T B sialon with a higher proportion of elongated grains
4 /,‘ REOAAED & $ --—“ v S contributing to the enhanced toughness. Furthermore,
d"’ : ; f ™ the bonding between elongated grains and the matrix
”.5’ R SALE Al ‘,* is weak enough to provide ideal structure to promote
. - ab e i :

debonding/sliding, and hence the pull-out mechanism
seen in Fig. 5. Fig. 5 indicates a rough fracture sur-
. . . . . face (a) of the Nd-samples after bend strength testing
Figure 3 Backscattered SEM micrographs illustrating the microstruc- . . . .
tural changes in grain morphology and phase distribution in Yb-sialonand (b) an image of crack propaga_tlo_n in the mde_nted
before (a) and after heat-treatment (b) as well as resintering (c), in whictf@mples. These fracture characteristics were attributed
g’ grains are blacke’ grains are grey and grain boundary phases areto the debonding, crack deflection, crack bridging, and
white. elongated grain pull-out mechanisms which were very
effective in increasing the toughness [17]. The surpris-
providing considerable variation in mechanical prop-ing thing was that th& ¢ values were not improved
erties of the final materials. Fig. 4 shows the measuredignificantly as a result of the heat-treatment; the val-
Vickers hardness, indentation fracture toughness, andes ofK ;¢ before heat-treatment were higher due to the
bending strength values at room temperature for thexisting network of large elongatedd grains but even
three kinds of materials, as-sintered, heat-treated antthough the amount @’ increased after heat-treatment,
re-sintered. The maximum values Kfc andos were  the aspect ratio of elongated grains did not considerably
determined as 7.0 MPa'fd and 680 MPa respectively increase beyond a certain value. Instead, grain growth
for the Nd-samples, compared with the minimum ofoccurred, influenced by both coalescence of grains and
5.6 MPa n¥/2 and 470 MPa for the Yb-samples. The the increased liquid content released fromdhkattice
main contribution for improving th&ic andos in Nd-  during transformation. Fig. 2a—c illustrate the changes
samples is provided by elongated grain pull-out. Then g’ grain morphology in a Nd-sialon sample before
overall microstructural features are quite easily seemnd after both heat-treatment and re-sintering; here the
from SEM micrographs in the backscattered modefiber-like, elongated grains ag phase. One notable
which yield a pronounced contrast between the differmicrostructural feature is that grains are thinnerin as-
ent phases as shown in Fig. 2. In Nd-densified samplesjntered samples than in either of the post-heat-treated
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(b)

1 h. Itwas found that the additives (N0, Dy,O3, and
Yb,03) used for densification had significantly differ-
ent effects on the thermal stability @f phase allowing
easy tailoring of microstructure and mechanical prop-
erties.

(3) Nd-w-sialon was unstable on post-heat-
treatment. Much more-sialon therefore transformed
to B-sialon with Nd-melilite forming as the dominant
grain boundary phase. The highest measukad
value was obtained in this system due to the elongated
B-sialon grains formed in the matrix promoting
debonding, crack deflection, crack bridging, and
multiple pull-out mechanisms.

(4) Dy,03 and Y,O3 were equally good as additives
for densifying sialon ceramics and were more efficient
in stabilizing thea-sialon structure during the post-
heat-treatment. Consequently, Dy- and Yb-sialon pos-
sessed a higher hardness, because of the higher propor-
tion of equiaxedy-sialon grains in the samples.
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