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Abstract

A preferential orientation was observed in a Nd+3)-sialon ceramic, of the composition BlgBig 6Al 401 2N148, after hot pressing at

1800°C for 2 h. Post-sintering heat treatment was performed at 1@56r 72 h, resulting in the’ — B’ transformation, accompanied by

an increase in the Mand 21R phases. Subsequent heat treatment at*C8f@@ 4 h resulted in a reverse transformation frghio o/, with

a corresponding decrease iflMnd 21R. This indicates that thé+ liquid <> B’ + M + 21R transformation reaction is thermodynamically
reversible. The microstructure was also found to be reversible, except for a certain degree of grain growth. The mechanical properties were
determined from indentation tests, and were found to cycle with the transformation cycling. In addition, the preferred orientation introduced
during hot pressing was observed in both the forward and reverse transformations, indicating that there is a crystallographic relationship
between the transformation phases.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction transformation of the-sialon phase to th@-sialon phasé.lt
was also found that the reverge— o’ transformation could

Sialon ceramics have been extensively studied becauseye promoted by heat treatment at 1775 Therefore, there is
of their excellent properties, such as high strength and wearthe possibility of heat treating a mixedB-sialon ceramic in
resistance, as well as for their ease of production. The additionsuch a way as to achieve a desired microstructure, and there-
of sintering aids, such as #Ds and rare-earth oxides, results  fore tailor the mechanical properties of the final material. The
in a liquid phase during sintering which produces a ceramic o’ phase imparts hardness to the composite, due to the high
with good densification under pressureless conditions. This hardness oé’ resulting from the increased Burger’s vector
liquid, however, results in a residual grain boundary glass, associated with the larger unit cell. The elonggdédrains
which is detrimental to the high temperature properties of the increase the fracture toughness of the material by the mecha-
material, such as the creep resistance. The amount of graimisms of crack deflection, crack bridging and grain pull-®ut.
boundary glass may be greatly reduced by post-sintering heatrhe use of anv'/8’ composite ceramic provides a number
treatment. Depending on the heat treatment temperature, thef advantages: the toughening of the material in situ through
glass may be devitrified to form a more refractory secondary heat treatment avoids the need for extrinsic additives, such
phase. This will then improve the high temperature properties as whiskers and fibres, thereby, making fabrication easier,

of the material. cheaper and safer. In addition, duplef-sialons are easier
It was observed, however, that subjecting sialon ceramicsto densify than pure-sialon, again aiding productioh.
to post-sintering heat treatments at 1000-13D@esulted in There has been extensive research into the forward
o’ — B’ transformation, particularly in terms of the effect of
* Corresponding author. stabilizing cation, composition, temperature and tife®

E-mail address: Yibing.Cheng@spme.monash.edu.au (Y.-B. Cheng).  The mechanical properties have also been studied in terms of
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sialon phase assembl§ However, little work has been done ~ finish on a Struers RotoPol automatic polisher. Phase iden-
on the revers@’ — o’ transformation, particularly its effect ~tification was carried out by X-ray diffraction (XRD) using
on the mechanical propertiéZ.In addition, the crystallo- @ Phillips diffractometer with a Ni-filtered Cudradiation
graphic relationships between the transformation phases aréource. X-ray diffraction was performed on both the top and
not clear, nor is it known if such relationships exist. Polycrys- side surfaces (as defined fig. 1) so as to obtain spectra
talline sialon ceramics make investigating crystallographic perpendicular and parallel (respectively) to the hot pressing
relationships complex, due to the inherent randomness of thedirection. A small amount of each sample was crushed and
grain orientations. This may be overcome by introducing a ground to a fine powder using a boron carbide mortar and
preferred orientation into the ceramic during sintering. A pre- pestle, before being mixed with a silicon reference powder.
ferred orientation has been introduced into adGsialon1® X-ray diffraction was then used to determine the lattice pa-
however, the material was not heat treated to examine therameters of the’’ andp’ phases, using regression analysis.
effect of thea’ — B’ transformation on the preferred orien-  In addition, the random powder was used to determin@the
tation. contentB’/(« +B’), as described by Gazzara and Messter.

In this work, a preferred orientation was observed in a  From the lattice parameters, the solid solution parame-
hot pressed Nd-sialon ceramic, which was then subjected toters ¢z andn for the «’ phase and for the 8’ phase) were
a number of cycles of tha’ <> B’ transformation. The ef-  calculated using the following equations:
fect of alternating forward and reverse transformation stages ~ FOr a-sialon of N¢3Sit2—(n+n)Al 41 OnN16—n:*2
on the preferred orientation, microstructure and mechanlcala(A) — 7752+ 0.036m +0.021 (1)

properties was investigated.
¢(A) = 5.620 + 0.031m + 0.04x )

i ; .13
2. Experimental For B-sialon of S§_,Al ,O,Ng_:

a(A) = 7.603 + 0.0297%, 3)

The starting powders g4 (H.C. Stark, Grade M11), AIN .
(H.C. Stark, Grade C), AD3 (Ajax Labchem) and NgDs c(A) = 2.907 + 0.025%, (4)
(Heraeus 99.9%) were measured out to give a composition of
Ndo.4Sig 6Al 2.401 2N14 5, taking into account the surface ox-
ides onthe SiN4 and AIN powders. The powders were milled
using SNy balls in isopropanol for 24 h and then dried. A
hydraulic uniaxial press was used to make 1 in. pellets, which
were then cold isostatically pressed at 200 MPa.

The samples were sintered by hot pressing at 280@r
2 h under a load of 25 MPa, using a graphite die coated with
BN for lubrication. The as-sintered ceramics were then sub-
jected to alternating heat treatments at 14G60dor 72 h and
1800°C for 4 h to promote the forward’ — B’ and reverse
B’ — o’ phase transformations, respectively. Heat treatments

The average value af, andz, was determined and used
as the solid solubility in the present work.

After application of a carbon coating, microstructural
analysis was performed on a Philips XL30 SEM using back-
scattered electron imaging. Distribution of the AIN polyty-
poid phase was determined by X-ray mapping ona JEOL JSM
840A fitted with an Oxford EDXS detector. Image analysis
of SEM micrographs was then used to determine the volume
fractions of the secondary phases present in the samples.

The density was determined using Archimedes’ principle
in water. A sintered pellet was cut into four wedges. All of the
. ; wedges were subjected to all heat treatments atthe same time.
at1450°C were performed in an aluminatube furnace undera The surfaces were removed from all four wedges after each

high purity nitrogen atmosphere. Heat treatments at 1800 . yreatment stage so as to remove any surface effects, and

were Cam?d O.Ut in a graphite resistance furnace, also underthe density of each wedge was measured to give an average
a high purity nitrogen atmosphere.

The surface layer (1.5-2 mm) was removed from the sam- value.
Y e . The Vickers hardness and fracture toughness of the sam-
ple and the pellet was cut in half and a slice was cut off, as

; - . les were measured by indentation using a Vickers diamond
illustrated inFig. 1, to allow analysis of the samples at orthog- b y 9

onal orientations. The samples were then polished to a mirrorindenter under a load of 10kg. The hardness and toughness
' P P were determined using the method of Anstis et’al.

Hot Press Top Surface
Direction (perpendicular) 3. Results and discussion
:> The samples were identified according to the stage at
Side Face which they were removed during the transformation cycling:
(parallel) AS for as-sintered, F1 for forward — B’ transformation 1,

R1 for reverse8’ — o’ transformation 1, and so omable 1
Fig. 1. Orientation of analysis plane, with respect to the hot pressing ?ndic:ates the heat treatment schedules used for the samples
direction. in this study.
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Table 1
Heat treatment programs and resultant sample identification
Hot press o = B [1] B'— o' [1] o =B [2] B'— ' [2] o — B [3] B'— o' [3]

AS  1800°C/2h

F1  1800°C/2h —  1450°C/3d

R1  1800°C/2h —  1450°C/3d —  1800°C/4h

F2  1800°C/2h —  1450°C/3d —  1800°C/4h —  1450°C/3d

R2 1800°C/2h —  1450°C/3d —  1800°C/4h —  1450°C/3d —  1800°Cl4h

F3  1800°C/2h —  1450°C/3d —  1800°C/4h —  1450°C/3d —  1800°C/4h —  1450°C/3d

R3  1800°C/2h —  1450°C/3d —  1800°C/4h —  1450°C/3d —  1800°C/4h —  1450°C/3d —  1800°C/4h
3.1. As-sintered material element). The SEM micrograph of the top surface shows a

uniform, homogenous microstructure, while the microstruc-

The XRD spectra for the planes perpendicular and paral- ture of the side face illustrates the preferred orientation nor-
lel to the hot pressing direction in the as-sintered material aremal to the hot pressing direction (indicated by the arrow)
shown inFig. 2 The phases present in the as-sintered sampleas evidenced by the prevalence of grains oriented along or
area’, B/, 21R and M, with o’ clearly the majority phase, as  close to the horizontal direction. The micrographs indicate
observed previously in a similar compositibtiThe presence  the elongated morphology of the phase that develops as
of a preferred orientation in the hot pressed ceramic can bea result of the pressure applied during sintering. Both mi-
seen by comparing the spectra in the two orthogonal planes.crographs show a fine, uniform distribution of grain bound-
The (210) and (102) reflections for the phase clearly  ary glass, and confirm that' is the majority phase in the
show different relative intensities perpendicular and parallel sample.
to the hot pressing direction. The (2 1 0) reflection, which is
parallel to thes-axis of the unit cell, is stronger normal to the
hot pressing direction, whereas the (10 2) reflection, which
intersects the-axis, is stronger parallel to the pressing di-
rection. This indicates that theaxis preferentially lies in the
plane perpendicular to the hot pressing direction. A similar
preferential orientation can also be seen forghehase by
comparing the relative intensities of the (21 0) and (10 1) re-
flections. As ther-axis is the growth direction for both the
«’16 and B’ phases, it appears that the external pressure
applied during sintering has hindered the grain growth and
forced the grains to preferentially grow perpendicular to the
hot pressing direction.

Scanning electron microscopy was performed on the sur-
faces perpendicular and parallel to the hot pressing direc- f
tion, as seen ifrig. 3. The white phase is the Nd-rich grain
boundary glass, the grey phasedis and the dark grains
are eithe®’ or 21R (as neither phase contains the rare-earth

o' (210)

o
M 2IR (102)
@11y o2h B

(101
/ﬂ'
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3 2IR
210) (1010)

\

()

T T T T T T T

28 29 30 31 32 33 34 35 36 37 38
20 ( Degrees)

Fig. 2. Spectra of AS sample (a) perpendicular and (b) parallel to the hot Fig. 3. SEM images of AS sample (a) perpendicular and (b) parallel to the
pressing direction. hot pressing direction.
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Table 2
Volume fractions of phases presentin AS, F1 and R1 samples
o B’ 21R Nd-rici
AS 76 11 8 46
F1 20 53 16 9
R1 67 15 13 g

@ Nd-rich refers to grain boundary glass in AS and R1 samples,,gitM
F1 sample.

and 21R, image analysis may be used to determine the vol-
ume fractions of all the phases present, which are shown in
Table 2

3.2. Forward o — B’ transformation

Heat treatment of the as-sintered sample at T45€e-
sulted in thea’ — B’ transformation, as evidenced by the
significant increase if’. This increase i3’ can be seen in
both the XRD spectraifig. 5a) and the SEM micrograph in
Fig. Xb). Comparison of the XRD spectraliig. 5a) to that
in Fig. 2indicates thap’ becomes the majority phase after
heat treatment at 145C for 72 h, with only a small amount
of o/, andthatanincrease injyhas accompanied thé — g’
transformation. More interestingly, the preferred orientation

(a) B (210)

@1 2R P M

(0021) (101 (003?

M

“ (2?0) l
13
Pt (102)

Fig. 4. (a) Back-scattered electron image and (b) accompanying Al X-ray
map for AS sample.

Both thep’ and 21R phases appear dark in back-scattered
electronimaging as neither phase contains neodymium. Iden-
tification by their morphology is also unreliable, particularly
when subsequent heat treatment leads to transformation andges
grains coalesce and impinge on one another. It has been
shown that, as 21R has a much higher aluminum content,
elemental X-ray mapping of aluminium can be used to differ-
entiate’ and 21R'8 Fig. 4shows the back-scattered electron
image with the corresponding aluminium X-ray map of the
as-sintered material. THgg and 21R are clearly distinguish-

?-ble by comparing the_tWO images and nqting th.e c_ontrast Fig. 5. Results for F1 sample (a) XRD spectra perpendicular and parallel to
in the Al X-ray map. Using this method of distinguishifg the hot pressing direction and (b) SEM image of the top surface.
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k- found in sample AS has increased to 9.0 vol.%; Mfter
heat treatment at 145C. This indicates that the amount
of Mg formed during heat treatment cannot solely be due
to devitrification of the grain boundary glass, but also a re-
sult of thea’ — B’ transformation. The Nd and Al expelled
from thea’ phase during the phase transformation are, there-
fore, incorporated into the Mand 21R, respectively. Hence,
the full transformation path previously proposed in the Sm-
sialon systert? is confirmed to be the decomposition of the
metastablex-sialon phase through reaction with the grain
boundary liquid, as given by:

o + liguid — B + Mg+ 21R (5)

This reaction involves the dissolution af into the lig-

uid phase (glass) and precipitationfand 21R. It is likely
that the significant compositional change in the residual lig-
uid after the solution—precipitation process makes the liquid
phase unstable and crystallization occurs at, or immediately
below, the heat treatment temperature. &hphase was ini-
tially formed in the system at 180C. Its re-dissolution into

Fig. 6. Aluminium X-ray map of F1 sample. the grain boundary liquid at a temperature much lower than
the initial sintering temperature suggests thatd¢heompo-
sition is metastable and will decompose when a liquid phase

is still observed in th@’ phase aftea’ — B’ transformation, - -
as seen by the strongpf (2 10) reflection perpendicular to ~ 2PP€ars to allow significant diffusion. In the present system
this occurs below approximately 1600.2°

the hot pressing direction as compared to that in the surface
parallel to the pressing direction. The preferred orientation
has been maintained during e— B’ transformationunder  3.3. Reverse B/ — o transformation
pressureless heat treatment conditions, suggesting a crystal-
lographic relationship between the transformation phases. A Subsequent heat treatment of the F1 sample at 1G06-
large number o’ grains with an elongated morphology have sulted in a marked decrease in ffecontent of the material,
been observed in the transformed sample. This morphologi-as shown irFig. 7. The XRD spectra ifrig. 7(a) clearly show
cal characteristic for thg’ grains was mainly inherited from  areductionirg’ and a corresponding increase inti@hase.
the elongated.’ grains in the as-sintered sample. However, This confirms the reversibility of the’ <> B’ transformation
comparison ofigs. 3(a) and 5(beems to indicate that the already reported? In addition, the M; peaks in the XRD
B’ grains in the transformed sample have a greater aspectspectra have decreased, suggesting a melting of theav
ratio than thex’ grains in the as-sintered sample. This sug- the elevated heat treatment temperature. The reduction in the
gests that there has been a degree of grain growth along th@mount of grain boundary phase can be confirmed by compar-
c-axis, which is unexpected at the heat treatment temperaturadng SEM imagesiitrigs. 5(b) and 7(b)r'he R1 microstructure
of 1450°C. is similar to that of AS (irFFig. 3(a)), except for having slightly

In addition to the increase@ content, the SEM micro-  coarser grain boundary glass junctions and a certain degree
graph inFig. 5b) also indicates that the fine, uniformly dis-  of sialon grain growth. The agglomerateddbserved in F1
persed grain boundary glass seefig. 3has been replaced has been melted and has re-wet the grain boundaries, thereby,
by larger pockets of agglomerated Mwhite). This suggests  producing a fine, uniformly distributed grain boundary glass
that the grain boundary glass migrates during heat treatmenton cooling. It can also be seen thadts, indeed, the majority
and agglomerates to form the secondary phase. This grainphase. Agglomeration of thedviand subsequent melting and
boundary migration is most likely due to dewetting of the re-wetting of the grain boundary glass has been previously
grain boundary at the heat treatment temperature, accompaebserved in the Nd-systefhowever, no reverse transforma-
nied by reductions in the free energy associated with devitrifi- tion was observed at the lower heat treatment temperature of
cation of the glass and minimising the surface area to volume 1750°C with the shorter heat treatment time of 1 h. Reverse
ratio. transformation has been demonstrated in adNgtsialon,

The Al X-ray map of the F1 sample is showrHig. 6and however, evidence of melting the melilite and re-wetting the
it is clear that there has been an increase in 21R when com-u- andB-sialon grains was not cleér.
pared to that irFig. 4(b). Image analysis was again used to Comparison of the XRD spectra irig. 7(a) indicates
determine the volume fractions of the phases present. Fromthat the preferred orientation observed in previous samples
Table 2 it is seen that the 4.6 vol.% grain boundary glass is still maintained, even though all post-sintering heat treat-
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Fig. 8. Aluminium X-ray map of sample R1.

During the reverse transformation Nd must diffuse into
thea’ to stabilise the phase. The primary source of Nd is the
Mgsphase, which will decrease in amount as Nd is removed.
This is supported by image analysis which indicates that the
volume fraction of grain boundary glass in R1 is 4.7 vol.%,
much lower than that in F1 and very close to that of the as-
Fig. 7. Results for R1 sample (a) XRD spectra perpendicular and parallel to sintered sample. Because the reverse transformation requires
the hot pressing direction and (b) SEM image of the top surface. the melting of I\/LS'[hiS process can only occur above 1760
for the Nd sialon systerf? At this temperature the kinetics

~ ofthe phase transformation is high, which is aided by the low
ments have been performed under pressureless conditionsyiscosity of the liquid, providing enhanced diffusion.

This suggests that a crystallographic relationship between
the transformation phases exists in both the forward and re-3.4. Transformation cycling

verse transformation routes. Botth and B’ phases have a

hexagonal symmetry with very similardimensions in the Two more cycles of the’ < B’ transformation were per-
lattices and only differ significantly in thedimension. There- ~ formed by alternating the 145C and 1800C heat treat-
fore, it is thought that the’ <> B’ phase transformation may ~ments. The phase contents during transformation cycling are
nucleate on a crystal plane common to both, followed by summarised ifrig. 9which indicates that the reversibility of
growth along a certain crystallographic direction. There has
been TEM evidence for epitaxial nucleationwfialon on 80
a-SisN4 grains?! andB-sialon onx-SisN4, B-SisN4 or other 701
B-sialon grain&’ during sintering. Detailed TEM work is re-
quired to ascertain if similar relationships exist between
andp-sialon during the reversibl€ <> 3’ phase transforma-
tion.

Fig. 8shows the Al X-ray map of R1, indicating that the
21R content has decreased during the rev@fse o’ trans-
formation. Image analysis confirms thigaple 2. The simul-
taneous decrease pi, Mg and 21R confirms not only the

® o Ap ¢ Nd-rich* | 2IR

601
50
40
301
201

10

Area Fraction in Top Surface (%)

- . 0 : : : : . ‘
reversibility of thea’ <> B’ as reported previoushy? but the . AS FI RI ) R2 3 R3
reversibi”ty of the reaction path given in E@) to give: Nd- rich refers to grain boundary glass in AS and Reverse samples, or M’ i in Forward samples.

, o , , Fig. 9. Volume fractions of phases present in Nd-sialon during transforma-
o + liquid < B + Mg+21R (6) tion cycling.
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Fig. 10. Volume fraction of sialon phase @ form during transformation
cycling.

Eq. (6) persists for a number of cycles. During all heat treat-
ments at 1450C, thea’ decreases while thg’ increases,
accompanied by an increase ifMnd 21R, as governed by
the forward transformation route in E(). All heat treat-
ments at 1800C result in an increase in the content while

the B/, M, and 21R phases decrease, following the reverse
transformation route.

If the B'/(o’ +B’) volume fraction is plotted for the sam-
ples during transformation cycling, a more interesting trend is
observed, as shownlktig. 10 Again, the forward transforma-
tion heat treatments at 1450 resulted in a marked increase
in B’ content while the reverse transformation at 180Gdor
4h led to a reduction in th@’ volume fraction. However,
the minimum@’ contents after reverse transformation appear Fig- 11. Results for R3 sample (a) XRD spectra perpendicular and parallel
to increase as the cycles progress, while the maxirgum to the hot pressing direction and (b) SEM image of the top surface.
contents after forward transformation decrease, although to a

much lesser extent. This suggests thatthe g’ transforma- result in grain growth, which leads to a coarser microstruc-
tion becomes more sluggish after successive transformationture, including the grain boundary glass junctions, as shown
cycles. in Fig. 11(b). The glass pockets become coarser because of

The reduced kinetics of the transformation may be the the grain growth associated with heat treatment at 2800
result of grain growth. The forward’ — B’ transformation which limits the packing efficiency of the grains.
requires the stabilising cation (Nd) to diffuse out of tie Fig. 11(a) shows the XRD spectra of the top surface and
grains and into the grain boundary glass, which then devitri- the side face of the sample that has undergone three cycles
fies to form M,; The revers@’ — o’ transformationrequires  of the phase transformation. Again, the (2 10) reflection is
the M, to melt, thereby, supplying “free” Nd to diffuse into  stronger in the plane perpendicular to the original hot press-
thea’ grains to stabilise the phase. Grain growth will, effec- ing direction, indicating that the preferred orientation is still
tively, increase the diffusion path between the sialon grains present after three cycles of thé« B’ transformation. This
and the grain boundary phase, thereby, decreasing the rate dhdicates that the crystallographic relationship between the
which Nd may diffuse into or out of the grain. In addition, transformation phases is maintained during all stages of the
the grain growth leads to larger pockets of glass @t tiat transformation cycling.
are farther apart, thereby, further hindering diffusion between  Lattice parameter measurements for éhendp’ phases
the sialon grains and the grain boundary phase and decreasingre shown irFig. 12 All of the graphs have graxis of 0.023
the kinetics of transformation. to make comparison between graphs easier. Therefore, it is

SEM imaging confirms the microstructural reversibility immediately obvious that th€ phase shows a greater spread
of the o’ <> B’ transformation, though to a limited degree. of lattice parameter values th@h More interestingly, the-
The forward transformation at 145Q results in agglomer-  axis and, to a lesser extent, #axis lattice parameters af
ated M,;forming with B’ being the majority phase. Reverse fluctuate regularly with successive stages of the transforma-
transformation at 1800C melts the M;and produces a mi-  tion cycling. Lines of best fit have been included, showing a
crostructure with a fine, uniformly distributed grain boundary strong trend for increasing andc parameters i/, while
glass and a majority af’ phase. However, successive cycles the a-axis of B’ shows a weaker increase and thaxis is
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Fig. 12. Lattice parameters for the andc-axes of thex’ andp’ phases during transformation cycling.

almost constant. It should be noted that the line of best fit ceramics, whereas the reverse transformation is observed at
for the c-axis of o’ was determined ignoring the anomalous 1800°C, where diffusion rates are dramatically increased.

value for the F1 sample. Therefore, the compositional change will occur more rapidly
The trend for increasing andc parameters i’ andp’ during the reverse transformation and a greater extent will

suggests non-equilibrium conditions. It is clear that the for- be observed than during the forward transformation. Thus, a

ward transformation does not reach equilibrium as net'ad net increase in the lattice parameters results from the greater

transformed t@®’, which is expected at 145C. However, re- substitution. The successive increase in the lattice parame-
verse transformation also does not seem to reach equilibrium ters ofa’ is inversely proportional to the amount@fin the

even after 4 h of heat treatment at 18@) because the as- sample with the consecutive transformation cycling, but the
sinteredw’:B’ ratio is never reached. In fact, additional work amount of Mremains almost unchanged. This suggests that
by the authors has shown that even after 8 h of heat treatmenthe amount of Nd in the’ phase has increased because there
at 1800°C, the as-sintered’:p’ ratio is not reached. The ki-
netics of transformation are very high at 18@ however,

the driving force for reverse transformation appears to be low.
This is due to the poor stability of Nd-sialon, in conjunc-

tion with the effects of secondary phases such gs Whe

free energy of the sialon phases is shown schematically in
Fig. 13 where the driving force for transformation is given
by the free energy changeG. At 1450°C, B’ is more ther-
modynamically stable and G, g is large, so thai’ — B’
transformation readily occurs. At 180CQ, o’ becomes the
more stable phase, howeveéxGg . is small as the ther-
modynamic temperature for reverse transformatiBg) (s
close to the heat treatment temperature. In addition, the need
to melt M, to provide the stabilising cation for transformed

o’ provides another barrier to transformation.

[5-)«1

Free Energy

1 | 1

The general trend to increasing lattice parameters for con- Y T 1800°C

. N 1450°C T
secutive forward or reverse transformations can, therefore, be A

explainedin terms of kinetics. Forward transformation occurs rig. 13. schematic free energy diagram of sialon phases, Wheisether-
at 1450°C, where the diffusion rate will be limited for sialon  modynamic reverse transformation temperature.
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Fig. 14. Solid solution parameters @f and3-sialon phases during trans-
formation cycling.

is more Nd available for relatively less amountsoéfto be
stabilised.

Them- andn-values of thex’ phase and thevalue of the
B’ phase are shown irig. 14for the Nd-sialon during trans-
formation cycling. It is clear that the compositioncialon

varies with heat treatment in much the same way as the lat-

tice parameters. Forward transformation at 145(eads to a
decrease in tha-value while thex-value increases. Reverse
transformation at 180TC results in then-value increasing
and then-value decreasing. The contraction of tiiephase
field at lower temperatures suggests that#healue should
increase and the-value would decrease after heat treatment
at 1450°C, contrary to the behaviour observed. However, it
should be noted that the remaining phase at 1450C is
metastable and will fully transform tg’ if given time to
reach equilibrium. Therefore, it may be expected thatthe
phase composition will adjust so as to approach that of the
B’ phase. Conversely, heat treatment at 18DWill result in
reverse transformation as théphase field expands and the
sample composition lies in th€-B’-21R-M,; compatibility
tetrahedron.

This can be seen iRig. 15 where then- andn-values are
plotted on thex’-plane. Heat treatment at 1430 to induce
thea’ — B’ transformation results in the composition mov-
ing towards thg8’ phase line on the-axis, while the reverse
transformation at 1800C leads to the composition moving
away from thep’ line and towards the’ phase field 8-
Sialon, on the other hand, shows much less variation in com-
position as a result of alternating heat treatments, indicating

I=As 4=F2
2=Fl

3=R2

5=R2
6=F3
7=R3

Fig. 15. m- andn-values ofa’ phase during transformation cycling, plotted
on thea’ plane.
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thatp’ has a more stable composition during transformation
cycling.

3.5. Mechanical properties

The hardness and fracture toughness of the hot pressed and
heat-treated samples are giveriig. 16for the top surface.
There is clearly a cyclical pattern to the mechanical prop-
erties as a function of transformation cycling stage, which
resembles the’ < B’ phase change cycling Irig. 9. Thus,
the change o’ andp’ contents resulting from the forward
and reverse phase transformations clearly affects the mechan-
ical properties in a reliable fashion. As the forward— B’
transformation proceeds during heat treatment at 2@50
the o’ content decreases, thereby, decreasing the hardness
of the ceramic. Since both th& andp’ grains have elon-
gated morphologies, it would be expected that the toughness
would not change significantly, possibly decreasing as a re-
sult of the agglomeration of the grain boundary phase. In fact,
thea’ — B’ transformation is accompanied by an increase in
toughness, supporting the observation that the transformed
B’ has a greater aspect ratio than the par€rthase. The
greater aspect ratio enhances the toughening mechanisms of
the phase, thereby, increasing the fracture toughness of the
material.

It can also be seen iRig. 16a) that the hardness shows a
general trend to decrease for successive heat treatments. This
is primarily a result of grain growth during the 1800 heat

Hardness (GPa)
z ¢ 2

~
1

15

(a) AS FI RI F2 R2 F3

55

o~
Q

g
¢ 5.01

1450°C heat treatment

b
W

by
=
:

1800°C heat treatment

Fracture Toughness (MPA
(98]
[

w
=1

AS Fl1 R1 F2 R2 F3 R3

Fig. 16. (a) Vickers hardness and (b) fracture toughness of top surfaces of
samples during transformation cycling.
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Fig. 18. Reference orientations for analysis of side faces.

2a and 2 measurements in the vertical direction were used to
determine the hardness and toughness along the hot pressing
direction, while horizontal measurements were used to cal-
culate the mechanical properties normal to the hot pressing
direction. These results are givenkig. 19

Again the cycling behaviour is evident in both the hard-
ness and toughness of the samples, as a result af theR’

Fig. 17. (a) Vickers hardness and (b) fracture toughness of the Nd-sialon astrgnsformation cyclingFig. 19a) indicates that the hardness

a function off’ volume fraction.

treatments, which will tend to decrease the hardness of the

material. Interestingly, the toughness remains relatively con-
stant after successive heat treatments at €56 1800°C.

is not greatly affected by the preferred orientation, with hard-

Grain growth will tend to increase toughness in microstruc- _ 201

tures with elongated morphologies. However, the aspect ra—ﬂwcf
tio of the @’ grains may decrease on successive cycles of the 3
o’ — B’ transformation and decrease the toughness, therebyé
counteracting the effect of grain growth.

The relationship between thé andp’ volume fractions
and the mechanical properties is evidenfig. 17, which
plots the volume fractions ifrig. 10 against the hardness
and fracture toughness resultsHig. 16 There is a definite  (a)

Har

] : : AS Fl RI F2 R2 F3 R3
linear relationship to the’ and B’ contents for both me-
chanical properties, despite the ceramic having undergone a__ 6.3 @0 —m—0p°
number of cycles of the’ <> B’ transformation. This trend & 6.0
agrees with earlier work in Sm-Dy-sialons of desigaég’ s
ratios® where the relationship was observed for as-sintered £ >3
samples of different compositions. Therefore, it is clear that é 5.01
the reversibled’ <- B’ transformation can be used in place of £ as
compositional design to tailor the microstructure, and thus E '
the mechanical properties, of the material. £ 404

The mechanical properties were also measured for the sides

. . = 3.5
face of the hot pressed samples, in order to determine the ef-=
fect of preferred orientation resulting from hot pressing. The 3.0 ; ; : - .
AS Fl R1 F2 R2 F3 R3

hardness and fracture toughness of the samples were deter-
mined for the side face by taking measurements at@ 90 Fig. 19. (a) Vickers hardness and (b) fracture toughness of side faces of

to the hot pressing direction, as illustratedrig. 18 Thus, samples during transformation cycling.
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stages. The toughnesdiiy. 19b), onthe otherhand, showsa "2 .
definite difference in the orthogonal directions. The preferen- ¢ ?'_V ,3'.
tial orientation ofe’ andp’ grains in the plane perpendicular 4}1‘%’
to the hot pressing direction results in more crack deflection ¥ ,
and grain pull-out at Oto the hot pressing direction, while - e

T R g T W e
the crack is affected less at9 the hot pressing direction. () prE% Yo % P ‘r:‘ f ,ﬁ-) _7 \W - :
Therefore, anincreased toughness is observed. The values fo ol L ;\1 R .y Pk "’*“?'_ 1
the toughness at 9@ the hot pressing direction appear lower .~ = * % & : -~ 54 )gr

. e v e -. 5 2

than those for the top surface lig. 16 however, they are
largely within error. Preferred orientation has already been
observed in a Ca-sialon, however, no mechanical proper-
ties were studied® The effect of preferred orientation on
the mechanical properties has been studied in hot presse
B-SisN4, which showed similar variations of toughness in
different orientations to the hot pressing directfén.

The effect of thea” <> B transformation cycling on the iy 21, SEM micrograph of bulk porosity (black) in samples (a) AS, (b) F1
density was investigated and is shownFig. 20 Again a and (c) R1.
distinct cyclic behaviour is evident, correlating with the alter-
nating forward and reverse sialon transformation routes. The The as-sintered ceramic fig. 21(a) clearly has no bulk
as-sintered density of 3.375 g/érindicates that hot press- porosity, confirming the full densification of the material.
ing at 1800°C for 2 h produced an essentially fully dense Heat treatment at 145@ has led to porosity in the sample,
material. After heat treatment at 1450, the density is sig- shown inFig. 21(b), as a result of the’ — B’ transformation.
nificantly decreased. With a subsequent heat treatment aimage analysis of the bulk porosity determined its volume
1800°C to promote the reverg¥ — o’ transformation, the  fraction, as summarised iRig. 22 It can be seen that the
density increases, approaching the as-sintered density. Conbulk porosity increases a€ transforms t3’ and the grain
tinued transformation cycling continues this trend, although
the magnitude of the density changes is reduced. The de- 3,
crease in density as a result of heat treatment at 1850
is most likely due to devitrification of the grain boundary 2.54
glass. The forward' — B’ transformation is accompanied
by formation of Nd-melilite (M), which agglomerates into
coarse pockets. This agglomeration of the grain boundary
glass to form M, is accompanied by a reduction in volume
associated with changing from an amorphous, glassy state tog
an ordered, crystalline state. In addition, the relatively high
viscosity of the Nd-rich glass at 145Q limits the particle
re-arrangement. Therefore, the result is porosity in the bulk
of the sample, as shown Kig. 20

Fig. 21shows low magnification SEM micrographs of the
first transformation cycle, with the pores indicated in black. Fig. 22. Bulk porosity of samples during transformation cycling.

orosity (vol%)
- g
@ L

2

o
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boundary glass agglomerates to formjMf the as-sintered  that of B’. Similarly, thea’ content is lower upon succes-

sample is considered 100% dense, sample F1is 97.4% densesive reversd’ — o’ transformations at 180, so that the

The bulk porosity was found to be 2.3 vol.%, which accounts density will decrease between consecutive heat treatments at

for a majority of the decrease in density. The majority of 1800°C, as seen ifrig. 20

the remainder is most likely due to the lower density36f Therefore, it can be seen from this work that the physi-

(3.145 g/ci) compared ta’ (3.313 g/cm).?* cal and mechanical properties of Nd-sialon ceramics can be
Upon heat treatment at 180G, the bulk porosity de-  tailored by appropriate heat treatment, rather than composi-

creases, as shown in Fig. 21(c). Tple— o’ transformation tional design. In addition, any changes in the properties of

associated with heat treatment at 18Q0s accompanied by  the material that occur as a result of transformation can be

melting of the secondary phase Mand the liquid phase countered by the appropriate heat treatment. Thus, any loss

redistributes and re-wets the grain boundaries. This penetra-in hardness and density that results from the forwdre- B’

tion of the liquid into the microstructure fills the pores and transformation during use of the material at elevated tem-

the much lower viscosity at 180C allows better particle  peratures may be recovered by heat treatment at AB@0

re-arrangement to optimise packing. Therefore, a lower bulk promote the reversg’ — o’ transformation.

porosity is seen in Fig. 22 and the density is increased in Fig.

20. This behaviour differs to an earlier study which found

that the density decreased with heat treatment at 1@56r 4. Conclusions

96 h, but decreased further with additional heat treatment at

1800°C for 1h? It is unclear why the density decreased in (1) A preferred orientation was observed in a Nd-sialon ce-

the earlier study when heat treated at 1800while it in- ramic after hot pressing. The preferred orientation was

creased in the current work, as the SEM images in Reference  such that the-axes of thex’ andp’ phases lay prefer-

2 seemto indicate a decrease in the bulk porosity. tmay have  entially in the top surface of the pellet, that is, the plane

been due to surface effects, such as weight loss or oxidation,  perpendicular to the hot pressing direction.

which were avoided in the current work by fully removingthe (2) Post-sintering heat treatment at 1480promoted the

surface by abrasive grinding on a diamond-embedded wheel  forwarda’ — B’ transformation, as evidenced by a dra-

before the density was measured. matic increase g/, accompanied by an increase in the
Figs. 20 and 2both show decreasing magnitudes in the M.sand 21R contents. This confirmed the full transfor-

property changes with successive heat treatments, appear- mation reaction as being:

ing to approach equilibrium. The devitrification of the grain o

boundary glass and agglomeration of the secondary phase ® +liquid — B"+ Mg+ 21R

. e , X . S

during the fwsp — B transformat_lon requires a significant (3) Subsequent heat treatment at 1800esulted in the re-

degree of particle rearrangement in the F1 sample. Therefore, , , : : L
verse’ — o transformation, which was seen as a signif-

the porosity increases. The redistribution of the grain bound- . . . 2

! . . X icant decrease in th& content, accompanied by melting
ary glass and particle rearrangement in sample R1 is unlikely ! )

; o of the secondary phase/Vind the re-wetting of the grain
toremove all porosity under pressureless conditions. Hence, a ; o
i 4 o . . . boundary to form a uniformly distributed glass. The 21R
small residual porosity remains in the material. This residual .
content was also reduced during the reverse transforma-

porosity can help accommodate the agglomerahon of the M tion, indicating that the above transformation reaction
during subsequent heat treatment at 1450reducing the should. indeed. be:

need for particle rearrangement. Therefore, the porosity does
not increase as much as during the fitst> g’ transforma- o + liquid < B’ + M+ 21R

tion, and the density does not decrease as greatly. Again, the

porosity cannot be removed entirely during the second heat(4) The preferred orientation was found to be preserved at

treatment at 1800C, and the grain growth hinders particle all times, during both forward and reverse transforma-
rearrangement to leave a greater residual porosity in sample  tion routes, implying that there is a crystallographic rela-
R2 than in R1. This larger degree of porosity will further tionship between the transformation phases during both
reduce the particle rearrangement during the fidab B’ forward and reverse routes of the<«> B’ transformation.
transformation, and the porosity and density will change less (5) Therefore, they' <> B’ transformation described in Eq.
than for the previous’’ — B’ stage. Further, grain growth (6) is fully thermodynamically reversible. The mi-
will restrict particle rearrangement during the fifgdl—> o’ crostructure is also reversible, however, there is certain
transformation, leaving a, yet, greater residual porosity in the degree of grain growth during reverse transformation at
ceramic. elevated temperatures. In addition, the composition does
In addition, thex” andp’ contents change over successive change over time, as evidenced by an increasing trend in
transformation cycles, as discussed in relatiofigp 10 The the lattice parameters.
remaininge’ volume fraction increases after successive for- (6) The mechanical properties are affected by déeand
warda’ — B’ transformation stages at 1450, such that the B’ contents in a distinct and reproducible manner. Heat

density will be higher due to the greater densitysothan treatment at 1458C results in thex’ — B’ transforma-



)

(8)
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