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Sialonbased ceramics have been widely used as high temperature materials due their
superior mechanical and thermal propertigiglonexissin two major phasg alpha and
betasialon In alphasialon metallic cations & used as additives to bring charge neutrality

to the sialon structure.Most of the work reportedn synthesis ofialors hasutilized
conventional sintering techniques (HIP, HP and GPS) and micron sized precursors with
temperatures greater than 1f00Majority of the study on alphsialors hasfocused on
utilization of rareearth metallic cations as the stabilizing additives. However, alpha to beta
transformation in rarearth stabilized alphsialors in the range of 1350600°C as wellas

their low sdubility in alphasialors have shifted the focuswardsutilization of calcium

cation as the stabilizing additive for alpbelors. In the present work relatively low
temperature (150C) synthesis of nitrogen rich (Ca, Mg) metal stabilized afpalars by
employing a combination of nano precursors and spark plasma sinte8R&g technique

was carried out.

Calcium stabilized nitrogen rickialon ceramics having a general formula ofxSig-
2xAl2xN16 with x values in the range of 022 for compositionsying along the SiNs-
1/2CaN2:3AIN line were selected for the synthesihe developedsialors were
characterized for their microstructure, phase and compositional analysis, physical and
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mechanical properties. Furthermore, a correlation was develogideen thdattice
parameters and the content (x) of alkaline metal cation in the sigdbaphaseNitrogen

rich calcium alphasialors wer e observed to form in the
densified singlgphase nitrogen rich alptstalonceramicwere achieved in the range of 0.6

O x O 1. 4. single phasalgrasialomsaneplehaving a hardnesgVig) of

22.4GPa and a fracture toughness of 6.1 MBawas developed

With the aim to investigate the possible existence ofddged single Ipase alphaialors
(on the Mgalphasialonplane), Mgdoped nitrogen rickialonceramicsvere synthesized
for the very first timeDespite the fact that a relatively low sintering tempergtli60°C)
wasutilized, well densifiedsialors samples werachieved, however the densification of
the samfes became difficult with higk value &>1.6). Contrary to the expected belief that
a single phase Mdopedsialonmight existalongthe nitrogen rich line (on Mglphasialon
plane), a single phase Mg staeld alphasialonregion was nobbservedThis distinctive
behavior in magnesium dopsdilors wasbelieved tobe due to the formation of highly
stable Mgcontaining aluminum nitride polytype phase which consumed most of the high
temperature transient ligg phase. Magnesium doped nitrogen s&donsample having
the maximum amount of alpha phase depietkdrdnesgHV 1) of 21.4GPa and a fracture

toughness of 3.5 MPalfh

With the aim to enhanckirther the mechanical propertiesialon/cBN and sialon/SiC
compositeswere preparedat 1500C. Significantly improved hardness andracture
toughnesvaluesof 24.5GPaand 11.0MPam®? for thesialon/30%SiC an@4.0 GPaand

5.67MPam' for sialon/30%cBNwere measured respectively.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

SisN4 ceramics have been shown to sustain severe working conditions due to their remarkable
mechanical and thermal properties, namely hot hardness, chemical inertness and thermal shock
resistancgl]. However, full densification of $N4 powder compacts usy conventional solid

state sintering technique has proven difficult without applying excess pressure and temperature.
This is attributed tstrongcovalent bonding betweenli8on and Ntrogenatoms that inhibits any

lattice diffusionat temperatures belo1850°C[2,3]. Thus,the alternativeapproachadopted is
addingmetal oxide additives with silicon nitride powder to facilitate liquid phase sintering and
hence the densificatiofili 3]. The use of additives such as MgO,®@d, Y-0s and LnrOs as
sintering additives not only eased the densification of silicon nitride but also modified the structure
[4112]. The modified structure is known &salon ceramic. Along with the said oxides, some
metals and their nitrides such as calcium, aluminum, calcium nitride and aluminum nitride have
also been tried as the additij&&i 15]. The kind andjuantityof additiveemployedfor sintering

controk the nature andmountof theamorphougrain boundary phase and hence the mechanical

properties.

Sialonmaterials, which are solid solutions of silicon nitride, form primarily two phases, alpha and
beta Alpha-sialors are basically solid solution @lphasilicon nitride in which part of the Si and

N is replaced by Al and O, respectively, isieultaneous process to maintain charge neuwtralit
[107 12]. In particularalphasialors have attracted much attention in the past two decades due high

hardness o@lphasialon [16,17] Generally,alphasialon possesses higher hardness thata
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sialon while the latter shows better fracture toughness than the former. The reason behind this
variation in the mechanical properties is explainsdally through the consideration of the phase
morphologies, in whichlphasialonis formed mainly as equiaxed grains, whittasialongrains

tend to form elongated hexagonal prisms. However, scientists have successfully developed

ceramics with elongatealphasialongrains to enhance its fracture toughné@ss19].

Alpha-sialors are based on the alpBa:Nie unit cell with stoichiometric formulg10]:
M, Si1 ey Al (min OnNg . where m is the number of Al bonds, n is the number of & bonds,

M represents the added cation such as the rare earth or alkaline earth elements, where v indicates
the valence of the added catiddpha-sialonis developedrom the reaction of silicon nitride with
precursors such as aluminum nitride, silicon oxide aad#ide or nitride of a suitable cation M
(Y203, CaO, CalN:etc.) such that the precursors satisfy the above mentioned general formula of
alphasialon The densification occurs by formation of emiride liquid phase. The reaction
sequence is such thathigh temperature these additives react to formritxide liquid phase and

the silicon nitride dissolves in that liquid phase. The dissolution of silicon nitride is followed by
the reprecipitation ofalphasialon The quantity of liquid reduces slowbntil, precipitation of
alphasolid solutioncomplets, theoretically. In practice, large amount of oxide additives are
required to facilitate the densification process, however, this usually results in large amount of the
liquid phasd10i 12,16,20,21]However, studies have also proved that a adding a small amount of
oxide intosialon material would adversely affect the high temperature behavior of the material

[22,23]

Synthesis o&lphasialors using the above referred additives by employing conventional sintering

techniques such as Hot Pressing (HP), Ises$taticPressing (HIP), Gas Pressure Sintering (GSP)
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normally require temperaturesegiter than 170C [24i 29]. Rare earth sintering additives, such
as oxides of Neodymium (Nd), Lanthanum (La), Yttrium (Y) and Ytterbium (Yb), have
predominately been the major research interest inastefew decads [24,30,31] However,
because of the relatively high cost in addition to crystal defects of these rare[82}thke
research focus has shifted to other additives, aadikaline earth elements, namely Barium (Ba),
Magnesium (Mg) and Calcium (Ca). Not only this but alpha to beta transformation -earéne
stabilized alphaialors in between 135Q600C in contrast to much stable calcium based alpha
sialors has been sb a factor towards this shif33]. Calcium also seems to be the promising
candidate to replace many of fla@e earthadditives as it can be incorporated easily intcatpba
sialonstructure with a wider solubility rang28,29]. Further, it can be easily formed from fly ash,
which explains the relative low price of Calcium compounds compared with other alternatives

[34].

Over the last few years, researchers have utilized spark plasma sintering (SR®)iagmethod
for various powder mixtures to form ceramics. Compared to other sintering techniques, due to the
high heating rate and pulsed nature of the current, SPS has confirmed its benefits of rapidly

densifying compacted powders at relatively low energuytifg@bi 38].
1.2 Thesis Aim and Objectives

In this study it was proposed to develdpw temperature (150C) nitrogen rich alkaline metal
(calcium and magnesium) stabilized algieors by employing a combination of nano precursors
and spark plasma sinterif§PS)technique The compositionsatisfyingthe general formula of

CadMgxSii2xAl 2xN1e covering the range @f.2<x<22 were to be synthesize8olubility limits of
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these alkaline earth stabilizers along the nitrogen rich lerewvestigatedThe aim calkedfor a

deep understanding efalonbasedsystem, leading to the following objectives:

1. To synthesize denggtrogen rich alkaline metatabilized alphaialors, incorporating
calcium and magnesium metal cations.

2. To preparesialonceramics at relatively @ temperature$1500°C) andholding time
of 30 minutes by utilizing nano starting precursors and SPS.

3. To investigate the solubility limits of calcium and magnesium metal precursors along
the nitrogen rich line.

4. To study the effect of varying the composition frori< x < 2.2 on formation of single
phase alphaialonregion along the nitrogen rich line.

5. To characterize the developgdlors for their microstructure, phase and compositional
analysis and physicahd mechanical properties.

6. To correlate the phases developed, lattice parameters and mechanical properties with
the achieved content of alkaline metal cation in the aplanand the microstructures

evolved.

Moreover, synthesis @ialoncBN andSialon'SiC composites anti¢ influence of the amount of
reinforcemergon the physical, structural and mechanical characteristics of the compasstes w

bestudied.

1.3 Thesis Overview

In the present work, chapter 2 presehts indepth literature review osialon materials, phase
stability regimes of rarearth stabilized alphsialors, limitations of raresarth stabilized alpha
sialors and theresearchieportedon the synthesis and characterizatioralidaline earth stabilized

sialors. Chapter 3 providegeneral information related to the classification of starting powder
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precursors, sample preparation method/s and details of characterization techDicppesr4
highlights the importance of SPS technique and the effect of size of staring powder pre&cursors
the low temperature synthesisSialonmaterials. Chaptérand Chapte presents the work done
onsynthesisand characterizatioof calcium and magnesium stabilizedrogen rich alphaialors.
Chapter7 and8 reports the work on synthesis arfthracterizatioof Sialon'cBN andSialon'SiC
composites. Finally Chapt&r summarize the main findings of the research work, contribution to

thealready existing knowledge and future directions to pursue.
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CHAPTER 2
LITERATURE REVIEW
2.1 Silicon Nitride and Sialons

Silicon Nitride material may possess two different crystal structures: alpha silicon nitride and beta
silicon nitride. Alpha silicon nitride has trigonal crystal structure belonging to P31c space group
with the lattice parameters of a 341 A and ¢ = 5.6217 A. Beta silicon nitride has a hexagonal
crystal structure belonging to P63/m space group with the lattice parameters of a = 7.6044 A and

c =2.9075 A.

Sialonmaterials are solid solutions of silicon nitrided metal oxides and nited (such as CaO,

Y203, AN, SiO,, AloOz and many othersgialonform primarily two phases, alpha and beta. Beta
Sialonwas the phase that w a [d1,12] iBetasialondsi fancedbye r e d
concurrent equal reptament of silicon and nitrogen for aluminum and oxygen and its chemical
formula has been generally defined as:8i-0,Ns; where the value of z varies from 0~4.2 for

the samples synthesized at 1%6(020,39] The behavioral diagram of -8i-O-N system at
1730C is depicted irFigure 1 [17,20] The region belonging to betdalonphase has been of
interest for many yeawss materials belonging to this regioave demonstrated good sinterability

as well asgood mechaical propertiessuch as moderate hardness with impressive fracture

toughness

The change in the lattice parameter of k#donwhich results due to the substitution of-(Bi
bonds by (AIO) bonds is very small. The reason for this small alterationestlde fact that the

bond lengths of AD (1.75 A) and SN (1.74 A) are very close to each other. However empirical
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relationship developed to account for this small change in lattice parameter, with reasonable

accuracy, is as follows:
BetaSialon [40]
Za= (a7.603)/0.0297 A
Zc = (¢-2.907)/0.0255 A
z=(at+2)/2 A

Alpha-Sialon phase was discovered latelhe chemical formula ofthe alphasialon
crystallographic unit cell, which includes four units ofN\Gi is generally described by X&ii».
m+mAIm+OnN16n Where x < 2m = xv. The values represents the valance of metallic cation M
whereasm (Al-N) bonds and n (AD) replace(m+n) (SiN) bonds[10i 12,41] Importance of
metallic oxides comes from the fact that the metallic cation brings charge balance to the alpha
sialonin accordance with the above specified general formula. Metallic cation occupies the two
largeinterstitial sites within the alphsialonunit cell and hence the value x is limited to maximum

of two as per the general formula. The value of x is also governed by the valency v of the cation
occupying theinterstitial sites within an alphaialon unit cell. The ctonic size of M is also
important in the sense that it will determine the solubility range of a specific cation irs&ljama

The extent of solubility of metallic cation in alpb@lonwould thereby determine the changes in

the lattice parameters dtethe modification in structure.

The change in the lattice parameter of atpt@onis however more considerable as the difference

in the bond length of AN (1.87 A) and SN (1.74 A) is more prominent. In case of most of the
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rareearth cation doped @thasialors the modified lattice parameters may be defined by the

following relationship, with reasonable accuracy.

Alpha-Sialon [10, 42
a=7.706 + 0.0117m + 0.082#+ 0.055x A
c =5.578 + 0.0259m + 0.0774+ 0.0171n A

Where r is defined as the radius of ion M.

2.2 Phase Relations in Rare Earth Stabilized Alph&ialons

Understanding ophase relationships is very important in order to syntbesizha sialors.
However while phase diagrams are ugedepresentitride and oide basednaterialsthere are
considerations to be taken into accountstly, it is essential to appreciattat most phase
diagrams of nitride and ade systemsepresentphase relationshiphat are not necessarily in
thermodynami@quilibrium Secomlly, amorphous grain boundary phase, which is always present
in these systems due low diffusivityaxynitride systems is not accountedthe phase diagrams.
Also, only major solid phases arepresentedwhile the existence and effect of vapor phasses
well as that of surfaceontaminations are usually disregarded. Furthermore a peat@dation
of the composition is challenging due to the light elemsats axygen and nitrogen

The earliest appearance of the phase diagram containingsedyidmeregion is of tle SgN4-A1N-

Y 203 system[25]. Later on, a 2D alphsialonplanewasproposedseeFigure 2). As of today, the
most comprehensive alplsialon system is ofY-Si-Al-O-N. The general formulaf Yttrium
stabilizedalphasialors isY xSii2-m+nAl m+nOnN1en Wherex = m/3, and m and nave been defined

earlier in the textFirst detailed study on the alpkialors was donen SisNs-AIN-Y 20z for which
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thephase diagrans shown inFigure 3[25]. In this study a sloid solution afphasilicon nitride
wasobserved along th¥,03:9A1N line. Thelimits of solubility of Yttrium cation (represented

by x in the general formula) extends from values of 0.33 to 0.67. The diagram also represents the
formation of SisN4-Y 203 and SiN20.2Y20s compounds as a result téaction betweenilgon

nitride andY 20s. However, SIN2O.2Y203 does not lie on the plane ofzNi-AIN-Y20s. Regions
containing yttrium stabilizedlphasialonare being characterized in the following five triangles.
AlphaGsialonSisNs- SisN4.Y20s, Alphadsialon- SisN4.Y203, A | p diabod SisN4.Y203-A1N,

Al pdiabodi AIN, A | p diaboi®AlIN- SisNa.

A section Bi12N16 Y sAl 12N16-SisAlsOgNg) of the proposed ¥lphasialonplane (shown irfigure
2) was selected for detailed study of the phases existing on the plarigsee!). The studies
were conducted at 1780. A morecomprehensivavork on developing the phase diagram of the

proposed Yalphasialonplane at 1708 was also performed as showrfigure 5 [42i 44].

Therare earth Gd, Dy, Er,and Yb) stabilized alphsialors have the same diagrams as that of
SisN4-AIN-Y 203 [45]. However, Sm or Nd stabilized alplsalon phase sections are a little
different from the aforementioned systems such Altidtreacts with NdOs and SmOs to form
NdAIO3N and SmA1O:N, respectively(as shown irfigure 6). Solubility limits of rareearth
stabilized alph&ialors are depicted ifigure 7 [45]. Lower limit of solubility is the same for all

the rareearth stabilizing cations, while the upper limit increases with a decrease in the size of

stabilizing cation.
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Figure 1 Rediawn phase digram ofSialonat temperature of 1730 [17,20]
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Figure 2 Redawn schematic of Janecke prism containing alibbbnplane. Me represents
metallic cation having valence of v. (1) represents MeN:3AIN point and (2) represents a |
Al>0s3-AlN line [25].
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Figure 3 Redrawn SiNs-AIN-Y 203 system (Sutsolidus diagram) where t
| i n esrdpr@serds single phase algteonregime[25].
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Si3N4 mol. % AIN

Figure 4 Phaseelationsin the Si2Nie-Y 4Al12N16-SisAlgOsNg at 1700C: (1) BetaSialor (2)
Alphai Sialon (3) Alpha + Beteialon (4) Alpha + Betébialon+ AIN polytype (12H); (5)
Alpha Sialon+ AIN polytype (12H); (6) Alph&ialon+ AIN polytype (21R); (7) Bet&ialon+
AIN polytype (12H) [44 46].

U bt + 12
4/3(Al203AIN)

f + 15R 08 + Al
15R + L
LH+L

21R+L
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SisN4

27R+1J

D+M+C+E

J+M+C+E

=
J+A+C+E o AW

A+B+C+YN

YN:3AIN

Figure 5 Yttrium-alphasialonplane at 170%: (A) YsSizN10; (C) AIN; (D) YSisNs; (E) Y2SisNe;

(J) YaSioON2-Y 4Al20; (L) liquid; (M) Y2SizOsN4. Region highlighted in black represents sing

phase alphaialonregion.[42i 44]

35



SizN4g Sm203 .

SizNy mole % AIN

Figure 6 SisNs-AIN- SmpOs system (Suksolidus diagramjvh e r et hwreptesentesingled s
phase alphaialonregime[25].

1.0
o
j—|
-
=]
£ 0.8
-1
2
S 06
H - .
E " -
- a- Sialon range
© 04 P ;o
Nd Sm Gd Dy,Y Er Yb
0.2
1.1 1.1 0.9 0.8x 10"m

Ionic radius

Figure 7 Solubility limits of rareearth cations in alphsialon The solubility
of cation in the alphaialonunit cell increases with the cation radi[45].
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2.3Reaction Sequence in Yttrium Stabilized Alph&Sialons

Since the Ysialonis the most studied @hasialonsystem a reaction mechanism involving the
formation of alphaialonhas been elaboratedfigure 8 [25,42,43,46]It shows the reaction order
when a powder mixture of aluminum nitride, silicon nitride gtida is fired at high temperature.
The initial powder mixture was selected to achi¥valphasialonhaving a final composition of

Y 0.55i9.75Al 22600 79N 1525 The presence abxygenrich layeron the surfacef nitride particles
suggests that ayxide subsygmof SiO»-A1,03-Y 203 [471 49]is presenduring the reactionVith

the increases in temperature surface oxides react to feuteetic liquid at aboutt350C [50,51]
Furthermorethis eutectic temperature of liquid formation may decreas#eaititthepresence of
some other impuritieand nitrogen[52,53]. Consequentlythe presence of this liquid phase is
withessed at temperatures which are less tz60°C.

Studiessuggestthat theformation of the oxide liquid phase is followed by the starting of the
dissolution ofsilicon nitride toform an oxynitride liquid phase atbout 1380°C, and the
precipitation of gbhasialon follows immediately [53]. This process ofdissolution and
precipitation continuewith the increase in temperatused it getscompleted aabout1800°C.
During the reaction amtermediate compound $8ls-Y 03 precipitates but aftet500°C it re-
dissolves into the liquidt has been observed that precipitation of this intermediate compound

does not affect the precipitation of alpgialon

2.4 Limitations of Rare-Earth Stabilized Alpha Sialons

The alphghase stability filed of rarearth dopedialors is seen to be dependent upon the atomic
mass of the stabilizing cation as well as upon temperature. The alpha stability region increases

with increase in atomic mass or decrease in cationic sizéigsee 9 [54].
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Another important aspect nareearth dopedialors is alpha to beta transformation. The alpha to
beta phase transformation requires breaking kéddiNitrogen bond55i 58]. The mechanism
suggested is such that the algi@ondissolves in the liquid phase while at high temperatoets
precipitates from the liquifb9i 63]. Thistransformation initiates in the presence of a liquid phase
at aboutl400C and finishes at temperaturelsse t01800°C.

Studies orvarious rare eartbialonsystems proved thaesidual grain boundary liquid phaise
one of the most influencing featugéfecting the conversion. The degree of conversaiserved

to be relying on the quantity and thickness of the intergranular liquid fewse

In rareearth doped alphsialors another characteristic to be satered is the tendency of alpha
to beta phase transformation. Several-eagh doped (Nd, Sm, Gd, Dy, Y, Er and Yb) alpha
sialors synthesized at 1980 were subsequently annealed at P&0for 240 hrs.to analyze this
phase transformatidi®b4]. It was observed that transformation wagre extensive in case of Nd

and it decreased progressively as the size of stabilizing cation decreadiggi(eekD).
2.5 Alkaline Earth Metal Stabilized Alpha Sialons

In contrast to the rarearth stabilized alphsialors, studies on calciuibelongirg to alkaline earth
series)stabilized alphaialors have displayed a much better thermal stability when used as a sole
sintering additive or even when used in a combined form with other densifying agents such as Nd
and Sr. Not Only this but calcium stabédd alphasialors may be synthesized using a wide range

of starting precursors. Studies conducted by Hewitt, C. L., ChenB, ¥how that Calpha

Sialors not only exhibit a large stability field on the alg@onplane as compared to raearth
stabilzers but also far more resilient towards an alpha to beta transformasiaitoirs [65].

Hasan Mandala and Derek P. Thompsindied the high temperature stability of aksdi@onwith

starting composibns belonging to pure alpha and mixed alpkéa regions of phase diagri&®).
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Sintered samples via hot pressing were heat treated iCL&&0a period of month to access the
effect of stabilizing agents including CaO, SrO.8¢and mixed Ca/Nd and Ca/Sr oxides. It was
observed that in case of Sr cations no alpha phase, in case of Nd cations 97% of alpha and in case
of Ca cations pure alpha was formed. On the contrary Nd and Sr cations when used in combination
of with Ca, stable pure alpha phase was achieved. This eff€aticium on alpha phase could be
better explained on the lowealenceof Calcium i.e. +2.

The phasetability regime ofSisNs, ALN andCaO system at 1800, is shown infigure 11[26].

The phase regime follows the same pattern as tHaigdi, AN andY 203 system Alpha sialon

is formed alongSisNs-CaO:3AIN line. Single phase alphsalonrange is definedy 0.3 to 1.4
calcium atomgper unit cell of alphaialon Higher solubility limit of Ca cation (0.8 14) along

the tie line SiNs-CaO: 3AIN[26,27]has been reported as compared to solubility limit of (033
1.0) along the tie line SWs-RExOs: 9AIN [25] for rareearth cations. The higher solubilibf
calcium ion as well as its relative stability have recently made it a preferred afZiitiRé 29,34]
Moreover, the greater availability of @@ased compounds, and hence their lower costs, make them
advantageous as sintering afi@4]. Calcium stabilized silaon follows the same reaction sequence
as that in ¥Sialors. Normally a eutectic oxynitirde liquid is observed in the temperaange of
11701350C. Solutionprecipitation reuslting in the formation of alplkalon starts at about
145C@C and completes at temperatures greater than equal teCL{BJ) .

The SgNs-A1N-MgO system has also been studi@8l]. But, inthis studypuremagnesum-alpha
sialonphase was not observed aldhg SgN4-MgO:3AIN line. As we move fronBisN4towards
MgO:3AIN a combination of more than one phase narbety + alphaialon alphasialon+ A1N
polytypoid(12H), andalphasialon+ A1N polytypoid + AIN,respectivelywere observedt isalso

expected that a small regionof single phase ngaesiumalphasialon may befound along the
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nitrogen rich ling[68]. Therefore sing-phase mgnesiumalphasialon may be synthesizebly

employingMgsN: as the startingrecursor

2.6 Mechanical Properties of Alpha and Bet&ialons

The properties of silicon nitride asthlors are dependent upon the phase/s, their composition and
microstructure. The literature data on mechanical properties is widely scattered. This is due to the
difference in compositions as well as microstructurggures 12and13 gives the comparison of
Vickers hardness (HV) and fracture toughnesg) (&f yttrium stabilized alpha and besélon
ceramics, respectivel9,70]. It is observed that yttrium stabilized alpsialon ceramics have

higher hardnessnd fracture toughness as compared to bietars.

A study byH.X. Li reported that gas pressure sintering edlghasialonat 1800 °Cyesultedin
hardness (Vickers) of 18GRad fracture toughness {# of 3.4 MPa.nt’?[71]. Pressure less
sintering of ¥-Sialonat 1850C, conducted byC.R. Zhouresulted in elongateslphasialongrains.
For theY 0.665i8.5Al3.501.5N14.5s compositionsintered at 1850C ahardneswvalue of17.6 GPaand

fracture toughnesslueof 6.2MPa.nt2wasreported72].

P.L. Wang et al studied the mechanical properties of calcium and (calcium and magnesium)
stabilized alphaialors at 1750C prepared via hot pressinghe nominal compositiongsed in

the synthesis were located on the join betweeNsVMO:3AIN (M=Ca or 0.5 Ca,0.5 Mg) with
formulaMySi12-3xAl 3xOxN1ex (x=0.3, 0.6, 1.0 and 1.4), wheame=2n, x=m/2=n [28]. The results of
mechanical properties indicated that for solely Caladtabilized alpha silaons hardness varied

in the range of 149 GPa whereas the fracture toughness remained in the ranga\i®?8.nm"'2.

In case of calcium/magnesium stabilized alpitadors hardness varied from 1818.6 GPa while

fracture toughnesgaried from 4.95.6 MPa.nt/2,
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Figure 12 Vickers hardness (HM) for alpha and betsialonsamples with different
compositiong70].
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In a recent study of Calphasialon where nitrogen rich liquid phasetering was performed at
180CC using hot pressing technique a combination of high hardness ranging #22nGRa and

moderate fracture toughness in the range o688VIPa M2 was reported73].

A summarized list of mechanical properties representative of silicon nitride and silicon nitride
basedsialors is summarized imable 1L A unique combination of properties such as high hardness
and toughness along with good wear resistance makes silicme fbased materials an ideal
choice for wide range of applications. A summary of the applications and their requirements is
presented iTable 2 [74,75]

Table 1 Properties of silicon nitride based materidld 7,28,6973,76 78].

Material HV10(GPa) Kic(MPa.m?)
U-SisN4 <20 ~3

b-SizNa4 <16 4-7
Y-U-Sialon 17.620 3.56.2
CaUSialon 16-19 3-6.0
Ca/MgU-Sialon 18.320.5 4.95.6
CaUSialon(Nitrogen Rich) 20.822 4.85.8

C o mme r -Sialan(int.Syalon101) 14.7 7.7

Co mme r c $iaoh(IntUSydlon 050) 19.81 6.5

Table 2 Applications and properties for silicon nitride based mate[7dls/ 5]

Applications Important Properties

Cutting tools Hardness, toughness, thermal conductivity, chemical stability, the
shock resistance

Wear components  Hardness, toughness, coefficient of friction

Thermal Applications Chemical resistance, creep resistance

Bearings Toughness, hardness, strength, wilege of operating temperatures

The most extensively used cutting tool materials are based on alumina (pure and composites),
cemented <carbi des andSialers | iaaSaonnA listrof cbemob a s e d
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properties of these materials is sumized inTable 3. A combination of high hardness, toughness
and thermal conductivity of silicon nitride based materials present them a suitable candidate for

interrupted cutting machining operations.

Table 3 Properties of silicon nitride based materials and other materials for cutting tool application
[28,69 73,77 81]

Hardness Fracture Thermal Coefficient
Toughness Conductivity  of thermal
Tool Material Expansion
HV 10 Kic ] U
(GPa) (MPa.m*?)  W/m/K 10°K 1
Y-U-Sialon 17.622 3.56.5 - -
CaUSialon 16-19 3-6.0 - -
Ca/MgU-Sialon 18.320.5 4.95.6 - -
CaUSialon(Nitrogen Rich) 20.822 4.85.8 - -
WC-Co 6wt% 7.5 10 - 5.4
Alumina 17 35 - 8.7
SiC 25 3 - 4.3
Comme r -Sialan | b 14.71 7.7 28 3
(Syalon 101)
Commercial Alumina 15.71 3.5 20 7
(Aluminon 99
Commercial Alumina 17.65 4.5 30 8.5
(Aluminon 999)
Commer cS$isdoh U/ b 19.81 6.5 20 3.2
(Syalon050)
2.7 Summary

In the last few decades quite a lot of work has been done on the synthesis and characterization of
alpha and betaialors. Firstly, most of the work done @mlors has incorporated conventional
sintering techniqueR24i 29]. Secondly, more of the above referred work has focused upon the
utilization of rareearth stabilized alphsialors[25,42,43,45,46]Alpha to beta transformation in

rareearth stabilized alphsialors in between 135060CFC in contrast to much stable caloi
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based alphaialors has resulted in calcium cation as much preferred additive for sigloas

[33]. Calcium also seems to be the promising candidate to replace manyavketbarthadditives

as it can be incorporated easily into #tghasialonstructure with avider solubility rangg28,29].
Studies have been done on-Sialon where solubility limits, phase formation regions and
mechanical properties have been investigated along the (oxygenSitth}Ca0:3AIN line
[26,27] There is only one study where systematic exploration of the solubility limits, phase
formation region and properti®f nitrogen rich Calciuralphasialonhas been worked upon using
conventional sintering technique at a temperature of @B]. The SgNs-A1IN-MgO system

has also been studi§@B]. However, in this system singfhase Mgnesiumalphasialonhas not

been obtained on the lifexygen rich)SisN4-MgO:3AIN. Thusstudy of nitrogen ricltalcium

and magnesiuralphasialonusing nonconventional sintering technique needs exploration

In the initial part of the theswize effect of aluminum nitride precursor (1 um and 50nm) on the
phase analysis, microstructural and mechanical characteristics cdltiem dopedsialonwas
studied Calcium stabilized alphaialon ceramic was synthaed using spark plasma sintering
(SPS) The development of alpha phase was found to be strongly dependent on the particle size of
the aluminum nitride (AIN) precursor. Interestingly, this novel approach of changing particle size
from micro to nano levelambined with the SPS process resulted in the formation of-giptan
ceramic at much lower than previously reported sintering temperature i.€Cl&9)0ompared to

1700/1800cC.

Moreover synthesis of alkaline earth (Ca and Mg) nitrogen rich aiplas was carried out using
nortconventional sintering technique i.e. SPS. With a combination of nano precursors and spark
plasma sintering technique nitrogen rich alpialors were synthesized at relatively low

temperatures of 1500. Well densifiedsialonceramic materials having ttgeneral formula of
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Ca/MgxSii2xAl 2xN1sWith thecompositionsn the range 0.2<x<22, were developedloreover,
relatively refined microstructures achieved at redy low sintering temperatureesulted in

remarkable mechanical properties.

The last part of the thesis deals with synthesiSiafoncBN andSialon'SiC compositesThe
influence of the amount of reinforcemsnbn the physical, structural and mechanical

characteristics of the comptes were studied.
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CHAPTER 3
MATERIALS AND METHOD

3.1Introduction

This chapter provides the general information related to the classification of starting powder
precursors, chemical compositions, powder mixing techniques, sintering conditions anafietails
characterization techniquesmployed for the preparation and analysis of the synthesized sialon

and sialon based composite ceramic materials.

3.2 Raw Materials and Chemical Compositions

The whole work is beed on the general formula of alpha siakb@t isMx"Sit2-(m+n)Al m+nOnN16n,

where M stands forcalcium or magnesium catiolhe specific oxygen richalpha sialon
compositionhaving the chemical formula €gbis2Al2801.2N148 was selected for the study on

effect of AIN particle size on the k&tics of formation of alpha sialon (details of the study is
provided in chapter 4)This formula corresponds to malue of 1.6 and n value df.2 in the
chemicalformulaof alphasialons indicated above. The above referred composition was also used
to prepare sialon/cBN and sialon/SiC composites details of which are provided in chapter 7 and 8
respectivelyNitrogen rich calcium or magnesium stabilized alpha sialon ceramics (free of oxygen)
are generally defined by the chemical formula ofx®lg-mAlmN1s (Where x= m/2) In order to
synthesis nitrogen rich sialon ceramics (chapter 5 and 6) compositions represented by the x values

in the range of 0-2.2 were selected for the synthesis.

Starting powder gecursors employed foregisynthesisncluded alphasilicon nitride, silicon oxide,

aluminum nitride, calcium oxide, calcium nitride, magnesium nitride, cubic boron nitride and
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silicon carbide. Classification of these powder precursors based on their particle sizes is

summarized iMable 4.

Table 4 Classification of starting powder precursors

S/No. Powder Company Particle Size
1 U-SisNa Ube Indusries,Japan ~300nm

2 SIO, Sigma Aldrich,Germany 20nm

3 AIN Sigma Aldrich, Germany 50nm

4 AIN Sigma Aldrich, Germany lum

5 CaO SigmaAldrich, Germany ~160nm

6 CasN2 Sigma Aldrich, Germany ~200mesh
7 MgsN2 Sigma Aldrich, Germany ~325mesh
8 cBN (ABN800) Element SixUSA 20 ym

9 SiC Buehler ~11lpum

3.3 Mixing the Powder Mixtures

The masses of the various precursoeserchosen teatisfy the stoichiometry of a specifdpha

sialon composition antbr every samplea total mass of 5 was weighedThese weighed out
precursors were homogenously mixed for 30 min, using ethanol as a sonicating medium in an
ultrasonic probesonicator (Model VC 750, SonicsConnecticut, USA) Furthermore, the

sonicated powder mixture was desiccated &80r 24 hrs. to remove ethanol.

In order to prepare the HEBM sialon/cBN composites (chaptanifial powder precursors
(without cBN) werehigh energyball milled for one hour followed by a 30 min probe sonication

of the HEBM mixture along with cBN particlédetails are mentioned in chapter Ajgh-energy
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ball milling was carried out in Union Process model HDMM using 625 micron zirconium dioxide
(ZrOy) balls. The HEBM process was performed in ethanol media in air where the machine was

operated at 3000 rpm for one hour with powder to balls ratio of 1:20.

Moreover, in order to prepare sialon/SiC composites (chaptes-8)caived SiC powder with an
avaage particle size oile m wa's mi | Ihigheenergyshalh mill (dnion Process
HDO1/HDDM) for 3 hours at 1000 revolutions per minute (RPM) with ethanol as a mixing
medium. The powder to balls ratio was 1:20. Zb@lls were utilized, with an averageesof 625

mm. The particle size after milng was esti mat ed thasedloe fiv& & m
measurements using a Microtrac particle size analydedé¢l S3500/Turbotrac)he weighted

powder mixture of alpha sialon precursors and HEBM SiC partickgail&l mentioned in chapter

8) was then homogenizesing an ultrasonic probe sonicator (Model M Sonics, USA) for 30

min, utilizing ethanol as a mixing mediu®onicated powdenixtures of samplesverethen dried

in a furnace at 8@ for 12 h to remo the ethanol.

3.4 Characterization Techniques

Sintered samples were firstly cleaned carefully from graphite to measure their densities.
Afterwards, samples were mounté@volution, IPA 40 Remet, Bologna, Italyn transparent
polymeric powder to help handling the sample for subsequent processing. Diamond grinding
wheels were utilized in automatic grindéutomet 300 Buehler grinding machnéllowing the

standard sequence; 74, 40, 20 and 10um particle sager, polishing wheel was used with a series

of diamond polishing suspensions, starting by 9 um and ending up with 0.25 um, passing through
6, 3 and 1um diamond suspensions. To reveal the microstructure, several etchants were adopted,

including concentratkand diluted HF and molten NaOH at 400For SEM examination, samples
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were goldcoated, either by the sputter coatelodel Q150T, Quorum Technologies, UK) by

the metal evaporation coating machine.

3.4.1Archimedes Methodfor Density Measurement

Densty measurement plays an essential role in qualifying the sintered samples. A typical way to
evaluate the density is to use the role of mixture to evaluate the theoretical dedsiheraafter

the densificationHowever, individual densities are not oftavailable, and hence calculating the
theoretical densities is nptacticaly possible To overcome this issue, we evalubtiee density

of the sintered samples though the vkelh o wn Ar chi medes 6 ditrtoatheci pl e
density values of similar compositioreportedn literature. The general formula to calculate the
density for the sintered samplssshown below

= A -
f_A-B(G Lb a

r_=0,0012g fcn?
ro=1g/cn?

A and B represent the weight oofisthe bgmgpdemsityi n ai
whi ch i s wat erstans far airrdensity. Brets of weightsisteuld be kept in grams

and densities in g/ctn
3.4.2Phase Analysis

To identify the phases present in the synthesized samples, a Rigaku MiniFlex Qapan)
diffractometer (XRD) was used withCw adi ati on (9 = 0.15416 nm),

and an accelerating voltage of 30 kV. Step size of 0.02 degrees and a scan speed of 2°/min was
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adopted for XRD analysiZhe software UnitCellWin was uséal calculate the lattice parameters.

The amount of alpha and beta phases was calculated using the following ef@2ation

I, 1

I+1; 1+ K[(1/Wg)—1]

Where trepresent observed intensities of (102) and (210) peaks belonging to alphavbifase

Ip represent observed intensitigs(101) and (210) peaks belonging to beta phasgefesents

fraction of beta phase while K is the proportionationstant@ . 518 f amdUG1 @AV 1pe ak ¢
while0 . 54 4 fandU B((22110082].Freehidgh-senperature Xay diffractometer (XRD)

analysis was conducted by using a Rigaku Ultima IV (Japan) having a scintillation counter with

an HT 1500 hightemperature attachmer@onstant flow of high purity argon gas (99.999%) was
maintainedduring the entire experimenio fit the patterns to the formed phases, PDXL program

was used with very large and-tgpdate database. Phase analysis of cBN and SiC particles was
performed usinddXR2 Raman microscope. The 58&rwavelength laser line wased as the

excitation wavelength, and the laser power used was 2.5 mW. The spectra were acquir€d at 25

between 100 and 3000 thn

3.4.3 Microstructural Analysis

Filed-emission scanning electron microscopE$EM, Lyra 3, Tescan, Czech Repupli@s used

to study the resultant morphologies of the sintered samples. The electron gun voltage was varied
between 280 KeV to get the best possible contrast. Both secondary and backscattered imaging
modes were utilized in this study, as per the need. An accoetpamergy dispersive spectrometer
(EDS, Oxford Inc., UK was of great help in linking the XRD phases with their corresponding
morphologiesPhoenix focused iondam Helios G4 UX DualBeam, FEiyas used to prepare the

transmissionelectron microscope (TEMlamellas High resolution imaging and selected area
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diffraction patterns were acqudesingF E | Tétas tansmission electron microscopquipped

with EDX detector

3.4.4 Mechanical Testing

Sintered samples were mechanically tested for their hardnesaatute toughness. Vickers
hardness of 98 N force was followed in this study to keep up with the literature convention. A
universal hardness testeiwick-Roell, ZHU250, Germanywith diamond pyramid indenter was
used to get the depression diagonaldhefgolished samples. Hardness can be caétiia GPa

using the following equation whevehich d represents the average of the two diagonal lengths in

mm.

_1.854

HV,, =T (9.81310°)

Fracture toughnestesting shows wide variation in the field of hard materials. SiEgige

Notched Beam (SENB) and Singtelge VEdge Notched Beam (SEVNB) are two leading
techniques to evaluate fracture toughness, however none of these hasobeearcially
standardized. One issue arises when applying these techniques is that samples should be relieved
from residual stresses prior to testif&8]. Another limitation in these techniques is the difficulty

of initiating a precrack with the specified size. Furthere in the field of sialon materials
indentatiommethod (IM)has widely beeadoptedHence, waised indentation method to compare

our resultswith the values obtained from literature. Several formulath@ve been introduced in

the field of hard ceramics to evaluate fracture toughness usdegtationhardness, however,

Evanos [84] isarte ofdhamost frequently usetklationin thefield of sialon materials
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Evanbs equation is shown below where MCL stan

the indentation and d is the averalggonal.

HV,,.[d
K =0.480ak yrs 2 2,

d/2’ 3
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CHAPTER 4
LOW -TEMPERATURE SPARK PLASMA SINTERING OF
CALCIUM STABILIZED ALPHA  SIALON USING NANO-SIZE
ALUMINUM NITRIDE PRECURSOR
Summary

Calcium stabilized alphaialonceramic was synthesized using spark plasma sintering (SPS). The
size effect of aluminum nitride precursor (1 um and 50nm) ophlase analysis, microstructural

and mechanical characteristics of the processgdnwas studied. Alongside the size of AIN
precursor, holding time and sintering temperature were also varied iB88&k to assess the
degree of densification, phase transformation and its subsequent effect on the mechanical
properties of these materials. The development of alpha phase wasddenstrongly dependent

on the particle size of the alumim nitride (AIN) precursor. Interestingly, this novel approach of
changing particle size from micro to nano level combined with the SPS process resulted in the
formationof alphasialonceramic aimuch lower than previously reported sintering temperature
i.e. 1500C as compared to 1700/18@0 Surface oxide layer associated with AIN particles
resulted in the formation of additional beta phase along with major alpha phase in the final product.
The sialon product synthesized from micraze AIN particles (2m) at asinteringtemperature

of 1500°C exhibited Vickers hardness value H\bof 18 GPaand moderate fracture toughness of
56MP a & m. H sialoenvatemnals synthesized from naszeAIN paricles (50nm) showed

a hardness value of BPawhile displaying an improved fracture toughness BfF a alntrease

in holding time resulted in a slight increase in densification of these materials, however its
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influence on mechanical properties was legeiicant as compared to the effect of particle size

of aluminum nitride staring powder precursor.

4.1 Introduction

Ceramics have been long known as ideal materials that can withstand extreme operating conditions
such as high temperature, loads and wear. Silicon nitride is an example of a ceramic that exhibits
exceptional thermal and mechanical properfigs However, the strong covalent nature of its
bonds, makes it difficulictachieve completely densified silicon nitride materials. While very high
temperatures have been used to help achieve completely densified silicon nitride mjajerials
performing operations at such high temperatures and carrying out sintering for necessarily long
periods of time present practical complexities. In order to avoid thebéeprs and to synthesize
completely dense silicon nitride materials at lower temperatures, metal oxide additives have been
used as densifying ageijfis2,85] This modification resulted in the formationssélonmaterials

[10i 12].

Sialonmaterials, which are solid solutions of silicon nitride, form generally two main phases, alpha
sialon and betasialon which have different microstructure and crystal structure and thermo
mechanical characteristics. Baialonis formed by concurrent identical replacement of silicon by
aluminum and nitrogen by oxygen. Its chemical formula has been onlyrdefined as %i
ZAl;O;Ng.;. The chemical formula of the alpisé&alon which embraces four units of 38, is
generally described by ¥Bi12.m+nAl m+nOnN16n Where x < 2, x = mv, and m (M) bonds and n
(Al-O) replace (m+n) (SN) bonds[10,11,20,41] Alpha and betaialon have been intensely

investigated in the course of the last deupf decades because of their outstanding mechanical
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properties, explicitly the better fracture toughness due to elongated morphology of beta phase and

the high hardness of alpha phfke,17].

Higher hardness as well as better sinterabilitgiafonmaterials in comparison to silicon nitride
make them a desirable candidate material for cutting[8®188]. Company named CeramTec
provides special tool materials composédlpha/betaialors specifically for boring, turning and

milling of cast iron in interrupted along with uninterrupted machining nj@ée

Although rareearth metallic ions have been used as stabilizers in the synthesaooé for
decades, the higher solubility of calcium oxide as well as its relative stability have recently made
it a preferred additivf24,28 31,90] Moreover, the greater availability of based compounds,

and hence their lower costs, make them advantageous as sinterj@g,aidsA study by Wang

et al. on phase format of calcium alphaialors at 1750C using hot pressing technique
concluded that maximum calcium content in akgkedors is about 70% of x value in §R7].
Conventional sintering techniques in combination with micron sized precursors require long
sintering duratioras well as aemperaturgreater than 170C for the synthesis of well densified
Casialors. [67,73,92] SPS is a powder sintering process, which has gained focus in the
consolidation of powder materials due to its novel putsgdentbasedheating allowing higher

heating rate and short synthesis duratj88,94]

This chapter presents the work in which we have studied the effect of AIN precursor powder size
(1lem ver sus 50 mmfcalcium alphssidonphése at imvasiniering temperature

of 1500C. We used precursors in amounts that typically forrsi@hilized alphaialon We also
studied the effect of holding time during sintering on the mechanical properties of the produced

sialonceramics.
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The alphasialon having the chemical formula Ggbis2Al2801.2N148 was selected for the

synthesis. Precursors employed for this synthesis included-8lgta Si0,, CaO and AIN

(details of power precursors are mentioned in chaptdi®se precursors were processed via SPS

at sintering temperatures of 1400and 1508C with holding times of 10, 20 and 30 minutes and

uniaxial pressure of 50MRdetails pertaining to experimenfaiocedure is mentioned in chapter

3). Classification based upon size of initial powder mixture as well as that on processing conditions

is summarized in th&able 5. The sample ID used ifable 5 and the rest of thehapterstarts

with the nmuwmer iwhidihgirtesipone s emposi thenadpbaated
Ando values used, followed by the sintering ter
size. For instance an alpB&lonsample having the composition of dg8ig.2Al2801.2N148(m =

1.6, n = 1.2) sintered at 15 with 30 minutes of holding using 50nm AIN starting powder

precursor is named as1%003050.

Table 5 Sets of conditions used to synthesizegiadonceramics. In all cases, a constant cooling

rate in the range of 200 was used.

S/ NSample SinteitHol di nAl N Par
TemEL)(Ti me (Size

1 5150010 1500 10 50 nm
2 5150020 1500 20 50 nm
3 5150030 1500 30 50 nm
4 5150010 1500 10 1 me
5 5150020 1500 20 1 me
6 5150030 1500 30 1 me
7 5140030 1400 30 50 nm
8 5140030 1400 30 1 me

4.2 Results and Discussion
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4.2.1 Powder Mixture and Densification

To prepare a homogenous powder distribution, the stgptiecursors (SN4, SiG;, AIN, CaO)
were mixed for 30 min in ethanol using ultrasonic prebeicator. The EDX mapping performed
on the powder mixture (using elemental mapping for Si, Al, Ca, O, N) did not reveal agglomeration

as the elemental distributiovas fairly homogenous, as depictedigure 14.

Table 6 shows the density values of the-§lalors synthesized frommluminum nitrideparticle

sizes of 1um and 50nm for various holding tinagshe relatively lower sintering temperatures of
1400 C and 1500C. The alphaialonsample 51500301showedhe highest density of 3.15 g/ém

The increase in density value was prominent when the holding time was increased from 10 to 20
minutes for thesialonsample synthesized from the aluminum nitride precursoraytrticle size

of 1 &m. This increase was primarily due to
increased holding time for the sample having aluminum nitride of larger particle size. The
comparatively lowedensity valuefor the samples syngisized from aluminum nitride with a
particle size of 50 nm was due to the substantial nucleation and growth -gidletecrystals at

the expense of a significant amount of liquid phase during the synthesis process.

In contrast to the samples sintered 500 C, sialonmaterial sintered at 1400, fromaluminum
nitridewi t h par t i c|-2400801)zrelativelly poar densiiicafiod, with density values
of 2.89 g/cm was observed. However, the sample synthesized &ominum nitridewith a
particle size of 50 nm (814003050) displayed a density of 3.00 gicsuggestive of the high
reactivity of AIN and hence thereationof a sufficient quantity of thexynitride liquid even at a
temperature of 140C. This observation is in line with the large swwdé area associated with a

nanasized powder acting as the driving mechanism for sint¢8éjy
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It was observed that with the increasesimtering temperature from 14@to 1500C there was

an obvious increase in shrinkage primarily due to dissolution of njrigleursors and formation

of oxynitride liquid phase (129€) followed by precipitation (148C) of sialon phase(figure

15a&b). A similar sort of behavior was observed by J. D. Bolton & A. J. Gant for the ceramic
reinforced high speed steel metal matrix composites, where the densification was seen to increase
as sintering temperature surpassed the solidus tempef@&jreHowever, in our case the
shrinkage rate became independent of time after an approximate holding time of 10 minutes (due
to high heating rate). Another aspect worth noting is that the shrinkage rate was higher for the
samples synthesized from nano sized AIN, due to the higher reactivity of the nano sized particles.
The relatively lesser shrinkage for the micgired AIN sample siered at 150 may well be

attributed to the undissolved micron sized AIN at P&DA@s confirmed by the XRD results.

Table 6 Density values of the Gsialors synthesized frormluminum nitrideparticle sizes of

1um and 50nm, fovarious holding times at 1400 and 1500C.

S/ No Sample | D Density g/cn?
1 515001050 3.01 +£0.05
2 515002050 3.02 + 0.04
3 515003050 3.05+0.06
4 51500101 3.08 + 0.06
5 51500201 3.15 + 0.05
6 51500301 3.15 + 0.03
7 514003050 3.00 £ 0.05
8 51400301 2.89 + 0.07

4.2.2 Phase Analysis

Figure16di spl ays XRD resul ts D1lOCCSnE $500.dn alksamples, e s s i
theformationof alphasialonwas observed. For the samples sintered with 30 minutes of holding

time lattice parameters and tAmountof calcium ion in alphaialoncalculated using empirical
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relationship developed by Yanbifig8] aresummarized ifTable 7. The peak shift to lower 2theta
increased slightly with aimcreasan temperature and decrease in AIN particle site samples
sintered at 140C resulted in amnsatisfactoryevel of densification, with a measured density of
2.89g/cn? and low Cacontent in alphasialon Samples sintered at 1500°C for 30 minutes had

density values of 3.05g/crand 3.15 g/crififor 50nm AIN and 1um AIN, respectively.

Wang et al. reported similar density values of 3.07§/and 3.17g/crhat 1700C and 175€C,
respectively, for dense hot pressed calcium ak#haon having a composition of

Ca 5Si10.5A11.500.5N15.5[28]. The increase in temperature enhanced the diffusion of species, thereby
increasing the calciurrontentin alphasialon Interestinglyparticlesize of AIN revealed to be an
important parameter in this transformation process. XRD indicated that nano size AIN had
completely disappeared at 1800 primarily due to higher reactivity afanoparticlesyielding
formation of alphesialonwith calcium congntcloser to initially selectedomposition However,
incomplete dissolution ahicron-sizedAIN precursor at 150 restricted completion of intended
reaction and hence the complete development of a@han In contrast to micron size AIN
sample, XRDpattern of sample synthesized using 50nm AIN precursor showeatdbencef
distinct betasialonpeaks at 150C. The observations indicated that higher reactivity of nano AIN
as compared to micron size resulted in larger amounts of liquid phasetial for the formation

of intended alphaialonphase.

Table 7 Lattice parameters and calcium content in alpiagors sintered for 30min.

SamplelD Desi gned C a( <c¢cA Cal cul 478]e

5-1400301 0.8 7.7561 5.6208 0.02
5-14003050 0.8 7.7824 5.6422 0.25
5-1500301 0.8 7.7861 5.6452 0.29
5-15003050 0.8 7.8040 5.6578 0.45
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4.2.3 Microstructure Analysis

FESEM micrographs of etched samples sintered at°C5@6e shown irfigure 17 (a-f). The
sampleprepared using micron size AIN precursor at Pe0@vealed two distinct regions as shown

in figure 17a. Higher magnification images of two regions are showhkign 17 (b & c¢). The
micrograph infigure 17b depictsequiaxedmorphology representative of alpemlon However,

figure 17c depicts a mixed region containing large dark pockets of glassy phase and
underdevelopedlphasialonas well asvery small pocket of early stage beta phaBlee region
indicated that oxynitride glassy liquid phase had formed but the reaction invothi@gomplete
dissolution of AIN precursor necessary for the complete formation of -giplen was not

achieved, as indicated by XRD pattern.

Figure 17 (d) revealspatches of wellleveloped elogated betaialonembedded in alphsialon
matrix for the sample synthesized usingnasize AIN precursor. Blowrup view of the matrix
(figure 17e) shows theequiaxedmorphology of alphaialon Higher magnification image
exhibiting both alpha and beta phases is showigure 17f. The smaller size of AIN precursor
facilitated the formation of alpksialonat lower than normally reported temperature, i.e. 3600
as compared to 1700/1800C [15,17,19]. However, surface oxide layer associated with nano
size AIN precursor has promoted the formation of patohbstasialon as indicated by the XRD

pattern.

The results revealed that densification of s$ikedonmaterials occurred via formation of a liquid
phase. Typically, increasing the temperature for the initial reaction between the precursors resulted
in the formation of a Gaontaining liquid phase. This liquid phase is believed to form above

1350 C, whichis the eutectic temperature for this sys{diy. During the early stages, the liquid
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phase has been indicated to contribute to the diffusion and rearrangement of the particles and
ultimately result in the formation of alplsgalonvia a solution regprecipitation mehanism[20].
The crystallographic analysis of ts@lonmaterials sintered at 1500 for 30 minutes suggest

that the materials were synthesized according to the following overall reactions:

(5-1500301)

1500°C-30min
AlphaSisNg+CaO +Al N ( 43i0n) >

Ca.68Si9.96Al 2.0400.6N 1532+ CaSi-Al-O-N (liquid phase)+ BetaSialon(trace amount)

(5-15003050)

1500°C-30min
Alpha-SizN4 +CaO +AIN (50nm) + SiO, >

Ca.68Si9.96Al 2.0400.6dN15.3+ CaSi-Al-O-N (liquid phase) SisAION~ (Beta Phase)
ta

transformation in the sample produced frommBld-sized aluminum nitride particles most likely
resulted from the formation of large amounts of high viscosity liquid phase diee thigh
reactivity ofaluminum nitride Here, it is important to note that the amount of liquid phase present
appeared to substantially influence the evolution of the final microstry82y@5]. In a study of
high-temperature stability of alptsalonwith starting compositions belonging to pure alpha Necip
Camucu, Derek P. Thompson a n-dialodssagiagromigosiiodsa | ¢
prepared wthin or at the edge of the alpisalonphase region, the ease with which transformation
proceeds depends mainly on the cation size of the sintering additive, the presencesiafdreta

grains and also the amount [8nd viscosity of
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Figure 14EDX elemental mapping obtained from the probe sonicated powder mixture (containing

SizN4, SIQ,, AIN, CaO) revealing a homogenous distribution.
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Figure 15 (a) representshrinkage curves for micro and nasiaed AIN samples sintered at
1400°C and 150@C with 30 minutes holding time where vertical lines marked as 1400 and 1500

represents the initiation of the holding tinlie) represents shrinkage rate vs time curves for micro
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and nanesized AIN samples sintered at 18G0with 30 min holding time. The peak at 1288
represents the formation of axride eutectic liquid phase and peak at P@8@s generally

attributed to the amurrence of the solution/precipitation mechan|éf.

3500 — o Alpha-Sialone Beta-Sialon* Aluminum Nitride

5-1500301
5-1500201

Intensity (cps))

Aer Y 5-1400301

LU LN L L L L L L L L BN BN BN BN L
20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50

2-theta (degrees)
Figure 16 XRD patterns of samples synthesized at 2&0énd 1500C, 30 minutes.

4.2.4 Mechanical Properties

Figure 18 summarizes the results of mechanical testing of the pal@ensamples synthesized at

1400C and 150€C. For thesamples synthesized at 1500 a marked change in the Vickers

hardness was observed as the aluminum nitride precursor particle size was altered between 50 nm
to 1 em. The sample synthesized from the alum

displayed the greatest hardness value, at 18.0 GPa, along with a moderate fracture toughness of
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5.5 MPaam. -hrhszed alumiraum nitde particles showed a maximum hardness
value of 13.7 GPa whil e di spl ay inotigealdeintreasect ur e
in fracture toughness may well be attributed to the crack deflection, crack bridging effect of the
elongated morphology of beta phase embedded in the much finer alpha nj@fig01].

However, changing the holding time at 130Marely affected the hardness values. The slight
observed increase iratdness with increasing holding time was primarily due to the increase in

the densification of the materials under study.

The samples synthesized at 1406showed much lower hardness values than did the samples
synthesized at 150Q. The relatively low séngths of the materials synthesized at 1400
occurred despite their showing the presence of the hard alpha phase, and were likely due to their

incomplete densification at this temperature.
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Figure 17 FESEM images of samples sintered at I&)@0 minutes, with AIN precursor particles

having sizesofac) 1 e)m, 5 dnm; (U) al pha phase, (b)

phase.
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Figure 18 Hardness and fracture toughness of samples synthesized &€ 1&® holding time

of 10 to 30 minutes for Allyarticles sizes of 50nm and 1um.
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4.3 Conclusion

Castabilized alphaialonsamples were synthesized from aluminum nitride precursors of particle
size of 50 nm °Gand 1500C. Probe sonicatibrl WItA ethanol resulted in a
satisfactory levebf homogeneity in the initial powder mixture of the precursors. Despite the high
reactivity of the precursors owing to their nasine, the samples sintered at 1%4D@ailed to

display satisfactory densification. However, the samples synthesized 4C186f thoroughly

densified. The factor most worth emphasizing is the effect of the size of the aluminum nitride
precursor particle: we found aluminum nitride precursor particles of 50 nm in size to result in the
nucleation and growth of the betalonpha® for a composition that generally produces only the

alpha phase. The reaction time during the earlier stage of synthesis (¢&)18a8 sufficient to

allow for the melting and/or dissolution of the AIN (50 nm) with thé oégonstitutes to form an

oxynitride liquid regime. This liquid phase facilitated the growth of the -betian grains.

Hardness of the samples synthesized at A5@6r 30 min. holding time by varying particle size

of AIN powder were 13.7 GPa (50nm) and 17.8 GPa (1um), and theespomding fracture
toughness was 7.03, and 5.66 MPaadm respective
7.03 MPadm was observed as the size of alumin

1>m to 50 nm. The enhancement in the fracture tougthokthe samples synthesized from smaller

particles may well be attributed to the elongated morphology ofsiEtagrains.
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CHAPTER 5
DEVELOPMENT OF CALCIUM STABILIZED NITROGEN
RICH ALPHA SIALON CERAMICS ALONG THE SisNs-
1/2CaN2:3AIN line
Summary

Calcium stabilized nitrogen rickialon ceramics having a general formula ofxSige-2xAl 2xN16

with x value in the range of 022 for compositions lying along thesNBi-1/2CaN2:3AIN line

were synthesized, using nano size starting powder precursorsparkl glasma sintering
technique. The development of calcium stabilized nitrogensiabnceramics at a significantly

low sintering temperature of 1580 (normally reported temperature of 170®r greater) remains

to be the highlight of the present sjud’he developedsialors were characterized for their
microstructure, phase and compositional analysis, and physical and mechanical properties.
Furthermore, a correlation was developed betweetattiee parameters and the content (x) of
alkaline metal cgon in the alphasialon Nitrogen rich calcium alphaialors were observed to
form in the range of 0. 15phd3e nitrogén ri¢h. apltBalon We | |
ceramics were achieved in the range of 0.4 < x < 1.6. Nitrogen richsigbasamples having a
maximum hardness of 22.4 GPa and a maximum fracture toughness of 6.1IRera

developed.
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5.1 Introduction

Sialonmaterials is a class of ceramics that have been thoroughly studied with respect to teir phas
stability regimes, thermmechanical properties, photoluminescence and oxidation behavior
[27,67,102110]. Most of the work orsialon ceramics has been concentrated around the two
commonly known phases, namely algie#onand betaialon As an alloy of silicon nitride, beta
sialonhaving a general formula ofeSAI,O;Ng, is formed as a result of chemicaplacement of

silicon-nitrogen bonds with aluminuoxygen bondd].

Compositions belonging to alptsé&alonphase are generally defined byBi12m+nAl m+nOnN16n

(x and v represents solubility and valence of the cation M in ap@th@nstructure, respectively)
where x < 2, x = mv, and m (A) and n (AtO) rephce (m+n) (SN) bond$10]. The substitution

of silicorrnitrogen bonds with aluminumitrogen and aluminuroxygen bonds results in a charge
imbalance which is neutralized by the incorporation &f Mns such as [j C&*, Mg?*, Y** and
lanthanide ion®5,26,45,111]Studies have been reported on synthesis and phase stability regime
of single phase alphsialorg[25,26,45,111] Several compositions ofttrium-stabilized alpha
sialors along the nitrogen rich line of 384l YN:3AIN were synthesized by Sun et al where the
solubility limit of yttrium cation in alphaialonwas found out to be 0.43<x<(B02]. ZhenrKun

et al. studied the formation of oxygen rich yttrium stabilized algibdors along the SN4i

Y 203:9AIN and the solubility limit of yttrium cations was reported as 0.33<x&[25]. It is well
known that synthesis of alph&ialors occurs via solutioneprecipitation mechanism, which
involves the formation of an intermediary eritride liquid phase as a result of reaction between

the starting oxide and nitride precursf#$,112]
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In contrast to alphaialors synthesized using yttrium or rare earth stabilizing cations, calcium
stabilized alph&ialors have gained considerable attention due to the higher solubility of calcium
cation as compared to the former (maximsmiubility value x.axof 1.6 for C4? as compared to
Xmax vValue of 1.0 for YB?) [26,45] Furthermore, Hassan Mandal, in his study on post sintering
heat treatment of alphgialors, has also reported, that in contrast to-emeh stabilized alpha
sialors calcium stabilized alphsialors depict complete resistance towards alpha to beta phas
transformation in the temperature range of 14500°C [33]. Higher stability of calcium
stabilized alph&ialors has been attributed to the lowatenceof calcium cation, since the high
temperature stability of alptaalonincreases with increase in the solubility of charge stabilizing

cation (x), which in turn increases with decrease in catidence[113].

Figure 19 shows thelJaneckeprism and the calciuralphasialonplane highlighting the single

phase alphaialonregion (oxygen rich as well as nitrogen rich) along with the neighboring phases
at 1800C [114]. Several studies conducted on the synthesis of oxygen rich-siplbes have
reported formation of elongated morphology of alpl@onas compared to the generatiyown
equiaxed morphology, thus resulting in considerable improvement in the toughness of the these
material§100,115,116]However, there are very few studies that have been done on the synthesis
of nitrogenrich dphasialors, mainly due to the fact that they are difficult to dengify,113]

Studies on the synthesis of calcium stabilized nitrogen riphaasialors using all nitride
precursors is even more scarce in the literature due to the difficulty in handling and storage of

calcium nitride[113].

Xie.et al worked on the synthesis of calcium stabilized nitrogen rich ailgloes along the SNs-
1/2CaN2:3AIN line at 1700C using hot pressing technig{l3]. The limits of single phase
calcium alphasialon was reported to be 0.5<x<1.7. Recentfgnbing Caiet al. studied the
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synthesis ofcalcium stabilized nitygen rich alphasialors using Cakl as a starting precursor
instead of CelN>at 1800C using hot pressing techniq[i#8]. Single phase alphlaalonceramics
were obtainedh the range of 0.50<x<1.38. Raja et al. reported synthesis of oxygeraluthm
alphasialonceramics at relatively low temperature of 15@using nanesized precursorand
spark plasma sintering techniq{@3]. However, to the best of our knowledge, synthesis of

nitrogen richsialors at low emperatures (below 1700°C) has not been reported in the literature.

2Ca,N,

(Ca0.3AIN)
1/2(Ca,N,).3AIN

%(Ca,N,).3AIN
- Ca0.3AIN

B-Sialon + a-Sialon (O-rich)

Figure 19 Regenerated schematic representatiqi@fancke Prism of G&ialonSystem andb)
Uplane in Casialonsystem at 1800°(114].
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The chapter discusses the developmemiatdium stabilized nitrogen rich alpk&lors along the

SisN4-1/2CaN2:3AIN line at a lower temperature of 1500 using spark plasma sintering

techniqueand nanesize starting powder precursoi$ie developedialors were characterized for

their microstructure, phase and compositional analysis and physical and mechanicalegroperti

Furthermore, a correlation was developed betweenlattiee parameters and the content of

alkaline metal catiofcalcium)in the alphasialon

Calcium stabilized nitrogen rich alpsaloncompositions having the general formula of&ia-

mAlmN16 (Where x= m/2), along theitrogen richline were selected for the synthe@ietails of

starting powder precursors are mentioned in chapiexiBhasialonsamples having the nominal

compositions as listed ifiable 8 were synthesized T h e

with the |l etter

6Cab

f

s a ned in éhischaptérsartsu s

ol l owed

by

t

he

nomi

composition, for example, sample having the chemical formul@aaotSii1.6Al0.4N1s would be

referred to as CAa.2.

Table 8 Nominal composition of calcium stabilized nitrogen r&alors.

Sample ID Starting Composition CaaNlz Stlla AIN

wt.% wt.% wt.%
Ca0.2 Ca&.2Si11.6Al0.4N16 1.74 95.37 2.89
Ca0.4 Ca.4Si11.2Alo.eN16 3.43 90.87 5.70
Ca0.6 Ca.6Si10.8Al1.2N16 5.08 86.48 8.44
Ca0.8 Can.8Si10.4Al1.6N16 6.68 82.20 11.11
Calo Céay.0Si10Al2.0N16 8.25 78.04 13.71
Calz2 Cay 2Sig 6Al 2.4N16 9.78 73.98 16.25
Cal4 Cay.4Sio 2Al 2.8N16 11.26 70.02 18.72
Calb Cay.6Sis.sAl3.2N16 12.71 66.15 21.13
Cals Cay sSis.4Al 3.6N16 14.13 62.38 23.49
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Ca20 Ca.0SisAl 4.0N16 15.51 58.70 25.79
Ca22 Ca.2Si7.6Al 4.4N16 16.86 55.11 28.03

5.2 Results and Discussion

5.21 Sintering and Densification Behavior

Sintering behavior of the samples sintered over the range of 0.2<x<2.2 is shigurei20 (insert

shows the complete densification curved)ere the ordinate represents the displacement of upper
punch of the die in mm, depicting the shrinkage, whiéeaghscissa represents the sintering time.

It is observed that with increase in the x value, or denoting the increase in calcium (Ca) content,
the shrinkage curve shifts to the left (towards shorter time). Samples having higher x value exhibit
larger shrinlage (larger displacement) and subsequently were densified earlier. It is quite known
that the densification of silicon nitride based materials involve the formation of a transient liquid
phase, where the densification behavior depends on the viscosityynaraod wetting
characteristic of the transient liquid phase. In case of the calcium stabilized sadbdras
synthesized using oxide additives, the formation of transient liquid phase takes place as a result of
reaction between silicon oxide present anghrface of silicon nitride powder and oxide additives.

In our case there are basically two sources of liquid phase. Firstly, due to the eutectic reaction
between silicon oxide, aluminum oxide and calcium oxide present on the surfaces of starting
nitride precursors and secondly due to the melting of calcium nitride which takes places at about
1195°C (since calcium nitride is not used as a starting precursor in synthesis of oxygen rich calcium
alphasialors)[117]. Furthermore, since the oxide rich eutedtjaid phase is generated as a result

of surface oxide layer present on the surface of starting nitride precursors, the amount of oxide rich

transient liquid is very small. On the other hand, the amount of nitrogen liquid phase formed
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because of melting @llcium nitride increase, with increase in x value (more calcium nitride) and
consequently results in easier densification (higher shrinkage within a shorter time) of the samples
having high x value. Xie.et al reported a similar trend for the nitrogen aligha sialors
synthesized using hot pressing technique and micron size precursors®a amad hr. holding

time [113]. However, the reported shrinkage rate was much slower due to the slower reaction
kinetics as a result of the conventional heating technique (slower heating rate) as well as due to

|l arger size (> 1em) of the starting powder pr

Ca-0.2 Ca-0.8 Ca-1.6 Ca-2.2
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Figure 20 Densification curves of several compositions of calcium stabilized nitrogesiaicins

sintered at 150C using spark plasma sintering technique, where Ca content varies between 0.2
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2.2. The insert shows the compldemnsification curves while the main plot represent the selected

high temperature region (heating from 1050°C to 1500°C followed by 30 min holding time).

Table 9 shows the density values of the nitrogen rich calcium stabilized -alplwas for
compositionshaving x values in the range of @22, synthesizeat relatively low sintering
temperature of 150C. Density of the samples sintered at 1%DWas measured to be in the range

of 2.963.21 g/cmi and was seen to increase with the increase in x valoeeéise in G2
content). Xie.et al reported comparable density values-@1%g/cni) with a similar trend for

the nitrogen rich alphsialors synthesized at 1780 using hot pressing technigue and micron size
precursorg113]. Recently,Yanbing Caiet al. worked on the synthesis cdicium stabilized
nitrogen rich alphaialors at 1800C using hot presing techniqu¢73]. The observed density
values were reported to be in the range of 326 g/ci. FurthermoreWang et al. reported
density values of 3.07g/chand 3.17g/crhat 1700C and 1756C, respectively, for dense hot
pressedxygen richcalcium alphasialonhaving a composition of G&Sii0.5Al1.500.5N155[28].

Xie.et al communicated a failure to synthesize well densified yttrium stabilized nitrogen rich alpha
sialors along theSisN4i YN:3AIN where insufficient amount of liquid phase was referred to as
main reasonjl13]. This suggests that along witlmo size starting precursors amalvel pulsed
basedspark plasma sintering technique, low melting temperature (1195°C) of calcium nitride
played a pivotal role in achieving well densified samples at 1500

Table 9 Density of calcim stabilized nitrogen rich alptsalonsintered at 150C.

SamplelD | EF F 0§ & & % & & & & &
@) ) ) @) ) ) @) @) ) @) @)
X 02 04 06 08 1 12 14 16 18 2 22

Density (g/cn?) | 2.96 3.06 3.09 3.14 3.17 3.17 3.18 3.19 3.20 3.20 3.21
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5.22 Phase Analysis

Figure 21 shows xray diffraction patterns of the samples synthesized at°C5(Bingle phase

calcium stabilized alphsialonp hase i s observed for samples proc
(Ca0.6 to Cal.4). Dual phases (dip and betgialon ar e observed for samp
where the amount of besgalonphase is seen to decrease as the compositions shifts towards single
phase alphaialon Beyond the singlphase region, alpraaloncoexists with AIN ancCaSiAINs

in the range Figufe2Zashéwstha>x g@n2rated schematic r
planeinCasialons y st em showing phase stability regi me
wherefigure 22b represents the same, where the orientation of alpha plane is the one which is
most commonly presented in literatue.similar observation is reported by Xie. et al. for the

calcium stabilized nitrogen rich samples synthesized at®’C7@§ing hot pressingchniqug113].

Furthermore, Yabaing et. al in their work on the synthesis of nitrogesialdrs at 1800C, have

also communicated the formation of AIN andStaIN 3 phases along with alpha phase for higher

values of x (x>1.6) and the single phase alpiaon phase is reported to be in the range of

0. 6 OX104.. 6

X-ray diffraction results of the samples synthesized atlbafesummarized iTable 10. Lattice
parameters of alphsialonare seen to increase with the increase in x value attributbe fadt
that more amount of 9\ bonds are replaced by-Al bonds as well as more amount of calcium
ion is being incorporated in the structure. In calcium stabilized alplas, the charge imbalance
caused as result of substitution of“Sor Al*3is brought into balance by addition of Cadons at
the interstitial positions. It is established that alpladonunit cell contains twanterstices per unit
cell, the upper solubility limit of calcium ion in alpl&alonhaving a composition d&aSisAl2N16

is ideally believed to be 2. However, due to the unavoidable presence of oxide layer on the surface
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of starting precursors, this composition has not been achieved so far. Recabdinget al. in
their work on the synthesis of nitrogen r&ihlors at180°C, have reported a maximum achieved
solubility limit of 1.82 for nominal x value of 2[Z3]. Similarly, Xie. et al. reported the maximum
solubility value of 1.7 for the calcium stabilized nitrogen rich samples synthesized &€ 1i&big

hot presing techniqué¢l13]. In our case the maximum solubility limit has been determined to be

1.83for the nominal ¥alue of 2.2.

Table 10 Lattice parameters, mechanical properties and phase assemblage of calcium stabilized

nitrogen richsialors synthesized at 15%0.

Sample x (Ca) Lattice Parameters  HV1o K1c Phase Assemblage
D Nom EDX a (A) c(A) GPa MPa.m??2 wt.%
SisN4" 0 - 7.7541  5.6217 - - -
Ca0.2 0.2 0.15 7.7814 56490 185+0.3 45x04 U (61),
Ca0.4 0.4 0.33 7.7971  5.6593 19.4+0.7 5.0%0.4 U (87),
Ca0.6 0.6 0.53 7.8210 56631 222+0.2 5603 U (100)
Ca0.8 0.8 0.73 7.8343 56885 224+05 57zx03 U (100)
Cal.0 1.0 0.84 7.8470 57011 21.8+04 57zx0.3 U (100)
Cal.2 1.2 1.01 7.8770 57153 21.6+0.2 53x0.2 U (100)
Cald 14 127 7.8937 5.7316 21.0+0.3 6.1+0.3 U (100)

Cal.6 16 1.39 7.9170 57464 208+04 58+*02 U (82), A
Cal.8 1.8 1.54 7.9320 57583 20.1+0.7 5503 u (82), A
Ca20 20 1.68 7.9534 57695 19.3+06 57+02 U (79), A

Ca22 22 1.83 7.9651 5779 18.7+05 52+03 U (75), A

*JCPDS 410360, (Nom) Nominal,[§) Alpha Sialon (b) BetaSialon (A) Aluminium Nitride (JCPDS 25.133), (C) CaSIAIN
(JCPDS 39747).

Figure 23 shows the variation of alplsalonlattice paraneters with respect to change in x value.
A similar behavioris reported by Yabding for samples synthesized at 180(figure 23) [114].
The depedence of alphaialonlattice parametarwith amount of C# can be well defined by the
following empiricalrelationships:
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a =0.0949x + 7.7608) (1)
c = 0.0680x + 5.632§A) (2)

Formation of alphaialonphase for sample having x value as low as 0.2 along with the observation
suggesting a linear dependence of alplagonunit cell parameters with x value, provide a good
reason to believe that calcium stabilized nitrogen rich aptanforms continuouy in the range

of 0<x<1.83. Therefore, the previously reported low solubility limit of‘@aalphasialors shall

not be attributed to a structural limitation but should rather be ascribed to the fact that formation
of single phase alplsalors near thaitrogen rich corner has not been attained due to the presence

of oxide layer contamination leading to the formation of {seonphase.

5.23 Microstructure Analysis

Figure 24 (ac) show the secondary electron FESEM microgragtike polished surfaces of few

of the nitrogen rich samples synthesized at $60Dual phase sample (@&a2) with the least
amount of CglN2 shows regions highlighting the fact as if full densification has not been achieved.
The observation coincides withe fact that slightly lower density value was observed for the
sample C&.2. On the other hand, surfaces of samples having higher x (x>0.4) values (more
CaN2) were free from any signs of porosity and appeared to be well densified. However very

minimal material removal due to the harsh grinding process may be observed at certain sites.

Figure 25 (a-f) depicts the secondary electron FESEM micrographs of the fractured surfaces of
samples from the nitrogen ricBialon ceramics sintered at 15@ Primarily, classical
intergranular fracture was observed in all samplesng with some amount of grain pullout.
Sample Ca&.2 containing alpha and bet@lon phases exhibits elongated morphology of beta
sialonalong with smaller eqaked grains of alphaialon (figure 25a). Samples with x values
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greater than 0.4 (G@.6 to Ca2.2) composed of single phase or almost siphl@se nitrogen rich
calciumalphasialondepicted fine eqaixed grains (a morphology typical of alpsialonphase).
However, with increase inwalue (more Cé\), alphasialongrains with elongated morphology

are also observed. Not only is this but with increase in x value an increase in average grain size of
the alphasialonobserved. The grain size distribution for the three sample®.@;a€al.2 and

Ca2.0) is depicted ifigure 26 where the average grain size is measured to increase from 286+

98nm to 38% 96 nm to 468169 nm respectively.

Figure 27 (a-e) shows the low and high resolution TEM images of the microstructures of nitrogen
rich calcium alphaialons a mp | es ( hav i-th6yCafl.hand Cl0d B acasdanCea
with observations made on fractured suelgsample CA.6displays an eqaixed morphology of
alphasialongrains with an average grain size of 2734.56 nm. For samples @a2 and C&.0

dual morphology of alphaialon grains i.e. elogated grains alongside the eaxed grain are
observed. The average size of the grains is medsarbe 386 127nm for Cal.2 amd 449+ 142

nm for Ca2.0. Alphasialonceramics having an elongated morphology as a result of preferential
grain growth during densification process has also been reported in the synthesipretsed
oxygen rich Caalphasialors [28,65,67] It is known that grain growth of alplséalontakes place

via solution reprecipitation mechanism and that the presence of liquid phase is necessary to
promote the grain growth. Therefore, the presence of elongated morphology cfialphgrains

as well as the grain growth for samples having higher x (mafieaalue may welbe attributed

to the formation of higher amount of transient liquid phasé&horel et al. in their study on high
temperature mechanical properties and intergranular structusélofs (oxygen rich) have
reported that intergranular phase (if preserdpisays amorphous and can exist as reasonably large

pockets having a size in the range of 0.1 t
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reported thickness of about 60fiii8]. In our study, theilgh-resolution TEM images of nitrogen

rich sialors (figure 27b, d, and g reveal that there is no sign of a glassy phase present at the grain
boundaries nor at the junction of multiple grains. These results suggest that the synthesized
nitrogen richsialors would be more stable at high temperature (AU&WPC) compared to the

oxygen richsialors containing an amorphous grain boundary phase.

5.24 Mechanical Properties

Vickers hardness (HM) and fracture toughness {fKof the calcium stabilized magen rich alpha
sialors synthesized at 1580 are summarized iffable 10 The twoephase sample (G&2),

having alpha and betdalonphases, displays a hardness of 18.5 GPa and fracture toughness of 4.5
MPa.nt”2. The Vickers hardness of the singleasealphasialonsamples (C#.67 Ca1.4) are

found to be in the range of 2122.4 GPa while the fracture toughness is measured to be in the
range of 5.65.1 MPa.n2. For samples having x value greater than 1.6, a gradual decrease in the
hardness is obsemerimarily due the formation of CaSiAfNand AIN phases along with the
major alphasialonphase. For a sample having 14 wt. % AIN phase and 86 wt. % CaSilAdlse,

Y. Cai have reported a Vickers hardness of 14.4 GPa while Stefan R. Witek have reported a

hardness of 12 GPa for hot pressed aluminum nitride cerfiii4sl 19]

Vickers hardness values in the range of206GPa and fracture toughness ef 81Pa.n’? has

been reported in the literatui@r the single or multi cation calcium stabilized oxygen rich alpha
sialors [28,33,67,120,121]In our study, relatively higher hardness of samples may well be
attributed to nitrogenrich alpls@alors . The observation is |line wit
Lofaj et al. which reveals that a 4% increase in N content would result in nearly the same increase

in micro-hardness of RESi-Mg-O-N systemg122]
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Figure 21 X-ray diffraction patterns of the calcium stabilized nitrogen rich afhlansamples

synthesized along thas8l4-1/2CaN2:3AIN line at sintering temperature of 1500
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Figure 24 Secondary electron (FESEM) micrographs of the polished surfaces of nitrogen rich

samples synthesized at 150Qsing different x valuega) Ca-0.2, (b) Ca0.4,(c) Ca-1.2.

Figure 25 Secondary electron (FESEM) micrographs of the fractured surfaces of nitrogen rich
samples synthesized at 18CGQusing different x valuega) Ca0.2,(b) Ca0.6,(c) Ca1.2,(d)

Cal.6,(e)Cal.8 andf) Caz2.0.
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Figure 27 Low and high resokion TEM micrographs of the nitrogen rich samples synthesized at

1500°C using different x valuega & b) Ca0.6,(c & d) Cal.2 ande & f) Ca2.0.
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5.3Conclusion

Calcium stabilized nitrogen rickialors having compositions along thel$i-1/2CaN>:3AIN line

were synthesized at sintering temperature of 60Bnhanced reaction kinetics due to nano size
precursors and high heating rates achieved with aid otanwentional SP$rocesshelped in
development of well densified nitrogen risialon ceramics at comparatively low temperature
(15006C as compared to 17@or 1800C). Alphasialonphase for the samples having Ca content
(x) in the range of 0.15<x<1.83 was obtained. Formation of single phase nitrogen riciatpisa

was achieved foranples having nominal x value in the range of 0.4 < x < 1.6. Increase in the
lattice parameters of alprgalonunit cell was observed to have a linear relationship with the
amount of C¥ ions incorporated in the alpha structure. Increasing x valueadsulan increase

in the average grain size from 286nm to 468nm. Moreover, higher amoungdf §arting
powder was observed to facilitate the growth of elongated alplangrains. Calcium stabilized
nitrogen richsialonceramics having very promisirgardness and fracture toughness of 22.4GPa
and 6.1 MPa.#¥ were developed. Furthermore, absence of a glassy grain boundary phase in

nitrogen richsialors renders them potentially viable candidates for high temperature application.
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CHAPTER 6
DEVELOPMEN T OF MAGNESIUM STABILIZED NITROGEN
RICH ALPHA SIALON CERAMICS ALONG THE SisN4-

1/2MgsN2:3AIN LINE USING SPARK PLASMA SINTERING

Summary

With the aim to investigate the possible existence ofddged single phase alpha sialons (on the
Mg-alpha sialon plane), the study presents the synthesis and evaluatiordopbtinitrogen rich
sialon ceramics for the very first time. Magnesium staldlinérogen rich sialons having the
general formula d¥gxSii22xAl 2xN1sWith x value in the range of 0:2.2 for the composition laying
along theSiaNs-1/2MgN2:3AIN line, were synthesized at 150@) using nano size starting powder
precursors and spark glaa sintering technique. Sialoeramic samples were characterized for
their microstructure, phase stability regime and physical and mechanical properties. Despite the
fact that a relatively low sintering temperature was adopted, well densified sialoplesarare
achieved, however the densification of the samples became difficult with higher x value (higher
MgsN2/AIN content).Contrary to the expected belief that a single phasaédggd sialon may exist

near the nitrogen rich line (on Malpha sialon planea single phase Mg stabilized alpha sialon
region was not found to exist along the nitrogen rich line. Magnesium doped nitrogen rich sialon
sample having the maximum amount of alpha phase depicted remarkable hértihepof

21.4GPa and a fracture tdugess of 3.5 MPa.if.
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6.1 Introduction

In the past few decadeSialonceramics, solid solution of 4, have been actively investigated

for their thermal, mechanical, chemical and photoluminescence properties as well as work has
been done on the development of phase diagrams of these mf2&&iI$s102 110]. Much of the

work done orsialonmaterials have been focused around the two main polymorphs,ssdpbra

and betaialon having similar hexagonal crystal structurebetasialonthere is an equal amount

of replacement of silicon atoms by aluminum and nitrogen atoms by oxygen and is commonly

defined by the chemical formula 8f..Al.ONg [1].

Alpha-sialors are commonly defined by the chemical formul®@fSii2.m+n)Al m+OnN16n, Where
anorepresentgAl-N) anddbrepresents (AD) bonds substituted fgm+n) (SiN) bonds In the

general formula of alphgialon t he val ence and solubility of
l etters Ov©>d amd. Formaiign 6 allemipreoxygen ane lalyminumitrogen

bonds as a replacement of silieoitrogen bonds results in a charge imbalance in the alphan

unit cell. This charge imbalance is thus brought into equilibrium by the accommodation of cation
6 M6 ( 4it, €&, M@, Y3+ and lanthanide ionsiito thetwo large intersticesf alphasialon

unit cell[25,26,45,111]

In general, alphaialonceramics stabilized by raesarth doped cations are the ones that have been
the studied most. Much of the work reported in literature has been focused on the devavddbpment
phase diagrams, microstructure evolution and densification mechanissialoh ceramics
[19,21,45]For instance, Sun et hhs reported a study on the solubility limit of yttrium cation in
alphasialonunit cell for several compositions along BieN41 YN:3AIN line where the solubility

was found out to be &43<x<0.8102]. Similarly, inanother study the solubility of yttrium cation
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has been reported @33<x<0.67for the oxygen rich compositions lying along tB&N4i
Y203:9AIN line [25]. In light of the indepth understanding ddialon materials which has
developed over years, the microsturetand hence the mechanical properties could be tailored by
judicious selection of the staring powder composition, size and the sintering gi&;&88,124]

For example, selfeinforced yttrium stabilizedialors having an elongated morphology of alpha
grains embedded with in fine eguied alpl sialonmatrix has been report¢ti24]. It was found

that the amount of elongated grains increased with increasing amount of liquid (pigdse

amountsof oxynitride additives]124].

In comparison to rare earth stabilized alg@ors calcium doped alphsialors have attained
significant attentiorowing to the greater solubility of calcium cationthe alphasialonunit cell
(maximum solubility value ax of 1.0 for Yb® as compared to 1.6 for &[26,45] Contrary to
rare-earth stabilizers, calcium stabilized al@n@ors have been reported to be completely resistant
towards an alpha to beta transformation when subjected to posingjriteat treatment in the
range of 145a.500C [33]. Moreover, higher temperature stability of calcium doped afiars

is ascribed to the fact that the stability of alpleonincreases with increase in solubility of charge

stabilizer or wih decrease in the cationic valerjt&3].

In contrast to rarearth or calcium doped alplssalors, very littlework has been reported on
magnesium stabilizedialonceramic material§68]. A probable reason for the limited work on
magnesium dopesialors may be the fact that very little anmiwf Mg'2ions can be incorporated

in the alphasialonunit cell, as a result of which formation of single phase magnesium stabilized
alpha sialon has not beerreported in the literature, sfar [68,125,126] Furthermore, the
densification of Mgdopedsialors is generly thought of as exceedingly difficult26]. The very

first investigation reported on Mgjalors has been conductedtime SgN4-A1N-MgO system at
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175CC [68]. However, in the said study, no information on the density of thesiklgrs was
reported. Menon et al in their study on the synthesis ofstdgilizedsialonfor a composition
belorging to m and n value of 1.0 (MgSi10Al101N1s), sintered at 185C using hot pressing
technique reported 83% of maximum achievable defik#y]. In anstudy on magnesium doped
sialors for the chemical compositions of WgSis.99Al 201.26N14.74 Mgo.5Slg.74Al 2 2601 26N 14.74.and
Mgo.75Sie.25Al 2.7501.25N14.75 Sintered at 180°C, S.Kumaraet alreported that the densifiesialon

materials could not be achieved using gas pressure sinte2iép

It was not until the year 2005 R.J Sung et al reported it for the first time that fully densesmagn
dopedsialors, having a small amount of magnesium algiabors could be synthesiz¢tl28]. The
sialonmaterials were reported to have good mechanical and optical properties. Thereafter, various
sintering additives (MgO, X03) and techniques (hot pressisgark plasma sintering) have been
employed to prepare magnesium dopdbrs having improved mechanical and optical properties
[1291 131]. The most recent work on magnesigialors was done b¥hangfu Yanget al, where

phase formation, microstructure, physical and mechanical properties of several compositions along
the SgN4-MgO: 3AIN were studied at 1880 using hot pressing techniq{#&25]. Similar to
calciumsialonjanckeprism a schematic of magnesiwialonjanckeprism is shown irfigure

28a. Most of the work done on magsiemsialors has been focused on ®ieNs-A1N-MgO plane

(figure 28b) for the compositions laying along tB&N4-MgO: 3AIN line [68]. However, unlike

the calcium sialon system, formation of a single phase magnesium akjhkon for the
compositions laying along th8isNs-MgO:3AIN line has been not been observed thus far.
Nevertheless, it has been expressed in literahata small regionof single phase ngmesium
alphasialonmay exist on magnesium alpbi@lonplane(figure 28c) along the nitrogen rich line

(SisN4-1/2MgsN2.3AIN line) [68,125]
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Since, the synthesis of nitrogen rich magnessiators has not been reported in the literatune, t
aim of this study was to developagnesiunstabilized nitrogen ricisialors for the composition

laying along the SiNs-1/2M@gN2:3AIN line at a temperature of 158D using spark plasma
sintering techniqueThe developedialors were characterized for thalensification behavior,

phases evolvednicrostructurecompositional analys andthermemechanical properties.

Nitrogen rich magnesium alpha sialon ceramics alongSiaNs-1/2MgN2:3AIN line on a
magnesium alpha sialon plang@re 28c) are generally defined by the chemical formula of

MgxSiz2mAlmN1e (Where x= m/2) In the present study x values in the range of202represent

the compositions selected for the synthesis.

corresponding nominal compositions are summarizdalde 11. In this chpater the sampledids
are defined such that the first two |l etters
followed by the x value representative of a specific alpha sialon composition. For instance, the Id

Mg-0.2symbolizes the sample having the general tdenof Mgo.2Sii1.6Al0.4N16.
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Figure 28 Schematic representation of (a) &glte Prism of MgSialon System (b) SN4-A1N-
MgO plane in Mgsialonsystem at 175 showing stability regimes of various phaféf] and
( ¢ )plan® in Mgsialon system showing stable phases along th#SilgO: 3AIN line for
compositions studied at 18%Dusing hot pressing technique and thé\$il/2MgN2.3AIN line,
compositions along which, has not yet been explfit28].

Table 11 Nominal composition of magnesium stabilized nitrogen sielhors.

Sample ID Starting Composition MgsN2 (wt. %) SisNa (wt. %) AIN (wt. %)

Mg-0.2 Mgo.2Si11.6Al0.4N16 1.18 95.91 2.91
Mg-0.4  Mgo4Siiz2AloaNis 234 91.89 5.77
Mg-0.6 Mgo.6Si0.6Al1.2N16 3.49 87.93 8.58
Mg-0.8 MQo.8Si10.4Al1.6N16 4.62 84.03 11.36
Mg-1.0 M01.0Si10Al 2.0N16 5.73 80.18 14.09
Mg-1.2 MQ1.2Sig 6Al 2.4N16 6.82 76.40 16.78
Mg-1.4 MQ1.4Sig 2Al 2.8N16 7.90 72.67 19.43
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Mg-1.6 MQ1.6Sis.sAl32N16 8.96 69.00 22.04

Mg-1.8 Mg1.8Sis.4Al3.6N16 10.01 65.38 24.62
Mg-2.0 MQ2.0SisAl 2.0N16 11.04 61.81 27.15
Mg-2.2 MQ2.2Si7.6Al 4.4N16 12.05 58.29 29.65

6.2 Results and Discussion

6.21 Sintering and densification kehavior

Sintering behavior curves of the nitrogen rich magnesium stabismddn samples for the
compositions covering the range of 0.2<x<2.2 are showfigime 29 (complete densification
curves are shown as an inselm)figure 29, abscissa represents the sintering time while ordinate
representing the shrinkage refers to displacement of the upper punch of the die in mm. It is
seen that with increase in the x value (increase igNylgnd AIN content) the curves shifts to the

left denoting a higher shrinkage rate. Relatively higher shrinkage rate for samples having higher x
values (more additives) is due to the formation of large amount of transient liquid phase. It has
been well known that in the synthesiss@lonceramics the amount of high temperature eutectic
liquid increases with increase in the cation and oxygemi.@vhich is equal to 2x in our case)

and n contenf27,124} Also, in our previous study on calcium stabilized nitrogen sielfors
(Chapter %, we have seen a similar trend where the shrinkage rate was seen to increase with the
increase in x value due to the formation of large amount of high temperature transient liquid phase.
In the synthesis ddilicon nitride based materials it guite knownthat the densification process
involves the formation of a transient liquahd large amount of transient liquid facilitates the
densification of these materials. Nevertheless, the shrinkage behavior curves of magnesium

stabilizedsialors are observed twontradict this general understanding. It can be sekguire 29
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that samples having higher x value exhibit lower shrinkage (smaller displacement), thus making it
difficult to achieve well densified ceramics. A similar observation has been reporteddng2at

al. where the densification of magnesium doped oxygen sialors become difficult for
compositions represented by higher m (which is equal to 2x in our case) and nMi2bjefshe

reason for this opposite trend as compared to atiaéwn systems will be addressed in section

5.3.4.

Density values of the magnesium doped nitrogensiaelonceramie for compositions represented

by x values in the range of 622, sintered at 1500 are tabulated ifiable 12. Densities of the
samples are measured to be in the range of2B&y/cni. Since, the accurate determination of
secondary phases and theoretical density is challenging, the calculation of relative density is
difficult, howeverin light of the reported density values in the literature, most of the samples
(having the values higher than 3.0gfyrare believed to be well densifi¢#i28,130,131] As
reported in literature, it is observed that for samples having compositions belonging to higher x
values (x= m/2), the density of the samples tends to decieaseecent study on the gas pressure
sintering of magnesium doped al@ialors, ZYanget al has reported that the composition having
higher m value (composition represented by m=2 or x=1) neuld not be densified fully at
180C°C [125]. This suggests that in contrast to conventional sintdégolniques, novel pulsed
basedspark plasma sintering technique along wiimasize starting precursonglps achieve well
densified magnesium dopsalors for a wider range of compositions (compositions represented

by higher x or m/2 values) at relatiydower temperature of 1500.
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Table 12 Density of magnesium doped nitrogen rgtalors sintered at 150CQ.

AN < (o] (o0] o (q\] < O 00 o N
) o o o — - - - - N o
SamplelD | 5 L &5 & & & & & & & 05
= = = = = = = = = = =
X 0.2 04 06 0.8 1 1.2 14 16 18 2 2.2
Density (g/cn¥) | 3.17 3.17 3.15 3.16 3.12 3.11 3.08 3.06 2.96 2.90 2.92

6.22 Phase analysis

The phase assemblage data of the magnesium digpes synthesized at 1580-30 min holding

time is shown irfigure 30. S.F.Kuang et al. in his study on the synthesis of magnesalors

along theSisN4-MgO:3AIN line, suggested that a small region of single phase magnesium alpha
sialonmay be found close to the nitrogen rich lj68]. However, a single phase magnesium alpha
sialonregion, as proposed in the previous studies, could not be found for the compositions laying
along the nitrogen rich line, which is in good agreement with the alreadislped work on
magnesium dopesialors [68,125,126,131]It is seen that alpha and besialonco-exist for the
compositions represented by x values in the range €§.@.2nd that betsialondisappears for the
composition represented by x value of Gz6rthermore, the amount of alpsi@alonphase is seen

to decreasgraduallywith increase inhe x value (more MgN> and AIN). The presence of AIN
polytype phase is first observed for the composition represented by the x value of 0.6 and with
increase in x value (more M. and AIN) the amount of the polytype phase increases
continuously until it Bcomes the dominant phase for the composition represented by the maximum
value of x=2.2. The AI N polytype phase identi:

composition (x value). Phases observed in the present study are in good accordaheg&gtlits
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reported by S.F.Kuang et al for the composition laying along o8ithe-MgO:3AIN line on the

MgO-SisN4-AIN ternarysectionobtainedat 1756¢ (see figure28b) [68].

X-ray diffraction results of the samples synthesized at A5@6e summarized iMable 13 An
increase in the lattice parameters of algleon unit cell is observed for values up till x=1.6.
However, with further increase in x (more i3 and AIN), lattice parameters becomes almost
invariant for the samples having the compositions represented by x values in the range2f 1.6

An initial increase in the lattice parameter may fairly be attributed to the fact that more amount of
silicon-nitrogen bonds are being replaced by alumimitrogen bonds as well as more amount of
magnesium cation is being incorporated in the atpal@nunit cell. However, it is observed that

as the amount of AIN polytype phases increases, the increases irtitleeplatameters of alpha
sialon unit cell gets restricted and becomes almost constant. Thus, it can be inferred that for
compositions which are rich in AIN (higher x), magnesium cation gets absorbed into the unit cell
of AIN polytype. In a recent study &.Yang et al. on the synthesis of magnesium doped alpha
sialors, a similar trend has been reported where the amount of magnesium cation in the alpha
sialonunit cell is seen to decrease from 85% to about 50% (of the initial x value) with the increase
in m (m=2x) valug125].

Table 13 Lattice parameters, mechanical properties and phase assemblage of magnesium

stabilized nitrogen rickialors synthesized at 1500.

Lattice
Sample x (Ca) HV 10 K1c Phase Assemblage
Parameters
ID
Nom EDX a(A) c (A GPa  MPa.m'?2 wt.%
SisNg’ 0 - 7.7541 5.6217 - - -

Mg-0.2 0.2 019 7.7819 5.6445 18.8+0.7 54+04 u (12),
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Mg-0.4 04 036 7.7867 5.6490 19.3+05 43+04 u (28),
Mg-0.6 06 048 7.7967 5.6554 21.4+0.2 3.5+0.3 Uu (86), 1

Mg-0.8 0.8 0.7 7.8101 5.6581 21.0+0.2 46*0.3 U (85), 1

Mg-1.0 1.0 0.79 7.8135 56599 20.8+03 43+03 U (83.7),
Mg-1.2 1.2 0.84 7.8137 56624 205+02 3.1+02 U (71.3),
Mg-1.4 14 091 78141 56631 205+03 3603 U (65. 8)

Mg-1.6 1.6 1.08 7.8146 56639 206+04 31+02 U (65.9),
Mg-1.8 1.8 1.05 7.8144 56636 19.6+0.7 26+04 U (46. 4) ,
Mg-2.0 20 101 7.8142 56633 19.3+06 2505 U (36.6) ,

Mg-2.2 22 1.03 7.8143 56635 18.3x0.7 29+05 U (29.5),

*JCPDS 410 36 0, (Sigjon Al( hbipmidhet (@l 2H6) Al umi num Ni tr i d
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Figure 29 Densification curves of several compositions of magnesium stabilized nitrogen rich

sialors sintered atl500C using spark plasma sintering technique, where Mg content varies
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between 0.2.2. The insert shows the complete densification curves while the main plot represent

the selected high temperature region (heating from 1050°C to 1500°C followed by 36!y

time).
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Figure 30 X-ray diffraction patterns of the magnesium stabilized nitrogen rich aian

samples synthesized along theNgai1/2MgN2:3AIN line at sintering temperature of 1500

6.23 Microstructure evaluation

Figure 31 (a-) depicts the secondary electron FESEM micrographs of the fractured and etched

surfaces of few of the selected samples from the magnesium doped nitrogen rich series synthesized

at 1500C. Figure 31 a&b represents the low and high gméfication micrographs acquired from
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the fractured surface of sample Mgt. In line with the xay diffraction results, elongated
morphology characteristic of bestalonphase along with the egxed grains representative of
alpha phase are clearly obged. The average aspect ratio for the elongateddmdtangrains is
calculated to be ~3.6n a recent work on magnesium doped alpiators synthesized at 180D,

Z.Yang et al. has reported that for a similar magnesiaion composition, the aspect ratio of
betasialonremained in the range of2 In the past few year several studies (computer simulations

as well as experimental work) have been performed in order to understand the mechanism
responsible for the anisotropicogvth of betasialonphase and the presence of large amounts of
high temperature eutectic liquid has been reported as the common factor responsible for highly
anisotropic growth of betsialon grains[132i 136]. Moreover, T. Ekstrom in his work on the
synthesis of betaialon ceramics via hot isostatigressing technique has reported that in the
absence of sintering additives elongated morphology ofdi@lengr ai ns coul dnét b
[137]. Similarly, a low aspect ratio of besaalongrains (for an alpha/besi@alonceramic) as result

of limited amount of high temperature liquid phase has also been reported by T.23jeu
Therefore, for the sample M@4, synthesized using very minamount of nitride additives
(MgzN2 and AIN), a low aspect ratio of beséalongrains could be fairly attributed to creation of

small amount of high temperature eutectic liquid phase.

Figure 31 (c-f) represents the low and high magnification micrographbefracture surface of

samples M¢0.6 and Mgl.0. Classical intergranular fracture showing equiaxed aalh@ngrains

with no signs of betaialongrains having elongated morphology could be seen. The observation
made on fracture surfaces is in goodeggnent with theXRD results, according to which, any
evidence pertaining to the presence of beta p

greater than 0.4. On the basis of an average of 50 readings the average grain sizsiaf@aigha

102



seen to increase from 380nm to 495nm asxhev al ue (representative of

increased from 0.6 (sample Id Mg6) to 1.0 (sample Id Md.0). The increase in average grain
size could thus fairly be attributed to the formation of more amofihigh temperature liquid
phase as a consequence of more amount of nitride additives (mgie &ng AIN for sample Mg

1.0 as compared to M@.6) in initial powder mixture. For magnesium stabilized akihkors, an
increase in average grainsize withriease in amount of oxnitride additives has also been reported

by Z.Yang et a[125].

Figures 31 (g-h) represents low and high magnification micrographs of the fracture surface of
sample Mgl.4 synthesized at 1580. Most of the fracture surface sheguiaxednorphology of

alpha grains, however at certain locations a relatively flat fracture showirequisixedeatures

with lath like appearance can be observed (highlighted with red circles in the image). Result of
compositional analysis confirmed lath like appearance to be representative of AIN polytype phase.
Moreover, polished surface of the sample-Mg was being subjected to etching using molten
NaOH (at 32@C). Figure 31(i-j) represent low and high magnification micrographs of the etched
surface of sample Mg.4. Welldeveloped lath/fibrous like morphology of AIN polytype phase
could be much clefrobserved in the etched sample as compared to the fractured surface. H. Peng
and Z. Yeng have reported thatdialors with high amounts of intergranular glassy phase gets
easily attacked by molten NaOH, causing more grains to fall and resulting ictardrdike
morphology of the etched samplE89,140] Thereby, in our case a fracture like morphology of
etched sample (Md.4) is believed to be an indicator of formation of relatively high amount of
eutectic liquid phase. Interestingly, the average graino$iaphasialonfor the sample M¢l..4 is

seen to decrease to 401lnm as compared to 495nm for the samydl®.Midhe grain size

distribution for the three samples (Mg6, Cal.0 and Cadl.4) acquired from a total of 50 alpha
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sialongrains is depicted iRigure 32. It is observed that initially with an increase in x value (0.6

to 1.0) the average grain size increases from 380nm to 596 nm while further increasduia

(1.0 to 1.4) results in a decrease in grain size from 596nm to 401 nm. The obserdateaesn

that with increase in x value (from 1.0 to 1.4) an increase in the formation of high temperature
liquid promotes the formation of AIN polytype phase (more than double an increase in the

formation of AIN polytype phase for the sample 1.4 as comparbti-1.0).

Figure 31 (k-l) represents the fracture surface images acquired from the samyde Mimtered

at 1500C. A relatively disjointed ye¢quiaxedmorphology of alphaialongrains Figure 31k)
provides a visual evidence to the fact that decedifon of magnesium dopeathlors gets difficult

with an increase in the amount of additives i.e. increase in x value. Moreover, presence of well
developed AIN polytype phase in the form of relatively flat fracture having a morphological

appearance of intcking laths/fibersKigure 31) is in good agreement with tiRD results.

Figure 33 (a-j) shows the low and high resolution TEM images of the microstructures of
magnesium doped nitrogen riskalons a mpl es ( havi 40.4, Calloand Ca.4),s as
along with selected area electron diffraction patterns (SAED) acquired from the grains of the
different phases present. In line with the results of XRD and FESEM, presence of alpha and beta
phases fothe sample M@.4 was confirmed by SAED patterns acquired from the grains of
respective phasefiqure 33a&c). As discussed earlier, a relatively low aspect ratio for the beta
sialonphase is believed to be associated with low amount of additives (falme), which in turn

limits the formation of high temperature transient liquid (an essential requirement for anisotropic
grain growth).Figure 33eshows the low magnification TEM image acquired from the sample
Mg-1.0 along with the SEAD pattern which confs the presence of magnesium stabilized alpha

sialonphase. In accordance with the XRD and FESEM results, TEM micrographs for the sample
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Mg-1.4, as shown ifigure 33 g&i, confirm the presence @quiaxedmorphology representing
alphasialonphase andth | at h | i ke morphol ogy of AIN pol yt
believed that the synthesis afalon materials is accompanied with the formation of an
intergranular glassy phase. In a study on the intergranular structure of alpha/beta oxygen rich
sialors, A. Thorel have reported that timeergranular phasehich isalways amorphoysan be

found at the junction of multiple grains in the form of large pockets with a size in the rahde of

t o Dreagan vitreous film with a minimum thickness obab60nm[118]. However, in the

present study, high resolution images of sampleDMgMg1.0 and Mgl.4 figure 33b, d, f, h,

j) reveal that there isnbét anynplesnTheresgitssagnifyl ar g
that the magnesium doped nitrogen r&talors synthesized in the present study would be more

stable at high temperatuf®006160C0C) as compared to the oxygen r&ilors containing glassy

grain boundary phase

6.24 Effect of magnesiumrich aluminum nitride polytype

It is widely known that the densification and grain growthsialonceramics gets significantly
enhanced with the increase in amount of high temperature eutectic[Rqi2d] Thereby, it is a
general understanding thsilonceramics having compositions which are rich in cation and/or
oxygen content (i.e. compositions represented by higher x and/or n values) gets densified with
much eae since higher amount of cations and/or oxygen content results in more amount of high
temperature eutectic liquil27]. However, in the present study, magnesium stabilsiatbrs

depict a completely opposite yet an interesting trend, where the densification of-thepit

sialors gets difficult with the increases in x value. Furthermore, it is seen that for compositions
having higher x value the grain growth of alpalonalso gets restricted with a simultaneous

increase in AIN polytype phase. In light of the abowentioned results, it can be fairly stated that
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the exceptional behavior of magnesium stabiligiadors is due to the formation and growth of
Mg-containingpolytype phase (for compositions having higher x value) at the expense of high
temperature eutdctliquid which otherwise is essential for densification and grain growth of

alphasialors.

In case ofialoncompositions rich in AIN starting powder, development and crystal structure of
polytypes, which normally occur as minor phase with a major aphan, have been thoroughly

worked upon in the literatur1,27,141,142] 1t is being reported that in the AIN polytypoid

crystal struatre, tetrahedral and octahedral sites can easily accommodate cations with small ionic
radius (such as Mg, Li* and S¢?) [28,142,143] Furthermore, it has also been reported that the
formation of nagnesium doped AIN polytypoid starts to take place at about°C4@®@ich is

slightly greater than the MBJALON eutectic temperaturgl25]. Thus, in the present study,

formation of high amounts of magnesium rich eutectic liquid (with increase in x value) is believed

to be consumed by Mg c on tqaently thendgnsificatihbandpgoain y t y p €

growth gets significantly inhibited.

In short, high temperature thermodynamic stability of magnesium rich AIN polytype (up to
185CC) appears to play a pivotal role on the formation of magnesium stabilized sabdra

[125]. Similar cationic radius of magnesium cation (K)gs that of aluminum cation (&) causes

a replaement by M@? ions for AI® ions, which otherwise would have stabilized alfalon

[125]. In light of ths it is believed that thermodynamic stability of magnesium doped siglues

could be increased with help of additives such as calcium oxide or yttrium oxide with a much

bigger cationic radij28,130]

6.25 Mechanical properties
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Vickers hardness (HM) andindentationfracture toughness @K of the magnesiunstabilized

nitrogen richsialonsamplessynthesized at 1500 arelistedin Table 13 As shown, initially, an

increase in the hardness of the samples is observed with increase in x value, which is followed by
almost constant hardness and finally a gradual decrease is observed for samples represented by
high end x values. An initial increasehardness from 18.8 GPa (Mg2) to 21.4 GPa (M@.6)

is believed to be associated with a shift in phase composition from beta rich two phase alpha+ beta
region (where betaialonis known for a relatively less hardness as compared to alpha phase) to
anal pha rich two phase alpha + 12H®& phase regi
in x value for compositions represented by high end x values is associated with increase in amount
of 12 HO Yanbehadhas repdrted a similar trend foagmesium dopesialoncompositions

laying along the m=2n line (oxygen rich compositions), sintered at°C3[25]. However,

relatively higher hardneder nitrogen richnsamplegin present study) as compared to oxygen rich
samples (in case of Z. Yang et alpy well be attributed to nitrogen riclipha sialors. The
observation is line with study performedby a nt i ¢ekak whiclwelvealj that ad% increase

in N content would result in nearly the same increase in riardnessf RE-Si-Mg-O-N systems

[122]. Sample Mg0.2 with highest amount of besdaalonphase results in the maximum fracture
toughness of 5.4 MPalfAThe elongated morphology of betilonis wellkknown to give rise to
toughening mechasms such as crack deflection, crack bridging and grain puflLldtt144] In

the absence of betalonphase the fracture toughness is seen to decrease with the minimum value

of 2.9 MPa.n¥? for the sample M@ . 2 having the maxi mum amount
phase. Thus, the | ath/ fi br ou $avé detkrieratimpeffeptioro!| o gy

the fracture toughness of these materials. In lighthefpresent results, the desired mechanical
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properties oMg-dopedsialonceramics could be betttilored bythoughtfulselectionof initial

powdercomposition.
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