ISSN 0377 - 9416
L

PMAI

S
Volume 28, 2002

TRANSACTIONS OF

POWDER
METALLURGY
ASSOCIATION

OF INDIA
T AN ()

Guest Editors :
Prof. T. R. Rama Mohan
Prof. P. Ramakrishnan

T —————



Guest Editors !
Prof. T. R. Rama Mohan
Prof. P. Ramakrishnan

Volume 28
December 2002

Published by

allurgy Association of India
1 LLEL® Miu ical Enginearing
Mt 'f'ﬁﬁliifﬁﬁ;ﬁ Bombay,
- Pewal. Mumbai - 400 076
mrmm&hmmmlm ol India nor the adiar
assumas. responshility for gpinkond expressed by the authors of the papens.
Cover Pholograph : Microstructure of Grean Compact of THanium Powder

e e et Lt
e .
L

e
S

=
=

'-"E“'ﬁf"— S
R

S TR e R P

gt st s s -\.l - :.-



TRANSACTIONS OF PMAI Volume 28, December 2002

EDITORIAL

The 28th National Powder Metallurgy Conference was
held during January 22-24,2002 at New Delhi along with the
International Conference on Powder Metallurgy in Automotive
Applications. The Proceedings of the International
Conference, Powder Metallurgy in Automotive
applications-ll, Edited by T. R. Rama Mohan and P.
Ramakrishnan was published in 2002 by Oxford & IBH
Publishing Co. Pvt. Ltd., New Delhi. The papers presented at
the 28th.ATM covered wide range of topics related to
Synthesis and Characterization of Powders, Consolidation
and Evaluation of Sintered Properties and are included in this
volume of Transaction. The best paper award went to "The
effect of attritor milling time on the production of hard metal
powders and sintered components " by S. Ramesh Rao et.al.,
of Widia India Ltd., while the best product was adjudgedasa |
"Gear shift cam drive of a gear box assembly "developed by |
Mahindra Sintered Products Ltd. The increasing activities of |
PMAI will provide the dissemination and exchange of |
information pertaining to Powder Metallurgy and Particulate |
Materials there by promoting their usage in our country.

e

T.R.Rama Mohan
P. Ramakrishnan
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PROCESSING AND MICROSTRUCTURAL ANALYSIS OF RAPIDLY
SOLIMFIED WHITE CAST IRON POWDERS

B. B. Pani’ P, G, Mukunda™ ), M. Mohanty

*51. Lecturer, University College of Engineering, Burla — 768 D18
**professor, T, Khamgpur-721 302
s+ rector ( R&D) Centre TISCO, Famshedpur-83 1007,

Abstract :

Rapsdly salidified white a8 wron powders wery praduced by waler anansizatios roule. By DAS asalysic the
cooling, ruie of the a3 received powders was measured 1o be 10° 1o 107 KiSec. The powders wene charscterized in varioos
wirys like chemdcal analysis, size distribution, SEM. XRD enalysis eic, In order (o retain the advantages gaised by ropid
solidification, the powders were hydrogen annesled below Ay mansfomstion emperature. The apndaed perwndors were
encapsulated by a mild stesd can and Farther ot pressed, bol Barged and hot rodled waith imemsdiag heeting to thin sheets.
The entire tharmn mechanical processing was carried out belfow 750°C, By SEM aralysis very fine grained fermite carbade
struclure was oblaimed in e procesed meterial. Becsuse of carbon diffusion o cust ines purficles to the mild steel
parriiom his hes also bom conveted 1o Bne grmmel femils corbsde structae This struchee is quite pood For superplalic
deformation to mamuiscmre high srength and wear mesisiant machine components. The ool mperituie hardness was
Tl 1o b 4590 VHN

Introduction ;

While cast irons are not much atractive in industries. The main reason for shis is due o
presence of massive iron carbides network which are quite brittie and lack machinability. From
investigations carried out by researchers(1-1 1) it reveals that very fine grained ferrite carbide structure
can be obtained by following suitable processing fechaiques. Al ambient lemperature with controlied
sirain rate, such structurally modified materials can deform superplastically to manufacture high
strength, wear resistance products which are having tremendous potential applications in industries| 3]

In the present investigation an atiempt has been made to produce rapidly solidified white cast
iron powders with suitable composition. During further processing care has been Laken 0 retain
advantages gained in materials by rapid solidification. After characrerization of powders 2 simple and
industrially feasible thermo-mechanical processing method is adopled to oblain fine grained cquiaxed
ferrite carbide structure which is suitable for superplastic deformatton af antbient Temperature.

Experimental ;
I, Fowder Production and Characterization

Wrought iron obtained from arc melling of sponge iron fines was remeled in an induction
furmace and water atomized to cast iron powders, During remelting, reguired amount of ferro-chrome
and ferro-gilicon were added to get within 1-2% Cr and 5i in the powders. The chemnical analysis of
the powders is given in Tables1. As the cooling rate i5 high in small sized powders, powder size
below —100 mesh size were taken for further processing. From the SEM micrograph {Fig.1}) the
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eooling rate is analysed using DAS (Dendritic Arm Spacing) technique. The powders were hydrogen
annealed ar 700°C (below A, temperature) for one hour $0 that the advantages gained dunng rapid
cooling will nod be destroved.

TABLE-1 Chemical analysis of water atomired cast iren

povwiders,
[T C [ Cr % BT -9 Fe |
i 351 | 1.5 13 00121 003 | Balance
L i I

Fig.! SEM micrograph of poeder Fig.2 SEM micripgruph of the encap-
showing dendritic as well sulated thermo-mechanically
as Cellular Struclure processed powders

r Encapsulation and Thermo-mechanical Processing :

By eonventional pressing and simering i was quite difficull 10 get high density material from
rapidly solidified cast iron powders. Hot Isostatic Pressing (HIF) is the jdeal method of good
consolidation for this materiel. Mordike et al[12] used methods like hot extrusion and forging for
consolidating such materials. Caligiuri ct al [13] used superplastic hot pressing method to get
superplastic strecture in processed materials, Kazuo et al [14] has found nearly theoretical density by
vacuum hot pressing method. A different methed called encapsulation thermo mechanical processing
{(ETMP) was incorporated here. The details of the process are discussed as follows.

Rectangular cans of size 12em X dom X dem were made from mild steel shests of 2mm
thickness by pas welding. The surface of the can was properly ¢leaned by grinding. White cast iron
powders which was hydrogen annealed at T00°C was filled in it and finally the can was closed by a
mild steel plate and again welded by gas welding process.

The can with powders was first hot pressed at 700°C temperature st 40MPa pressure. The
fumace temperature was raised afler putting the encapsulated powder can inside an induction furnace
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in argon atmosphere. This facility was fabricated for this investigation. Afler 20 minutes of hot
pressing the material was taken out and put mside a tube fumace which was located near the forging
machine and re-eated &t 700°C for 20 minutes in argon atmosphere and then forped by a 0.5 ton
capacity air hammer which has 110 strokes per minute. Initislly the number of strokes was fewer and
it was increased with deformation. The forged materials were again reheated in an electric resistance
furmace. The material was hezted for 25 minutes at 750°C and rolled by 2 2 and 4 high  rolling mill.
The reheating and rolling continued for several times with 2 10 to 12 percent reduction in a pass ill
the material was rolled to Zmm thick shest. SEM micrographs were obtained after 5% nital etched
condition (Fig.2).

Resulis and Discussions ¢

Figure |1 shows the microstructure of o medium size particle (around 40pm) where the
structure shows that it is mostly dendritic and cellular in nature. From DAS analysis the cooling rate =
found to be 10° to 10° K/Sec.

Cr and 5| both are present in cast iron powders (Table-1). Addition of Cr within 1-7%
suppresses graphitization and also increases the volume fraction of carbides, During thermo-
mechanical processing these carbides resist grain growth, Silicen addition of around 1-29%, however,
increases the A, transformation temperature up to 8007 C and increases ferrite stability range.

Figure 2 shows the microstructure of the rolied material in 5% natal etched condition. Here it
is marked that very fine equiaxed fron carbide graing (0.5-1pm) are nicely distribated in ferrite matrix.
The average ferrite grain size i 1-2 pm. It is very important to note here that the mild steel region has
aleo been converted to fine grain structure as in the cast iron powder portion. This conversion is
possibly due to diffusion of carhon from white cast iron powder materials to mild steel region.

The microstructure obdained here looks pood for superplastic deformation at ambisnt
temperature with controlled strain rate o manofacture various types of complex shaped arficles. As
reported by Sherby([3] such structure can give very good strength and room temperature ductility. The
room temperature hardness was found to be 490 VHN.

Conclusion :

It is quite possible to obtain fine grained superplastic structure by encapsulation thermo-
mechanical processing of micro alloved rapidly solidified white cast iron powders which were
produced by waler atomization. Such materials are having potential application in industries.

Acknowbed gement :

The authors would like to express their sincere thanks to AICTE, New Delhi for financial
assistance for this work.
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PRODUCTION OF POWDER METALLURGY GRADE ATOMIZED IRON
POWDERS

B. B. Pani® B, Ravi Kumar** 0. N. Mohanty®**

*Zr. Lecturer, University College of Engineering, Burla-T68018.
* * Scientist, NML, Jamshedpur-831 007
***[ivecior (K& D) Centre TISCO, Jamshedpur-83 1007,

Abstract :

Imdian sporge irons are free from manganese and many other wndssirable foreign clements. [n the same time,
becsise of it kiph sffinity to ooygen, presence of mangancse is oot desimble in irca powders o manufaciure sinlensd
prodiscts, Keeping in view of this, sponge iren fines, processed s NML, Jamshedpur was taken & raw masezial to produce
wrought imn by sro fomasce. This wrought fron agaln was re-melisd by an induction famace with requisite amount of
sdditives and Uhen waler ssomized o o powders, These powders wore charsctenized and tested in various wiys like
chemical anslysis, SEM, XRD analyss, particle shape, size, size distibution snalyss, apparcnl density, fow rae,
compaction and sintering studies ele, [0 was finally foend that this powder is quite suitable for wasulecturing fermous based
P products.

Introduction :

The automotive industries are growing very fal in Indiz and hence there is potential demand
for impurity free cost effective iron pewders in the country. For manufacturing quality iron powders
the source material play a wvery significant role. In this context sponge irons which are plentily
available from various sources in the coundry are chemically very much consistent and low cost. In the
ancient time the famous Indian “Woetz”, materiale were alse produced from such sponge fines[1]. In
the present investigation an aftempt has been made w use Indian sponge irons as source material o
produce gangue free water atomized powder metallurgy grade iron powders.

Experimental :
1. Sponge Iron Melting :

Sponge iron fines which were processed at NML. Jemshedpur, were chemically analysed
(Table-1) and then melied in an arc fumance with requisite amount of additives, After proper removal
of stags the mollen metal was cast to iron ingot. The chemical analysis of the jron ingot is presented in
Tabie-2,
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TABLE-1:Chemical amalysis TABLE-Z:Chermical analysis of iron
of spange iran fiaes, produced after src melting of sponge
Lices,
Elemenis | % mass content [ Elemenis | % mass coptent
Fe B9.00 = 0.3
C ; 0.20 (s 0.014
8 1 002 - | o3
3 DS B 0.002
Fell 650 | _Fe Halamee
ALO, 250
Bills 240

2, Powder Production :

The iron ingot was cut lo pieces and then remelted in an induction furmace with reguisite
amount of additives. During melting the slags were removed. The molien metal then poured o a
preheated tundish and then passed through a nozzle of the water atomizer having four number of high
velocity water jets. The water mixed iron powders were collected at the bottom of the tank with the
help of a filter and then vacuum dried. Powders greater than 80 mesh size wene sieved out and below

this were taken for further investigation,

3, Chaeracierisation :

The chemical analysis of the above powders was camried out which is in presented Table-3.
Particle size and size distribution analysis were carried out by a SA-CP; Shimadzu centrifugal particle
size analyzer. The XRD analysis was done by a Siemen’s model X-Ray diffractometer (Fig.1). The

density and flow rate of the powders were camried oul by Hall Flowmeter and Density Cup.

apparent )
The other physico-mechanical characteristics are presented i Table-4.

TABLE-3-:Chemical analysis of waber aftumized

TABLE-4:Physico-mechanical charscierislics

i poaiens. af waler alomized ron powders,
Elonents % | Unenncaled | Annealed | [ Median particle size pm 7848
C 0.3 0.021 Surfnce srea m°/g [N
8 0.01 0.01 Apparent density g'cm’ 29
P 0026 0.026 | | Flow rate Sec/S0g 35
Fe Balance | Balance
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4. Consolidation and Sintering ;

The annealed powders were properfy blended with 1% zine stearate and then cold compacted
by double action die compaction process. Here an universal festing machine of 50T capacity was
used. The mass of the compacts were determined by a microbalance and preen densities were
imeasured by metric method.

The compacts were sindered in a platinum resistance tube fismace at | 100°C for 30 minutes in
hydrogen atmosphere. The sintered densities were recorded in the same way a8 green densities, The
compadtion and sintering data are presented in Fig2.

Fig.| XRD wnalysis of water ateenized powders Fig.? Density vs compaction pressure of watsr
stomized itan powders

Resalts and Digcussions

From Table-1 it shows that the sponge irons are free from Cr and Mn and hence the powders
produced from this is free from these elements (Table-3). Because of high affinity 1o oxygen these
elements are not desired in iron powders for manufacturing sintered powder metallurey products.
Some FeQ and FeyOy which were detected in as atomized stape by XRD analysis (Fig.1) were
removed after hydrogen annsaling,

From the chemical anaiysis of as atomized and annealed powders it reveals that carbon
content which was 0.3% in as received stage came down to 0.021% afier hydrogen annealing. 0.01%
F and 0.026% & received in the powders are comparable with PM grade iron powders for making
good quality PAM components| 2],

From Table-d it reveals that the median panicle stze and computed surface area for these
pawders are 78,48 pm and 0.01 | m/g respectively. The flow rate is 25 Sec./50g. The apparent density
for the present powders is 2.9g/em” which is quite good for making P/AM components[2]. From Fig2 it
shows that the compressibility of these powders is very good. Green density of 6.75g/em” which was
cbtained by compacting at 414 MPa pressure is comparable with powders prodeced by many reputed
firms in India and abroad{2]. As expected the sintered densities are higher than the green densities.
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Conclusion :

The characteristics of the above produced iron powders are quite good for manufacturing high

performance P/M components. This technology can be best exploited by Indian P/ industries,
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FERROMAGNETIC COMPOSITE POWDERS ~PHOSPHATED
IRON POWDERS COATED WITH A THERMOSET POLYMER

V. Uma and B. Sundaresan

International Advanced Research Centre for Powder Metallurgy and Mew Materials,
Balapor PO, RCI Road; Hyderabad-500 005

ABSTRACT

Ferromagnelic composite powders offer Nexibility fie elecirical maching design beyond i rasge of lanirales.
The Nexibility s ercated by isobogie magnethe properties exhibited by these moteriafe. Since the sell magnets
fram these powders are processed in FM route, il s possible o produce high volumes in nenr met shape resulting
in materizl sawing =nd ultimate cost reduction,

Ugually, compasite powders ane prosduced by obtdnmg o kin costing of 8 dielectric material on ifm powder
particles. A process hos been csnblshod ot ARC) t ohinn phosplisted spon posadens on which dieleciric couting
is crented. A high curing lemperaure thermosel @8 wed as the dielecirie. Hesistivity, [0 ond AL mognetio
properties are mensured and reporied.

INTRODUCTION:

In Europe, two different concepts of material structures for solfl magnetic cores were first
proposed in the 1880"s with the aim of reducing core losses. The first, the laminaied sheet
approach described by Edison in 1880, proposed thin iron sheets, stacked together with
insulators separating them to be utilized as a sofl magnetic core [1];

In | 886, Fritts disclosed a composite tron material as an alternate approach to the laminated
sheet stack. It was composed of iron powder with an insulating layer on iron particles. When
this composite powder was formed into a solid core, the core would have similar
electromagnetic properties as the laminated core (2], But, Fritis’s idea could not find
application because PYM lechnology was virlually non-existent then.

Laminates are only good for medium performance, low Mrequency applications. They exhibit
higher core losses at higher freguencies and are restricted to ‘rectangular’ peometries with
flux in the plane of sheet [3], The thinner the mdividual sheet, the lower the eddy current
losses and better the performance. This, however, mizcs the cost [4]. Furiher, the limitations
of square/rectangular cross-section of laminates, in which the lines of magnetic Mux are fat
curves parallel to each ather, are imposed on the application design [5}.
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These limitations can be overcome by PM processing (based on Frilis"s idea) ol cores from
pure iron powders suitably insulated from one another, because, they, in principle, could
exhibit isotropic magnetic properties with low eddy current losses even at high frequencies;
PM processing could facilitate high production rates of net shapes with good tolerance and
surface finish [6]. Presently, numerous atlempts are being made to perfect the technique of
coating the dielectric materials on iron powder particles [7]. Warm compaction technigue to
deliver high dense, cured product was also perfected. As a result, General Motors
siceessiully produced PM moulded core Tor ICT ipnition coil replacing laiminated cores with
bess bomses whibch fud been in production sisce FRER)S (R

Altheugh there are many claims of suceess for producing diclectine coatings o i prwlers,
vnly o lew are comumercially vinble, These technigues imvolve cilhier a diseree! encapsulilion
or coaling perlsrmied  prior o compaction [V HETLIZES]L o diesilu, during — wsim
corpunet o amlfor cortng stap [ 14,

Commercially snilable organie materials ean be of two catepories: thermoplastics and
thermosets. Ihermoplastics have a sollening mnge it can sometimes be exploitod during
coaibing il uumpnuliun sl Thasrmioscis }:l:bHH".ZI“j’ l'l.!-l.f'lllll'l'.! A thermal treatment {ooring)
alier the compactien siep, and onee euvel, these systams generally exhibit excellent elevaled
temperabure siability, both magneticnl by oml mechanically | F2].

THEORETICAL

T dissigen comsiderations when usimge soll agictic materials for sotating machines or aml
transformers have Lo take hysteresis and eddy current losses inte comsideral ion

Hysteresis loxs

Figure | shows ihe cifeet within lerromagnetic materials known as fivsieresiy,
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Fig. Iz ysieresis bop

Starting with an unmagnetized sample al the origin (I'1) where both licld strenglh and ey
density are zero, the feld strengih is incremsed in tha positive direetion as the Mox beging o
wrow along the dotted path andil P2 s reached,, 10 e Geld strength is now relixed, then,
instend of retracing the initinl magnctimtion curve, the Nux Galls more slowly, In Bl evon
when the applicd Deld i@ returned 1o weeo here will <4l be a remsining (remnanee)) Mg
density at P3. To force the Mox o po back to zem, il is reguired to reverse the applicd Held
{P4). The field strength here is called the coercivity. 5 is reached with further reversal of the
feld, This type of magnetizalon corve it called a hysieresis loop. | lysteresis constitules a
loss beconse i s required o cxpend energy i order te sel op the remnant Dus. This s
explained in the Fig. W The area (shown stoded) botween the B-11 corve and the 1B axis
represents the work done (per unit volume of material); W =o"H dB8  Jm"|15)

- s 'L:mm-rw—rlhu.u‘lnhﬂ-l.hf.ﬂ - = Lsnrgp mlesend by oS Aitams & o,

iy PE iy w Evraftiby

T o'd slisrgis 1 @'d Eiromgts

Fig. 11 Pietorial representalion of work dose in o liysteresiz eyele
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It is clear that that the energy requircd to magnetize the core by maoving from 'l 1o 12 is
more than that which it retusns when going from P2 to P3. [t is possible to picture it as "hack
emf which opposed Lhe initial increase in coil current. The “emf™ generated is olways
propoartional to the change i fox; but the Tux changes less on the “way down' than it does
going up [ [5].

In other words, when a ferromagnetic material is magnetized, some of the domains are driven
beyond the point at which the changes are reversible. Then, when the imposed field intensity
is decreased to zero, the material retains some degree of magnetization. The total power lost
aver one complete eycle is proportional in the area within the hysieresis Joop, Beeause this
effect is related t© an area, hysteresis loss is roughly proportional o the square of the
waorking fux density; for translormer iron (iron-silicon steel ), this aboul 3", The particular
value for a given material is called (he Steimnnerz exporens, o [16].

Breeause a hysteresis loss is incorred cach tiowe the core cyeles, Brom posilive o pepalive
values of 13, the Ioss cbe (walis) is divectly propsartiomal o i Toegueeney ol operadson, TR
These proportionalities can be combined in a single formula for the bysleresis loss is By =
Konf=3" watlls sy where K, also depends on the particelar core material | 15].

Magnetic Saturalion

The hysteresis fnop is complete only when the marerial being magnetiecd reaches moagnetic
saturation, e susterial being swpactized contains domains of aligned aloms such that cach
domain hos a nel dipole moment. Applications of o magnctio Geld b wese anderials will cause
these domains o rolate, and the walls between difTerent domains o move such thal the
macroscopic dipole moment increases in e direetzen of the applicd magnetic ficld. This in
turn increases the magnetic Mux dengity in the material ahove what would exist in a vicoum.
I soft mapnetic materials this net lux density is approximaiely linear o the magnetic Gicld
over a certain field range, and so it can be assumed that the material has a large constant
mapgnetic permeability. At some field level, however, all ef the magnetic dipofes i the
material will be aligned, and the material will magnetically “saturate” at a prescribed fux
density, At this point, increasing the magnetic Tield in the material will pot increase ds fux
density, Thus, the proportionality between hysteresis foss and the area ander the hysteresis
loop would hold good only when tracing of the loop takes magnetic saluralion inlo
consideration [16]

Mapmctic seturation can be allected by resicdual stness i e outerinl. Thos, m order 1o
saturate the magnetically material, it s reguired to anneal the material before subjecting it 1o
magnetization. Certain alloying sdditions ke boroaboren compounds help in reducing, the
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residual stresses[17] which are sometimes an inevitable result of processing steps of the
material,

The phenomena of magietic hysteresis is very complex, and il is nol yel fully understood,
despite the attempts made to develop mathematical models of it. Stoner & Wold farth
postulated a theory based on the rotation of the magnetic moments of single-domain particles
with respect to their easy axes. Jiles and Atherton developed a theory in which pinning sites
{i.e, inclusions, voids, crystal boundaries and lattice defects, etc.) inhibit domain wall motion.
Another competing mathematical description is the Preisach model which assumes a
ferromagnet to consist of many small magnetic domains, each wilh its owm characteristic
hysteresis loop [16].

Eddy current loss

Eddy current losses ococur whenever the core materinl is clectrically conductive. The

magnetic ficld is contained within a cirenit formed by the periphery of the core in (he same

way as it is contained within 5 lum on the windings. Thus, around that periphery ol the core,

a current will be induced in the same way as it is in an ordinary turn which is shorted at its

ends. In any resistive circuit the power is proportional 1o the square of the applied voltage.

F‘E: induced voltage is itself proportional to =B and so the eddy losses are proportional to
B

Fig. 11i: Eddy current in a laminatcd slack

Figure 11 shows how the iden of laminations is used o reduce eddy current losses. Using a
solid iron eore {as in cross-section B) results in o large circulating current. So. instead., the
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core is made up of a stack of thin sheets (cross section C). The lines of magnetic flux can still
run arcund the core within the plane of the laminations. However, the situation for the eddy
currents is different. The surface of each sheet carries an insulating oxide layer formed during
heat treaiment. ‘This prevents current from circulating from one lunination scross Lo its
neighbours,

It is ebvious that, the current in each lamination will be less than the very large current within
the solid core; but there are more of these small currents. ¥et, they won't add up o the

current produced in the solid core because of the following reasons:

Eddy current loss is proportional to the square of induced vollage. Induced voltage is
propertional to the rate of change of Mux, and each of the laminations carries one quarter of
the flux. So, if the voliage in cach of our Four laaminions is one guarter of whal it was in the
solid core then the power dissipated in cach lamination is onc-sixteenth the previous value.

Conzidering the long thin path that the eddy corrent takes to travel round the lamination, it
the laminations were twice as thin (half of d,), the path length of the current would still be
about Ixd;, However, the width of the path has halved and therelore its resistance will
double and so the current will be halved, In olher words, eddy current loss is inversely
proportional to the squarse of the number of laminations [15].

If the laminations are brought down the size of a single particle, the eddy current losses will
reduce furthor, However, as mentioned earlicr, there are processing diffliculics in obtaining
good densitics. In goneral, increase in densily resulls in decroase in resistivitiy and thus
increase in eddy coment losses, I s necessary (o add certmin alloving elements 1o the fron
powder, one of them being phosphorous, to increase the resistivity.

Increase in density also means more work hardening of the particles because of the higher
compaction lnniclz vmed Lo ohinin highor densitics, 11 iz again necessary to ndd cortain :Llhl:,.ling
elements like born based compounds to the iron powder that will help reduce (he work
hardening | 17] at higher compaction loads.

EXPERIMENTAL

A method is being developed at ARCI by which P and B layers are created on iron powder
particles followed by a thermoset laver to address the problems of resistivity, density and
strain hardening during compaction. Preliminary results are reported in this paper. Atomized
powder was selected for coating. The charmcienisnies of the powder are shown in Tables 1.
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In the first stage, chemicals containing surface alloying elements, suitably diluted with
distilled water, were used to obtain coating on iron powders. To facilitate wniform coating of
surface alloying clements and the thermoset polymer. a surfactant and small quantities of a
hard phase were ndded. To prevent rusting of iron powder, an antirest opent was ulso added.
By repeated experimentation, the quantitics of all the additives were optimised.

TABLE 1

Properties of lron Powder

5.MNo Properties - Alomized

I Hydrogen loss 047

2 Cacbon (vt ¥a) <102

3 Apparent densily(gfce) 2,66
Yo il (o), 22

5 Sieve -Iil;l'l:iii.'l.lll-
+ 212 pm Mil
<212 +150 pm T-15%
=150 pm + 45 pm Balance
45 pm 1 5-25%

500 g of Fe powder was added to 50 ml of the above solution (with optimised constituents)
and mixed well in a pol mill. The mix was removed and dried and crushed to obtain iron
powder coated with alloying elements.

The powder was chemically analysed and also subjected to SEM and EDAX analysis. The
analysis is shown in Annexure-|

1, 2 anxd 3% nf n thermosal resin were added to the dricd powder Trom the Mt stagee amd the
three compositions were independently pod milled. The milked powders Trom were compacicd
af 520MPa to obizin toroids of 50 mm OD, 41 mm 1D and 5 mm thick for magnetic
measurements. Two samples for each compasition were compacted, The compacts were then
cured ot temperature appropriate to the thermaoset regin.

23 X llx 6 mm samples were miade for resistivily measuraments; the same processing
conditions as for toroids were followed,
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From literature survey [6 to 14], it is clear that the compaction loads of 650 10 300 MPa are
commonly used in addition to warm compaction. This is to be expected because density plays
an important role in reducing hysteresis losses.

But, because of limitations of compaction press, it was necessary to restrict the compaction
loads to 520 MPa. Thus, the studies were conducted on samples with relatively low densities.
Hence, the actual values of different magnetic properties cannot be compared Lo those
reported in literature. | lowever, the elTicney of the coating process can be studicd by various
trends exhibited by magnetic properties.

Densities of cured toroids were measured by measuring their respective weights and
caleulating their volumes.

IXC Magnetic properties wore measured using o Walker uxmeter. AU maghetic propertics al
low frequencies upto 400 Hz were measured using a Walkers hysteresis loop tracer,
RESULTS AND DISCUSSI(MN:

Chemical analysis of phosphated powder showed I content of 0,12 10 0.17%. EDAX analysis
ou1 particles confirmed presence of P and ihe thermoset in every particle scanied.

The densities of cured samples — toroids and specimens for rogistivily measurement - are
shown in Table 2.
TABLE 2

DEMSITIES OF CURLED SAMPLLES

S He | %ol thermosel __Density, piece
| ] Al
- 2 .00
3 3 .2
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As a first step resistivity measurement was taken up. Fig. IV shows increase in resistivity
with increase in the percentage the thermoset added. There is a subsiantial increass in
resisistivity with

500 X il e e T T

2

8

0.4 1 15 2 25 a
Raxin, Wi

Fig. IV: Resistivity Vs % ol thermoset

the increase in  thermoset content of from 2 to 3%. The average particle size of the iron
powder is about 120 pum, Asseming the particles (o be spherical the avernge surlace arca of @

particles was caleulaled. A roungh estimation of coating thicknesses with 1.2 amd 3% of

thermsel work out 1o be 0.6, 1.4 and 2.4 . Thus, on & 120 wm particle, a themosel coaling
of 2.4 um showed.

Theoretically, a thorough dielectric coating should, in fncl, mmerease the resistivity to infinity,
This never happens because during compaction, rupture of the coated Iayers is inevilable al
certain points. This is true for all coating technigues reported in literature [2 1o 14].

EE-]
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Next, DC magnetic properties were measured and the results are plotted in Fig V. Fe-P-3%
thermoset resin was selected for this study.

ispD@
BABD f=— _'__'__F-_._._._,_.-n-—'_"-_'_--
..--"'_.._
000 =
—e=— Fa
= anaE = —— Fa-P.3% thavmessl
joaE =
- .
a W i —:: i 1 =
B [ g i 8 im 4 ]

W, Oarsind

Fig ¥ 1511 curves for FeoP wilh 3% Dhermsosct resin

Fig. V shows ‘B Vs 'H" plot for iron and the coated iron. It is clear from the plot that, pure

iron sample saturates about 5 Oe, the induced ficld levelling ofT at about |00 gauss. The

conled samples show considerable increase in ihe B wvalue, reaching 800 gauss, the
saluration starting from 7 O of "H".

1200

WDi{ | =88 ——pEma —8 BN

= 1000 -

S0 -

@ W

T L] L] T e

s 61 1m 11 L a1 FaLl 9y
H Cesterd

Fig. VI: H Vs B af low frequencies for Fe-P-3% thermoset
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A similar study by Matt Persson was done and published in MPR Nov-2000, with coated
samples with 7.34 g/cc densily showed a B of 12 kG at a H of 0.65 Oe. The same values from
Fig. V are 0.7 kG at about 5 Oe respectively, the density of the sample being 6.20 gloc.

As & second step, magnetic properfies of coated samples (Fe-P-3% thermoset) at different
frequencies (50, 100 and 400 Hz) were measured. The results are shown in Fig. V1.

[t is clear from fig. Vi that the samples cannot be tested at low frequencics unless there is a
possibility to increase the field. From literature [1 |, it 5 known that, ficlds required to
saturate a soft magnetic material are usually three times the DO saturation Mekds. This meant
that, to saturate the samples a minimem H of 21 Oe is required.

Since there was no access o equipment that can generate such high 1, it was decided to
study the efMect of higher frequencies. Figs, VII shows the elfect of frequency on
permerability.

130 e e e ST e e
_""EI-ITEPFE%R_ -.-EEH'E 3%R |
—dr—=a+H+ —— o+ P+
B4
2 ;
- i
1] ‘“_-_.\.‘Hu
|
B H‘_-.-_'_'_-b‘
| o "0 m 30 %0 8 o
Fragpasnoy KHE
|

Fig. VIl: Effect of frequency on permeability

This data was generated at a H value of 2.6 Oc, This H value was chosen hecause one of the
siumples saturatesd od thal value,

The low permeability values for pure iron (almost nil al 30 Kilz) are o be expecied, The
best permeability values (on comparative basis only) are shown by Fe-P-3% thermoset. Only
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after 40 KHz, there is a drastic fall in permeability. Till thar frequency the permeability
sustains in a narrow range. From this it can be inferred that both hysteresis and eddy current
losses are reduced.

CONCLUSIONS:

1. A simple method of coating phosphorous, boron and thermoset polymer has been
developed.

2. SEM and EDAX analysis shows F and the thermoset are coated on all the particles
scanned,

3. DC magnetic properties are comparable with the values reported in literature.
4. The material shows sustained permeability at high frequencies
5. The material developed by the present method reduces the total core losses
6. Only preliminary studies have been conducted. A thorough study of magnetic
properties at different frequencies with samples having different densities (unto 7.2
glee) has to be undertaken,
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ABSTRACT

The Fe=F system is o highly favoured soft magnetic materizl for AC opphications because addition of I* decreases the
coercive force and Increnses the pesistiviey. Copvensional wrought metsllurgy rowte for Fe-P systems has limited
magnElic spplictisons betamse of hol-chofnes encoanbersd dufing kot polling o Mminstes. Hense, PM is prefemed
for this slloy system. To obtam Fe=P system through PM rowle, the mw materials are Fe and FesP powders. The
sumpboit prodisctbon method [avolves mixing tbe consifisents Ballov ed by compaction and sinering Howewer, this
methad daes not énsure uniform aad komogeneous distrihutian of the constituents. Partiol-alloyving snd pre-alloying of

the constifusats are the usual methods follpsved 1o ensure the required dis b bation.

Im dbez preseni case, w new chemical based method for 1* addicos For more usiform distribotion of P in tke matns has
been developed. The resiziamcs and magnetic propesies of Fe-F compositens developed thus with P comtern ramging
from .25 10 234 are presenbed and compared with avarloble data on corvertanally produced Fe-P systema.

INTRODUCTION

The iron-phosphorous (Fe-P) system is being promoted commercially as a new soft magnetic
material with claims to replace virmually all other high performance soft magnetic P/M materials
[1]. The properties of P/M soft magnetic alboys are determined by alloy composition, processing
conditions, microstructure, porosity and morphology of the porés. In soft magnetic components,
density influences the magnetic properties, as porosity reduces, the flux density, remnant
magnetization and maximum permeability increase markedly, whereas coercive force, which is a
struclure sensitive property, increases marginally. Alloying additions like Si, P, Ni increase the
resistivity and decrease the coercivity. However, the manner in which the alloying additions are
constiluted has a significant effect on the porosity and microstructure[2].

The conventional methods for production of alley powders of ferrous based P/M materials can be
categorized as blended elemental powders, partial or diffusion alloved powders and prealloyed
powders, The process of blending involves mixing of iron powders with alloying additions and
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lubricants in blenders, Typical alloying additions include copper. nickel, carbon in the form of
graphite, and phosphorus in the form of ferrophosphorus, FeiP. However, this method does not
always ensure uniform distribution of alloying elements in the matrix [3].

Partial or diffusion alloying is a pyrometallurgical process and may involve chemical and/or
metallurgical reactions in addition to bonding. This method improves the inherent compositional
homogeneity of the resultant powder without adverse effsct to its other processing
characteristics, especially, compressibility[4]. However, components made from diffusion
bonded Fe-P powders produced using ferrophosphorous show heterogeneais microstractunes
and do not exhibit uniform hardress unless they are sintersd at very high temperatures for long
fimes, sometimes as high as 24 hes [3],

Prealloyed powders are generally produced by water atomizalion of liguid alloy steel in which
all the alloying elements are homogeneously disiributed. These powders are characterized by
dense particles with regular shape. With prealloyed powders, no further homogenization is
necessary and components produced from these powders have a homogeneous micTostructurs
with greater hardenability However, these powders are generally less compressible than pure
iron powdar because of the solid solution strengthening effect of the alloying elements. Despite
this limitation, these powders ane used to produce soft magnetic components [6]

In the present paper a different method — thermochemical method - of production Fe-P powders
is discussed.

THEORETICAL CONSIDERATION

Conventional wrought metallurgy route for Fe-P systems has limited magnetic applications
because of hot-shortness encountered dusing hot rolling into laminates [7 ). Hence, PM is
preferred for this alloy system. To obtain Fe-F system through PM route, the raw materials used
are Fe and Fe;P powders. Studies [2,3,4] have shown that the element P stabilizes the maore
open a-phase and forms o liquid phase above 1050°C. Thus, it enables liquid phase sintering at
the conventionaily used temperatures of 1120°C. While reasonable magnetic propertics are
achieved by sintering at 1120°C, marked improvement is realized by sintering at higher
temperatures and longer times[6 8] High performance soft magnetic materials should magnetize
and demagnetize easily; bence, applied field (He) should be small, while maximum permeability
after saturation {pi,) and maximum induced field after saturation {B.) should be as large as
passible for A.C or pulsed D.C applications. Further, resistivity p should ke as high as possible
*n order to minimize the eddy current losses Eg according to Steinmerz equation{1]

Eg=Ki'B Y p ¢f)
where K is 8 proportionality constant, f is the frequency in hertz, B s the flux density in tesla, t
is the sample thickness in meters and p is the resistivity in ohm-meters.

The total bosses ‘Er’ are given by
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Er=Ey+E S
where Ey is the hysteresis loss.

Considering the importance of Fe-P system for soft magnetic applications, a new method of in-
situ formation of Fe-P system with different percentages of phosphorous has been developed
which ensures uniform distribution of the alloving element, minimising the time required for
diffusion bonding process of alloying. To produce iron powder alloyed with phosphorus, a
phesphated salt is reacted with iron powder, The process involves [9] mixing of Fe powder with
P containing salt in solid or liquid form and converting the solid or fiquid phase into gaseous
phase by treating the mixture under hydrogen atmosphers for the required time and tempemature,
This results in deposition of phosphorus from gaseous phase onto surface of the solid iron
particles ensuring its uniform distribution in Fe matrix and also intimate contact with Fe
particles resufting in its diffusion into the iron matrix.

EXPERIMENTAL PROCDURE:

[n=house produced iron powder from hydrogen reduction of blue dust, (whose propertics are
given in table 1) and the salt were taken in the reguired proportions and mixed thoroughly.
Theoretically calculation were done to estimate the quantity of salt to be added to the iron
powder to obtain specific P content

Table 1: Iron Powder characteristica.

Chemical comiposition:

Fe 9050 By
0 010 ¥
C 0 %
Si ALS, P, iraces
Ca, Mg, Mn iraces
Sieve Analysis:

+ 180 pm 2-3%

= 180+ 50 pm 5% max.
= 150+ 45 um balance
- 45 25% min.
AD, glec 24
Compressibility at 4.2 Tfem’, glee 6.45

100 g of the blended mix thus obtained was thermally reated in a tubular funnv:u and crushed

inio p-uwdcr All powrders were subsequently pressed and compacted at 7 Trem® for rectangular
specimens of size 23mmx Gmmx ] 2mm and af 6.5 Tilem® for tormoidal specimens of 40 mm LD
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and 50 mm 0.0 with 5 mm thickness, The powders were chemically analyzed before
compaction and sinfering. The green compacts were simtered at 1260°C for one hour under
vacuum {107 torr), Sinterad densities of the samples were calculated from their weights and
dim=nsions. Resistivity measarements on sintered samples were camied out wsing tnicro-chm
meter by four-probe method. For stadying the effect of P on resistivity and densiry, rectangular
specimens with P contents of 0.24, 031, 0.43 and 048 were compacted at & and 7 T/em'
respectively and sintered under similar sintering conditions.

The powders were also siudied using SEM. The powder as well as sintered samples were
subjected o XRD analysis.

For coe of the compositions, Fe- (L40P, measurement of induced magnetism *B° for different
applied fields "H' was done ot different frequencies. Values of initial magnetic permeabilicy at
different frequencies were calculated using the equation:

p= BH, (3
where B is the induced magnetism in kilogauss and H is the field in Oersteds.
RESULTS AND DISCUSSION
The chemical composition and average sintered densities of samples are shown in Table 2. The
results of the chemical analysis indicate that varied phosphorous contents ranging from 0.24 to
2.32% have been achieved using the new method. Thess results are in conformity with the
theoretical caiculations. They also indicate that P content can be controlled very precisely.

TABLE 2: lron = Phosphorous Compaositions,

Sample Mo Phosphorous, %% Sintered ctun:s:ir_l.r, gfee
i Average )

b LEREY 7.04

B 0.24 6,79

C 0.50 .60

(K] R R .50

E .40 6.92

F 0,43 T.23

G .48 T.40

H .63 .74

I 1.05 7.0

1 2.10 e

K 212 =

SEM micrograph of Fe-2.40P powder in Fig | shows that the powders retain their spongy
nature.
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XRD studies show no phosphorous in elemental or combined form. This supports the idea that
the process ensures homogeneous distribution of the alloying element (even in small quantities)
into the iron matrix, From XRD patierns, lattice parameters were calculated and plotted against
P zantent in Fig. IL

From the figure it is observed that with increasing P content, the [attice parameter is decreasing.
The effect is mare pronounced in case of the sintered samiples than in the case of powders. This
change in the lattice parameter confirms i ffusion of P atoms into iton lattice,
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Figure 111: Graph of Phosphorous conteat Vs Resistivity

Figg TIF shows the graph between phosphorous content and electrical resistivity which indicates
increasing resistivity with increass in P content. The resistivity values from literature for Fe-
0.45P [¥] (starting material, prealloyed powders) mnge from 20 to 23 micro. ohm-cm for
different densities, whereas the values range from 19,34 to 23.2 micro ohm-cm for the same
density and similar compositions for the samples lested,

Test specimens were produced with different phosphorous contents al two different compastion
pressures of 6 and 7 Tiom2 mespectively, Green compacts were simtered &t 1 260°%C and
compositions at densifics rapging from 640 fo 8,50, 5.80 to T.00, 7.20 16730 and 7.35 to 740

ghoe.,

Average resistivity versus densities for different P contents are shown in Fig. IV, Density has an
important bearing on soft magnetic propenties of iren, [ncrease in density reduces resistivity thus
increasing the eddy current losses, At the same time increase in density decreases coercivity and
henee the hysteresis loss. In order to reduce the total core losses, it is necessary to inGrease
resistivity withou! compromising on density, This is achicved by addition of P in the reguired
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percentage. Fig. [V shows that the effect of phosphorous content in increasing resistivity is more
than that in decreasing density, The best results were obtained in samples containing 0 .48% P.
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Fig.1W: Resistivity at diffierent density ranges vs Phosphrous conlents.
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The graph of "B Vs H" and "p Vs H® bave been shown i Fig 'V and V1 respectively for Fe-

(.40P,

These values have been messured at 50, 100 and Hz. Dus 1o limitations of the

pquipment, measurement at higher frequencies was not done. It is clear that as H and frequency
increase, B increases, while y increases upto a particular value of H beyond which it levels off.
The . value obtained by 0 was a maximum of 3000 for an applied field of 9.50e.The standard
values reported in literature are 4800 for field of 230e[1]. Howsver, there is a clear indication
of posaibility of increase in p with further increase in H and even with increase in frequency.

CONCLUSIONS

The addition of phesphorous by this thermochemical method enables to achieve close
cadtro] over the composition,

Homogeneous distribution of P in Fe is obtained in this procass.

The Fe-P powder obtained by this alloving method retains ils spongy nature
{eompressibility) for PM processing,

The increase in the resistivity with increasing content of phosphorous can belp in
reducing eddy current losses,

With addition of phosphorous, it is possible to obtain higher densification, thus reducing
hysieresis bosses and hence the total core losses.
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B, The resistivity values and the magnetic properties are comparable to those measured on
samples produced from prealloyed powders.

1 Further measurements at higher frequencies are required to know when the samples get
saturnted and find out p,. Further measurements are also required at higher H values to
find out how much increase is possible for both B and p values
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DESIGN AND FABRICATION OF VARIOUS TYPES OF BALL
MILLS FOR THE SYNTHESIS OF ALUMINUM BASED METAL
MATRIX COMPOSITE POWDERS

Rajesh Purchit. Pramod Sahu and Rakesh Sagar
Mechanical Engmeering Department. [ndian [nstitute of Technology. Delhi-110016

ABSTRACT

Muclamical alloving id o veahbe provcmp ool e the manulacture of deciile asd bntlle particelales of
dilferend aldows or composiie sysiomas. ILconsists o epocatid weldme. irociunng and ne-walding of powdsr parscles
in.a high enorpy hall charpe. In the presemd works three different tvpes of bail malls namely nenbler ball mill, algrition
mill arsd planeiary Fig |l il have be=n -.'I.,:s.:ihl.'m;-:l amd fubricaicd fisr the meckanical .}]In;.:ﬁng al Afumenam hased metal
malfiy composite povwders. The misture of sluminun and 13 aeipht % S0 poader wae mechanszally alboved using
turiblicr ball mall. The mechancal alboving was achicved im 12 howrs of malling. Powder samples were 1nken out &t
each 5 boars ineerval i order te study the changs m momlologs ol compasile pow s Arnienes usang scanning
electron microscopy { 3EM L The mechaniim ol milfiop Bds oo boon decissed. The critsial rolateal spead of ihe

horizontal ball mill vas dedermined. The empemtuce mse dursmg naling wias 2l medaired

Keyvwords: Mechapical alloving. alumensm powders S0 parscufates. hall mdl. scannmg oleciran mMacriseops mnd
eritecal potanivnnl 2pssed

1. INTRODUCTION
Global competition has forced manufacturers 1o shift towards innovative ideas. newer

manufaciering processes and substitution of conventional materiats by new kind of materials to
achieve a better quality of product. Automobile. zircraft and other industries are now shifting
rowards powder metallurgy process. The reason o5 that the products made by this process offer
excellent properties like, high strength to weight ratio, high stiffness, corrosion resistance, wear
registance, low co-efficient of thermal expansion. closer dimensional tolerances, self fubricating
properties and versatility 1o designer. The powder metallurgy process offers a number of
sdvantages over the other manufacturing processes such as:

I. Reduction in manufacturing ¢ost because of high materizl utilization, reduced machining
and low energy consumplion.

Improved performance because of fine-grained structure and chemical homogeneity
Flexibility to the designer in material selection that allows the productice: of engineering
components with optimized mechanical and physical properties.

4. Enables processing of matenals having poor workability such as ceramics and carbides

=
3
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Due to the above benefits of powder metal lurgy process i is a constant endeavor on the
part of researchers to study each step of the process. The benefits obtained by the products made
by this process almost depend upon the quality and homogeneity of the powder mixtures, The
blending and mixing provide a mechanical mixmre of two or more rypes of powder paricles
without any evidence of atomic bonding between them. For last few decades the mechanical
alloying (MA) has been cvolved as a newer powder processing technigue to achigve mixing at
maolecular fevel. MA is a high energy. dry ball milling technique that produces composite metal
powders with sub-micron and macro homoegengity. MA is being employed increasingly in the
development of metzl matrix composites (MMCs) because it leads o a relatively uniform
distribution of the metal powders.

Mechanical alloying is a non-equilibrium powder processing technique and 15 widely
used for the preparation of magnetic materials, alloys and mter-metallic compounds. The main
advantages of MA are thar the reactions. which occur af high temperature, are made to occur at
low temperatures. Since the pioneering work by Benjamin and co-workers [1.2], considerable
effart has been made a1 exiending the range of materials that can effectively be processed by
MA.

The process of MA starts with blending of individual powder constituents where the
diameter of the particles can range from 1 1o 500 pm, During MA, the largest number of
collisions are of the ball-powder-ball type in which the powders are deformed between the
colliding balls as shown in Fig. | and Fig. 2. A single collision between two balls results in
either coalescence or fracture of the entrapped material. The velocity of colliding balls, the
kinetic shock energy and kinetic shock frequency are the important parameters that determine
the mechanics of mechanical alloying [3]. By mechanical alloving process hard and fragile
component is fractured and incorporated. at the same time. in the soft and ductile component.
The powder particle size is changed during the entire process and some intermetallic
compounds may also occur between the respective components.

In a ductile metal like aluminum, the powders cold weld casily and thus it becomes
difficult to control MA. To reduce the tendency for cold welding, organic surfactants known as
process control agents (FCA) have been added in small amounts e.g. |-3 weight ¥a of the toal
powder charge, The PCA delays cold welding and allows the material 1o work harden
sufficiently to fracture. During sintering. the organic compounds decompose and the carbon is
absorbed to form carbides [3]. Mechanical alloving is a complex process and hence invalves
optimization of a number of wvariables to achieve the desired product phase andior
microstructure, The effect of various process parameters such as mill type. matenal of milling
container, speed, grinding medium, ball 10 powder weight ratio. extent of filling of vial etc. on
the final milling product are discussed in detail by C. Suryanarayana [4]. All these pracess
varighles are not completely independent, For example, optimum milling time depends on 'I.I'lit
type of mill, size of the grinding medium, temperature of milling. ball 1o powder weight ratio

eic,
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Fig. 1 Effect of Impact
{a) Brittle single particle, (b) Ductile single spherical particle

{(ch

Fig. 2 Process of trapping an incremental volame of powder between two
balls in a randomly agitated charge of balls and powder

2, MECHANISM OF ALLOYING

The mechanizal alloying mechanism consists of an minial microforging stage in which
particles are deformed in the ghsence ol agglomeration by welding and fracture Eventually.
particles become so severely deformed and embrittled by cold work thal they enter a secondary
stage. during which the particles fracture by a fatigue failure mechanism andfor by the
fragmentation of fragile flakes. Fragmenis generated by this mechanism may continue 1o reduce
in size in the absence of strong agglomerating forces by alternale microforging and fracture.
When fracture dominates and the role of microforging is negligible in the absence of welding
agglomeration. flakes continue fo become smaller until molecular interaction occurs, As
particles {particularly fakes) become finer. coupling forces tend to become greater and
agglomerates become sironger. Eventually. milling forces that deagglomerate the particles reach
equilibrium with the coupling forces present. and an equilibrium agglomerate particle size
results [3].
When cold welding between particles occurs. the imitial process is microforging. This is
followed by secondary process of fracture. microforging and agglomeration. Afier a period of
time. cold welding and fracturing attain steady state equilibrivm. Average particle size abtained
at this stage depends on the relative ease with which agglomerate can be formed by welding.
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fatigue and fracture strength of composite particles. and resistance of particles 1o deformation,
Particle size distribution is narrow, because particles larger than average are reduced in size at
the same rate that fragments smaller than average grow through accretion of smaller particles
and wear debris produced by attrition | 5],

The milling mechanism varies according to different combination of metals and alloys
to be milled: (i) ductile-ductile. {ii) ductile-brittle. (i} brittle-brittke systems [4.6].

Ductile-ductile gystem:

A large number of elemental blends that arc mechanically alloyed so far fall this
category. The mechanism of alloying when both components of blends are ductile was first
given by Benjamin and Volin [2] and was further dealt with in detail by Benjamin. The
mechanical alloying occurs progressively in five stages. In the first stage. the equiaxed ductile
particles are flamened by microforging resulting in flaky and plate like pamicles. Increased
surface area of the particles results in extensive cold welding of powder components on further
milling (second-stage) resulting in composite lamellae structure associated with an mcrease in
average particle size. Meanwhile a small quantity of the powder, usually one or twa-particle
thickness, also gets welded on to the ball surfaces. This coating of the powder on the grinding
medium is advantageous since it prevents excessive wear of the grinding medivm: additionally
the wear of the grinding medium does nol contaminate the powder,

On further milling the aspect ratio of composite lamefllac reduces due to fracturing and
the plate like coarse particles becomes equiaxed. The increase in hardness and brittleness due to
strain hardening is the reason of fracturing to dominate in this stage.

In the fourth stage. the welding orientations in the composite particles become random
and convoluted. Alloying begin to occur at this stage due to the combination of decreased
diffusion distances { interlamellar spacing). increased lartice defect density and the heating effect
that may have occurred during the milling operation. The final stage s characterized by a
narrow panticle size distribution and the composition becomes more uniform. A saturation level
of the hardness of the particles is attained in this steady state processing slage and all the
particles get heavily cold worked. At this stage the individual lamellae cannot be resolved in an
optical microscope. The completion of the MA process and attainment of the homogencous
structure i€ characterized by the ease in removal of powder from the grinding medium.

Ductile-brittle system:
The early work of Benjamin and his group [1.2.4.6] on the ODS alloys is a rypical

example of a ductile-brittle system. In such a system. the ductile metaliic particles such as Ni or
Al are flanened and welded to each other during milling. while the brittle phase such as onide
particles is fragmented/comminuted. These britile particles are then entrapped along the cold
welded interfaces in the layers of the ductile phase. As milling proceeds. the layers of the
ductile phase come closer and ultimately become unresolved while the brittle phase is uniformly
distributed as fine particles in the marrix of the ductile phase.

Brirtle-brittle system:
During milling of britthe-brittle companent system. the harder (more brittle) component

gets fragmented and embedded m the safter {less brinle) component. Material ransfer in these
systems is thought o be due 1o diffusion caused by rise in temperature during milling. This may
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be due to the enhanced diffusion paths in these systems caused by deformation induced defects
which are expected to be insignificant in brittle-brittle sysiems [6].

3. FABRICATION OF BALL MILLS

Three different types of bell mills namely twmbler ball mill, atrition mill and &
planetary ball mill have been fabricated for the mechanical alloying of various alloys and
composite systems. The motion of milling medium and charge varies between different types of
mill, with respect to movement and trajectories of individual balls. and the degree of energy
applied to impact. shear, attrition. and compression forces acling on powder particles.

3.1 Tumbler ball mill:
A tumbler ball mill (also called horizontal ball mill) has been fabricated for mechanical

alloying of aluminum and SiC particulates, The tumbler ball mill consists of a cylindrical
container (with 100mm diameter and |00mim width) with horizental axis and supported by two
axial shafts. which are mounted on twe self-aligning ball bearings, The mill rotates at B0 rpm
through a singie-phase geared motor, The rpm of geared maotor s 173, which is reduced 1o 1]
rpm using pulley and belr drive.

The mill is filled with balls and powder charge up 1o about 20 to 35 % of its total
volume and the milling is done for required period of time (12 to |5 hours). The balls either roll
{cascade) down the surface of the charge or fall down (cataract) through free space on the
material. Due to the combined action of centrifugal force and the friction between balls and
container wall. the balls move together with the container wall until the gravitational force is
balanced by the centrifugal force, and subsequently fall down in free space causing an impact
with the powder particles.

As the mill is used for mechanical alloving of aluminum and 5iC particulates. the
container is made of the same material i.e. Al-15 weight % SiC, composites ithrough casting
and further machining operations), to prevent contamination of powders from the contaner
walls. The container is made leak-proof se that inert gas (argon) can be filled in it to prevent
contamination from atmespheric oxygen. An epening for filling the powder and balls is
provided with a rubber seal. To fill the argon pas the mill is equipped with two non- retum
valves,

3.2 Attrition mill:
An attrition mill has also been fabricated. which consists of a water-jacketed stationary

cylindrical container (300 mm diameter and 430 mm height) with a centrally mounted vertical
chaft with & number of impellers radiating from it at different angles (Fig. 4). The impellers are
mounted helically to obtain a complex motion of balls and powders in axial, radial and
circumferential directions and hence 1o achieve a homogeneous mixing of powder particles. The
shaft rotates at different speeds via a belt and pulley drive through a 1.5 Hp three-phase AC
motor, The speed of the impeller shaft can be varied from 100 w 1000 rpm by changing the
speed ratio of the belt and pulley drive. The mill is filled with powder and ball charge up to 35
%, of its total volume. The rotation of central shaft with impellers causes a stiring action and
differential movement between the balls and the material being milled. This provides a
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substantially higher degree of surface contacts herween the powder particles and the balls than

any other ball mill.
Milling is accomplished by impact and shear forces. The rotating charges of balls and

powder form a vortex at the upper end of the stimming shaft. into which the milling product and
balls are drawn. The powder particles are impacted by balls travelling in various trajectories that
collide within the dilated charge of balls and powder. Amrition mills are high-energy mills in
which lange quantities of powder (from 0.5 to 40 kg) can be milled in relatively shorter period
of time {about | 1o |5 hours). High heat is penerated during milling in attrition mill, which rose
the temperature 1o high values. Therefore the mill is surrounded with a cooling jacket in which
water is continuously circulated o carry away the heal generated and thus maintaing the
temperature 1o gbout 40 to 50 °C.

While the other ball mills use large medivms, normally 12.7 mm (0.5 in.) or larger, and
run ai low rotational speeds of 10 to 50 rpm. the anrition mill agitator rotates a1 speeds ranging
from 60 rpm to 300 rpm and wses medium that ranges from 3 mm to 6 mm. The power input to
attrition mill is used to agitate the medium and not to rotate or vibrate the heavy milling
container. Product output is relatively low with arrrition mills, compared to large tumbler and
vibratory ball mills. Consequently. tumbler ball mills usually are used for production runs of

135 1o | 80 kg per day.

Mechanism of attrition mills: The central rotating shaft of an attrition mill. equipped with
several arms (Fig. 5) exerts sufficient stirring action to tumble the grinding medium randomly
through the entire chamber volume. causing irregular mavement by:
# [mpact action on the medium
«  Rotational force on the medium
*  Tumbling force as medium fills in the void left by the arms

For line grinding. both impact and shearing forces must be present, In artrition mills,
impact is caused by constant impinging of the grinding medium. due 1o irregular movement.
Shearing action is produced by random movement of the balls in different rotationsl directions.
which exens shearing forces on the adjacent slurry. The strongest agitation occurs at a point
located two thirds of the way from the center. Grinding does not occur against the chamber
walls. which serves as a container rather than a grinding surface. Minimal wear of chamber
walls ensures long service life,

In attrition mill, grinding time 15 related to medium diameter and agnator speeds. within
given limits, as:

I"EE, PR 4

Vn
where. 47 is grinding time required to reach a certain median particle size: % is a
constant that varies with the slurmy being processed and the type of medivm and mill being used:
" i the diameter of the medium: and w " is the speed of the shaft. in rpm.

3.3 Planetary ball mill;

Planetary ball mill is a high-energy mill because it gives large impact and attrition
forces to the particulate materials, It consists of a number of cylindrical containers called vials
attached at the periphery of a circular plate. whose axis is vertical (Fig.8). The vials contain
metal powders and ball charge. The plate rotates about its axis, while the vials rotate about their
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own axes as well as revolve about the center of the circular plate in the opposite direction,
resulting in a planet like motion of the vials. Due 1o this counter rotation high impact and high
atirition forces are generated. The angular velocity of the support plate of radius ‘R’ is
represented by ‘ST and the angular velocity of vials of radii *r is represented by *of. For a
typical planetary ball mill which has “r/R " between 0.1 1w 0.3. the optimum setting of *a /42" is
berween —3.25 and —2.25 (negative sign indicates opposite sense of motion).

A planetary ball mill with four vials arranged along the periphery of an aluminum
Eppu;u‘t plate has been fabricated as shown in Figé. The specifications of the mill are as

llows:
Kadius of vials: 67.5 mm
Height of vials: 204 mim
Radius of circular plate: 225 mm
Muotor rating: 2 HF. 3 phase, 440 V, 925 rpm.

The maotor rotates the support plate through a v-belt drive, The speed of the plate can be
varicd from 100 fo 500 rpm using pulleys of different diameters. The drive for individual vials
5 also taken from the shafi of the support plate using v-belt and pulleys of different diameters,
The critical rotational velocity of the mill is calculated by using the formula [3]:

Wiar = -1 - ¥R

Where
Wi = i = critical ratio of vial speed to plate speed
R = radius of support plate, 225 mm
r = radius of vial. 100 mm.

Using above values of the parameters, the eritical ratio of the vials to plate speed, "W
was calculated to be -2.825, For optimum energy transfer from balls to powder during impact
the ratio of vial speed to plate speed is kept about 80 % of the critical value [7], Therefore the

ratio of the angular velocity of vial to the angular velocity of plate is taken as =225,
The vials are filled (25 to 35 % of their total volume) with the grinding balls and the

powder charge 10 be milled. The vials and the plate rotate in opposite directions and therefore
the cenirifugal forces on the balls aliemately act in like and opposite directions. This causes the
grinding balls to run down towards the central axis of the support plate.

To prevent contamination from vial walls the vials are made of the same material as the
powder to be milled ie. Al- 15 weight % SiC, composite (through casting and further
machining process), To prevent contamination from atmospheric oxygen. the vials are made
perfectly leak proof and the top cover plate is provided with rubber seal. Two non-return valves
are provided in each vial for filling argon gas.

For mechanical alloying, the mixture of Al and SiC particulates in required proportions
along with the steel balls are filled in the vials with about 25 10 15 % of their tatal volume and
the cover plate with the rubber seal are screwed tightly. Then the argon is passed in the vials 10
escape the air and create inert atmosphere in the vials to prevent contamination, The mill is run
tor the required period of time (12 to 15 hours) ontil a steady state is reached when the
compasition of each powder particle becomes same as the proportion of the clements in the
starting powder mix,
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Fig. 4 Attriion mill
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Fig. 5 Inside view of an attrition mill

Fig. 6 Planetary ball mill
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4. SYNTHESIS OF AlI5 WEIGHT % SiC COMPDSITE PFOWDERS BY MECHANICAL
ALLOYING:

The mixture of aluminum with |5 weight % SiC particulates was ball milled using
harizontal ball mill in argon atmosphere. The parameters used for mechanical alloying are
shown in Table |. Steel balls with ball to powder weight ratio of ten were used as grinding
media. In order 1o minimize the exmeme tendency of aluminom 1o get it self welded during
milling. 2 weight % of stearic acid was added as a process control agent. Powder samples were
taken from the mill at each 5 hours interval of milling, The scanning electron micrographs of
the powder samples were taken to study the change in powder particle morphology during
milling. The maximum temperature rise during milling was also measured.

TABLE | Horizontal ball milling paramieters

5. No._ | Parameters Value

1. Mill capacity 4500 cm’
rif Container material Al-15 weight % SiC composite (Cast)
3. | Speed of ball mill B4 rpm
4, Ball diameter 9 gl 50 %), 105 mm {540 %)
5, Ball to powder weight ratio o:1
fi. ‘Weight of powder charge | 500 gm
7. Weightoftheballs | i kg

| 8. Percentage filling of ball mill 30 %a (by volume)}
9. Process control agent 2 wi % stearic acid
190 Milling atmaosphers Argon

5. RESULTS AND DISCUSSION

The powder particle morphology of Al-15 weight % SiC, composite powders at various
stages of milling is shown in Fig, 7. Figure 7 (a) shows irmegular. morphology of Al-15 weight
% SiC, composite powders before mechanical alloying, Figure 7 (b) shows that after 5 hours of
milling the equiaxed ductile aluminum particles are flatiened due to microforging resu Iting in
fat plate like structures while the SiC particulates were fragmented. Figure 7(c) shows a cluster
type of powder particle morphology. The increased surface area of aluminum particles results in
cold welding of powder components while the SiC particulates were entrapped along the cold
welded interfaces of Al powder particles. In the final stage of mechanical alloying. as shown i
Fig 7 {d). a fine homogeneous equiaxed composite structure is obtained due to fracturing of
compeosite lamellae structure and their random welding orientation. Due to inert gas aimaosphere
the newly fractured surfaces were prevented from oxidation and than the shear forces result i
welding of powder particles. The individual lamellae were unresolved in an optical microscope.
The size distribution revealed that a homogensous equiaxed powder particle structure with
average pawder particle size of 3 pm was obtained after |5 hours of milling.

It has been observed that if the mechanical alloying is incomplete. it is very difficult to
remove the powder from the balis and the inner walls of milling container while after
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completion of the mechanical alloying the composite powder can easily be taken off from the
balls as well as the walls of the milling container.

Ihe temperature rise measured duning milling of aluminum and 15 weight % SiC
particulates was 95°C. The high value of temperature rise is due to exothermic reaction between
aluminum and oxygen. The critical rotational speed of the horizontal ball mill, measwred at
30 % volume filling of mill with the balls and powder charge was |10 rpm (see appendix).

M= PRIV -8 =
T

Fig. 7 Scanning electron micrographs of the Al-15 weight % 5iC, com posite ball milled for
(a} 0 hours, irregular particles; (b} 5 bours, Mlat lamellaer; (c) 10 hours cluster; (d) 15
hours, equiaxed.



TRANSACTIONS OF PMAIL, Volume 28, December 2002 41

REFERENCES

I. Benjamin J. 5. “Dispersion swrengthensd superalloys by mechanical ailoying™.
Metallurgical Transactions, Yol 1. pp. 2943-2951 (1970

2. Benjamin J. 5. and Volin T. E. “The mechanism of mechanical alloyving”.
Metallurgical Transoctions. Vol 5. pp. 19291934 ( [974).

3. Kunal Ghosh, Tom Troceynski and Ashok C. Chaklader. ~“Processing of composite
ASI powders for plasma spraying”, The fni, T of Povweder ietallurgy, Vol 35, Mo, 2,
pp 27-35 (1999).

4, Surygnarayana C., “Mechanical alloving and milling”, Progress in Mareriols Science,
Vol 46, pp 1-184, (2001)

5. William E. Kuhn, “Milling of Brittle and Ductile Matenials™, revised by Carl C. Koch,
ASM Handbook. Vol 7. Powder Metal Technologies and Applications. pp 56-70
{ 1998).

6. Murty B. 5 and Rangamathan 5., “MNovel materials synmihesis by mechanical
alloving/milling™. fvermarional Morerials Reviews, Vol, 43, No. 3, pp 100-141 {1998).

7. Hiroshi Watanabe, “Critical rotational speed for ball-milling”, Powder Techrology,
Vol 104, pp 9599 (1999),

Appendix

Critical rotational speed:
An increase in milling speed mereases the energy input into the powder and hence

decreases the time required for milling. But depending upon the mill design there are certain
limitations fo the maximum speed that could be employed. The critical rotational speed of a ball
mill is the spead at which balls just star 1o stick with miner surface of the milling container. The
outermost layer of balls occurs when the trajectory of the balls coincides with inner wall of the
jar, Above the critical speed, the balls will be pinning to the inner walls of the vial and do not
fall down to exert any impact force. Therefore the maximum speed should be just below this
critical value so that the balls fall down from the maximum height © produce maximum
collision energy. The eritical rotational speed (A of a ball mill is given by the formula {7]):

Where g is gravitational acceleration. & s radius of the milling container and 4" is ball
containing fraction. which is defined as the ratio of the volume of the charge (balls and powder})
fo the volume of the milling container.
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SYNTHESIS OF COMPOSITE ALUMINA ZIRCONIA
NANOPOWDERS
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ABSTRACT

Mamopawders of composite nlumana rrreonia weee synthesized by the solge] process. This was carricd oul
using the orzsnometallic precursors nlummiis secondary hitoxide and rircanium opropoxdds. Thess wens pesited
if & medium of alcohol with costinuous stimng el u purtecular tampuratiore. Water wus added 1o casee hydrolysis sl
pre-sebecied lime mtervals. The sol obtaned wiis dried in un oven te cause gellation snd frther io produce pevwder.

The experameniol purameters ke twmperubund, copcentrabion, pH and selvenl fype wene vursed W gl
higher yiell of nanopowders. The benperuure incenss beads 1o enhanied hydrolyss und hvdrolysis rates.  The
cancentsation controls the availabiliy and level of aluminiwm hydrosde in the reaction liquid, which in tum affects
the condensation process that niscleates and grows nanoparticles.

The p affects the mucheophilic reactivity of water, which is necessary for the hvdsalysis of the precursors

The solvent has differont aapects such as dislectric constumt aml hydrogen bording which influense the anthesis.

The powsder 3o prodised were chumncterized asing BET and TEM.

The present study desls with the effects of differsm parameters on the vickd of nanopowders and

vhansceriies the powder 50 produced wang BET und TEM study
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Introduction

MNanocomposites are a special class of composites. They are defined as
composites of more than one selid phase where atleast one of the phases shows dimensions in tw
nanometer range [ 1], Manocomposites are daded into several subclasses based on composition
metal-based nanccomposites (eg, metal/metal.  metalfceramic, metalfintermetallics  and
metal/glass), ceramic based nanocomposites (e.g. omdeoode ncluding glass ceramics.
oxide/nonoxide and nonoxide/nonoxide) and palymer based nanocomposites (e.g., polvmer/glass.

polymericeramic and palymer/metal)[2].

Manccompesites can also be classified based on the microstructure, Mithara classified
manpcomposités into four categories: intragranular, intergranular, hybrid and nano/nanc
composites, Alternatively, the connectivity concept proposed by Newnham [2] in defining
microstructures of large dimensions in composites can also be extended to nanocrystalline size.
The connectivity s described as 0-3, 1-3, 2-2, ete, with numbers denoting dimensions- the former
signify the second phase and the later represent the matrix (eg.. -2 means an inferpenctraling

two-dimensional microstrocturs),

Manocomposites can be synthesized by any method capable of producing very fine grain
size. The important feature of the successful processes is that they enable the crystalling phases

nucleate but suppress the growth of the nuclei.

Plasma phase synthesis 12 one of the processes used to synthesize nanocomposites. [t

requires the presence of plasma or a highly 1onized form of gas called the fourth stame of matter
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Angther method 15 CVD Chemical Vapor Deposition in which gasecus reactants produce a
deposit on a substrate. Nanocomposites have also been produced by sputtering which 15 a cold
evaporation technique that employs pure metals, allovs and compounds to deposit a laver of

merterial onto a suitable substrate.

The solgel method of synthesis involves the transformation of a homogeneous solution to
a phase where the molecular structure is no longer reversible In Intercalation, ion exchange is
carried out with layvered materialz to produce a nanocomposite. Organometallic pyrolvsis in
which organometallic precursors are pyrolvzed to produce ceramic materials 15 also a successful
method  Ignition of precursor solutions for producing nanocrystalline ceramics s called

combustion synthesis or auto-ignition,

Yet another process is mechanical alloving which is a solid state process involving

welding. fracture and rewelding of elemental or prealloved powders in a high energy ball mill.

In the present work, the sol gel process has been chosen to produce nanocrystalline
Alumina Zirconia composite powder, The sol gel process offers the possibility of being scaled up

and also requires minimal facilities for its implementation.

Manopowdars can be procassed to suceessfully obtain nano/nano composttes which have
propertics that cannot be obtained with conventional matenials. They have much higher ﬂrm;dt
and enhanced fracture toughness, Thev also have higler hardness, The elastic modulus of these
materials is also higher, They also exhubit superplasticity. These composites show good strength

retention at clevated temperatures. Once. one svstem has been studied. it can easily extended 10
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other svstems

Mamopowders of composite Alumina-Zircomia have besn synthesized by the sol gel
process All the expenments spanning a wide spectrum of condrtions lead to the formation of
nanopowders. But there is also considerable variation in the results. These results point to the
significance of synthesis parameters in determining the nature of the endproduct. While very high
surface area powders are reported in the literature the variations theren and the parameters which
mav cause the same are not studied. An elucidation of some of the parameters and a verificatian

of their signeficance is outlined.
Synthesis of Nanopowder

Mancpowders of composite alumina zirconia have been synthesized by the sol gel
process. This has been carried out using the organometallic precursors aluminium secondary

butoxide and zirconium isopropoxide.

Aluminium secondary butoxide 1 dizsolved in soivent contaming acetyl acetone. The
solution is raised to appropriate temperature and pH addinves mcorporated. Thus 15 hydrodvsed
by addition of distilled watsr/solvent muxture (distilled water + anhvdrous solvent) and stirred for
| howr in ambient environment. Subsequently zirconium n-propoxide s added and stirred for two
hours. Finally water/solvent mixture containing watcr 15 added i 2 conlinuous stream ul'l-dln:r

vigorous stireing [3]. This leads wo the formation of a clear sellowash sol

The experimental parameters like emperature, conceniration. pH and solvent type werc

varied to get higher vield of nanopewders
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The ol obtained was dried in an oven at 110°C for four or more hours 1o cause gellation

and then further to dry the gel,

The dried gel was calcined at 300°C for two hours 1o produce powder. The organic
residues decompose and bum at 3 mimmum temperature of 500°C hetce the choice of this

temperature for caleimation,

The calcmed powder was then milled in a planstary mill to break the lumps of powder

The milling was carned out for § hours at 100mpm
Characterization of nanopowders

The maximum limit of powder that can be realized was calculated for a given amount of
precursors, This was then compared with amount powder actually obtamed and the yield was

calculated. The yield was about 35%,

X-Ray diffraction was carried out to confirm the presence of both alamina and zirconia
phases. The XRD was implemented in a Philips PWI1710 instrument that had a diffractometer.
CukKa radiation of wavelength 1 542 Angstroms was used to obtan the powder patem. Smce the
powders from the sol gel process were amorphous. they were calemed at 1200°C for four hours
bufore XRD ;:l'lﬂl'ill:-lﬂf'iMIiUH. The results showed the presence of alumina and zirconia in the

manerial

The powders were studied by the BET method to find the surface area per unit mass
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The BET procedure was carried oul using a Sorpromatic 1990 instrument. The mitial

and final P/P. was between 0.05 and 0.33. The reiation for the surface area per unit miass was
(51

§ = XNALwM)

M= Molecular weight of adsorbate

Ag=Average occupational aren of an adsorbate molecule

Me=Avogadro's number
w= sample weight
Xo= (A+B)

A and B are obtained from the variation of gas volume adsorbed (X) with pressure P in

the equanion;
P/X(P.— P)] =B + A (F/Ps)
where A is the slope and B is the intercept of the plat.
The BET surface area was then used to calculate the average particle size
The relation between surface area and particle size is[3]:

d =K/ 5p)
d = particls size K= shape factor= |
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§ = surface area {m m" /gm)

p = density

TEM study of the powders was carned out using a Philips CM12 120 KV mstrument a1
magnifications between 45,000 and 1.00.000 The powders were ultrasonicated in an Schoeller
and Co. ultrasomic agilator in acetone medium. The frequeney of the mstrument was 30 Khz A

drop of the suspension was plased on a carbon coated grid, This was then allowed to dry and

pheerved in the TEM.
RESULTS AND DISCUSSIOMN

The XRD spectrum 15 shown in Fig. 1.
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Fig | XRD Spectrem of DebsiM powder.

The results shawn the presnce of both Aluming and Zirconia in the powder.
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A typical BET plot for the obd T4P poswder is shown in Fig, 2
9.E.T, Plot
The experiments and BET results are shown in Table 1.
Sample | Solvent Concentr | R'H Tempera ] pH Water/ BET d (mm) :
name at-ion -re Alkoxide | Surface
Area
OldTO Eth 0.381 2 44 7 1 170,88 1.408
OldT2 40eth 0,76 3 37 7 1 204 63 1.175
| +60 acet | ]
OidT3 TOEth+3 | 0381 10 45 g 1 212.55 1.132
0 Acet )
CHdT4P | 25 Eth+ | 1.523 5 37 9 1.5 214.23 1123
T5Acet
OldT6 90 Eth+ | 0.381 2 30 7 i 183.12 1.314
10 Acet -
T19 10 Eth+ | 076 5 30 2 1 15081 1 595
90 Acet
DebsiM_| Butanol | 1.52 7 30 T L 243.41 | 00988

ETH - Ethanol. ACET - Acetone
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The TEM Photographs are shown in Fig. 3 and Fig. 4.

Fig. 3 TEM photograph of old TO powder at 1.00,000 X.
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Fig. # TEM photograph of old TEP ai 10000 X
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The temperatere increase leads to enhanced hydrolysis and hydrolysis rates. It alse
infleences the rate and extent of diffusion of molecular species i the reaction bouid. The
concentration controls the availabiliey and level of aluminmum hydrosude m the reaction liguid,
which in tumn affects the condensation process that nucleates and grows naneparticles. The
concentration also includes water which 13 a reactant (water concentration can be reduced by

addition of ethanod)[4].

The pH affects the hydrolysis and condensaticn processes that take place during the
svithesis reaction [6,7), The solvent has different aspects such as dielectnic constant {4] and
hydrogen bonding which influence the synthesis. The dielectric constant reflects the insulation
ability of the solvent which means that the electromagnetic van der waals potential 15 used to
polarize the solvent rather than attract neighboring particles, This means that a high dielectnic
canstant leads to good separation and dispersion of the nanoparticles as soon as they are formed

preventing agglomeration while also ensuning that they do not coalesce to form micropowders.

The second aspect of the solvent effeet is that the solvent ethanol molecules hydrogen
bond among themselves and they can also hydrogen bond with aluminium hydroxide molecules
This would lezd to speedv and enhanced transport of the molecular species over longer diffusion

lengths leading te coarsening of the nucle. This would lead to coarse micropowders,

CONCLUSIONS

{i) By varving the process pasameters {Temperamre. concentration, pH and salvent type)

i possible to obiain opumum vicld. particle size and particle size distribution
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{ii} In the present work, it was observed thal basic pH gives best results regarding particle

size and size distribution.
{iiiy  Effect of other process parameters is also being studied.
4., REFERENCES

1. Sternitzke, Martin, Review: Structural Ceramie Nanocomposites, J. Eur. Ceram. Soc.,

Vol 17, Me.2, ppldal - B2 (1997)

3  Bhaduri & 5.E Bhaduri, Recent developments in Ceramic Nanocomposites, JOM, Yol 50,

Mo. 1, pp 44-31, {1998).

3. M. Balasubramanian, Ph. Thesis, Processing and Characterization of alumina-zirconia

powders and compasites, May 1956, [T, Madras,

4. L.Gao, W.Li, ].Wang and J K.Guo, Influence of some parameters on the synthesis of Zrl-
nanoparticles by heating of alcohol-aqueous salt salutions, Joumal of Nanoparticle Research,

Val.1, No.1, pp349-352, (1999).

5. German, Randall M., Powder Metallurgy Scicnce, Metal Powder Industnies Federation, -

Edition, 1994,

& Prabliu. G.B, Bourell, D. L., Abnormal grain growth in alumirs-sirennia nanocOmposites,

MNanostructured Materials, Vol.5, No.6,pp 727-731, (1993).

7. Hench, Larrv. L., Wesz, Jon K., The Sol-Gel Process, Chemical Reviews, Val.50, Na.l.

pp33-T2, (1990).



| TRANSACTIONS OF PMAI, Valume 28, December 2002 56 |

FRODUCTION OF SiC-ALO:; COMPOSITE FOWDERS FROM FLY ASH
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Abstract

Salwson Carbade i3 emnerging as an important structural material both in
monalithie and composite form. Tt is produced mainly through the carbothermal reduction of
siliza, Fly axh prodused in very large guantitizs by thermal power plants is an industrial waste
and 15 conzidersd a serious pollutant affecting the fertility of the soil and quality of ground
water. Fly ash however containg wpro 60% finely divided silica particles. Present work
affempis to investigate the possibility of converting the 510y in the My ash into silicon carbide
apd this produce SiC-AlLOD; composite mixtures by ehminating other undesirable ingredients.

LINTRODUCTION

Mearly T3% of India’s total installed power generation capacity is thermal, of which
coal-based peneration 5 P0%, The 85 uiility thermal power stations besides the several
caplive power plants use bituminous and sub-bituminous coal and produce large quantities of
iy ush. High ash content of Indian coal (30-50%) contributes to these large volumes of fly
ash {1]. Aceording to " The finuncial Express 3™ Jan, 1999,"India generates 100 million
tonnes of Ty ash per year,

Fly ash is the finzly divided coal combustion by product collected by elecwostatic
precipilaiors from the Mue gases, The condition of the particle surface is mitially reducing. As
cumbustion proceeds, reladvely non-volatile elements rapped in organte meiallic specics arc
wransformed into gascous phases along with the muneral matter mn their more volatile form, [2]

Fly ash is o sorious source of ar peliution, since it remarms air bome for long period
arad causes health hazords, It lowers the soil fertility and conteminates surfoce and sub-
surfoce water, clogs natural droinage and reduces the Py of water,

The fly azh coswming Si0y,, AlLO., Fey;O, and several other oxides all in the
erystalline form with an average particle size of - 200 mesh. The present work aftempis 1o
convert the 510k m the [y agh info 5iC whiskers and by eliminating the uadesirable oxides to

produce AlCh-51C (w) composite mixtures,
ZTHEORETICAL BACKGROUND
Thermo chemistry of carbide formafion

A large majority of oxides such as silica, alumina and TiQ; would underpo
reduction to carbides, when heated to en elevated temperature in presence of carbon and a
reducing atrmosphere. The free energy of formation of SiC. Aly0,, and TiC can be caloulated
from the free energy data wvailable [3]. The relevant relations ave

SiD, + 3C = SiC + 200 1]
AGy = 148200 - 1.3TlogT - 117.08T Cal. [295K-1686K)
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AGr = 147200 - 2.73TlogT - 111.B6T Cal. [1686K-2000K)

lallTD: + EI':: - .Ial.l.ll::j_ . 6{:':] '-—[1]
AGT = SBTEZ0 + 3.75TlogT — 73741 T Cal,
TiOs + 2C = TiC + 2C0 S )

AGyr= - 94783.33 - 50.23T Cal,
During the pyrolysis, reductions of these oxides take place, giving rise to following
weight changes.

Tahle 1: Storchiometry of rcactions

Constituent (g} ‘Carbon (g) Carbide (g)
SiD; 1z) 0,600 SiC (0.667R)
AlLO, (Ig) 0535 AL, (0 T06g)
Tily (1g) 6,458 TiC (0.747g)

Furiher Aly0y-5i0; phase sysiem ndicates a eutechio formation occurs at
LSETC with 95-male% Si0; and 5-moles Al:0y. Heating of finely divided mixture of M;F!:.
and Si0 particles may also produce certain glassy phases in the presence of other impunty

oxides.

JLEXPERIMENTAL PROCEDURE:

BEaw NMaterials

The My ash used in the present investigation was obtained from the ﬂml power
station at Kolaghat in West Bengal. Fly ash particles are compesed of several major oxides:

Table 2 Chemical Compasition of fly ash

Comp. Weight Average
pereent of the | Welght %% of
EOTE the Comp.

I S0, §3.5-60.03 56,/ 1
Al 3.08-21.25 Ir.in
Tty 5.79-21 2% 13,52
MpO 051,43 .19
Ti0; [T ) T.43
L0 ~1.01-1.62 1.3l
Caly 0.83-1.25 1.4
MnO 0.06-0.24 " 015
P01y 0.442-0. 76 052
Ll Za%-6.74 461
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Pretreatment of raw materials and preparation of mixtures

The as-obtained fly ash was first boiled in distilled water for one hour and
decanted mass was boiled in sufficient quantities of dilute HCI to remove various undesirable
oxides, After acid boiling the contents were washed again in distilled water and dned. There
was about 23.6% wi loss observed after this treatment. It may be noted that there is
considerable fluctuation in the weight loss in individual experiments indicating the
inhomogeneous nature of the fly ash, For further caleulations, it was assumed that ths fly ash
when heated in bulk and for sufficient length of time would lose all oxides, leaving 510,
Al and TiDy in the approximate ratio of 75:23:2. The trace of transition element oxides
{FeyOy, MO etc) may in fact have beneficial effect in term of providing a catalyst for the
reaction {sce table 1)

Table 3 Fly ash treatment

[S.No. | Water 1reatment Difate HCI Treatment

Inifial | Final | Wt | % Initial | Final | Wt Y
We(g) | Wt Loss | Loss | Wiig) | Wt | Loss | Loss
(&) g} (g (g}
01 4.03 157 [046 | 114 | 339 300 (039 (115 (216
407 357 050 | 143 [ 339 [303 | 036 |10.6 | 216
410 391 |08 | 440 | 364 235 | 129 | 3544 | 383
04 |40 [376 |034 [830 | 352 334 | 0J8 | 0511 l1:.1»

SIS re—

giﬁ

2 2

Three different vaneties of carbon source were used for the present
investigation, viz, catbon black, charcoal powder and graphite powder. For the
purpose of estimating the stochiometric requirements, all the three carbon samples
were heated to 1200°C in a vacuum furnace and the weight losses after holding for 1
hr were recorded and are listed in Table 4. It was observed that upto 1200°C all the
volatile matter was removed and useful residue left, It was found that carbon black
showed 7.3%, charcoal 55.4% and graphite 3,57% weight loss,

58 |
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Table. 4 Estimation of volatiles for different carbon sources

[ Fowder Wt before Wrtaller Wilass (g) | e Loss Avirage
treatment (g} | treatment (g) : Wt Livss (%)
Carbon .30 .13 017 Tl T30
Elack

1.67 1.55 0.12 719

Graphite 1.55 1.57 (YT 410 367
1.3% 1.18 0.04 303

Charcoal 1.23 g5 @71 57.72 5534
1.30 .61 .69 53,08

5o for one gram of fly ash 0L644 g of carbon black, 0.932 g of charcoal and
0.621 g of graphite were mixed in terms of stoichiometric requirements.

Mixing

The fly ash powder was next mixed with carbon black, graphite and charcoal
powder separately in different ratios (fly ash: carbon=1:0.6 andl: 1.2} and mixed thoroughly
in & laboratory mixer. The mixer was operated at speed of 92 revolutions per mintte and time
duration for each mixing was sbout 15-20 minutes.

Pyrolysis

The resultant mixture was pyrolysed over a temperature range of 1250-
1600°C under 107°Pa vacuum, with the heating rate of 15-18%C/min. The furnace used in the
present pyrolysis was an Asiro carbon resistance furnace.

Posit= pyrolysis Treatment

The pyrolysed product was first heated in 8 muffle fumace at a temperature
of THC for 3 hr to remove excess carbon. Then it was boiled in NaGH solutions for 30 min,
to remove unreacted 5005 The samples were finally subjected to X-ray diffraction analysis
and SEM -EDS studies. XED analysis was carried out on FPhilips PW 1840 X-ray
diffractometer coupled with PW 1729 X-ray generator. The generator settings were 2200, 1.5
KVA and 50-60H; CuFo radiations with Nickel filter was the choice in all of the
experiments performed. SEM equipment of model no, JSM 5800 made by JEOL, was used.
The samples wers examined af three different magnifications. EDS analvsis was used o
identify the constituents.
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4. RESULTS
Table 5: Estimated percentage loss observed during pyrolysis of fly ash and carbon mixiure
{1:0.8)
emp. "i' Wi. Change during Pyrolysis WL Change during Post-Fyrolysis
(") I Treatment
Iniftial Wt. of Final Wt of WL alter Carbon | Wt alter
| | mixture (g) mixiure {g) remaval (g} KNa(rH boil (g}
1250 1.601 1.245 [(EIT _ &9
1300 | i.78e 1.113 0.2 Y
1350 1.570 L4 0.51 f.67
1400 1407 6.7 .58 .49
1450 1.522 0759 058 650
1500 1515 0,784 064 0.63
L1559 183l | 0.75% ; .63 .58

Table 6: Estimated chemical composition of the pyrolyeis product

Temp Analysis helore pyrolysis ~ Analysis after posi pyrolysis (reatment
L T el T Wil | Wil | Wtol | Wt | Wtaol 3 ] %
(*Ch S0y (gh Al Ty, Tily, S of T RiC | Al i T
| LE]] (g Al £:1] i |
i !’ | i

(1350 | @.751 0.230 | 0020 | G.4l7 | 0230 | 0018 | &30 | 34T [ 3]
1300 | @.837 0357 | .03 | G470 | 0257 | 0016 | 637 | 342 | X1

350 | 0.877 | 0.269 | 0023 | 0.489 | 0369 | 0.017 | 634 | 344 | 22 |
1400 | 0.659 G308 | 0.018 | 0.370 |0.202 | 0015 | 633 | 345 | i3
1450 0.713 B.Z10 | B.01% | G406 | 0219 | 0014 | 635 | 343 | 22 |
1500 | 0.715 | 0219 | 0009 | 0429 | 0219 | 0014 | e48 | 331 | X1 |
1550 | 0.775 0236 | O.020 | 0.45% |0238 | 0015 | &4 | 36 | 1T |

Table 7: Conversion efficiency during pyrolysis {fly ash: carbon black = 1:0.6)

Temperature | Theoretical Yield | Exp.Yield of SIC | n
*C)h of Sl { |
1150 'ﬁ'ﬁ# E.Eli':l' | 3.4
1300 0.558 478 ' 858
1350 0.585 .45 — #3%
{400 0.440 0370 | 84,1
1450 [ Xk I 0406 WE3
1500 bATT I 04719 w9
1850 (1K) “0.4% | 3 |
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Table &: Comparative efficiency of various form of carbon

Temp Eificiency, (%)
)
Fly ash & carbon Fiy ash & charcoal Fliy ash & graphite
black miziure mixiure mixture
1:08 | 103 | 108 1:13 1:0.6 x|
1350 EiX] H6.0 [EN] B6.7 HED (1]
[ELL] (LA N LX) BE4 B2 HTE i7.9
1350 (2N 7.9 (K] .4 B4 [EN
RELD [TR] LEN] LAl 816 78.0 I |
1450 [EX] ~§id §0.9 BLE e | s8]
1500 (3R] 844 B0 90.2 #4F | w18 |
1550 ¥8.2 860 CLE] 6.7 HLE 865 |
XRD and SEM Analysis
n = —-— 17
sic i BIE  ygso’c
7 !llﬂ'_ &i g |||

l._n_J.__-_.—u—\_-\.le—-li-—ﬁ— r——

Intensity
&
T U U WU T N - ——

15a00"c

Fig. | ¥RD patterns of final product of fly ash and carbon {fly mixture pyrolysed at different

tempaTature

HRD pattern of pyrolysis products is shown in Fig 1. XRD data indicates tha
$iC was formed in both a and B varieties. Scanning electron micrographs of 51C formed for
different carbon varieties utilized is shown in Fig2, Figd, and Figd. The scanning studics
clearly indicated that SiC formed has three morphology, thin long whiskers type of 51,
particulate form of -SiC and honeycomb type SiC. It was observed that very harge amount of
SiC whiskers and red like AL, are distributed throughout the matrix i case of carbon black,
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But in case of charcoal SiC formed has a rypical honeycomb type. Mo whiskers are seen.
Interestingly tape like structures with major constituents as ALC, is seen in different parts of
matrix in fly ash and charcoal muxture, This could possible be due to some kind of & liquid
formation imvolving AlLOw-AlLC, eutectic or ALO,-5i0y type of eutectic. But when
concentration of charcogl is increased, then 5iC-whiskers are observed. In case of graphite
sample, whiskers as well as particle type SiC is observed. The formation of large quantity of
elongated whiskers in considerable quantity is exciting finding and this process may prove an
nteracting way of producing important composite mixiures from a harmful industrial waste.

SEM and EDE smdies have revealed the formation of AlOw-51C composite
with varying AlOh: SiC content. The conversion product consists of mainly 63-64% 5iC (w)
and 33-315%AL0, with 1-2% TiC with conversion efficiency of approximartely 80%, (Table
7). However AlOy formed has quite different morphology as compared to the starting
material. This has important bearing on the usefulness of the final product as ALO,-5iC
composite mixture. The efficiency remains the same for all type of carbon; only the quality of
the product makes the difference among vanious carbons tried, As the nature of source affects
bath the reactivity of carbon and by providing suitable substrate affects the morphology of
the carbide produced, For the present investigation three different carbon sources were used
viz, industriz] carbon black, charcoal and graphite powder. Carben black results whiskers,
graphite results whiskers and partiele and charcoal results honeycomb type morphology.

S.CONCLUSIONS

. Fly ash silica is successfully converted mte Silicon carbide and SiC-ALO, (33.1-
35.7% AlOy) composite powder,

= Silicon Carbide whiskers in very large quantitics could be produced through
pyrolysis of fly ash.

" The efficiency of the conversion 1% approximately 80% for all type of carbon tried.

The difference arises only in o the quality of product. A lot of elongated whiskers
were ohserved in case of carbon Black samples. Graphite showed beoth the whiskers
and particle type SiC. Charcoal showed honeycomb type 510 but with increasing the
charcoal concentration whiskers were seen even in the fly ash charcoal mixture,
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Fig. 2 SEM af final praduct Flg. 3 SEM of final produet
of fky ash and graphice sample of fly ash and charcoal sample
pyrolyeed ar 14000 pyrolyeed af 1530°C

Fig. 4 SEM of final product af My ash Fug 5 SEM af final product of iy ask
| and carbon sample pyrolysed st | 550°C and charenal  sample pyrolvsed af 1400°%C
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ABSTRACT

Kilks, an inevitable impurity in iron ore (FeyD,), has adverse effects on iron powders produced
by reduction of the oxide, It is possible to beneficiate the ore by physical separation methods
and reduce the content of Si0; upte 035%. Further decrease entails costly beneficiation
technigues increasing the price of the ore and thus the price of the iron powder,

In general, it is difficult to reduge the highly smable 510, 10 56 High temperstures and fow dew
points, together with high hydrogen contens are required. However, when FeaOh, containing
i) a5 impuerity, is reduced in kydrogen, there is a thermodynamic possibility of 510 getting
reduced such that Si dissolves in freshly reduced iron, thus rgducing the activity of Si. This can
happen at the conditions required for reduction of haematite to iron, The theoretical calculations
to prove this possibility have been presented here.

INTRODUCTION

Silicon is an important alloying addition to iren used Tor soft magnetic applications. Its addition
increnses electric resistance and decreates coercive force, hysteresis and eddy current losses, [1]

One af the mathods of obtaining Fe-5i alloy is to mix iron powder with required amount of
ferro-silicon powder with particle size less than 40 pm and thermally treat the mix for 10 10 20
hours. Another method is diffusion bonding from point sources, Both methods are complicated
and costly.

Si can alloy with iron in any ratio sccording o the reaction[2]

Si— [Sils, AG=-121400-12T {1}
where,

[Si]r. denates silicon dissclved in iron matrix, and, AG is given in cal/mol
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Reduction of silica to silicon is usually done at high temperatures in electric arc fumaces using

carbon as reduction agent.

S0, + 20 =5+ 200 (2]
AG = 168000 - BTT. Reaction (2] starts above 1930°K

S0y + 30 =5iC+ 200 Y

Al = 148000 - T8T. Reaction (3} stars abowe 1R10°K

In presence of iron, temperature of reduction decreases significantly as depicted in the following
reaction: ’

Si0y + 2C +3Fe = Fe,5i+ 2C0 i4)
AG = 141300 - B6T, Reaction (4) starts above 1620°K. The activity of 5i reduces due jts
digsolution in Fe, thus reducing the temperature required for carbothermic reduction.

IRON POWDER PRODUCTICN FROM BLUE DUST (FesOq):

i), an inevitable impurity in iron ere {Fey(y), has adverse effect on iron powder produced by
reduction of the oxide. It is possible to concentrate the ore by physical separation methods and
reduce the content of Siy down to 0.35%. Further desrease entails costly beneficiation
techniques because silica possibly exists in intimate contact with iron oxide below 0.35%. Thus,
hiue dust concentrate may be considered as naturally alloysd raw material with respest to silica.
In conventional temperature range of iron oxide reduction (700 to 1000°C) it is practically
impossible ta reduce Silh,. As a matter of fact, silicon has the potential o oxidize to silica even
under hydrogen atmosphere having dew point of -70°C or better [3.4]. But, due 1o presence of
highly active, freshly reduced iron particles the condition for dissolving %i into Fe is oreated.
Due to dissolution in Fe, the sctivity of Si s decreased. This creates conditions under which
reduction of Si0; becomes possible.

THEODRETICAL CONSIDERATIONS

Bulanov and Ukhov [5] had shown the possibility to reduce stable oxides (Si0;, ALO,, e, os,
in general, Me)) in pressnce of freshly reduced iron particles. The thermodynamic possibility
of the process described by them is based on dissolving the reaction product [Me] in iron
matrix.

In a reduction process for Me from naturally alloyed raw material by hydrogen at 70O to 1200
o, the solid and gas phases in equilibrium are MeO, MeFeD, FeQ, Fe. (H; + H2O0, Thus, this is
a four-component system consisting of Fe— Me - O - H.

Using Gibbs phase rule, the degrees of freedom T are, .
f=c=p+2=-0-p {5}
where,

¢ denotes the number of components — 4 - in the system and p denotes the number of phases - 2
- in the system. From equation (5} it follows that in the case of non-variant system (F = 0) there
can be six phases simultaneously in equitibrium; in case of the monovariant system (P =
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constant), five phases can be in equilibrium, while, four phases can be in equilibrium in case of
bivariant system (P = constant, T = constant). In such & systern, the possible chemical reactions
and their respective eguilibrium constants are given below;

MeO + Hy, = [Me]s, + Hs0, ()
By {PrzoPias) o, =Fi(T} (6a)
[MeO]p.+ Hay = Mest HaO, wi LY
Kin=Pico® teiw P * iase =F:{T} ae (e}
MeFeO,, +(x+1)* Hy, =Fe + [Mele+ (x+1)* H;O, T (8)
Koay=(Phso " P ¥ e = Fa(T) e (8a)
FeO+ Hy, =Fet H:0, S )
Koy Pran/Pas =FyT} “e {5a)

The system condition is completely defined by the parameters P. T, Pus Pioo. [Mele. and
{Me0)en. Since reduction is conducted usually at P =1 atm ,

Pz # Pyao = | {10}
Congidering partial pressures of hydrogen and moisture as corresponding volume parts,

H: + HyO= | (11}
Mow, we can write the functional connection that defines the problems as follows:
FJW.PH!WH']FI]"“ - '[Ij]'

Applying this aml;.rm to silica, it can be said that in the presence of freshly reduced iron
powder with high surface, dissolution of §i inio Fe-matrix can take place as per the equation,
Siﬂ;'i'?Hz"EE:]&"ZHzn i ©{13)
where,

Hy, HyO are hydrogen and moisture contents in equilibriom with Si dissolved in Fe.

The equilibrivm constant of equation {13) will be:

Kisy = s * (Hz0)agien * (Ha ) - {138)
where,

Agg and ag = activities of silica and silicon, respectively, in Fe

Since fgge = | and ag =1 * My, where yg; denotes the activity coafficient and Ny is the molar
part of Si. Alsa, since §i content iz bow, it is possible to assume that yg = | and hence ag, = Na.
Thus eguation {13a) can be writlen as:

Ky = (H:00'/ (Ha) * Ny L (14)
Bulanov and Ukhov [5] proposed the following equations 1o calculate equilibrium constant in
this case,

logk,, = - 15786 + 3.716 - loghs; : (15
where, -

K is equilibrium constant; T is temperature in Kelvia.
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Based on the above analysis, we can conclude that the system is defined by three equations,
namely (117, (14) and (15) with the values of H,0, Hy, K, to be calculated.

It is possible to calculate moisture content and compare it with actual condition during reduction

of FeyOy.
HyO = ¥ (KN ¥ (1+ ¥ (KN ) TR )

EXPERIMENTAL PROCEDURE

Reduction of Fey,0, was undertaken in pilot scale pusher type furnace at ARCI, Following were

the reduction parameters:
Time of soaking 5 hours
Averags fumace temperature 050°C
Cracked ammomnia (dew point -30°C) Reducing agent
Height of powder bed 1 2enm

The reduced cake was crushed, milled, separated into different fractions and then blended 1o
abtain the required properties. The powder was characterized with following characteristics (See

Table 2,

TABLE |; Chamcteristics of the dust coneenirale

Chemical composition:

Feg 0o 4 5%
Carbon trace
S, .35 %
Orhers traces
Size faction =200 pm

TABLE 2: Characteristics of the reducer] pewder:

Carbon content (005%
(xygen content 0.300%
§i (rozal, ICP-AES) 0.228%
S0y (wet chemical analysis) 0200
Cirezpy strength {af 6.5 I!:||'l:!:|'|1! 1. N/iman” 35,80

Compressibility (at 7 Mpa ), gfom’ 684
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RESULTS AND DISCUSSION

The moisture content calculations were carried oyt using Excel software for different silicon
contents and different em-eratures, Depending on the assumed temperatures, equilibrivin
constants were caleulated using equatien (15} Thereafier based on silicon contents molar part of

silicon Ny were caleulated using equation [3]:

Mai = Agi (TSIN Ag AMBiIrFAg (%Fe)) (141
where,
Aoy = molecular weight of silicon, 28086
Ap, - molecular weight of iron, 5585
%450 - assumed content of silicon, %e
% Fe - content of iron, %4,

Then wsing equation {17) & moistare content that 35 in equilibrium with assumed silicon content
dissolved in iron matrx wis caloulated.

A sample resuft has been shown in Table 3 for 0.2% silicon content. Based on the caleulated
results, & graph is plotted showing relationship between 51 content, temperature and equili brium
moisture eontent. The plot is shown in Fig |. One can see from Table 2 and Fig, 1 that i is
possible to reduce 510, during reduction of Hematite Fe,05 upto & Silicon content of 1.0%

TABLE 3: Equilibrium condition for 0.2% i dissolved in Fe

e

Temperature, *C Equilibrium constam, K,  Moistiure content, % Dewpoint of H;, °C

RS0 1. 14240E-08 0.1 GERE -154
Q0 4. 53049F-08 0336082 - &0
il ] &1 140E-07 Da31328 0

Rilil] L1TE2LEALT . 126095 + 0.0
| DAL | .S234TE-04% 1986104 +05
[ 1o 4. 14340E-046 3121127 +25.0
1150 | OS000E-05 4 B79225 +331)

1200 2. 50000E-05 T3532085 +40 5
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] al 02 0.y 4 oS (1] T s (L] ]
Si-content, %

Fig.1. Moisture content Vs silicon content

The results of our experiment confinm the theoretical assumption (See Table 2). The percentage
of silicon in silica is approx 46.7% by weight. Thus 0.2% of SiO, contains 0.093% of 5i, The
balance ie, 0.035% (0,228 - 0.093 } is reduced $i dissolved inte iron. Thus around 60% of 5§
has been reduced during reduction of hematite.

CONCLUSIONS

I. Conventionaily, reduction of 31 from its oxide takes place under high temperature using
carbon a3 reduction agent.

2. Thermodynamically it is possible to reduce Si at temperature range 800...1000°C under
hydrogen atmosphere if dissolution of Si in fresh reduced iron particles takes place.

3. Theoretical calculations have been done which show the possibility 1o reduce $i0); during
reduction of hematite,

4. Our experimental result confirms that it is possible to obtain iron powder alloyed with Si
during reduction of iron ore concentrate containing silica.
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EFFECT OF ATTRITOR MILLING TIME ON THE PROPERTIES
OF HARDMETAL FOWDERS AND SINTERED COMPONENTS

K. Rengarajan and P.R Desai
Widia India Limited, Bangalore

Abstemet

Lne of the mos impemant undl operation m smamifsclirng of hardmetal powders is wer milling of powdsrs
wille bineder. The pesticke size e very fine and is of the order of 100, which calls far a prolonged, milling for wnifom
mixing of the constibuends, Siace milling iz carreed out in presence of stainless steel or ruppstes carbads balls panicle
stee redection also ks plece durng milling Sa milling time fas A profsund influence an the various properdies of
the hardmetal powders ldke average grain size, grain size disiribwtion, carbon and adsorhed pases conesnl . THis # 1uen
enfluenees the propenties of the santered componesis like hardness. oughness, wear resstance and lrscture toagheoss
Herie opicngsation of millmg time is & very important siep m processing of basdmeial powders s the presonn wark
the effect of atiritor milling sme on the progertics of hardmetal powders and sintered sample was siedisd. Twa
different grades of povwder wers taxen for this parpose. The dry powders and the sinsered samples made cut of these
powders were anelyzed for thesr properties. Milling time was optimized for these two prades of powder on the basis
any this analysis

INTRODUCTION

Milling of hardmetal powder with binder is carried out in either in a conventional ball mill
or attritor mill. Both of these processes have their own processing advantages and disadvantages
[1]. Apart from particle size reduction the main objective of the milling is 1o ensure that every
carbide particle is thoroughly coated with binder. During milling the weighed amount of
hardmetal powder and binder are fed as charge into the mill, The milling operation s carried out
in the presence of an organic solvent like acetone or n-heptane to prevent oxidation of the
constituent particles. Conventionally hardmetal powders are milled in ball mills where the
cnecgy for milling is obtained by the movement of the milling balls under gravity. But off [ae
attritor mills have taken lead over the ball mills as the equipment widely used for milling of
hardmetal powders. Aniritor mills are high energy mills where mixing of constituents takes
place due to high energy obtamed by the movement of balls and agitator. Anriter milling of
powders efficiently causes irregular movement of the grinding media and not group movement.
There would be no impact from the grinding media on the particles if both media and slurry
tselds in the medium) move together [2]. The Milling operation has profound influcnce on
various characteristics of graded hardmetal powders like average particle size, panicle size
distribution, size. shape of particles, bulk density and tap density {3,4,5]. Milling also alters the
chemistry of hardmetal powders by changing its carbon and adsorbed gas content. The axygen
content in the powders is high during attritor milling as the powder absorhs [or of atmaospheric
gases. The properties attained in dry powders afier milling influences subscquen: compaction
and sintering operation. While powder characteristics like particle shape, particle size
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distribution, tap density and bulk density has a say on the compaction behavior of powders. the
particle size and chemistry of hardmetzl powders exercise a great degree of coatrol over
sintered properies hke hardness, oughness, magnetic coercivity (He) and specific magnetic
sartration [4nc). The hardmetal powder has a tendency to absorb large amount of energy
gspecully during attritor milling which when compared o Ball mell is an energy intensive
process, The energy adsorbed during milling manifests itseif in the form of a distorted latrice
structure. Powder having higher engrgy comtent will have & more distorred lattice structure,
which will hasten recrystallization and grain prowth tendency duning subsequent sinterimi.

During preparation of 2 graded hardmetzl powder optimization of its milling time 15 af
prime impomance 1o exercise a control over the final properties of sintered compacts. An
overmilled powder has the tendency of undergoing abnormal grain growth during sintering
while an undermilled powder will not give optimum sct of mechanical and physical properiics
in the sintered parts. An optimum milling time not only gives the reguisite set of properties to
the sintered compacts but i also standardizes various process varniables and process parameters
ividved in the whole operation of making a sintered hardmetal compact, right from carburizing
slags Lo simlering stage,

EXPERIMENTAL PROCEDURE

The present work is primartly aimed at optimezing astrfor-mmalling time for hardmesal
powders. Two different hardmetal grades with the specifications given in Table-1 were chosen
for this purpose. Grade-A is a stright grade and having two phase a (W) and f (binder)
structure whereas Grade-B is a alloy grade and has three phases o, [ and y (cubic carbide).

TARLE | (_'.nm-rmi:r'.nn of Grades

S.Na. Girade IS0 application Composition, Wit %
group —We | Co Cuhic Carbide
I GradeA | K20 REED 6.0 0. .
2 | GradeB | P30 B RS 1E 0.0 5

The carbide was milled with cobalt in an atiriter mill with acetone as the milhing medium
Hardmetal powder samples in the form of slurry were collected from the attritor mill for this
purpase. The sample collection was started for a milling time of 7 hrs for Grade A and 4 hrs for
Grade B and they were collected at regular intervals of one hour till the completion of milling
operation, Samples were collected in a glass beaker for two powder batches for each of these
prades, Nearly 300gms of sample in the form of slury was collected randomly from five
different lewations of the amritor mill. The slurry samples were dried in a dessicator o remove
acetone. Afier deving, 2 pant of the dry powder was analyvzed for pamicle size distribution,
owxvigen and oitrogen content. The remaining dry powder was pressed in a conventional direct
press o form the green compact. Green compacts from different milling time samples were then
sintered in one batch to form the sintered compacts [will be now referred as drev test samples)
The dry test samples were then analvzed for sintered properties like coercivity, specific
magnetic seturation, hardness, and fracture toughness. Palmgvist's method [6,7] was used 1o
measure fraciure toughness of dry test samples. The fracture toughness and hardness
measurement was done at five different locations in the sample and its average value was taken
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e consideration. The dry test samples were then examined to suedy the microstructural
features like porosity, binder distribution, grain size and grain size distribution,

RESULTS AND DISCUSSIONS

The resulis of the analysis performed on dry powders and dry test samples for the rwo powder
batches of two grades namely Grade A and Grade B are given below.

Dry Powder Characteristics
S 0s . Dl
e GRADE-A PB-1
' 04 | —w—GRADE-AFPB-2
& || ——GRADEBPB-1 [T ' :
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Fig 1 Yariation in Oxygen absorption of dry powder with milling time
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Fig 2 Variation in Nitrogen absorption of dry powder with milling time.
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From chemical analysis of the dry powders it is clear that the adsorbed oxygen content increases
with an in¢reage in milling time for both the grades of powder as shown in Fig 1. This can be
attributed 1o the increased surface area of particles by size reduction as the milling progresses,
The increased surface area increases the quamtum of oxygen adsorption. Also nitrogen gas
adsorption increases with increase in milling time for Grade-B while it is almost constant for
Grade-A as shown in Fig 2. It was observed that Grade-B powder has a greater tendency to
absorb atmospheric gases than Grade-A powder, The reason behind this is the presence of cubic
carbides like TiC and TaC in Grade-B, which are more susceptible towards reaction with
atmospheric gases especially oxygen and nitrogen when compared to hexagonal WC.

! (]3]
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Fig 3 Particle size distribution at different Milling time for Grade-A
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Fig 4 Particle size distribution at dlﬂ"v:n:n.l.h{iliing time for Grade-B
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Figure 3 and 4 shows the particle size distribution of Grade-A and Grade-B dry powder
at different milling time. For Grade-A povweder it is clear that particle size reduction takes place
with increasing milling time upte 10 hes after which a bmodal distnbution emerges as observed
at 11 and 12 hrs of mifling. This indicates that over-milling leads o agglomeration of fineg
particles. For Grade-B size reduction taking place upto 5 hrs and further milling resulted in
coalescence of particles as fine particles get agglomerated,

Sintered Sample Characteristics

(1) Binder () Distribution

The microstructural investigation of the dry test sample from both the powder batches
of either grade shows that microporosity level of the sample is independent of the milling time
bevond Thrs for Grade-A and dhes for Grade-B.  However generally there is a decreass in
macroperosily fevels with an increase in milling nime, which also gets reflected in the slight
increase in specific gravity of sintered components at higher milling time. On the other hand it
was observed that milling time has a prorounced influence on the binder distribution of dry test

samples.
{a) Ihl'-':
{dy 10 hrs fe) [ hrs {1y 12 hrs

Fig 5 Binder distribation of Grade-A at different milling time ( [000X).
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(a4 hrs

(di 115 [ B |'|t$

Fig & Binder distribution in Grade-B at different milling time (1000X).

Initially when the powder is undermilled as shown in Fig 5 (a), (b}, (¢} for Grade-A and
Fig & (a), (b), (c) for Grade-B the binder distribution is not uniform. As milling progresses
binder distribution becomes uniform and the most uniform binder distribution was observed in
| 0 hrs sample for Grade A and 7 hrs sample for Grade B as illustrated in Fig 5{d) and Fig 6id)
respectively. This observation was same for both the powder batches, which were analysed for
these prades The binder distribution shows such a paftern becausc when the powder s
undermilled the hard phase particles are not uniformly coated with binder as well the size of
Cobalt particles is large. As the milling progresses the hard phase particles gets thoroughly
coated with binder and the binder particles gets crushed due to the effect of milling. However
overmilling of the powders results in deformation and flattening of soft binder particles, which
manifests itself in the form of binder lakes in the sintered samples. As a result there is
emergence of binder lakes if Grade-A powder is milled beyond 10 hes &s shown in Fig 5 (e, (f)
and Grade-B powder is milled bevond 7 hrs as shown in Fig 6 (g).
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(2) Microstructure (o distribation)
The average carbide grain size reduces with increasing milling time.

(e) 11 hrs (f) 12 hrs

Fig 7 Microstructure of Grade-A samples at different milling time {10003,
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Fig 8 Microstructure of Grade-B samples at different milling time (1000X).

This can be seen in Fig 7 (a)(0) and Fig & (a)-(e) which shows microstructure of
sintered samples at different milling time for Grade-A and Grade-B respectively. During milling
the powder particles experience impact and shearing forces. Impact takes place by the constant
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impingement of the grinding media due to its irregular movement, which is caused by the
maovement of agitator arms. On the other hand random movement, rotation and spinning of the
balls (media) exens shearing forces on the adjacent slurry. The combined effect of shearing and
impact forces is particle size reduction and good dispersion. It was observed that the distribution
of o phase keeps improving with increasing milling time. This indicates that undermilling
results in nonuniform distribution of @ phase, while overmilling introduces additional encrgy
into the powder by impact and shearing action of grinding media, which gets relieved during
sintering. Hence grain growth and Ostwald ripening phencmena was conspicuous and a bimodal
grain size distribution pattern also emerges as milling is carried out beyond 10 hrs in Grade-A
and 7 hrs in Grade-B. This is shown in Fig 7 {2), {f) and Fig 8 () respectively
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Fig 9 Variation in Specific Magnetic Saturation (d4no) with Milling Time

Specific magnetic samration (dmo) and Coercivity (He) are the sintersd properties for
hardmetals. Specific magnetic saturation, which is a measure of purity of the binder phase,
decreases with an increase in milling time for both the grades as shown in Fig 9. The powders
tend to adsorb oxygen during milling, which gets released in the form of CO; and CO during
sintering resulting in carbon loss from the compact. This enhances the dissolution of tungsten in
hinder thereby reducing the purity of femromagnetic binder. As seen carlier there is an increase
in oxygen adsorption with milling time which contributes towards more carbon loss and

reduction in specific magnetic samration.




| TRANSACTIONS OF PMAI, Violume 23, December 2002 80 |

240
2 210

. I
s I
= 180 | o | —a—GRADE-A PB-| i
(] | —g—GRADE-A PB-2;
& —a— GRADE-B PB-1 |
ta] 150 1 : — — —g— GRADE-B PB-2 -
| 120 ¥ .

10 12|

FY
=

B
MILLING TIME, Hrs
Fig 10 Variation in Coercivity {He) with Pelilling Time

Coercivity is a measure of the average carbide grain size and hardness of the sintered
components, C:rbnd:_gmp size and its distnibution depends on the particle size before sintering,
J:!mdar content and sintering conditions. The Coercivity monotonically increases with milling
time due to reduction in average carbide grains size and specific magnetic saturation for both
grades A and B as shown in Fig 10,
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From the dry test sample analysis it was observed that the mechanical properties like
hardness and fracture toughness increase with an increase in milling time till 10 hrs of milling
for Grade-A and Thrs of milling for Grade-B as shown in Fig 11 and 12 respectively. After this
stage as the milling progresses the hardness value shows a declining trend, This trend was
ohserved in both the powder baiches of either grade, which were collected for the present
analysis. The drop in hardness value of sintered samples after certzin hours of milling i
primarily duc to grain growth, ostwald ripening of grains and emergence of bimodal grain sire
distribution. However the fracture toughness value stabilizes itself after a particular milling time
for both the grades. On one hand there is a reduction in average grain size, which increases the
area of grain boundaries. Hence there is an increased probability of formation of a intergranular
crack over transgranular crack, The propagation of erack in intergranular fracture mode is
relatively easy when compared to transgranvlar fracture mode. As fracture toughness s an
indication of the resistance of material to crack propagation, the reduction in average grain size
tends 1o reduce the fracture toughness, While on other hand increased dissolution of tungsten in
binder due to loss of carbon at higher milling time improves the strength of the binder, which
contributes towards an increase in fracture toughness value. The overall effect of these two
contradictory factors stabilizes the fracture toughness value beyond certain milling lime.

CONCLUSIONS

1. Attritor milling time alters the chemistry of dry powders. The adsorbed atmnspheric
gases like oxygen and nitrogen content in graded hardmetal powder increases wilh an
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increase in milling time. The tendency of adsorption of these gases is mofe pronounced
m alloyed grade hardmetal powder when compared o straight grade hardmetal powder

2. The average particle size and particle size distribution pattern of dry powders changes
with an increasing attritor milling time, Initialiy the panicle size reduction results in
narrowing of particle size distribution. Prolonged milling powders results in emergence
of exira coarse and fine particles, which makes the particle size distribution broader.

3. Mechanical propenties of sintered components depend on the milling time. Hardness
ncreases with increases in milling time till certain level after which it drops. The
fracture toughness value stabilizes afier centain milling time.

4. Awritor milling beyond certain limit does not alter the microporosity significantiy
whereas marginal increase in specific gravity valucs of sintered components was
observed,

3. Atiritor milling time has a major influence on microstructural features of sintered
components like binder distribution, average prain size and distribution of hard phases.

6. Aftritor milling time influences the binder distribution of sintered components. [F the
powder 15 undermulled the binder distribution is not wniform whereas there is an
emergence of binder lakes if the powder is overmilled. An cptimum binder distribution
is attained at a particular milling time.

7. Attritor milling induces for of energy 1o the powder mixture. The amount of energy
input is & function of milling time. Excessive energy input results in phenomenon like
ostwald ripening and grain growth during sintering.

8. Milling time of graded hardmetal powder can be optimized by optimizing grain size
distribution, sintered properties and microstructural features for a particular milling
time.

9. The best set of physical and mechanical properties as well as good microstructural
features can be obtained at 10 hrs for straight grade with 6% cobalt and 7 hrs for alloved
prade with 11.5% cobalt,

SCOPE FOR FUTURE WORK

i1} Further studies can be carnied out to know the ¢ffect of milling time on

{a} Tapand Green density

{b) Compaction behaviour

{c) Shrinkage and weight loss afier sintering

{d} Sintered properties like Transverse Rupture Strength, Compressive strength

(e} Tool life evaluation
(2} Study on the effect of attritor mill design parameters on powder characteristics and sintered
properties can be done.
(3) Similar studies can be performed to study the effect of ball milling time on the properties of
graded hardmetal powder and sintered componenis. A comparison can be drawn between hall
milling and anritor milling on the properties of milled powder and sintered samples.
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Abstract
This simaly svvestigales the effest af Wi and Co sddiison on the simicring of W-Cu allays simered ai

wmperanires ranging from 900 w [400°C. Tungsen-copper 2lloys conmainang 10, 25, and 0% COppET were
preparcd by mixing and by coating roaie, Owing o lack of wlubility of ongsen in coppers, it ix wery SMcali in
achieve Full density during simlering in 'W'-Cu alloys having starting W powder size gresier than 4 pm.  The role of
cramsdlion methl elements Niand Co in sctvaiing e deanfNcagion daning simisrmg has been aritically examarsd s

o wiv chee gobabdlny efTeans,

Introduction
In recent years, considerable attennon 15 being directed 1o the thermal management

materials for microelecironic applications [1-3]. The requirement for such high performance
materials 1% necessitated due to the ministurizetion of the semiconductor devices, which
imposes resmiction on convecfive cooling media. The high heat generated in the limited
cross-scclion ares requires the heat dissipation in a predominantly conductive mode through
the surmounding thepmal management devies, Thus, tor bener heat disgipation, matenisls that
affer a combination of high thermal conductiviey (=200 Wmk) and low thermal expansion
coefficient (<7 ppm/K} maiching that of the Si-chip are required. [t is wery difficult w
achieve this combination through monclithic malenals and therefore compositefalloy design
is desired. Tungsien-copper allovs are one such candidate materals for these applications
wherein the high thermal conductivity of Cu dissipates heat and the low thermal expansion
coeflicient of W-skeletal strecture provides the hemmenic sealing betwesn the microslectronic
cimuitry and the heat sink{2].

Because of the refractory namwre of tungesten (mop. 3420°C), W-Cu alloys are
fabricated by powder metallurgical processing, typically through liquid phase sintéring, The
relatively lower fosion lemperaiure of copper (1083%°C) coupled with s pood weiling
behaviour with W makes W-Cu alloys amenable to liquid phase sintering. Conventionally,
resrmangement and solution-reprecipitotion processes are predominant mechanisms that lead
1o densification during lquid phase sinlering. However, as there 2 no intersolubility beoaeen
ungsien and Cu in both solid and liquid-staie, hence, soluton-reprecipimation in non-existens
in W-Cu alleys, This puts copnstroint on achicving full density in W-Cu system. Te
eireumvent this problem, W-Cu allove are either milled or very small W paricle size 12 used
to enhance the solid-state densification. and thereby aeligving full density

For optimum properties, W-Cu musi contam about 20 o 60 (vol %) of copper [4]. A
high volume fraction of Cu in turn restnicts reemangement, which further limits densification.
This study aims at investigating the processing of W-Cu alloys containing wvaryving Cu
contents. To enhance densification, Cu was coated on o mngsien. The sintering of these
coalted alloys were companed to that of 'W-Cu alloy pn:pm'nd. by miking route, In sddition, the
sintening response both uncoated and conted W-Cu alloys was also investigated in presence of
Mi and Co additions.

Experimentnl Procedure )

In the present study W-Cu alloys containing 10%, 25% and 40% (wi%G) were
investigated. In one set of experiment, the compositions were prepared by mixing the
constitusnt powders in requisite proportion for 30 min in Turbula mixer. In the second set, the
saime composition powders wers prepared by chemically coating copper in the samea
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proportion on to the tungsten pewders 5o as to yield the same composition: The powders
were compacted at 200 MPa using a 20-ton uniaxial hydsaube press (Apex Construction Lid.,
UK). Both the coated and the coated compaositions resulied in similar green density. Inoa
separate set of experiment, Ni and Co were added 10 both the coated and the uncoated
powders, The activator amount was resiricted to | wi%. The green compacis were siniered
at 1000°C, comresponding to solid-state sintering and at 1200°C and [400°C, respectively
corresponding 1o liquid phase sintering.  Sintering was done in hydrogen. The heating rale
was S°C/min and the samples were held at the sintering temperatures for 60 min. The sintered
samples were subsequently quantified for density.

Result

Densification without Activater Additien

Figures |a 1o lc show the variation in sintered density with varying Cu content in W-
Cu alioys sintered at 1000°C, 120000 and 1400°C, respectively. From the figures it 5
abvious that an increase in the copper content and an itcreasing sinfering temperaiure
enhances the sintered density of W-Cu alloys. In additien, for both solid-state { 1000PC) as
well as ligquid phase sintering conditions {1200 and 1400°C), coated powders give marginally
higher densification during sintering.

1000°C, No activator

_rl'.'ll..h'.;nﬂld:

= |

W=10Cu wi-28Cu O]

e

Sirtered Density, % Theoritical
2 & 8 B8

Figure 1a, Effect of Cuo content ¢n i:hn sintered denai.rg,' in 'W-Cu alloys at 1000°C.

Densification with Ni and Co Addition

Table 1 summarizes the effect of Co addition on the simered density of W-Cu alloys
at 1000, 1200, and 1400°C. From the table, one can infer that Co enhanced the densification
in W-Cu alloys. The density enhancement is more in costed samples and increases with
increasing Cu content and increasing temperature. It is also rernarkable 10 note that in solid-
state sintering, cobalt has limited role in densification enhancement. However, in liquid phase

sintering, cobalt acis as a potent sctivator.
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Figure 1. Effect of Cu content on the sintered density in W-Cu alloys at 1200°C,

1400°C, No activator
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Figure 1e. Effect of Cu content on the sintered density in W-Cu alloys a1 1400°C.

Tabie 1. Effec: of sintering temperature on the sintered density of coated and uncosted W-Cu alloys
with Co activator.

"~ Composition stale sintcring temperaturs, “C
TO00C 1200°C eaeC
W-10Cu e TR 70.9 B1E
c 66.9 76.5 B4.3
W-25Cu uc 65.2 ~ 743 BE.7
c 6.9 80,1 £9.7
W4DCu s 65,3 75.4 283
c 67.4 829 926
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Figures 2a to 2¢ summarize the effect of Ni addition on the xinlzr-_:d density ufW—-E‘ula.lr-u]..-s at
1000, 1200, and 1400°C, respectively. As in the previous case, Ni too enhances the sintered
density in W-Cu alloys irrespective of the Cu content. Also, Ni-added coated W-Cu alioys
undergo higher densification during sinlenng as compared to the uncoated samples.

| O Uincastsd

1000°C, Ni | W Coated

8 3
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Sintered Density, % Thaoritica
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Figure 2a. Effect of Ni addition on the sintered density of coated and uncoated W-Cu alloys
at 1000°C.

1200°C, Ni
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Figure 1b. Effect of Ni addition on the sintered density of coated and uncoated W-Cu alloys
at 1 200°C,
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Figure 2c. Effect of Ni addition on the sintered density of coaled and uncoated W-Cu alloys
ar 14007C.

Discussion
The avernge tungsten powder size used for the present investigation varied between

510 pm. For such sizes, the W-Cu comgpacts normally do not underge much densification in
either coated or uncoated forms, even when sintered up 1o 1400°C. In fact, there is not much
difference in the sintered density of W-Cu compacis when sintered at solid-state (1 000°C) and
liquid phase (1200 and 1400°C) conditions. This underscores that densificatton in W-Cu
alloys is predominantly through skeletal sintering of W-W grains. This is in line with the
reported observations in the literature [5,6]. The negligible solubility of NgsIEn in CoppeT
obviaies solution-reprecipitation as densification mechanizm. Hence, densification occurs
predominantly by solid-state sintering and capillary-induced rearrangement of ungsten grains
during liquid phase sintering [7]. The reamangement will ba more in case of coated alloys
because of homogeneous melt formation.  Hence, coaled W-Cu samples always yizld higher
sintered density as compared to their uncoated counterparts [8]. Furthermore, imespestive of
the copper content, the coated W.Cu alloys yield higher density even with Mi and Co activator
additions.

As shown in Fig 3, in case of W-10Cu alloys sintered at 1000°C, the coated samples
give higher sintered density as compared to uncgated ones. However, Mi and Co additien do
not have any appreciable coniribution tewards densification in W-10 alloys at 1000°C.  In
contrast, the uncoated W-10Cu samples show significant densification enhancement by Ni
and Co addition, This can be inferred by the interaction mechanism of MNi and Co with the W-
Cu systemn. Cobalt has no solubility in Cu. Cobalt enhances the density of ungsien cumpacts
by segregating at the W-W interface and by forming an intermetallic phase which provides a
ghort-circuit diffuston path. However, in case of coated samples, cobalt does nol come in
contact with tungsten and has therefore no effect on densification. Mickel on the orther hand
has complete solid solubility with copper. Because of this, in case of W-Cu compacts, Ni
goes into solid solution with Cu before it can scgregate to the W-W interface. In case of
uncoated samples, there is likelibood that there are some W-Co and W-Mi coniact surfaces o
start with which can confribute to some densification enhancement. Of course, as the
sintering progresses, Mi dissalves into Cu, wheress Co does remain segregated. This explains
the higher sintered density with Co addition in uncoated W-10Cu as compared to Ni addition.

Once the Cu content increases, the probability of W-Ni or W-Co contacts reduces.
Consequently, at 1000°C, there is no significant effect on either activators in both coated as
well as uncoated compacts as shown ciearly in Fig 4.
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Figure 3. Effect of Mi and Co activator on the sintered density of coated and uncoated W
10Cu alloys solid-state sintered ar 1000°C.
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Figure 4. Effect of Ni and Co activater on the sintered density of coated and uncoated W-
40Cu alloys solid-state sintered at 1D00°C

As shown in Fig 5a, when the W-10 compacts are liguid phase sintered at 1200°C, Ni
and Co significantly enhance densification in both uncoated as well as coated compacts, The
same compaosition of W and Cu when sintered at 1200%C with Ni and Co activaiors enhanced
the smiered density for bath coated as well as uncoated samples. For coated W-Cu, Co i5 a
better activator and for uncoated Mi addition leads to better densification enhancement at
1200°C. At 1400°C, the potency of bath the activators becomes even more with MNi being a
better activalor in both coated as well ag uncoated conditions (Fig 5h), During liquid phase
gintering, Cu having a high dihzdral angle with respect to W (- B0-057), has to attain an
equilibrium condition. The Cu-coated tungsten powders correspond to & zero dihedral angle
conliguration and as socn as the melt formation securs, Cu will retract frem the tungsten and
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Figure 5. Effect of Ni and Co activator on the sintered density of coated and uncoated W.
10Cy alloys liguid phase sintered at (a} 1200°C and (b) 1400°C,

will reduce the surface coverage, thereby promoting more W-W contact formation. This
condition results in similar response of both the coated and the uncoated compacts owards

gctivator addition.

Conclusion . .
This study shows that densificabon in W-Cu alloys increases with increasing copper

content and with powder modification by coating copper on to tungsten. The W-Cu systcm
sinters predominantly by solid-state sintering and there is not much density enhancement
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{over the alloys solid-state sintered a1 1000°C) even when these alloys are liquid phase
sintered a1 1200 and 1400°C. For all cases, the coated W-Cu alloys yield higher sintered
density than the uncosted ones. Significant densification enhancement oCours with the
addition of Ni and Co activators. The choice of activator depends on the Cu content, state of
the powder (coated vs. uncoated) and the sintering lemperature.
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Abstract

This stedy ievestgates the sintering bichaviar of bengseen-beonze with the addition of differes
l::l'n".!lnr:l. In classic liqoid phase simtering densification occuss only diss 10 resmangement and sodusion re-
precipiiation.  Syssems sich as W-Ci, which have negligible solubilite of W oan Cu, are therefone difficslt 1o
d-m:ﬂj-' and are often sintered 1o full density using small amousts of transicion metal activatars.  Thus, in
activated liquid phase sintering, densification enkancement oocurs duc 1o rapid diffusion through the segregated
aclivator layer at the grain boundamies. In this srudy, Wshronze a.lln:,rs O Frep;r-bd' and sinterad ai ICmpemiures
ranging from 900 to 1400°C. The bronze matrin composiion s2lecied was Cu-125n, which was prepared by
premix a5 well as prealloved route.  For enbancing liquid phase ssmenng, bath Co and NI were wsed a5

acirvators.

Introduction

Tungsten owing to its very high melting point (3420°C) requires a high sintering
temperature can be compacied o full density at a sintering temperature of [400°C by
fransition mefal additions such as Pd and Ni of less than 1 % as opposed to a sinlenng
temperature of 2800°C to get a comparably density pan without addition of any additive.
Most of the investipatiens have been camied out by vanous authors on activared sintermg of
tungsten. Havden and Brophy [ 1] found that the amount of additive required to promote low
temperaiure sintering is equivalent 1o one monolayer on the powder surface and there iz an
optimum level content which has beneficral effect on the activation process. This level
comresponds to four monolayer, The vastly differing mutual solubility between MNi and W
was cited as the reason for directional mass flow of tungsten into nickel. German and Munir
[2] studied the femperture sénsitivity in activated sintering of tungsten with a number of
activators keeping the activator concentration on W surface fixed in each case, which was
four monolayers thick. Some of the models have been advanced by many authors in
explaining the activated sintering. Solution re-precipitation model by Brophy es al. [3] led to
the conclusion that the solid Ni layer on rungsten is acting only &5 a mass transfer medium
for it Panichkina er af [4] suggested a plastic flow mechanism for mass transport.
Samsonov and Yakovlev [5-8] introduced the concept of activated sintering in terms of
different d-electron structures of sctivators, Maost of the investigators have suggested a
diffusional model of mass transpornt for activated sintering. Ylassary and Tikkanen [9] by
their study on the distibution of M1 in the sintered tungsten by electron micro probe
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equipment reported that nearly all of the nickel was simated along the grain boundaries.
Tooth and Lockington [10] and Gessinger and Fischmeister [11] also demonsirated the same
result. The above mentioned conclusions on solid state activated sintering of tungsten being
arrived by various suthors give the fact that the presence of activator as & grain boundary
layer provides @ short circuit mass transport path through which the diffusion of wngsien
hecomes easier and this leads 1o higher shrinkage rate and enhanced densification. Enhanced
densification may also occur in hquid phasc simiering. One of the classic examples of
activated liguid phase sintering s the W-Cu system. The achievement of higher
densification for W-Cu alloys i spite of negligible solubility between W and Cu by addition
of transition elements such as Co, Ni, Fe and Pd. Co and Fe in comparison 1o Ni appears 10
be much Better activater in liquid phase sintering of W-Cu. Johnsen and German [12] have
reported that the effectiveness of activators for sintering enhancement follows the sequence
Pd —» Ni— Fe— Ca with Ni being much less effective than Co or Fe, and Pd showing a
very little effect. This sequence of increasing activator effectiveness does not follow the
same trend for solid state activated sintering of W (Fe -+ Co— Mi =+ Pd). The substantial
comribution of enhanced densification and higher shrinkage rate for activated liquid phase
sintering is due to rapid diffusion through the segregated layer at the grain houndaries. Many
of the applications af activated sintered W based alloys include high temperature stability
combined with good mechanical properties, thenmal management application that exploit
their low coefficient of thermal expansion, Processing by activated smering is beneficial
because of high density possible and least machining operation needed due to near net shape
of the sintered product [13].

The present work focuses on processing of novel W-Bronze alloys and study of end

properties.
Experimental Procedure

The experimental variables are given in Table 1. After completion of powder
characterization, tungsten-bronze alloys of different compesitions were mixed by the help of
wurbular mixer for 30 mins. Cylindrical green compacts of 12.7 mm diameter and
approximately 3mm to & mm height were made by a single acting hydraulic press with an
applied pressure of 200 MPa. The theoretical densities for different compositions were
calculated using the inverse rule of mixing.

Sintering was carried out in two different furnaces, SiC-heated horizontal nubular
furnace which can go up to temperature of 1330°C and MoSiz-heated one for use at the
temperature more than | 300°C. The furmace tube was made up of doubly recrystallized
alumina. Commercially pure hydrogen was taken as the sintering atmosphere. Different
temperatures such as 250, 1100, 1200, 1300 and 1400°C were selected for the mungsien
alloys containing no activator. For the ungsten alloys containing activator, ihe sinlering was
performed only ar 1200 and 1400°C, The holding time at the simtering temperature for all
the cases was 60 min, Due care was taken while programming for the heating rates during
the sintering. The sintering cycle at 1400°C is shown in Fig |. Densities of green and
sintered compacts were calculated from the mass and the physical dimension measurcments
of the sample. Densification parameter (), which 13 a measurs of the amount of
densification taken place after sintering, was caleulated using the following expression;
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w = (SD - GD)/ (TD - GD)
5D = Sintered Density
GD = Green Density
TD = Theorctical Density

TABLE |: Experimental Variables

Alloys W-140 wi. % E:-Fﬁ'lﬂ |
W20 wit. % Bronze ;
Matrix Composition (Bronze) '
Cu-12 wi. % 5n |'

Matrix Powder Preparation Rowte | Premix

Prealloy
Activator Amount It %%

i
|
Activator Ni and Co j
|
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Fig 1: Sintering cycle at |400°C

The microstructares of the samples were obtained using JEOL, JSM-840A scanning electron
MICTOSCOPE,
Results

Farfation in sintered density with temperature
Figure 2 summarizes the results obtained from the sinlening of ungsten alloys withou

any activator at different temperatures. W-20{Cu-5n) samples show higher sintered density
( % theoretical) as compared o W-10{Cu-5n). Except premix W-10{Cu-5n) sample rest
three samples resulted in maximum densification at 1400°C,
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Fig 2: Variation in sintered density with temperature for tungsten-bronze alloys of different
composition

Farfafion in sintered densioy and densification paramerer with activaior

Figure 3 and Fig 4 show the effect of activators i, and Co on sintered density and
densification parameter for the mungsten alloys at 1200°C. Figure 5 and Fig 6 show this
eifect at 1400°C. At both temperatures, the alloys behave similarly. There occurred
maximum densification for samples containing Co, followed by Ni. The samples with no
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activator give less densification values, In most of the cases premixed and prealloyed W-20
{Cu-Sn) samples show higher densification than the W-10{Cu-5n). All the :mmp!‘m ‘A'_'lﬂ'.‘l
activators Ni and Co at 1400°C give high values for sintered density and densification

parameter.
Seanning Electron Microscopy

Figure 7 and Fig 8 compare the characterisuc features berween the green as 'ﬁ!‘ﬁﬂ a5
sintered premixed W-20{Cu-5n) sample, sintered at 14007, ]rt_ Fig 7, small pores in the
microstructure of green sample at 1000 are visible, while the sintered sample sh-:rwslnqu
the big pores. In Fig §, the first two micrographs were taken in SE made and the remaining
two in back-scattered mode.
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Fig 3: Variation in sintered density with activator Ni and Co at 1200°C
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Fig 4: Change in densification parameter with activators Ni and Co at 1200°C
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Fig 5: Variation in sintered density with activator Ni and Co at 1400°C
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Fig 6: Change in densification parameter with activators Mi and Co at 1400°C
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green sintered

Fig 7: Scanning micrographs of green and sintered premixed W-20{Cu-Sn) samples at low
and high magnifications, The samples were sintered at 1400°C for th. The SEM images
were captured in secondary-eleciron (SE) imaging mode. The green compact was 62%
dense whereas the sintered compact had about 64% of the theoretical density.
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ErEen sintered

Fig 8; Scanning micrographs of green and sintered (140070 premixed W-20{Cu-3n)
samples. The SEM images were captured in secondary-electron {SE) and back-scattered
electron (BSE) imaging mode.
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Discussion

At 950°C, prealloyed W-Bronze alloys will undergo supersolidus liguid phase with
solid + liquid mixture of bronze. This will behave as a slurry with high viscosity, and hence
very little densification of compact will occur at this lemperature. [n the premixed bronze,
by the time the temperature resches 950°C, the tin diffuses into Cu. Thus, at 950°C, the
premixed bronze matrix behaves similar to the prealloyed one. At and above 1000°C, the
temperature is above the liquidus temperature for the Cu-125n composition. Thus, W-
bronze system sintered at 1000°C and above undergo classic liquid phase sintering and
therehy result in higher densification as compared 1o alloys sintered at 950°C,

With addition of activators Ni or Co, it is seen that the densification increases, as

quite evident from Figs 34,5 and 6. Considening first the effect of Wi as an activator for the
W-branze alloys, Ni dissolves compietely in liquid Cu and is no longer segregated to grain
boundaries and densification proceeds through solution re-precipitation, It is because of this
that the efficacy of Ni as an activator in W-Cu compacts is less as compared to its effect on
W compacts [12]. In case of W-bronze alloys, some Ni may remain at the grain boundaries
due to presence of 12 wi. % Sn, which will enhance the densification even further. For W-
branze with Co as the activator, due to the tendency to form intermetallic with ungsten and
the limited solubility of Co in Cu, Co will remain segregated to grain boundanies thereby
resulting higher densification than Wi It is observed that bronze powders prepared by both
premixed and prealloyed method result in similar sintercd density in both W-10bronze and
W-20bronze alloys, This is anributed 1o the fact that at the sintering lemperatures used for
this study, the Sn in premixed samples would have completely diffused into copper and
therefore its behaviour will be similar to that of prealioyed Cu-5n powder.

The scanning micrographs shown in Fig 7 end Fig 8 are those for the premixed W-
20{Cu-Sn). The Cu present in the green sample will be distributed evenly over the small
pores during the process of liquid phase sintering ieaving behind big pores in some porticns.
Due 1o presence of these big pores in the sintered compact, in the SE mode topographical
contrast will be produced. But in BSE mode due to presence of Cu in the green sample, the
atomic mass contrast will take place. Mocrostructural evolution on all these W-bronze alloys
followed by the mechanical properties will play a vial role in understanding their
behaviour.

Conclusions

Premixed and prealloyed W-bronze alloys give similar behaviour at 950°C, These
alloys undergo liguid phase sintering above 1000°C which results in higher densification.
On comparing the activated sintering behaviour, the alloys containing Co activator resulted
in better density than the alloy containing Ni activator. The maximum sintered density,
percent theoretical, achieved by the W-hronze alloys during the present investigation was
about ¥ percent, Co being the activator.
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Absiract

Tungiten bated alboys hecsuse of theer Bigh temperatre strength, hardmess, good machiaabiliey gnd thermal
conductivity is wsed in various kinds of applications such as rediatien sheelding, high momentum penetrators, Thess
alborys narmially exhibic 3 Juad phase microstnenrs consistng of rounded tangsien graes embedded in Mi-Fe mars
A far ad the pensientor application ia conccaned theas maserials noed w0 Fave beier meshanical Sength as they arnc
mibjected ta high temperarure deformations. One of the waye to improve the mechanical properties of these alloys {such
as poughness and serength) is by combimation of differend amoon: of deformations with heat treatment, afso called
thermo-mechanical remmeni. Eveluion of propernies ase detesmined from quanutative microstruciure analyiia, which
Imval ves COnFiguiry of The microsfuciare Surfales, surfsce orea por unil wolume [Sv) of the Wemazrix irteriboes thaough
line mnsereept methads. Hewever the presens redeareh mvelves the raam tempersture swaging of F0W.-TMI-1Fe ablayi e
o large defarmanoma bevels ol A% and further heal neaimend 31 500, 900, |400°C. Finally the micr struciural curfaces

where graantified and comelated with the properiies.
Intreduction

Tungsten heavy alloys have besn linked to powder metallurgy processing since
1930"s. Tungsten Heavy alloyvs are a class of matenal that contains 80-20 wi®% W. They
generally exhibit a dual phase microstructure, where principal phase being mainly pure
tungsten in association with a binder phase containing transition metals (Ni, Fe, Cu, Cao)
plus dissolved tungsten. In fact the tungsten grain it self is brittle and addition of
transition metals make these alloys ductile in nature. The bagic advaniage of these alloys
is that they have high density, high UTS, moderate ductility, good machinability, good
corrosion resiatance and thermal conductivity. Application of these alloys includes
radiation shielding, mass balancing, inertial systems and high momentum penetrators [| ]
In fact tungsien heavy alloys have a range of mechanical property variation, especially
bardness, UTS, duculity. Here the miin focus has been kept on W-Ni-Fe alloys. These
heavy alloy microstructures comprise of two phases, the refractory tungsten phase
(B.C.C) and other lower melting matrix phase (F.C.C). Liguid phase sintering is the only
mechanism to produce these heavy alloys. However in order to get the desired properties
of the as sintered zlloy one should control the sintenng temperature, sintéring atmosphere
depending upon composition [2,3,4,5]. The properties of these alloys are very much
sensitive o processing and are degraded by residual porosity, impunty segregation,
interfacial embrittlement and inter-metallic phase formation [6]. Nickel to iron ratio also
is an important factor for deciding the mechanical property [7,8]. However the
mechanical property of W-Ni-Fe alloy can be improved through thermo-mechanical
processing in such a way that this alloy is the best alloy to be used for application
mentioned above. The change in mechanical property is interdependent on vanious factors
like, powder characteristics, sintering fime, temperature, atrosphere, chemistry and post
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cycle reatments. Few researches have been camed oul on post-sintenng treatment ke
quenching of the sintered alloy in some way can improve % of elongation and UTS
[9,10]. Thiz can be reasoned in a way that during quenching the interfacial segregation of
impurity clement can be reduced, as compared to annealed and sintered paris. Vacuum
treatment has also been suggested for improving the mechanical property as it avoids the
occurrence of hydrogen embrittlement.

+ Different thermo-mechanical ircatment has been discussed in various literstures,
Cne of the ways to improve the UTS and yicld strength is through cold working and
annealing, but hardness value has ofien-negative effect of this reamment, The heavy alloy
when solid state sinterad after cold working show better mechanical property, bul not that
much better as compared 1o the material liquid phase sintered after mechanical working.
The liquid phase sintered materal shows betler mechanical property due o relined
microsiruciure through recrystallization, stress induced boundary mugration and meh
penetration into the fine-grained material. Also few rescarch have been performed on
primary reduction by extrusion followed by multiple secondary reduction by swagmg
with intermediate anncals and introduction of intermediate cold swaging to hot rolled and
hot swaged specimen [LIL12,13.14]. Some tme aging treatment of this alloy pamally
improves the hardness value over a cortain range of temperatures duc to the precipitation
within the W grains, but above a certain ternperature the negative effect takes place. The
tungsien content has a marked effect on tensile properties of these alloyvs, The maximum
UTS was obtzined at 93% W, As far as the penetrator application is concemned, the high
momentum penetrator desires high toughness in combination with ductility and strength
as they are subjected o high temperature and high strain rate [15,16,07]. DU and WHAs
have been successfully used for this application. Though the penetrator performance of
DU alloys s maore efficient than the WIHAS, but due w 1ts environment hazards they are
of limited wse, Research has been carmied outl on fallure mechanisms of these materials
under dynamic compression tests [ 18,197,

Based on the imbroductory remarks, the processing route to oplimal properiies has
become evidence. How ever there are several observation, which are unexplained. This
paper addresses the relative imporance of amount of deformation and subsequent heat
treatment temperatures on the hardness of material on bulk and micro analysis point of
view and the conligwity {the average fractuon of surface area shared by one W-W grain)
of the micro structural surfaces. In addition to tha! the role of surface area per unit
volume (5v} of the W-matnx interfaces plays an imporan role in determining the
kinetics of flow of W-matrix interfaces at different deformation levels and variation of
grain size at different heat treatment temperatures. Experiments relating to different heat
treatment temperature guides us in deciding which material at what deformation is best
suitable fo obtain better combination of mechanical properties. As a CONSEqUENCE Mo
temperature swaging to high deformation levels and further heat mreatment at differemn
temperatures has been developed for quantifying the most suitable methods to reach the

best processing routes for W-Ni-Fe alloys,

Expcrimental Approach

The materials used for investigations were W-Ni-Fe alloys of rod shaped in nature
consisting of 90 w1t W and rest Nickel and iron in the ratio of 7.3, The diameter of rod
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was .52 inch. The samples of Smm in thickness were cut and metallographic techniques
used for the preparation of these alloys were sectioning, mounting, and polishing,
Abrasive catter was used for sectioning the specimens so as to get the crossection of the
samples of thickness around 5§ mm. Then the samples from three compositions were hot
mounted. Care must be taken during hot mounting so as to avoid the loosening of the
material inside the mounting base. Generally resins crystals were used for hot mounting.
Grinding is one of the steps, which includes considerable relief in the matrix or results in
a dual phase microstructure.in other words; the two phase of the material being processed
will be of different levels. This is attributed to the fact that the emery paper used quickly
grinds away the Ni-Fe matrix while leaving the hard W panticles uniouched. Hence emery
papers were used from coarse to fine grit only for primary removal of scratches. It is very
difficult to avoid any relief, but can be minimized. Finally the samples were cloth
polished to obtain the typical liquid phase sintered microstructures of 90W-TNi-3Fe
alloy. Figure 1 shows the microstructure of as-received 90W-TNi-3Fe alloy.

L

Fig 1: Typical LPS microstructure of 90W-TN1-3Fe.

Room temperature swaging was camried oul by rotary swaging machine. The heavy alloy
rod (20 cm in length) was swaged to different deformation levels such as 335, 70, 90, 96%
reductions in area. Rotary swaging is the operation where the two dies, which are free to
move radially, are held in 2 spindle which rotates simultaneously. The work is fed
between the dies continuously and for every rotation. Rotary swaging is able to produce
external surfaces, which are axi-symmetric. Samples of 5-mm thickness were sectioned
from the swaged samples of each deformation levels. A diamond wheel was used for
sectioning the swaged and heat-treated samples. The wheel was used at a very slow speed
in order to avoid any particle pullouts or damage in the sample. The transverse sections
and longitudinal sections were mounied and polished. Figure 2 (a), {b), (c), (d) represents
the Jongitudinal sectioned microstructure of swaged samples at 200 magnifications.
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Heat treatment of swaged samples was performed in a tubular furmmace in hydrogen
atmosphere for one hour. The heating rate was B "C/ minute. For the present research the
three heat treatment temperatures were selected such as: 500, 900 and 1400°C. Finally the
samples were sectioned and polished as cited above. Figure 3 {a), (b), (¢} represents the
micrographs of as-received heal reated samples.

Bulk hardness and micro hardness test were performed on all the samples. MHP 160
Micro-Hardness (Av) was used 10 perform the micro-hardness tests. Microhardness was
performed only on the matnx phase. The load used for indentation was 40 gm. A
diamond pyramid indenter was used. The load was applied for a short period of 3-4
seconds. The indention was square shaped. The length of the two diagenals was
measured and their mean was taken.

Quantitative microstructural analysis involves the surface area per unit volume (5v) of the
W-matrix interfaces. The Sv measurements were made on the microstructural surfaces by
line intercept methods where the lines are oriented at an angle of 22.5°. The orientation
characteristics of the microstructural surfaces were studied from 0 to 90°

RESULTS:

In thiz study bulk hardness of the as reccived sample is less as compared 1o
swaged samples. Hardness of 96% swaged samples is highest at S00°C. Figure 6 shows
that hardness decreases with increases in temperatures.

Micro hardness of the matrix phase shows a decreasing trend with heat treatment

temperatures as like bulk hardness { Fig 7).
Surface area per unit volume (5v) of the W-matrix interface for as received samples does

not have that much effect with respect to orientations.
Figure 9 shows the variation of 5v with respect to oricniations for 35% swaged samples.

DISCUSSIONS:

our study involves the bulk hardness measurements, micro hardness measurcments of the
matrix and surface area per unit volume of the W-matrix interfaces for as-received and 35%
swaged samples.
Bulk hardness measurements for 96% swaged samples is more at S00°C. As the heat
weatment temperatures increases the hardness decreases due to coarsening of grain at high
temperatures which is 1400°C. For the matrix the same phenomenocn occurs. Basically the
hardness of a material depends upon the nature of chemical composition and dislocation
density imparted to the material. In case of swaged samples the hardness is greater for them
which were subjected to high deformation levels. But heat treating at high temperatures the
amount of dislocation density decreases there by causing decrease in hardness.
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Considering same volume fraction, the surface area per unit volume of finer particles is
greater as compared to bigger particles. As far as the surface arca per unit volume of the W-
matrix interface is concerned the graph for as-received samples is same for all orientations

Sy is more for as received specimen as compared to swaged and heat treated samples. So Sv
does not have any effect with respect to heat treatment lemperatures. But for 35% swaged
samples &v pocs on increasing with respect 1o orientations depicting finer grains at an”
orientations. If we compare the the only swaged sample with heat mreated samples, incase of
heat treated samples grain coarsening occurs at higher temperatures there by causing lower
Sy values at 900 and 1400°C.

SUMMARY:

e A practical processing route has been developed for the production of fibrous
microstructures in 90W-7Ni-3Fe alloy by imparting high deformation levels i.e., to
about 90% and 96% without fracture.

e Micro hardness measurements of matrix decreases with increase in heal treatment
temperatures

« Quantitative stereo logical measurements gave an appropriate estimate of the surface
area per unit volume of the W-matrix interface.

» For as-received sample Sv remains almost same with increasc in heat treatment
temperatures showing no onentations

s For 15% swaged samples the Sv decreases as we go on increasing the temperatures

« To further enhance the mechanical properties future rescarch should be focussed on
taking advantage of hot-deformation processing where a combination of stress and
temperature simultaneously applied.
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Fig 2. Microstructure of swaged 90W-7Ni-3Fe (a) 35% (b) 70% (c) 90% (d) 96%.
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(a) S00°C

Fig 3. Heat treated as-received 90W-TNi-3Fe (a) 500°C (b) 900°C (c) 1400°C.
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{b) 900°C

(a) S00°C

Fig 4. Heat treated 38% swaged S0W-TNi-3Fe (a) 500°C (b) 900°C (c) 1400°C.
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Fig 5, Heat treated swaged microstructure of $0W-TNi-3Fe {a) 500°C (b) 900°C

(e} 1400°C.
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Fig 6. Data showing bulk hardness variation with heat treatment temperatures of 90W-

TNi-3Fe alloy.
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Fig 7. Data showing micro hardness variation of matrix with respect to temperatures for
0W-TNi-3Fe.
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REACTIVE HOT PRESSING OF IRON ALUMINIDES

I Smimivas, MM Godkhendi, PG Mubkuenda, 8, Das
Depariment of Metallurmeal and Materials Engineening. 1iT Kharagpur,

Absiracy:  lron Alaminides ase arrociive motermabs for hagh temperamre applications because of the
combinution of the low cast, conservation of stratspic slements (Example Cr), low density and remarkable
corrpaion resistance. Near nel shape processmyg methods are likely (o be baster roates due to the inherent
brttlenicss of these products. Atternpts have been made to produce dense ordered FeyAl mitermetallics
through reactive hol pressing methad. Effect of the addition of mickel &5 a reaction aid, has been studied,
Ciptimazation of process parameters to obtzin complete densificanon and horeogensons microstruciure had
been attzmpied. The present work indicates this dense Fe3Al somples with excelient properics can be

prieluceid by this rowte,

Rrywufdi lron alemesides; reactive Bt presamy; Fe Al intermetallics: combuston ::,-nqh::u.

L INTRODUCTION

Intermetallic compounds based on aluminam, such as FeAl have attractive combimation of low
density, high strengih thal even improves wilh lemperature, good comosion and oxidation
resistance, and vse of non-sirategre glements, The use of aluminides as a material for dies for the
hot forging process has been found 1o improve the guahty of vanery of products sech as
autemobibe parts, components of electrioity generation plants and differens tools etg [1].

Cuwrrently Iron aluminides {Fes Al are being produced throvgh two processes

I, Liguid metal route
2. Conventional Powder metallurgy roure,

The drawbacks of the cagt route are the susceptibility of the castings for cracking dunmg the
machmng and the final Amshing operations. This problem s mainly due to the intrinsic
hrntleness of these matenals al room temperature. Uimosl care Bas 1o be taken during casting 1o
prevent the abscrplion of hydrogen from the atmosphenic mosiure,

I the conventgnal Powder Metallurey route, the preslioved mon alummde powdens are wsed
for the production of the component. Bul as the powder s brittle i nargre, o s difficult 10
compact. And s process mvolves long sitering cycles and high sinfering icmperatures.

Eeachve bot pressiig (RHPY imvelves the simultaneous combustion reacton and uvmaxial hot
pressag ol the green compact, Consederable amount of hest refeased due to the reaction
combined with pressure can help in generating dense pore free prodact. This echnigue has been
successfully used for the productron of NiAl fasteners from the clemental b and Al powders [2].
[his provess 15 reporied (o be energy-efficient and produces a compound that &5 purer than that
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resulting from conventional production methods. The present investigation is an effort to explore
the possibulity of production of iron aluminides through this proCess,

The Fe-Al system forms 7 different phases ncleding 2 metastable phases, Table 1 shows the
crysial structural data and heats of formation of different compounds formed m this systerm. From
the data it is evedent that the heat of formaton of Feyal 1 very low {compared 1o the hear of
formation of NiAl 1.e,, 42.9 klmol). It is, therefore, expected that addition of varying amounts of
NIAT mixture may aid the sintering process for Fe, AL In an earlier work [3], the effect of Ni
addilion on the densification has been discussed, and the addition of Ni up to B.6& wi 9%
ssunificantly yielded better results (sintercd density increased from 4.66 gfcc to 4.99 glec),
Parosity n the product was reduced by the addition of the NiAl powders. Addition of the Mi
decreases the grain size of the samples.

TABLE | Crystal siruciural data of Fe-Al system. [5]

|_ Composition | Heat of formation
| Phases . Crystal struchurs klfmaol (AH)ar
at % Al Wi % Al WK
Faal 21.3-550 126-37.0 BT =16.23
FeuAl 230340 13.0-200 BCC (ordered) -16.34
Feals 66,0 - 66,9 48,0 - 49.4 Hhum-b:uh;dul -27.9%
~I FeqAly 0 — 3.0 330 -570 Monoclmc i -2]‘_.52
Ft.ﬁ.‘i:‘ 74,5 - Ti 585 -nl.3 Momac hinec .. -28 ;II.
R - : 3
Ferdle | s 685 | e |
i Feal, | B5.7 3 | —— —

L EXPERIMENTAL

Hnga'nas vrom powder (30 100, 29) sereened to
G50°C to reduce the

—323 mesh, was subjected o hydrogen reduction af
surface oxide layers. Aluminum powder (particle size ~12§ mesh) and nicke]

powder (~3 um) were used in the as received condition. Two compositions were selected for

making the green compacts, as shown in the Table 2. An mndigenously designed ball mill
balls was used for mixing the powders. Before mixing the container was flushed

hardened steel

using
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with argon gas 1o avoid any possible axidation of powder surface durmg mixing The time of
mixing was found to be | hr for optimized results. The mixed powder was compacied mto a
eylindrical compact of 12.75 mm diameter with the help of a hydraulic press at a compacting
pressure of SO0MPa. Theee alternative routes of densification were investigated as indicated in

Table 3.

TABLE. 1 Wi fraction of NijAl in the

FesAl min
FeAl: Weight fraction {wt %)
NisAl | %Fe | %Al | %Ni
100- ¢ | 8613 | 1387 |-—
00:10 | TLT | 137 6

Temperature C

—

~EE522385388

S0 {13 min)
B (15 min)

R e

o A o

Tme, min

L1
-

T T ¥

R N
R

Fig- 1 Heating pattern of the degasiing traatment

TABLE 3 Processing routes of the various samples

Sample # A B C D E — I
Compegiten | FeyAl: Feyal: FeAl FeyAl: NyAl | FesAl: NigAl | FepAl NipAl
NizAl NiyAl NigAl
o0 10 Qi 10 o 10
1000|1000 [100:0 il
Processing Direct hot | Siniering | Sintenng Mhirect  hot | Sintering Emt-t.:‘rrlg and hot
roiale pressing | followed |and  hot | pressing of | followed by | pressing
aof  the | by  hol | pressing the  green | hot pressing | followed by
ETeEn pressing | followed compact homogemzatron
COSFIpECT by 1
homagentz
a0,
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2.1 Reactive sinfering {(pressure 1ess)

Sample # B and # E were produced through reactive sintering route with the purpose of
comparing the same with RHP technique. Reactive sintering was carried ool in tube type
resistance furnace (fused Quartz tube) at temperature of 850°C in vacuum at a heatmg rate of 107
C/min. Figure 1 shows the heating pattern adopted for sintenng incorporaling @ degassing siep
which reduces voids and cracks considerably. After sintering, the product was cocled in the
fumace. The samples were next hot pressed at 1000°C.

Figure 1 shows the effect of compacting pressure on the green density and sintered density of the
reaction synthesized product. The product density increases with meréasing pressure, The density
of the green compact affects the density of the product, Figare 3 shows the effect of Ni contem
on the sintered density of the samples, For sample # C and # F the homogenization after reactive
sintering and hot pressing was carried out at 1000 °C for 1 hour. The density messurement, the
microstructure observation and the phase analysis were performed. Vickers hardness of the
samples was also measured.

2.2 Diircct hot pressing of the green compact

Sample # A and # I were produced through REHP technique. An indigenously designed hot press
was used for thus process. Figure 4 shows the schematic diagram of the hat press. The pressing
was carried oul using graphite die and punch system. The required lemperatures were obtained
through resistance heating by passing high amperage cwrrent through the heating element, which
also acted as the die.Pure graphite electrodes were used as upper and lower punches. This heating
element is connected to the power supply through water-cooled copper electrodes. The lower
copper electrode is fixed and the upper one is movable. The copper electrodes have a central hole
for the inscriion of the upper and lower punches. A DC transformer was used to step down the
input voltage of 230V to output voltage of 0-24V.

Green compact was placed inside the graphite-heating element coated with boron nitnde. The
upper and lower graphite punches were also coated with boron nitride to prevent the reaction
between compact and the graphite. The heating rate of the compact was 300 “C/min up to 700 °C
and 150 *C/min up 10 1000 °C. As the iemperature approaches 600 °C, application of pressure
was started gradually and reached maximum of 200Pa at 1000 *C. At 1000°C compact was kept
for 15 min under the same pressure. After this, power was switched off and the compacted was
allowed to cool to room femperature,

J.RESULTS

Table 4 shows the green and sinteredvhot pressed densities of the samples produced through
various techniques, with and without the addition of Nt Samples that were reaction sintered and
hat pressed followed by homogenization at [000°C showed highest densities among all the
samples. Increased compacting pressure yields higher sintered density at all stages of processmg
(fig. 5 b). XRD, SEM-EDS analysis has been carried out to deterrnine the formation of phases
and analysis of the reaction product.
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Fig. 2 {a) The green density asa  fimetion of compacting pressurs
(b} The smtered density as a function of compacting pressure.




TRANSACTIONS OF PMAI, Volume 28, December 2002

121

[
)
é?;
|':E,|=

il 25008 P
—ir— B5H Pa
— 8 |H s

M/

—— L OM A

—a—q5 T4 Pa

[y

F

T

5%

NYAl wi%

0%

Fig 3 Effect of Nu'Al addition on the sintered density

T

wappar plalfiorm

e

b
waier cpaled Tl alecirods

\ waler pailed

graphirs dlock

" wraal whall widh rafrocieey SR

Okt Rttty dhimesHr

sampds

L ke il

weifpr ppdid T alir

i

| Tomatr pririth

-

hipdraiais press

a

Fig. 4 Schematic diagram of the indigenously designed hot press




123 |

TRANSACTIONS OF PMAI, Volume 18, December 2002

TABLEF 4. Densitics of samples before and after sintering/hot pressing.

567

527 {after sintering and hot
pressing followed by

homaogeniiation)

562

£.18 (after sintering followed by
hot preasing)

489 (afier reactive sintering )

5.69

4.98 {after direct hot pressing of
the: gresn compact)

5.69

505 (after sintenng and hot
pressing followed by
homogenization)

5T

o

503 {after cintering folloraed by
hed pressing)

4.3% (after reaclive sintering)

574

e

4.69 (afier direct hot pressing
of the green compact)

B 0% Nidal

OO0 % Nidal

(a)

Sample @

density

Density  glee

sintered, hol

hot pressed  pressed and

homogeniaes

simterad and

pressed

Direct hot  Only sintered

Fig. 5 a) Densification of the compacts through vanous processes
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Fig. &8 b} Effect of compacting pressure on densification

4. EFFECT OF Nu/Al ADDITION ON THE REACTIVE HOT PRESSING

With the addition of Ni, the density was found to increase, reaching maximum at 8.6wt % Ni
content. The porosity in the product is reduced by the addition of the NifAl powders. Samples
with Ni content have finer grain size compared to the samples free from Ni Preliminery
experiments earlier have indicated that Ni additions when varied from 0 to 8.6 wiS indicated that
ncreasing Ni content gave continuouwsly better resulis. The Vickers hardness of the samples i
increased with the addition of Ni. Fig. 6 shows the microsiructures of the samples produced
throwgh various techniques, with and without Ni contents.
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Sample & B

Sample # D Sample # E |

Fig. & Microstructures of samples produced through various routes
S5.DISCUSSION

Samples that are without Ni and direetly hot pressed from green compact (sample # A) showed
porosity inside the grains. Samples with Ni content of 8.6 wit% and directly hot pressed from
green compact (sample # D) showed considerable increase in density. Reaction synthesized
samples and reaction synthesized & hot pressed samples showed good densities and the pores are
icated at the grain boundaries, Grain size of thess samples was found to be finer {25um)
compared 10 the RHI samples. Samples that were reactive sintered, hot pressed and homogenized
showed only slight increase in density but the Vickers hardness of these samples was found 1o be
high compared to the other samples. Table 5 shows the SEM-EDS analysis of the various
samples and it was found that in all the samples, the synthesized phase is Fe, Al Figure 7 shows
the XRD prefile of the product that consists of mainly Fe,Al. Figure 8 shows the Vickers
hardness values of various samples. From the hardness values, it is clear that hardness is
increasing with the homogeneity of the samples.

TABLE 5. SEM-EDS analysis of various samples (spod analysis at various paints)

Sample A TH = 0 TE F

At % Fe 6.4 17034 | 764 | 148 B0 T3]
A% Al 116 BELE FER NE:) 17.7 N ELE
[ At% N — [ [ —- 02 12 9,06

Studies have also been carried out on the wear characteristics of these samples and sampleg C
shows the best results i.e. wear rate of 2.43 x 10 ™ mm"/m with a friction force of 30 N,
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Fig. 7 XRD patiern of the synthesized product {sample # F). Figure & Vickers hardness of the samples.

6. CONCLUSIONS
{1} Reactive hot pressing process for the production of ron aluminides samples has been
investigated in order to optimize process parameters. While pure FeyAl mixture could not be
sifered to full density, addition of nickel helped in achieving high density (low porosity).
{2} The optimal conditions that yielded best results {free from porosity and distortion) are:

Compesition:  77.7 wt % Fe, 13.7 wt % Al and 8.6w1 % Ni (Fe,Al: NiAl = 90:10)

Mixing time: ! hour
Compacting pressure: SOOMAPa
Reaction hot pressing temperature: 1000°C
Feaction hot pressing pressure: 20MPa

Reaction hot pressing atmosphere: Afr

(3} XRD, SEM- EDS and hardness data all indicazed complete homogeneity of the product
afler reactive hot pressing.

(4) Homogenization treatment of the hot pressed samples has given rise lo a very large
increase in the hardness values though very linle increase in density was observed.
Marked increase in the hardness values upon addition of Ni,
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SYNTHESIS OF TITANIUM NITRIDES BY DIRECT
NITRIDATION OF TITANIUM POWDERS

V.V Dabhade, B. Baijal, T.R.Rama Mohan and P, Ramakrishran,
Department of Metallurgical Engineering and Materials Science,
Indian [nstitute of Technology, Mumbsai- 400 0776, India.

ABSTRACT:

In the present Envestigarion, fianium mimides were synthesized by the direct reaction (pitridation) of tiniam
powder compecis with nitrogen. The gas-solid reaction under atmospheric presice Betwest tdbroges and
titandum powders haa been sbedied with fespect to the imitinl timmium powder particle size. nitridstion
temperature and wosking time. Titanivm powders of overnge particle size of £ 8pm, 3.8um and S2nm wero wed
in the present iovestigation. The 8.8pm and 3.8um Ti powders wete &5 procused whereas the 62pm Ti powder
was symthesized by the attrithon mdlling of the 3.8um T3 powder in argon stmcsphere for 40 hes. The tiandem
powders (of dree different particle sizes) were then compacted a1 different compaction pressures 1o ohitn
approximetely similer amount of porosity in all the compacts. The Ti compacts where then nitrided & four
different iempematures in ibe range of 400°C-1000°C for different sosking times of 1, 30, 60, and 130 min in
[lowing mitrogen aimosphene. The fnsttsl Ti powders were charncterized by SEM, TEM and XED where as the
green and pitrided Ti compacts were chameterized by SEM ond XRID, The extent of nitridation has been derived
from the % change in weight between the nitrided and green Ti compacts.

INTRODUCTION:

Titanium MNitride possesses unique properties such as high strength at high temperatures,
high hardness, high wear resistance, high chemical resistance, high thermal conductivity,
low thermal expansion, high thermal shock resistance, and low density. Due to these
properties it has found applications for cutting tools, tool coatings, solar-control films, and

microelecironics applications [1,2).

The various methods employed for synthesizing titanium nitrides are;

(1) Chemical vapour deposition: In which the reaction of titanium tetrachloride with a
mixture of hydrogen and nitrogen is used (o deposit thin coatings of titanium nitride on
substrates heated to > 1000%C,

(2) Nitridation of titanium hydride: Here high purity titanium nitride is produced from the
reaction of titaniym hydride with ammonis,

(3) Carbothermal reduction of ttanium oxide: Involves reduction of titanium oxide by
heating with carbon powder in a nitrogen atmosphere which simultaneously nitrides the
reaction product {3].

(4) Mechanical alloying: This process invelves the high - cnorgy milling of titanium powder
in nitrogen or ammonia atmosphere. Crystalline TiN is formed in-sile at ambient
temperature from the solid state reaction [4,5].

(5) Direct nitridation of titanium: This process involves the direct nitddation of titanium
powder with nitrogen at elevated temperatures, The process takes place according to the
following overall reaction: 2Ti(s) + Ny(g) = ZTiN(s).

The chemical vapour deposition and nitridation of titanium hydride processes involve high

production costs and toxic raw materfals [1]. The carbothermal reduction process leads to

titandum nitride of low purity [3]. Mechanical alloying leads o contamination from wear of
the milling media and akso increases the cost of the material due to the low energy efficiency



| TRANSACTIONS OF PMAL, Volume 28, December 2002 128 |

of the high energy milling process [4,5]. The direct nitridation of titanium is an attractive
route because of the simplicity of the process and because no side products are produced in
the process [1].

Previous reports have focused on the kinetics of the direct nitridation reaction [1],
marphological study of the directly mnitrided pellets [8], modeling of the direct nitridation
reaction [7] and on the nitridation reaction during sintering of micron sized and nano sized
titanium powder [B]. In the present investigation an antempt has been made to study the gas-
solid reaction under atmospheric pressure between nitrogen and titanium powders with
respect to the initial titanium particle size, nitridation temperature and soaking time.

EXPERIMENTAL:

Titanium powders of average particle size of 8.8 pm, 3.8 pm and 62 nm were used in the
present experiment, The 8.8 pm and 3.8 um Ti powders were as procured whereas the 62
nm was prodoced by the atirition milling of the 3.8 pm Ti powder. In the afirition milling,
stearic acid was used as the process-controlling agent while high purity argon gas was used
as the milling atmosphere. Nano sized Ti powder (avg. particle size 62 nm) was obtained
after 40 hrs of milling.

The attrition mill used for milling consists of a double-jacketed stainless steel cylinder with
cooling arrangement and equipped with double ball bearing and oil scaling. The specd of
mill is automatically controlled by using a microprocessor-based circuit. Hardened stcel
balls of 8 mm dameter were used as milling media. The ratio of weight of chargs to
grinding media was kept at 1:10. Attrition milling was carried out at arcund 400 rpm at
room lemperature,

Table 1: Values of parameters ! variables,

sr. 00, | Parameters [ Vaniables Value
1. Gas flow rate {m /5 ) 65.5 x 107
2 Titanium grain size (jm) 8.8, 3.8 and 0.062
3 Porosity (e} 20 = 26
4, Compaction pressure (MPa) 109, 435, 652
(for 8.8pum 3. 8pum and 62nm)
3. Mitridation temperature (°C) 400, 600, 5040, 1000
&. Soaking time (min) 1, 30, 60, 120
7. Heating rate {°C / min) 20

The values of the parameters / variables used in the present investigation are given in table
1. The Ti powders of varying particle size Le. 8.Bum, 3.8um and 62 nm were compacted at
different pressures of 109 MPa, 435 MPa, 652 MPa respectively 50 a5 to obtain similar
levels of porosity in the range of 20-26% m cach compact. The compacts of varying particle
size were than nitrided at different temperatures of 400,600,800 and 1000°C for different
soaking intervals of 1,30, 60 and 120 min. The fumace was first evacuaied 1o a pressure of
107" torr afier which the nitrogen gas was back filled in the fumasce. This procedure was
repeated twice before starting the experiment. A constant heating rate of 20°C/min was used
while heating to the aitridation temperature. Nitridation was carried out in flowing nitrogen
(constant flow rate of 65,5 x 10 ). The nitrided compacts were then analyzed for change in
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Figure 1: XRD patterns of the (a) 62am, (b) 3.8um, and (¢) 8.8 pm Ti powder nitrided
st 1000°C for 30 min.

RESULTS AND DISCUSSION:

The particle size of the as procured Ti powder ie, Ti powders of particle size 3.8pm and
8 Bum were measured by scanning electron microscopy (SEM) whereas the particle size of
the attrition milled Ti powder i.e, 62 nm Ti powder was measured by transmission electran
microscopy (TEM). The measured particle size is the average of at least 20 readings. The Ti
powders of different particle sizes were subjected 1o X-ray diffraction (XRD) analysis and
revealed that titanium was in a form and no other peak (corresponding 1o any titanivm oxide
or pitride) was observed,

Figure 1 shows the XRD patiern of the (2) 62nm, (b) 3.8um, and (c) 8.8 pm Ti powder
nitrided at 1000°C for 30 min The XRD patterms reveal the formation of TiN, Ti2N and
TiM,; nitride phases at the surface of the nitrided compacts, The absence of the aTi phase in
the XRD patiern indicates the complete transformation of titanium info titanium nitrides at
the surface of the nitrided compacts. Figure 2. shows the SEM photographs of the green
compacts of the {a) 62 nm, (b} 3.8um and (¢) 8.8 pm Ti powder and the nitrided compacis of
the (d) 62 nm, (c) 3.8um and (f) 8.8 pm Ti powder. All the green compacts show
approximately s porosity level of 25%. The pores in the green compact of 62 nm powder arc
smaller and more in number than those in the green compact of 3.8um powder which in um
are smaller and more in number than those in the green compact of 8.8pm powder. The total
open pore area is the same for all the green compacts. The nitrided compacts show nearly
the same level of porosity after the nitridation, The particles in the nitrided compacts show a
white nitrided layer argund the particle boundary.

Figure 3(a)-3d) show the % change in weight as a function of nitridation tcmpcrature for
different soaking times of 1,30, 60 and 120 min. From the figures it is clearly secn that the
extent of nitridation {as desived from the % change in weight) increases with the nitridation

[EmpETanue,
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Figure 2. SEM photographs of the green compacts of the (a) 62 nm, (b) 3.8pm and
(c) 8.8 pm Ti powder and the nitrided compacts of the (d) 62 am, (¢) 3.8um and ()
8.8 pm Ti powder,
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nitridation is more for the 62 nm Ti powder compacts which is not the case at higher
nitridation temperatures (800°C-1000°C). The larger cxtent of mitridation for the 62 nm Ti
powder compacts at lower nitridation temperatures can be attributed to the larger surface
area of the 62 nm Ti powder which leads to larger amount of nitridation. The 62 nm Ti
powder due 1o their larger surface arca form a nitride layer at the initial stages which hinders
further nitridation at the later stages. This can be one reason why the extent of nitridation is
lower for the 62 nm Ti powder at higher nitridation temperatures. At higher nitridation
empiratures (S00°C-1000°C) the 3.8pm Ti powder compacts show a larger extent of
nitridation than the 62 nm Ti powder compacts and the 8.8um Ti powder compacts. The
larger extent of nitridation of the 3.8pm Ti powder compared to the 8 8pm Ti powder can be
attributed to the larger surface area of the 3.8um Ti powder. A powder compact of finc
particles will have a larger number of open pores compared 1o & powder compact of coarse
particles with similar porosity level. But the diameter of the pores in the compact of fine
particles will be far smaller than the diameter of the open porss in a compact of coarse
particles. When such two compacts react with a gas, they will form a product, which will
tend to close the open pores, which will restrict the gas to penctrate the compact leading o a
restriction to the reaction between the compact and the gas. This will take place earlier in
compacts with finer particle size, which have open pores of smaller diameters. This can be
another reason why at higher nitridation temperatures the extent of nitridation was larger in
the 3.8 pm Ti powder compacts as compared to the 62 nm Ti powder compacts.
Figure 4, show the % change in weight as a function of soaking time for samples nitrided in
the temperature range of 400°C-1000°C. The figures indicate that in gencral the extent of
nitridation (% change in weight) increases with the soaking time. Tt can again be seen here
that at lower nitridation temperature (400-600°C) the extent of nitridation is more in the 62
nm Ti compacts whereas at higher nitridation temperanure (B00-1000°C) the extent of
nitridation is more in the 3.8 yum and 8.8 pm Ti compacts.
Figure 5. show the % change in volume as a function of soaking temperamure for different
soaking times of 1,30,60 and 120 min. It can be secn that the % change in volume is
positive, indicating an expansion in all the Ti powder compacts due to nitridation. The %
change in volume increases with the nitridation temperature as well as the soaking time. A
clear rend was not observed for the change in volome with respest to the Ti powder particle
SIEE,
The Arrhenious plots, ie., Infwg'w,) as a function of /T for Ti powders of various particle
slzes of 62 nm, 3.8 um and 8.8 pm wore plotted to calculate the activation energy, The
activation energics for nitridation was calculated from the graphs which were 1.30 Kl/mol,
1.44 KJ/mol and 1.04 KJX/mol for the Ti powder compacts of particle sizes of 62 nm, 3.8 um
and 8.8 pm respectively. The obtained activation energics arc less than those reported in
literature ie. 52.10 Klimol and 68,99 KI/mol [9). [t can be scen that the activation energy
of nitridation was larger for Ti powder of particlc size 3.8 pm followed by Ti powder of
icle size 62 nm and the least for Ti powder of particic sizc 8.8 pm. One would expect
that the Ti powder of particle size of 62 nm would exhibit the largest activation encrgy but
this was not the case. This may be due o the closure of the open pores (smaller in size than
those in the 3.8um and B.8um Ti powder) which restrict further nitridation in the 62 nm Ti

powder compacts.
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CONCLUSION

{1} XRD analysis confirmed the formation of nitrides such as TiN, TizN and TiNg, where as
the SEM of the nitrided compacts revealed nitrides in the form of white layer around the
particle boundary.

(2) The extent of nitridation {% change in weight) was found to increase with the nitridstion
temperature. At lower nitridation temperature (400-600°C) the extent of nitridation was
larger in the 62 nin Ti powder whercas at higher nitridation temperature (800-1000°C)
the extent of nitridation was larger in the 3.8 pm Ti powder.

(3} The extent of nitridation {as ohserved from the % change in weight) was also found to
increase with the soaking time.

{4} The % change in volume of the compacts due to nitridation was found to increase with
the niridation temperature, A clear trend was not observed for the change in volume
with respect to initial Ti particle slee.

(5} The activation energy of nitridation was larger for Ti powder of particle size 3.8 um ie.
1.438 Kl/mol followed by Ti powder of particle size 62 nm Le. 1.298 KJimol and the
least for Ti powder of particle size 8.8 pm ie. 1.038 Kl/mol.
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SizNy Composite by insitu Foramtion of MoSi,

R.V.Krishnarag, LSubrahmanyam and M.Srinivasaras
Defence Metallurgical Research Laboratory,
Kanchanbagh, Hyderabad-500058 India

Abstract: MoSiy reaforced Sigl, matnix compesite was fabricaied by diy blending molybdenum pawder and SigM,
powder, followed by vacuum hat-pressing i grafoil tined graphite die 21 1675°C and 26MPa. Five weight percent
Mg was used &5 dessification aid for SiyM,. MoSi; was formed by resciion beteeen Mo and S, The compasie
cantained aboud 40 walume percent of MaSh The MoSi; parteles were well distnbused wathin the dense 5igM,
matris. Mo gxmaneas resction phases associated with Ml densificaton axd were desected by X-ray diffraction amd
clectron probe mocro snalysds The composite achieved 2 hot-pressed density of %7.9% dweorstical, Vickers mucro
hardness indendation testing was carried out &2 investigate micro hardness and indentation fractare meghness. As
AVerage room-temperalure indentstion fracture toughness of TMPam™ was achieved Crack morphology of
indertation cracks revealed the occurrence of both trarsphass fracturs of the MoSi; as well as interphase fraciure
slong the MeSi-5iyM, phase boundaries. [key words: MaoSi;, SiM., composite, synthesis, procesting]

1. Introduction

Silicon mitride (55,M.) is an important structural céramic matenal because of its
attractive combmation of properties: low density, high strength, low thermal co-efficient of
expansion, high temperature refractoriness, high emperature oxidation resistance and good
creep resistance. However, the wide spread wse of 51,8, 15 hindered because of its brittle
behavior and low fracture toughness in comparison to metals. The second and the most
important factor is the cost of machining. Since 5i:N, 12 an elecincal insulator and a hard
material, dismond machining is typically required and limits the complexity of machined
shapes. Even with near-net shape fabrication methods for 5i,N, components, some final
diamond machining is wsually required. In an attempt 1o decrease the cost of machinmg
electrically conductive 5i,M, composites were fabrcated by miroducing TiN or TiB; phases m
the matrix [1,2]. :

Intermetallic compound MoSi; has long been known as a high temperature material that
has excellent oxidation resistance and electmical/thermal conductivity, low cost, high melting
point {2023°C), relatively low density (6.2 g Cm™). Its case of machining, makes it an attractive
structural material. MoSi; iz thermodvnamically stable with structaral ceramics SiC and SisMN, at
elevated temperatures. The addition of MoS:; phase o a 5i,M, matrix has the potential 1o
produce composites with both improved fracture toughness and improved machinability, as well
as improved oxidation resistance [3].

The composite containing both Mo3i; and S1,M, 18 an interesting and important system
[4]. Hebsur er al [5-8] havestudied MoS:; matmix Si;M, remforced composites. They observed
that Si,M, additions to MoSi; completely eliminate the pest oxidation behavior of MoSi;. The
fracture toughness of the composite containing 30-50 vol % 5i;N, phase increases significantly
with increasing temperature, reaching valees as high as 15 MPa m'™ at 1300°C, 5i;N, matrix
MoSi; reinforced composites have been investigated by Petrowvic ef af [9]. MoSi; additions
gignificantly increase the fracture loughness of SiNy, with a maximum room temperaure
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toughness of .5 MPa m"? ohserved with a 40 vol.% MoSi; addition [10]. The creep resistance
of composite is similar to that of pure Si;N, for fine MoSi; particulate additions. Importantly,
composites containing greater than 30 vol % MoSi; phase can be electro discharge machined
[11). Petrovic ef al [9,10] used MoSi, and 5i;N, powders with or with out Mg0) densification
aid. Zhang er af [12,13] prepared Si;N,-MoSi; composite by reaction bonding of (Si-Mo)
powder compacts in N; + H; atmosphere.

SiyM, reacts with Mo to form MoSiy, MosSi; and Mo,Si [14]. Krishnarao e af [15-18]
studied the formation of MoSi;-SiC/Si;N, composites by reacting Mo powder with 51N,
powder. In the present investigation MoSi; 15 formed within 5i;Ne matnz by reaction of
(Mo+8i;MN,) and the mechanical properties of the composites are studied. MgO sintering aid was
used for densification of 5N,

SiyN, + Mo — MoSi; + 1/351,N, + 43N, {1}

2. Maierials
Mo powder was supplied by New Metals and Chemicals Lid,, Essex, UK. SN, powder
of grade LC12, was obtained from H.C Starck, Germany, Mg( was supplied by Loba Chemie,

i

Molybdenum and SigN, powders were taken in a moler ratio of (1:1). The mixture of
powders was prepared by dry ball milling for 50h. Plastic containers and AlLO, grinding media
were used. The mixture of powder was vacuum hot pressed using grafoil-lmed graphute dies. The
hot pressing was carried out at a temperature of 1600, 1630, and 1650°C/2h, and pressure of 26
MPa.  The densities of the hot pressed billets were 35-88% of theoretical density. Then 5 wrt¥% of
MgO sintering additive for SiyN, was added to the mitial powder mixnure and ball milling was
continued for another 40h. The powder mixture was vacuum hot pressed using grafoil-lined
graphite dies at a temperature of 1675°C/2h, and pressure of 26 MFPa. The hot pressed disc was 75
mm in diameter and 8mm thick. This sample was used for further inveshgation in the present work.

A piece of hot pressed billet was ground m an agate mortar and analysed by X-ray
diffraction (XRD). A Philips X-ray diffractometer, Model PW3710, with Cu K, radiation
through Ni filter was used. The microstrocture, morphology and indentation crack path of the
composite billet was examined with a Leo 4401, SEM and an optical microscope. Scanning
Electron Probe Microanalysis (SEPMA) was carried out with CAMECA (model CAMEBAX-
MICRO, France) equipment. An elastosonic tester was used to determine the Young's modulus
of the sample,

Vickers microhardness indentation test was used o investigate microhardness and
indentation fracture toughness of the composite. A 30 kg indentation load was selected so that
the indentation size would be large with respect to the two phase micro structural features.
Indentation work was carried out at room temperature. Indentation fracture toughness
measurements were made using the equation proposed by Anstis er af [19] for median cracks.
The expression for indentation fracture toughness sccording to Anstis ef af 18

Kq = 0.016.(BH)" pic™
Where E is the Young's modulus, H is the hardness, ¢ is the crack length and F is the indentation
load applied A number of Vickers mdentations were used for the messurement of fracture

toughness.
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4, Results and Discussion

KED analysis revealed the presence of MoS:s and SN, phases in the hot peessed billet
Neither lower silicides of molybdenum nor phases associated with MgO sintering additive were
observed m XRD pattern. Schuster [20] showed that in the absence of external nitrogen pressure,
SN, co-cxist with MoSi; and MoySi; but not Mo,51 and Mo, The density of hot pressed ballet was
measursd by water displacement method. The composite achieved a hot pressed average density of
427 g.Cm”. The BSE image of the compasite 15 shown m Fig. 12} The msite formed MoSi; 15
well distributed in the Si;N; matrix. The average particle size of MoSi; could be 10um.

The val 2% of MoSi; phase was determined to be 4084, From rufe of muxtures the above
measured density was comespondmg to 97.9% theoretical density, According to reaction (1) the
sintered billet should contain 63 vol % of MoSi; and 37 vol % of Si:MN,. After hot pressing a weight
loss of (194-148.45=43 35g) was observed. This could be due to the volatilisation of Mo as MoO,
under experimental conditions of vacuum hot pressing.

The SEM micrograph of the hot pressed billet 15 shown in Fig 1{b). The migr face of
MoSir—5i:Ny 15 very clean. Mo precipitates or reaction phases were observed in 5isNy matnx.
Results of the EPMA analysis are shown Fig. 2. The magnesium X-ray map clearly shows that
MgO is present with in Si;Ny matrix. No reaction of MoSi; with MgO or 51;M; was observed. An
average value of vickers hardness was found to be 14.53 GPa. The Young's modulus (365G Fa)
of the composite was determined by an elastosonic tester. The room femperature Indentation
fracture toughness of the S;;Ny—MoSi; composite was determined according to Anstis er al [19].
An average indentation fracture toughness valee of TMPa m'™ was obtained.

The optical photomicrograph of the vickers indentation is shown Fig. 3. This micrograph
shiow that the fracture morphology involved both tansphese acture of the MoSi; (Fig. 3{a)) as
well ag interphase fracture along the MoSi:~5i;M, phase boundaries. The crack propagation through
the mterface of MoSi; —5i:M, is clearly shown in Fig. 3(b).

Petrovie er af [10] studied the mechanical behaviour of 5isMy ~MoSiz composites, They
studied the effect of MgO content and MoSi; perticle size on hardness and indentation fracture
toughness. Increased MgO levels were shown to be deletenous to mechanical properties of
composites, On comparing with literature data (40 vol.% of 10Wwm size MoSi; particle reinforced
8i;M, composite with § wi%s MgO [10]), the room temperature hardness (14.53GPa) in the present
work is higher than that reported in literature (=12GFa). Similarly the room temperature indentation
fracture toughness value (7MPa m'™ ) in the present waork is higher than that {=6MPa m'®) reported
by Petrovic & af [10]. This could be due to the in situ formation of MoSiy in the Si;Ny marix
during sintering. This work demonstrated the possibility of fabncation of MoSi; reinforced Si,M.
composites by n satu formation of MaSi,.

5. Conclusions

(i) MoSi; remforced SiyNy matrix composite was fabricated by reactive hot pressing
of molybdenum and 5i:M; powders in molar ratio of 1:1,

(i} About 40 vol%s of MoSiz has formed in situ in Si;M; matrix by rezction berween
Mo and 51,M.. Mo extrancous reaction phases associated with MgO sintering
additive were detected by X-ray diffraction and electron probe micro analysis

i) The in situ formed MoSi; particles were well distributed within the dense 51.M,

matrix and the composite achieved a hol-pressed density of 9799 theoretical.

(iv) A vickers micro hardness of 14.53GPa and an average room-temnperature
indentation fracture toughness of TMPam'” were achieved.
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iv) Crack maorphology of indentation cracks revesled the occurrence of both
transphase fracture of the MoSi; a2 well as interphase fracture along the MoSi—
81;,M; phase boundaries,
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Figure. 1. SiyM, -insita formed MaSi; compante obemines iy vacuurn hot pressing at 167570/,
and 26 kP (o) BSE image, 500X, and (k) SEM mage, 2K X

Figure 3. Optical micrograph showingd indentaion eragks (o) tansphase fracours of MoS5, | 2003,
and (b} imterphase (MoSi-51:M, ) facte, 300X
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Synthesis of Silicon pentaceordinate complex as a precursor for processing glass
and glass ceramics
G.V.Ramana Reddy, Debasis Bera, Anil Anal. B.T.Rao, T.R.Rama Mchan
T Bombay
Abstract

Sodium pentacoordineted cthylenc-glycolato-silicate (NapSiz(OpCaHale) has been
synthesized using NaOH and silica-gel (1:1 mole) in excess ethylene glycol under
nitrogen atmosphers with constant mechanical stirring and heating ~180°C for Zhrs,
Lising this pentacoordinated silicon l:::a:lnm|:|I1:.'-|'., bioglass composites and ceramers have
been prepared. The bioglass has been prepared through sol-gel method, wsing
pentacoordinated silicon complex as a precursor, as well as through dispersion method,
shere pentacoordinated complex was used as a dispersant, Then Bieglass composites

s been made wsing polymethy] methacrylate (PMMA) through hot-pressing at a
temperature ~130°C at 100 MPa and 200 MPa. The modulus of rupture {MOR) of
composites was evaluated.

Two types of ceramer have been prepared using pentacoordinated silicon complex
and polymethyl methacrylate (PMMA); One was through physical mixing route, which
contained only silica (free from NaCl) and other one was through solution route which
contained both silica and MNaCl. These ceramer powders were processed into rectangular
:rweimiens by hot-pressing. An increase in the density. glass transition temperature, MOR
sl the elastic modulus has been observed with increase in silica comlent in both

whe RRINICTS,

Key words: Pemtacoordinate Sillcon complex, biogloss, ceramer, bioactive glass
compaosite, (NaxSia0:C M1 ).

Introduction:
Advanced materials have always played a vital role in the development of new
Snologies, The requirements of material properties have beconw more specific. [t is
Ctficult w find a paturally oceurring material meeting all the requirements, As a result
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Caere hios been indreasing interest in the development of new malerials consisting of an
organic polymer and a ceramic material [1]. The resulting new materials are as for
example ceramers, compesites. Thesc materials cxhibit some characteristics and
properties of both ceramics (heat resistance, retention of mechanical properties at high
temperatures and low thermal expansion) and organic polymers (e.g- toughness, ductility
and processability).

To prepare these types of compounds precursor is very important. In this present
work pentacoordinated Silicon complex has been prepared to synthesize these types of
-utterials, Two tvpes of materials have been prepared using this complex: bioglazs and
ceramer. The bioglass later has been used to make composites,

Anionic pentacoordinated and dianionic hexacoordinated organosilicates were
first reported more than 60 years ago. Pentacoordinate silicon complexes have recemly
received considerable attention because of their role in sol-gel processing of silicate
glasses, their utility in organic synthesis and polymerisation, and their use &% precursors
to orgenosilicon compounds. Pemacpordinate silicates have been prepared  from
cumpounds with tetra substituted Si-centers by Fyre [2], Holmes et al [3.4] rather than
cewethy from silica. .M. Laine et al. [5] have described synthesis of Pentacoordinate
silicon complex directly from Si0; and ethylene glveol and base under conirolled
conditions. The same reaction was done under ambient conditions in our laboratory [6].
The resulting glycolato silicates are very reactive and oifer unique opportunities for an
inexpensive synthesis of a wide varicty of silicon-containing compounds such as
bioglasses, ceramers ctc. Using this complex most bioactive bioglass [7] 4585 bioglass
has been made. The present studics aim at preparing a novel bioglass composites
composed of polymethy| methacrylate {(PMMA) and bioglass.

« reparation of Pentacoordinated Silicon Complex:

A mixtuare of 1:1 mole ratio of NaOH and $i0» and excess of ethylene glycol in a
flask was heated to ~180°C under N, mmosphere with constant stirring, The silice and
the alkali hydroxide readily dissolved with continuous distillation of ethylene glycol.
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Water formed as a byproduct was removed out going Nx gas. When 6084 of glycol

had

distilled off, the solution became increasingly viscous along with simultaneous
precipitation. ‘On cooling for about 12 hr, the large mass formed was broken wp and the

product (glycolato silicate) was filtered and stored in desiccators.

510 + 2MOH + 60HCHCHOH

I

IH O l 2007C

[Dx‘hﬁ:i/o\/\f/_ﬂi“\:f
.--""a¢ a*
D/; O M \M

E——

hurucicrization of the Complex:
The dricd complex was charactenzed by using ARD, 074 and FTIR.
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Fig-16 XRD patters of pentacoordinate sodium ethyiene glyeolsto siicate peepared under
controdled condrsoes,

Figure 1; XRD pattern of pentacoordinated silicon complex
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1. X-Ray Diffraction (XRD):
The precipitates were analyzed by Ne-ray diffractometer (PH 1820 PHILIPS,

Netherlands) using Cu Ko radiation. Figure | shows the XRD pattern of the sodium
glycolato silicate. The crystalline nature of the complex is shown by the sharp peaks at
28=11%, 18.8°. The comparisons of d-values of this compound with literature values are
shown in Table 1. The values exactly matched with previous studies conducted in our
laboratory. Negligible deviation from the standard pattern given in literature shows the
greater stability of the sodium glycolato silicate complex under ambient conditions,

Table I: Comparisen af d-values of experimental data with literatire values

1

d-values Relative intensities
Exp. data Literature  Exp. data Literature
T 7.8936 8.1852 T 100 100
4.6811 4.7539 5.8 4.09
4. 8205 48179 1.5 2,41
4. 1183 40370 1.1 1.17

Tamgarsturs U1 feece | wing
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Figure 2: DTA of Pentacoordinated sodium ethylene glycolato siticate prepared under
confrofled condition.
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2. Differential Thermal Analysis (DTA):

The DTA for this compound exhibited an exothermic peak at 368.54°C (3653°C), which is
mostly due 1o the oxidative removal of the glycolate ligands. The exotherniic peak at the
637°C (660°C) is due to crystallization of Na;0.28i0;. An endothermic peak at 880°C
(B75°C) results from melting of Na;Si;0s. These observations are in agreement with
stundurd values, which are shown in the brackets. The DTA curve 15 shown in Figure 2

3. Fourier Transform Infrared Spectroscopy (FTIR):

FTIR spectrum is shown in Figure 3. The peaks in the wOH) {3200-3300em’") confirm
the formation of ethylene glycol molecules by hydrolysis using moisture content in
atmosphere. The crystalline dimer exhibits the w(C-H) vibrations 2800-3000 cm’'. The

peaks a1 ~1090em™ correspond to a combination of v(Si-0) and v(C-0) asymmetric

vibrations.
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Figure-3: FTIR of pemtacoordiated ethylene glycolato silicate prepared under
controlled condition.
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Preparation of 4555 Bioglass:
Preparation of 4555 bioglass was carried out through two processes using

sniacoordinated complex as a precursor. The weight percent of various constituents in

the 45585 bioglass is shown in Tabfe. [

Table 1: Composition of 4555 bioglass
Composition Percentage
Si0y 45%
Cal 24.5%
MNa:O 24.5%
Pyl 6%

The two methods employed to synthesize bioglass were the sol-gel combined with
dispersion method and sol-gel method.

1. Sol-gel Combined with Dispersion Method:

Table 2 gives the various constituents-used for preparing 50g batch of bioglass.

Table 2: Constituents required fo make 50g bioglass

Constituents Amount
Sodium-pentacoordinate-ethylene-glycolato- silicate
PN axSia{CroHieO10)) Tog
Caleium Nitrate (Ca(NOy)a) 5leg
Ortho Phosphoric Acid (H;POy) 2,07 mi |

[nitially agueous solution of calcium nitrate was made in a8 beaker. Them 70g of
pentacoordinate complex was taken in a sol-gel reactor. After that the agueous solution of
caleium nitrate was added slowly to the reactor with continuous stirring. Some amount of
nitric acid was then added as a catalyst. and refluxing was done at ~90*C-100°C for 2 hrs.
Jhe solutton was kept undisturbed for overnight. The resulting precipitate was filtersd,
dried, and heated in an oven for Zhrs at 1 50%C.
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2. Sol-gel Methad:

The second batch of bioglass was prepared using exclusively the sol-gel route. For this
1:1 mole ratio of NaOH and 510; was taken in a sol-gel reactor. Then 400ml of ethylens
glyeol was added and the solution was heated to 180°C under nitrogen gas atmosphere
with continuous mechanical stirring. After 2hrs of continuous distillation of glyeol, a
solid precipitate was formed. This was aged overnight. Calcium nitrate solution and
ortho-phosphore acid were then added to it in such a way tha the hguid-to-solid rauo
wiitd ~4: 1 and ihe distillation was further carried out at %0°C with continuous stirring. A

while precipitate had appeared which was filtered, dried in an oven at 1 50°C for 2 hrs.

Preparation of Bioglass-PMMA Compaosites:

The 4555 bioglass-polymethyl-methyerylate composites were made through hot-pressing
at 130°C. The pressures used to make the rectangular-shaped composites were 100MPa
and 200MPa. Five types of compaosites were made with varying amounts of PMMA and
hinglass powders. For each composition three specimens were made. The PMMA weight
puereenioges were 30%, 40%, 5024, 60% and 70%. Table 3 gives the notation fallowed for
warious composites prepared at different pressures. Densities of the hot-preassed

composites were measured.

Table 3; Various composites made af different pressures

—

[ - " Polymer Weight Percentage
Pressure 30 40 | S0 a0 70
" 100MPa | 30IBP 401BP S0IBPF | 60IBP T01BP
| 200MPa | 302BP 402BP S02BP 602BF T02BP

Evaluation of Modulus of Rupture of Composites:

The composites were tested for modulus of rupture (MOR) by thres-point bend
technique. The MOR values of composites are given in Table 4. The reported values of
MOR for the Bioglass and PMMA are ~215 MPa and 140 MPa respectively. It is

expected that as the PMMA percentage in the composite increases, the corresponding
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MOR decreases. However, the results of the present study show that MOR decreases with
increasing PMMA percemage only upto a certain 'MMA content in the composites and
heyond that it increases with increase in PMMA conteni. This is likely due to a dispersion
bardening clicet. Bioglass behaves as dispersant in the polymer matrix (PMMA),

Table 4: MOR and density af composite

Bioglass Polymer | Composites| MOR | Percentage Relative |
k. Name {(MPa) |Density {ps/Prnes) X 100
RO 30 I01BP | 50.26 | 59.2
40 401BF | 30.64 60.56
50 501BP | 41.26 61.97
60 GOIBP | 45.90 67.01
70 TOIBP | 49.84 71.53
BSE50 30 302BP | 37.86 60.85
40 402BF | 49,57 63.47
! 50 502BP | 36.55 63.19
60 G02BP | 3B.45 17.01
l o 70 T02BP 34.5% l 74.21

Prepuration of Ceramic Powders:

Sadivii glycolule silicate was dissolved in water. To this diluted hydrochloric acid was
adied until pH of the solution reached to 2.5 for geniing required fine particles. The clear
solution was allowed to age for 25hrs. A clear transparent gel was observed. This gel was
dried at 200°C 1o remove the solvent present in it. On evaporating the solvent white
powder (nano-size particles of silica along with sodium chloride) formed. The later was
calcined for Zhrs at 600°C to remove the residual solvents,

Preparation of Ceramers:
Ceramer: with varying compositions of polymer and silica content were prepared by two
Frethods:
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L.Selution Route:

Ceramers with varying compositions of polymer and pentacoordinated silicon complexes
were prepared, which are shown in Table 3. Required amount of penatcoordiated silicon
complex was dissolved in small quantity of water, and acetone was added as a solvent,
followed by hydrochloric acid tll the pH reached to ~2.5 (isoclectric point of
pentacoordinated complex)y. This mixture was allowed to age in atmospheric conditions
for 5 minutes for effective sol formation. This sol was then added slowly to the polymer
solution prepared by dissolving the PMMA in acetone at 60°C with continuous
mechanical stirring. A viscous solution was observed. On coaling overnight, a formation
of solid mass was observed, This solid mass was crushed and dried for 2hrs at 150°C.
After complete evaporation of the solvent, ceramer was milled in a zirconia vessel with
zirconia grinding media, using a centrifugal ball mill. A constant speed of 250 rpm was
maintained.

Tuble 5: Ceramers prepared based on pentacoordinated complex and PMMA through

solfution roufe
Ceramer Polymer (g} | Pentacoordiated | Wi% of Wi%s of -1
complex (g) Silica MaCl
SC1 10 4 9.7 9.38
SC2 10 § | 1339 1285
5C3 10 _ '3 1630 15.76
[ SCa 10 10 18.86 18.23

2. Physical Mixing:

Ceramic powder was added slowly to the polymer solution prepared by dissolving
the PMMA in acetone at 60°C with continues mechanical stirring. The homogeneous
viscous solution formed was heated at 100°C till the semi solid formation was observed.
This semi solid mass was crushed and dried for 2hrs at 150°C. After complete
evaporation of the solvent, ceramer was milled in a zirconia vessel with zirconia grinding
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media, using a centrifugal ball mill. A constant speed of 250 rpm was maintained. The
powders were subsequently hot pressed at 110°C by applying 100 MPa pressure for one

iminuie to obtain rectangular solid ceramers of size 10mm width and 50 mm length.

Evaluation Of Modulus of Rupture of Ceramer:
The resulis of the three-point bend test were used o compute MOR of the

ceramers prepared by both solution route and phvsical mixing method.

Solution Route:

From Tabled it can be noticed thai the MOR in generally increased from 17.4
MPa for SC1 sample to 24.7MPa for SC4 sample and the increase is directly proportional
to increase in silica content of the

CETAMETS.

Table 6: Mechanical properties af ceramers prepared through solution

roule
Ceramer Wit% of silica MOR{MPa)
SC1 9.7 17.43
802 13.29 21.E9
SC3 16.2 20.24
"SC4 1%5.86 74 .66

Physical mixing route:

Tuble 10 shows that the MOR increased as silicia content increases but the results

show a considerable scatter.
Table 6: Mechanical properties af ceramers prepared through physical mixing

roufe
Ceramers W% of Silica MOR(MPa)
PCI1 20.07 34.1
PC2 33.33 33.0
PC3 418 38.3 r
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Conclusions:

MOR is found to decrease with increasing PMMA content in PMMA-bioglass
composites only upto a certain extent followed by an increase. This can be attributed to
the dispersion hardening effect in the composite at high polymer percentages and o
interfacial porosity at high ceramic percentages.

The observed MOR values of the composites are less than the expected ones
because of porosity in the samples.

The modulus of rupture (MOR) had increased with increase in silica content in
creamers prepared by both the methods. The change in MOR in the ceramers prepared
daough solution route is from ~17.4MPa to ~25MPa, where as in ceramers prepared by
physical mixing the MOR increased from 32MPa to 38Mpa.
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Abstract

yttaa-lully stabilized-Zirconia powders containing & mol% Yitrda were prepared by
Spar-diying & co-precipitation methods. The co-precipitated gel was subjected 1o water
washing and Propanol-washing. The powders obmined were characterized for
composition, particle shape, particle size and size distribution by XRED, SEM, TEM and
laseér particle size analyser. The Yitria-Zirconia powders obtained from the different
processing routes were compacted at different pressures and sintered at 1400 °C, 1500 °C
and 1600 “C to assess their sinterability. The elecirical conductivity of the sintered
specimens measured by a. ¢. Impedance Spectroscopy is also presented.

Koy wordy: Ytria, Zirconia, spray drying, co-precipitation. Propanol-2, conductivity

Anmroduction:

Zirconia whose cubic form is fully swabilized by Yuma addition (Y$Z) has been a
patential candidate as solid electrolyte for fuel cells and oxygen sensors. The electrical
conductivity in these ceramics can be enhanced by increasing their density. Currently,
research has been going on[1-4] in the synthesis of tailor made powders with electrical
conductivity in the range of 0.1-0.2 Sfem. Achieving high sintered densities has always
been a2 major problem for powders prepared through wet cherhical rowtes, the reason
being the presence of agglomerates.[3-7] Co-precipitation has always been a well-known
tevhnique for synthesizing high purity and fine ceramic powders. However, the produced
pow ters show poor sintering behavior due to the presence of agglomerates [8] It is
errgicd that alcohol washing of the co-precipitated gel eliminates agglomeration, by
Swbrsitution ul organic —OR groups for the hydroxyl groups in the gel.[9-10]
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In the present work, 8 mol% Yitria stabilized Zirconia powders are synthesized through
Co-precipitation and also through Spray drying. Propancl washing of the co-precipitated
gel was carried out and its effect on the sintered density and thersby on the conductivity
wias studied. The powders prepared were characterized wsing Thermal analysis, XRID,
SEM. TEM and particle size analysis. The powders were compacted al various pressures
and their sinterability was studied. Electrical conductivity of the pellets was measured

using [mpedance Spectroscopy.
[ xperimental:

4 mol% Ytira stabilized Zirconia (YSZ) was synthesized through two roules = spray
drying and co-precipitation.  Zircondum nitrate solution and Yitrum okide (99.9%)
supplics by Indian Rare Earths Ltd. Were used for spray drving. Amount of Zirconia in
the Lirconium nitrate solution was estimated using Mandalic acid method and the
corresponding amount of Yitrium oxide was taken and converted into nitrate solution.
These two solutions were vigorously mixed and spray dried. The flow chart of spray
drying is given in Fig 1. The spray dried nitrates were calcined at 550 °C, 600 °C, 700
“C". 800 “C and 900 °C, each for 2 hours.

YN0 solution + ZrNOLY salution
U
spray drying
U
(Zr,Y)NO3)a
i
caleination
|}
(Zr.Y)O:

Fig 1. flow chart of spray drying

Symiwesis of Y52 powders through co-precipitation consisted the hydrous gel preparation
Foilowed by drying and calcinations steps. The starting materials used were Zirconyl
nilrate (Luboratory reagent, Thomas Baker Chemicals Ltd. ) and Yttrium oxide (99.9%)
(Indisn Kare Earths Ltd.). Agqueous solution of Zirconyl nitrate was prepared and the
required amount of Yitrium oxide was taken and was converted into nitrate solution,
These two solutions after mixing vigorously. were added drop-wise to Ammonium
hydroxide. The pH of the precipitating media was maintained between 9.0 and 10.0.
Washing of the gel was done, in one case by water and in another case by 2-Propanol. In
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the second case, 2-Propanol was added to the gel and using a mechanical stirrer the gel
was stirred vigorously for 6 hours. The dried gels werc calcined at 400 4C for 2 hours.

Thie spray dried and co-precipitated powders were ball milled at 200 rpm for 10 hours.

TGA of the spray dried powder, DTA of the co-precipitated gel, XRD, SEM, TEM and
particle size' analysis of the calcined powders were carried oul. The powders were
compacted at 100, 150, 250, 350, 450 and 550 Mpa and were sintered at 1600 *C for 2
hours. Pellets of highest density prepared from each processing technique were chosen
for conductivity measurement, and, using Impedance Spectroscopy. conductivity of the
pellets was measured.

Results and Discussions:

TGA of the spray dried powder (Fig 2.) was carried out using Dupont TGA 2100. It can
be observed that there was no more weight loss afier 525 °C and so the spray dried
powder was calcined at $50 °C, 600 *C, 700 °C, 800 “C and 900 °C. each for 2 hours.
iJTA of the co-precipitated powders was carried out using General V 4.1C Dupont 2100.
[YTA of the water washed co-precipitated gel is given in Fig 3 and that washed in
Propanal is in Fig 4. The co-precipitated powders were calcined at 400 °C for 2 hours,
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Fig 2. TGA ol spray dricd pawder
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Fig 4. DTA of propanol washed co-precipitated gel

XRD of the :nlcip:d powiders was carried out using Philips X-ray diffractometer. Cubic
phuse was found in powders calcined at 550 °C for spray dried powders and at 400 °C for
vo-precipitated powders.
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The apelomerate size of the powders were 6.16 pm. 1.02 pm and 1.16 pm for spray
dried, water washed co-precipitoted and propanol washed co-precipitated powders
wspectively, After ball milling at 200 spm for 10 howrs, these were reduced 1o 1.20 pm,

066 prm angd 0.64 pm respectively,

Sl yCambridge Siereoscan 52013 SEM) photographs of even ball milled powders
slewed the panicles w be agglomerated. TEM (FPhilips OM2U0) of the powders
indivared the particle sizes wo be 100-430 nm in case of ball milled spray dricd powders
and 70-230 nm in case of ball milled co-precipitated powders.

The powders were compacted at 100, 150, 250, 350, 450 and 550 MPa and sintered at
1600 °C for 2 hours. Sintered density of compacts made from ball milled spray dried
powders reached 90% whereas that from ball milled co-precipitated powders reached
8% (Fig 5). In case of co-precipitated powders, rather low sintered densities are due to
the poor sinterability of the hard agglomemtes formed, which could not be destroyed
during ball milling. Densification in propanol washed gel was found to be similar to (hat
in water washed gel. Propanol washing of the co-precipitated gel was carried oul to
minimize agglomeration, but without success,
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Fig 5. Sinterd density for samples sintesed at 1600 “C, Zhr

Cenductivity of platinum coated pellers was measured as a funciion of emperaiure.
Typical conductivity plots for the sintered samples made from the three powders are
st in Fig 6. The conductivity obtained at 950 "C' tor ball milled spray dried powders



157

[TRANSACTIONS OF PMAI, Volume 28, December 2002

was U031 S/em whereas for ball milled water washed co-precipitated powders it was
(.018& Sicm and for ball milled propanol washed co-precipitated powders it was 0.019
S/cm. The activation energy for conduction was calculated and the obtzined values are
127 ki¢mol for spray dried powders and 156 kJ/mol for co-precipitated powders.
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Summary:

B mal% Yuria stabilized Zirconia powders were synthesized by spray drying and co-
precipilauon.  Effect of propanol washing on the co-precipitated gel was studied. The
spray drivd powders caleined at 550 °C and co-precipitated powders caleined at 400 °C
were found 1o be cubie. The electrical conductivity extrapolated o 1000 °C for spray-
wried samples was found 10 be 0.08 S/cm as against the often reported 0.1-0:2 8/em. The
activation energy values obtained in the currept experiment are somewhat higher {(often
reported value is 96 kJ/mol) possibly due to the presence of entrapped gases opposing the
sintering process. Further studies are in progress to achieve higher sintered densities.
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Svynthesis of Titanium-Bioglass Composites

Vivek Mathur, Anil Anal, B.T Rao, T.R Rama Mohan
I.L'T Bombay

Abstract

Ceramics, such as bioglass ceramics and hydroxyapatite have similar compositions to that
of bone and thus are extensively used as coatings on surgical and dental implants. It is
often found that the implants fail at the implant-coating interface, while the coating tissue
mterface remains strong. The current project aims at solving this problem by developing
a composite of titanium and bioglass ceramic, Tt is expected that such composites exhibit -
good mechanical properties as well as improved bonding to the tissue. The present paper
reports the preliminary investigations on the synthesis of apatite-wollostonite
compositions by sol-gel process and their subsequent processing into titanium-bioglass
composites. The sol gel powders are caleined al 600°C to form bioglass ceramic
composition, After characterization, these powders are mixed with titanium powders in a
high-energy centrifugal ball mill. The composite powders, thus obtained are compacted
into n}r]iﬁdﬁtal specimen and sintered i argon  and  partial  hydrogen
{argon:hydrogen: 5:1) atmospheres at temperatures in the range of 1000°C to 1200°C. The

properties of the sintered samples are discussed.

Keywordy: Bioglass, Hydroxyapatite, Apatite-Wollostomte, Composite, Sintering
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L. Introduction

A revolution has occurred in the use of ceramics during the past four decades to
improve the guality of life. This revolution is the innovative use of specially designed
ceramics for the repair, reconstruction, and replacement of diseased or damaged parts of
the: body. Ceramics used for this purpose are termed as "bicceramics”. Bioceramics could
be polycrystalline (2lumina or hydroxyapatite), bioactive glasses, bioactive glass-ceramic
(AW), or bicactive composites. Applications include replacements for hips, knees,
disease, maxillofacial reconstruction, augmentation and stabilization of the jawbone,
spinal fusion, and bone repair after tumor surgery. [1].

An understanding of the mechanizsms of tissue bonding to binactive ceramics has
resulted in molecular design of bioceramics for interfacial bonding with hard and soft
tisgue, Clinical sucoess requires the simultaneous achievement of a stable inmterface with
connective tizsue and a match of the mechanical behavior of the implant with the tissue to
be replaced. Ceramics used for the repair and reconstruction of diseased or damaged parts
of the musculo-skeletal system, termed bioceramics, may be bioinert {e.g., alumina and
zircomia), resorbable (e g. trcalcium phosphate), bicactive (eg, Hvdroxvapatite,
bivactive glasses, and glass ceramics), or porous for nssue in growth {(eg.
Hydroxyapatite=coaled metals). [2]

The clinically most important bicactive glass-ceramic is the three phase silica-
phosphate material composed of apatite Ca(POu){(OH;F:) and Wollostonite (CaO-
5104) crystals and a residual CaO-5i0y rich glassy matrix, termed as AW glass ceramic.
[t has excellent mechanical properties and forms s bond with bone that has very high
interfacial bond siremgth. The stable phases of calcium phosphate ceramics depend
considerably upon temperature and the presence of water, either during processing or in
the use environment. At body femperature, only two calcium phosphaies are stable in
contact with aqueous media, such as body fluids: at pH < 4.2, the stable phase is
CaHPO, ZH20O (dicalcium phosphate, brushite,C;P), whereas, at pH >~4.2, the stable
phase is Cao{POg)(OH): (HA). At higher temperature, other phases, such as Cax(POy);
{B-tricalcium phosphate, CaP, TCF) and CagP:Oq (tetracalcium phosphate, C4P) are present.
The unhydrated, high temperature calcium phosphate phases interact with water, or body
fluids, at 37°C to form HA. [3]. [4]). [5].
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Titanium is the metal most commonly used for implants because of its good
biocompatibility, ready availability and sufficient strength for low specific gravity. The
main problem with ceramics is that they lack in strength, so in order to make biomaterials
having high strength as well as good biocompatibility, use of composites may be a better
solution. As titanium has good mechanical properties as well as high strength, it is a
natural choice to make composites. [6], [7]. (8]

The Bioglass used in this study is the Apatite Wollostonite {(AW) bioglass, it is
made by sol-gel method. The sol-gel route has the unique advantage of producing
homogenous bioglass with high purity and greater control over the process. The
composite is produced by mechanical alloying and the compacts made from powders are
sintered in different atmospheres.

2. Experimental Work

2.1 Preparation of AW Bioglass by Sol-Gel Method
2400 Preparation of Sof

The sol-gel route has unique advantage of producing homogenous bioglass with
high purity and greater control over the process. The resulting powdérs have’ higher
surface area and hence can be sintered at relatively lower temperatures. Bioglass was
prepared by sol-gel technique using both organic and morganic pre-cursors. The weight
percent of the various constituents in the bioglass ceramic composition are given in

tablel.
Tablel : Composition (f A. W. Bioglass

Compound | Composition
{wit %0)
5i0s 34,294
Cal) G4 9%
P20 16.3%
MO 4 6%
CaFz 0,.5%
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* Initially aqueous solutions of Ca{NOa); and Mgi{NOy); are made in
separate beakers. These are mixed 1o form the ionic solution.

* Methanol and Tetra Ethoxy Ortho Silane (TEOS) are mixed in a beaker
and CaF; particles are then dispersed in this organic solution by constant
stirming.

* lonke Solution is added drop wise to the vizanic solution with continuous
stirring.

» This is followed by addition of HC! and Ortho Phosphoric Acid,

® The solution is heated 1o 80 °C along with congrant surring for 30 minutes,

resulting in formation of a clear viscous transparent sal.

212 Geladion aowd Dryving
= The sol is kept for 24 hours without disturbing for natural evaporation and
a clear transparent gel is obtaned.
s Gelis dried over the hot plate to 2ot drv powder
= The powder is Calcined ar 600 *C Py pvwo howrs. The powder is loosely
compacted (without binder) into cylindrical petlets of diameter 3 cm for

calcination.

2.3 Preparation of Titanium-Bioglass Compaosites
Bioglass powder and titanium powder are mixed in the appropriate amounts and
aré milled in the centrifugal ball mill at a constant speed of 200 rpm. Steel container and

steel balls are used for milling.

Table 2: Amounts of T and Bioglass powders nsed in ball milling

Material Percentage by weight

|||||.|.i.i_"lla..ﬁi_'ja.i.ll;i.;;dé.‘:... L =TT TT YT Y ST - - 'Em’a

Bioglass powder 20%
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2.3 Compaciion of Bioglass Composites
Pellets 3mm thick and having 1.5 cm diameter are made using a cylindrical die. A

hydraulic press is used to apply the required pressure. PVA is used as a binder
Debindering is done afterwards to remove the binder by heating the pellets to 450 °C. Ta
facilitate the removal of sample peliets from the die walls, the upper punch and the lower
punch are lubricated with stearic acid dissolved in acetone The compaction pressures
used are 550 MPa and 800 MPa,

24 Sintering

The compacts are gintered at different rtemperatures fom 1100 — 1200°C and in
different atmospheres, such as argon and partial H: (Argon Hz 5:1). The sintered samples
are analyzed by XRD

3. Results & Discussion

The bioglass powder after calcining at 600 “C showed calcium phosphate silicate
and magnesium silicate phases. These on ion exchange with body Auids are expected o
nucleate hydroxyapatite. The average particle size was around 2 4 pm, which 15 sirmlar to
the 2.35 pm observed for a -Titanium powder used in present investigation

Centrifugal ball milling of both the powders resulted in a composite powder with
average particle size 3.74 um. This increase is possible only when the Ti particles expand
during milling and the bicglass particles are dispersed in them. An interesting observation
i5 that the calcium phosphate silicate and magnesium silicate present in the orginal
bioglass powder have now changed to calcium silicate, magnesium silicate and titanium
phosphide in the composite powders. This is likely 1o be due to the siress concentration
and heat generated during milling causing chemical reactions between both titanium and

bioglass powders

Sintering in Argon atmosphere at 1100 and 1200 °C showed decrease in sintered

density as shown in Table. 3, Further, the phase composition obtained was different from
the starting powders. Sintering in Partial Hz at 1200 °C resulted in slight increase in
sintered density. The phase composition once again was different
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Table 3: Nintering Dara,

i Sintering Sintering Green Density “Sintered
Temperature Atmosphere gmﬁ:m" Drenaity wmderm

] 1000 °C Argon 1.72 2.71

2 1000 = C Argon 274 2.73
i 1000 =C Argon 2.72 2.71
4, 1100 2C Argan 2.72 2.60

5 1100 =°C Argon 282 2.65
&, | EOO =T Argon 2.79 2.70
7. 1200 =C Arygon 285 274
8. 1200 *C Argon 281 2.70
9, 1200 °C Argon 279 2.69
ia, | 200 =C Partial Hz 273 281
I 1200 2C Partial Hz 283 2.90
12 1200 *C Partial H; 275 288
15 200 *C Partial Hz 273 204
4. 1200 " Partial FHz 275 2.87
I5. 1200 2C Partial Hy 262 266

X-Ray Diffraction of the pellets sintered in argon atmosphere at 1 100°C indicated
the major peak to be titanium and with other phages TiiO and Mg SIQNOH): and a
mingr amount of CadP0:R5106 An increase in simienng temperafure 1o 1200°C in

addition to titanium major peak surprisingly showed mimor peaks of TiyS1C: and TiPa.

The pellets sintered in partial ydrogen atmosphers at 1200°C indicated the major
phase 1o be Ti; , followed by MgSiO: and Cas(POy k(S04 )y

When the composites are heated in argon atmosphere in order 1o maintain the
oxygen partial pressure some amount of oxygen has 10 g2 in to the vapour phase to
maintain equilibrium, this phenomenan will be much more in the case of partial hydrogen
atmosphere, where oxygen is likely to be reacting with the continuously flowing
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hydrogen and carried away from the system. It is also possible for the smaller hydrogen
molecule to diffuse in to the pores and react with oxygen, thereby creating fresh metallic
surfaces The later readily sinter resulting in increase in sintering density. This perhaps is
the reason for mcrease in densities of samples sintered in partinl hydrogen. Probably
optimizing the percentage of hydrogen in the sintering atmosphere to give a maximum
sintered density followed by controlled oxidation might result in a betier composite.

Currently work is in progress in this direction.

4, Conclusions

The experimental work has demonstrated that it is possible to sinter titanium-
bioglass composites in partial hydrogen atmosphere. Sintering in neutral atmosphere such
as argon did not help possibly due to the absence of titanum-titanmm particle contacts
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Abstract

Thee present sudy sisns ot vestigating the misrasiructunl evolution and sintering behavior of g 3161
[sumtemise) ard 4341, (fermtic) samies stasly with oxsde disporsions of witrin. Tlse reinforced wainless seels can be
named e5 auide dispersion stenpihensd (O0E) sambess sooel. In the present stody, two sintering processes namely,
sodid stace sintermg at 1250°0 and supersolics lkpdd phase simteming at 1400°C were used to prepare the s2mples. The
pure PM saleless sieed samples sintcved through supersobidus liguid phase sindering was found 1o exhibit berter
denalfication. [n the cass of PM sinintess sicel composiles, the compesdes sintered theaugh solld e sintering
cahithited bevler dmsiq.- duc o he rare carth effect of the cxidz. The SEM microsinscures of the siaindess steed samples

and emmposites reveal the effoct of sindering temperabars and rare earth sddisign in detail

fntroduction

Despite s application in various fields, processing of wrought stainless steel
sufTers from several limitations, Wrought stainless steels are normally processed by the
casting route and require machining to achieve the desired dimensional precision in the
final products. Therefore, there is a continued thrust for seeking an alternative method for
processing stainless steel in order 1o obtain near net shaped products. Powder metallurgy
(F/M) route is one of the best processing technique to obtain near net shape products.
/M siainless steels are a relatively smali, but rapidly growing. scgment of the F/M
market. However its application is limited due to their poor density, corrosion resistance
and mechanical properties. Nowadays, P/M Stainiess steels with improved mechanical
properties, cofrosion properties and densities are gaining wide popularity, compared to
the wrought stainless steels. The aim of the present work was to produce novel stainless
steel through P/M route by adding Y:0: oxide dispersoids. The ODS stainless steels
possesscs better mechanical properties and corrosion resistance than the straght PYM
stainless steels [1,2]. The better mechanical properties can be attributed to the oxde
digpersoids, which act as pinning centers for dislocation motion and grain boundary
shiding (1,2]. The oxide dispersmds have been proposed to act as imtiating sites for the
formation of protective chromium oxide layer and as pinning centers between the surface
oxide layer and the metal surface, thereby giving better mechanical strength to the surface
oxide laver [2] Moreover, the work was carmed out at two different sinfering
temperatures of 1250°C and 1400°C corresponding 1w solid-state sintering and
Superasolidus liguid phase sintering respectively. The supersolidus liguid phase sintering
15 a novel method for producing stainless steels as this process imparts belter mechanical
properties, density and corrosion resistance to the sample than liquid phase sintering.
¥, dispersoids retain their mechanical strength at high temperatures. Moreover, the
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rare earth oxides form a garnet with the protective Crs0)y oxide, This leads to better
carrosion properties in the samples. The effect of oxide dispersions in P/M stainless steel
was studied in detail for solid state sintering [1,2]. However, there was no work reported
on the SLPS of particulate composites.

Supersolidus Liguid Phase Sintering

The use of prealloyed powders led to the new process in liguid phase sintering
called as supersolidus liquid phase sintering (SLPS). SLPS is a novel method for
sintening components. As the name suggests, SLPS involves hesting a prealloyved powder
between the solidus and liquidus temperature to form liguid phase [4,5]. This process
should be used with precize control because the conditions of the prealloyed approach are
very close to compact distortion. During SLPS the liquid phase forms within the
particles, causing each panticle to split into individual graing [6]. The fragmented particles
undtrgn repacking, giving a homaogenous distnbution of liquid. The n.,su._L]I_rng sintering
rate is rapid once the liquid 1s formed due fo capillary action. The various stages of
densification during SLPS of a prealloyed polyerystailine powder are shown in Fig [ The
steps of SLPS are liquid formation, particle fragmentation, fragment rearrangement, grain
packing and sliding, coarsening, and evenmal pore e¢limination by solution-
reprecipitation. The mechanism of SLPS was explained by Lund and Bala [7]. They
suggested that mechanisms responsible for densification included,

(1) redistribution of liquid formed due to melting at particle contacts

(i} flastening of the wetted particle contacts by a solwion-precipitation mechanism

(iii)  grain growth due to solution-precipitation leading to release of intergranular
liquid

(1v}  pore elimmation due to the escape of the entrapped zas by diffusion.

o
grain
liquid
' densificalion

supersolidus sintering '

Figure 1. SLPS of a prealloyed polycrystalline powder [6].
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Extensive work on densification mechanisms and microstructural evolution
dunng SLPS of prealloyed powders was camed out by Tandon [£], who studied the
sintering behavior of a wide range of alloys including, Ni-based super alloys, austenitic
stainless steel and bronze powders. Lal worked on mechanisms and mechanics of shape
loss during SLPS on various prealloyed powders, including bronze, 316L stainless steel
and T15 tool steel. He investigated the shape loss during SLPS and rationalized the
processing and material factors with regard to distortion [9). Lal er al. [10] examined
densification during SLPS of a mixture of two Ni-base superalloys. To one of the
mixtures boron is added and it was observed that it had a lower melting temperature, This
enhanced the densification of the sintered component. Ghosh [11] examined SLPS of
prealloyed and premixed bronze (copper-10% Tin) powders. The author found that the
compacts prepared from prealloyed powders were having better densities than the
compacts from premixed powders. The work on supersolidus liquid phase sintering of
stainless steel composites is carried out for the first time in the present study. Moreover, a
detailed comparison of the sintered behavior of austenitic and ferritic stainless steels wag
carried out in the present experiments.

Experimental Procedure

The austenitic 3161 and ferritic 4341 stanless sieel samples produced by pas
atomization were supplied by .H.METEJ{ The apparent density of the 434L ferrtic
stainless steel powder was 2.72 glem’. The apparent density of 316L austenitic stainless
powders was 2.72 glem’. Both the powders were free flowing and had a flow rate of 29 s
(for 50 g). The Y505 oxide powders supplied by RE Acton, UK and were 99.9% pure.
The compositions of the stainless steel powders are tabulated in Table 1. The composites
were mixed in a tbular mixer for 30 mins in order 10 obtain a homogenous mixture, A
die of 12.7 mm inner diameter was used to make the preen compacts of approximately §
mm in height. The pressure was applied uniaxially i.e. in one direction using a manually
operated hydraulic press machine (Apex Construction Lid.. UK) of 20 T capacity. All the
stainless steel samples were compressed at pressures from 200 to 600 MPa, The stainless
steel mma:nnsit:s were pressed at 600 MPa, The nominal green densities of the sample
were 5.79 g/em’ for purc stainless steel samples and 5.72 glem® for the composites.
Sintering was performed in a laboratory furnace at two temperature, 1250°C and 1400°C
using hydrogen as the atmosphere. The hydrowen atmosphere acts as a reducing
environment for the surface oxides formed in the powders during atomization. Moreover,
the aimosphere prevents oxidation of the samples during sintering, The heating rate was
5*C/min and the samples were held at the sintering lemperatures for 60min. The samples
were allowed to cool the furnace at a slow rate. The various experimental variables used
for the preparation of the sample are shown in Table 2. The surfaces of the samples were
characterized by optical and scanning eleciron microscopy.
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Table 1. Compasition for 316L and 4341 powders,

Chemical Compaosition, wi %

| __

Grade | Fe Cr Mi | Mn 8 Si 0 ] Mo
316 | Bal| 1651 1297 |0.21 | 0.008 |093 | 0.025 | <001 2.48
434 | Bal | 1593 - [024] 070 |07 0023 | 0.02 1.00

Table 2. Experimental variables used for the preparation of the P sarmples,

| Compaction Holding S
¥Yi0, Tempersture | : Sintering
Sample - | Pressure Time
(Weight %) ('C) (MPa) (znins) Atmosphere
. 0 200 to &0
“{‘;‘;‘E;"’ 25 1250 (solid 500
Stiledati 5 state) and &0 i &0 Hydrogen
s 75 1400 (SLPS) [ 600
10 I
Fertiii 1] | 200 to 600
{:!3:1,; 25 1250 {solid 600
Stninl 5 state) and GO0 (1] Hydrogen
i 75 1400 (SLPS) (it
| 10 [
Results and Discussions
Denyification results

Figure 2 shows the variation of sintered densities for the 316L stainless steel
samples with compaction pressure. Figure 2 also shows the effect of sintering
wemperature on the samples. From the figure it was observed that the sintered density of
the compacts increases with increase in pressure and the maximuem sintered density was
obtained for the shnphnmrgmadmﬁﬂﬂhﬂn.ﬂﬁsmnbaandhumdm:h:hiﬂmmn
density of the sample. Moreover, the samples sintered at 1400°C (SLPS) were having
higher sintered densities than the samples sintered at 1250°C (Solid state sintering). The
higher sintered density duc to SLPS can be atributed to the liguid formation that
increases the sintering rate. Figure 3 represents the variation in sintered densities of 4341
stainless steel samples with compaction pressure, [t was observed that the sintered
densities were maximum for the samples compacted ot 600MPa at both the sintering
temperatures. This can be attributed 1o the higher green density of the sample compacted
at 600 MPa This is why the Putwre compaction experiments with Y04 COmpositc
stainless steels were prepared at 500 MPa pressure. The samples sintered by SLPS were
having higher densities than the samples sintered by solid siate sintering similar 1o that of
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Y205 disperscids for 3161 stainless steel composites, The graph shows decrease in the
sintered density with addition of Y:On at both the temperatures. The addition of second
phase particles reduce the interparticle bonding leading to decreased demsity in the
composites. Figure 5 compares the variation of density with addition of Y0, for 4341
sizinless sicel composites. It was noticed that the densities of the composites decreases
with addition of Y.0; when sintered at 1400°C. But when smtered at 1250°C, the
densities show a typical behavior with the density of the composite containing 109 Y0,
incréasing drastically. The density of the sample reaches that of the straight 434L
stainless steel sample. In the case of the sample sintered at 1250°C, the oxide dispersoids
are distnbuted at the grain boundaries, when compared to samples sintered at 1400°C,
where the Y305 particles get distributed uniformly in the sample

Figure 5 shows the densification behavior of pere siainless steel samples of 3161
and 434L along with 10% Y+Oh composites. When the samples were sintered af 1250°C,
the 434L with 10% Y;0; composite showed enhanced densification when compared with
3i6L with 10% Y30 composite. This can be attributed to the faster diffusion in 4341
when compared to 3161, Moreover, we believe that when the critical limit of 10% Y0,
15 reached the rare earth oxides forms garnet with the chromium oxide layer leading to
enhanced densification and corrosion resistance of the sample. In the case of the samples
sintered at [400°C, the Y10, particles are distributed uniformly in the liquid phase and
hence the enhanced densification is not seen.

Microsiructyral results
a) Optical microscopy

The micrographs capiure the microstructural evolution trajectory of the samples
as a funclion of sintermg temperature and effect of Y;04. The samples of 3161 and 4341
stainless steel and the composites with 10% Y204 were considered, Figure 6 reveals the
mucrostructure of 3161 P/M siainless steel samples sintered at 1250°C and 1400°C. It can
be noticed that the sample sintered at 1400°C has higher grain growth and lower porosity.
This can be atributed 10 the higher sintenng temperature, which results in grain growth.
Moreover, the pores tend to become more rounded because of higher driving force o
aflain mintmum energy at the interface. Figure 7 shows the microstrucmure of 4341
stainless steel samples sintered at [250°C and 1400°C. It was observed from the
micrographs that the sample sintered at 1400°C was having higher grain growth. The
grain boundaries were clearly distinguished and the pores were rounded. In the sample
sintered at 1250°C, pores were preferentially segregated at the grain boundaries and there
were no clear grain houndaries. The pores were also imegular in shape and the porogity
was higher.

i} SEM Micrographs

The SEM micrographs were used to explain the effect of Y0, addition on the
microstruciure. Hence only the extreme case of the composite with 10% Y0, was
considered. Micrograph 316L + 10%% Y304 is shown in Fig 8 in both secondary electron
(SE} mode and back scattered electron (BSE) mode, In the BSE mode the Y.04
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dispersoids were not revealed as the density of the dispersoids are similar to that of
surface, Hence the BSE mode depicts the surfece morphology of the sample meore clearly
and reveals the pores network on the surface. Pores visible on the surface of the sample
were irregular in shape, Figure % shows the SEM micrograph of the composite sintered
by SLPS. Pores were regular on the grain boundanes and the grain growth was higher
than the selid state sintered samiple, due 1o the higher iemperaiure sintering. 316L + 10%
Y10 sample sintered at 1250°C and 1400°C are shown in Fig 10. The micrographs
elucidate that the gram growth was more in the sample simered at 1400°C. Moreover, in
the sample sintered at 1400°C, the oxide dispersoids are distributed uniformly throughout
the grain surface. In the case of the sample sintered at 1250°C, the Y0, agglomerates are
seen at the grain boundaries. Figure 11 (a) and 11 {b) compare the SEM micrographs of
4341 + 10% Y70 composites sintered at 1250°C and 1400°C respectively. In the sample
sintered at 1250°C, the Y30y dispersoids were distributed along the grain boundarnies.
Morgover, the pores are also concentrated at the grain boundaries. In the sample sintered
at 1400°C, the oxide dispersoids are distriburted uniformly on the surface of the sample,
The same set of samples was observed in BSE mode and SE mode in Fig 12, The left side
of the Figure shows the 5E mode and the right side of the Figure shows ithe BEE mode.
The pores are more rounded during SLPS as shown in Fig 12 (b).

Conclusions

The sintered density of the stainless steel samples sintered by SLPS 15 higher than
compared to the samples sintered by solid state sintering. During SLPS melt formation
occurs within the particles leading to inereased sintered density. Moreover, the liguid
phase lead o the rounding of pores in the sample. But in the case of the stainless sies)]
compasites the condibion was reversed. The composites sintered at [ 250°0C were having
better sintered densities due to the rare earth effect of the Y0y dispersoeds. This was
ohserved in the sintered microsirucivre of the samples. In fufure, work 15 planned to study
the electrochemical behavior and oxidation properties of the sintered stainless steel
composites. It is hypothesized that the 4341 =ample containing 10%% Y70, will result in
better corrosion resistance and oxidation resistiunce than the other composites.
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(k)

Figure 6. Optical micrograph of 3 16L P'M stainless steels sintered at {a) [250°C and {b)
1 400°C. The samples were compacied at 600MPa.
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L)

Figure 7. Optical micrographs of 4341 stainless steels sintered at (a) 1250°C and (b)
1400°C. The samples were compacted at 600 MPa pressure
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Figure B. SEM micrograph of 316L+10% Y30, stainlcss steel composite sintered at
1250°C in (a) SE mode and (b) BSE mode showing the surface porosity.
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Figure 9, 3EM micrograph of 316L+10% Y04y stainless steel composite sintered at
[400°C in {a) 8E mode and (b} BSE mode showing the surface porasity,
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Figure 19. SEM micrograph of 316L+ 0% Y30, stainless steel composite sintered at {a)
1250°C and (b) 1400°C showing arrangement of Y20 at the surface.
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Figure 11. SEM micrographs of 4341 + 10% Y.0, composites sintered at {a) 1250°C
and (b) 1400°C,



[TRANSACTIONS OF PMAI, Volume 28, December 2002 184 |

(b)

Figure 12, SEM micrograph of 4341 + 10% Y0, composites sintered at (a) 1250"C and
gl 1400°C
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CORRELATION BETWEEN THERMAL SHOCK RESISTANCE AND
THE SALIENT PARAMETERS OF ALUMINA BASED SELF-FLOW
CASTABLES

E Sankaranaravanane and Paramanand Singh
Department of Metallurgical Engineering
IIT Madras, Chennai-600 034, India
Email: ps@iitm.ac.in

A bsdract

The refrectorics & subgecied © (bormsal shock frequently during operaticen, which affccts the life of the refraciony
straciures. The effect ol Uhree imparant parameders suck as grain size, wemperstars difference and sumbser of themmal
cyeles on the retained modulas of rupture of sluming based altra-bov cemert solf-ibow castable has been correlated wnd
optimized using resporse surface design, Among the three parametors. the wmperature difference has shown deminasing
effect compared 0 groin Size and nomber of thermal cycles. The gromn sive disimibubion has shown comssderable effect on
retained modulus of rupiure,

Feywords:  Sell-fow cosdobles, Thermal shock resistance parameter, Thermal shock damage resisiance parmmensr,
Aluming  based self-flow vasiable

Introd wetion

A refractory castable is a combination of refractory grain and a suitable amount of bonding agent
that, after the addition of & proper liquid, 15 generally poured into place 1o form a refractory shape or
structure, which becomes rigid because of chemical action [1]. Self-flow castables (SFC) are
characterized by a consistency after mixing which allow them to flow and de-air without application
of vibration. 3FC can be low-cement castable (LOC) or ulira-low cement castable (ULCC) or no
cement castable (MCC) [2]. The free-flow behaviour of a SFC which is 2 predominant proparty
required for installstion of castable structure is stromgly dependent on particle size (PSD)
distribution as well as particle size [3-3]. Apart from free-flow, which defines the quality of SFC at
room temperalure, there are other properties directly related to refractory grain size at high
temperature. Thermal shock resistance is one among them that determines the life of the refractory
structure at application i.e., ar high temperature,

Degradation of refractories and ceramics due to thermal shock is an important area of research
since many years (6-18). Under operation, fluctuation of temperature leads fo thermal stress
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generation and damages the refractory structure.  Thermal shock resistance of a refractory structure
15 generally evaluated using R parameters, These parameters can be broadly classified into two
categories [6-8]

a) Thermal shock fracture resistance parameter (Kingery's parameter, &}
&) Thermal shock damage resistance parameters (Hasselman parameter, B and B.)

R =a(l-vaE [t]
R = Byl ail- v (2]
R, =M /o E" [3]

where o is the modulus of rupture in MPa, v is the Poisson's ratio, a is the therma! expansion
coefficient, E is the modulus of elasticily and p.. 1% the waork of frachire.

The parameter R represents the resistance of the refractories to the fracture initiation by very severe
thermal shock and is caleulated by equation (1), K" and &, represent the resistance of the
refractory to thermal shock damage by kinetic crack growth and resistance of the refractory to

quasistatic crack growth {equation 2 and 3) respectively.

There has been many experimental work carried oul to evaluate the thermal shock resistance
parameters for refractory brick and castables for various alumina content, aggregate distribution,

aggregate size, aggregate shape and aggregate strength ete. [11-19]. Now a day's ultrasonic velocity
method is also used to predict the thermal shock resistance behaviour of refractory castable [20],

The present investigation altempis to comelate, amount of coarse grain content, temperaiure
difference and number of thermal cycies on the thermal shock resistance of ultra-low cement self-

flow castable through design of experiments,

EXPERIMENTAL WORK

Design of Experimont

In the present investigation three important variables, such as amount of coarse grain content,
temperature difference and number of thermal cyvcles which affect the thermal shock resistance
were chosen at five levels and experiments were conducted using central composite design (CCD)
end analysis were carried out using response surface methodology. Central composite design (CCD)
basically consists of full or fractional factorial design of 2 level faclors with center points and star
points (also called as axial points). The details of CCD can be found elsewhere [21-24]. This can be

written as

Total number of design points= 2* +2k-+ny, [4]
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where, k is the number of variables.

2" iz the complete or fraction of a 2" factorial design, where the factor levels are coded to the usual -
| and +1 values. This is called the fractional portion of the design.n, is the center points (ng =1) in
this case &, Ik axial points on the axis of each design variable at a distance of o from the design
center, This portion of design is called the axial portion.

The variables X, were coded as x; according to the following equation.

x= [( XXl AX) (5]
Where x= code value, Xy= central value, AX = step change and X; = actual value
[n this investigation, the design with three important variables consists of 20 experiments, Among
them 8 experiments are designed with combination of two level factorial design i.e., high (+1) ang
low level (-1} of factors, 6 center points (0,0) and 6 star points with the combinations of —a, + a

and 0 levels. The a value is |.682. Table | shows the factors and their levels chosen in the current
study. The design matrix is given in Table 2,

TABLE 1 Selection of Factors and Level
Factors Y "~ Level
1682 | A 0 +1 [ 41682
3/6 Mesh (G) 2 & 12 I8 27
Temperature (T) 565 700 00D 1100 1240
 Cycles (N) | ] 3 r 9 T
Farticie Size Distribution

The particle size distribution of SFC was calculated using LISA (Elkem India Private Limited)
particle size analyzer. The particle size distribution for the castable containing 22 wi% and 2wi%s
coarse grain content is shown in Fig.1 and 2 respectively.
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TABLE 2 Design Matrix

Expt.No Coarse grain content Temperature Number of cyeles

1 -1 =1 =1
.. e F s -1 -1

3 I +1 =1

4 = + i 1
B 5 1 -1 1|

& +] -I +1

7 .1 +1 +1

g +1 +1 +1

9 -1.682 0 0

10 +1.682 0 0 =

i o -1 682 [}

12 1] | 652 1]

13 0 { -1.682

4 L] ] +].682

|5 0 ] 0

i ] 0 g

7 i 0 i

8 il 0 ]

19 i { 0
20 | 0 [ 0

0.1 — - - — —— ]
1 i0 100 1000 10000

Fig.| Particle size distribution of SFC containing 22 wi% coarse grain content
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The Andreassen exponent changes from 0.26 to 0.30 when the coarse aggregate (3/6#) content
varies from 22 wi% 1o 2 wi%. The Andreassen formula representing the continuous particle size

distribution is given by
CPFT = (/" 6]

where, CPFT is the cumulative % finer than, 4 is the particle size (pm), I is the maximum particle
size (pm} and q is the Andreassen exponent.

100,0 :

L]

Particle Size Distrbution '

:

¥

g 1006 :
B i Andresszen qeD.0 ;
g '
L)

g L]
1

i

£ 10 ]
:

[}

0,1 — '

1 id 104 1000 40000
Particie Size (Mcron)

Fig.2 Particle size distribunion of SFC containing 2 wi¥s coarse grain content

Castable Mixing and Sample Preparation

The ingredienms including water were kept in a climate chamber {Weiss Unwelniechnik, GmbH
model SB1*™) at the required temperature for 24 hrs, Then they were dry mixed  in a mixer
machine for 4 min followed by wet mixing for 3 min with the required water, The free-flow of the
mix was measured as per ASTM C-230 and the % free-flow was calculated using the formula given

below [16].
% Free flow = [(D,.-D7D0,] = 100 [7]

where, 0 is the average diameter after flow test {mm) and D. is the diameter of the flow cone
{10021/2 mm).The free-flow reduced from 100% 1o 5% when the coarse grain content varied from
24 1o & witn, Samples of 150 = 25 = 25 mm’ were cast into 8 wooden mould for five different
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com position containing coarse fraction varying from 2 wi% o 22 wibt, cured for 24 hrs at 25°C.
The samples were demoulded, dried ai 110°C followed by firing at 1370°C and cooled to room
temperature.

Apparent Porosity and Bulk Density
The apparent porosity and bulk density of fired castable were carried out as per ASTM C201.
Modulus of Rupture (o) and Modulus of Elasticity (E)

The modulus of rupture was tested by three paint bending test using NESTCH apparatus, using
three-point bending test. The MOR was calculated using the formula

a=3PL;2BEF (8]

where, o = Modulus of rupture in MPa, P = Load in Newton. £ = Span length, m B= Breath ,m and
D=Thickness, m

The MUE of the samples were measured by ultrasonic velocity method (Pandit, CN.C Electronics
Led., London, England). MOE and ultrasonic velocity are related to MOE by the following formula;

E=V. (1w (120 / (1-) i

where - ultrasonic velocity mis, p-bulk density in kg/m' and g -Poisson’s ratio (In this case 4=0.2
was adopted) |

Work of Fracture (ywor)

The 25.4 mm =25 4mm =150 mm specimens were center notched with a 0.8 mm thick diemond saw
1o form a chevron-shaped notch, Specimens were tested at a crosshead speed of 0.05cm/min with a
span length of 12mm. The ares under the load-displacement curve was determined to calculate the
energy required to create the new crack surfaces. The following equation was used to calculate the
waork of fracture,

yurw = |Fex 7 24 [10]

where, [Fdr is the work required for the formation of new surfaces and A4 is the cross-sectional area
of the fracture surface.
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Thermal Shock Test

The samples were inserted in furnace, preheated at S50, T00, 900, 1100 and 1240°C and soaked for
30 minutes. Then they were removed from furmace and air quenched under forced air for 30
minutes. The no of cycles for thermal shock were as per design matrix as shown in Table.2. The
MOR and MOE of the samples were measured before and after the thermal shock test,

Results and Discussion

Fig.3 shows the apparent porosity and bulk density of the castable after firing at 1370°C. The
apparent porosity increases from 12 to 15% as top grain size decreases. The bulk density has shown
the reverse trend.

20 3.5
= AP =
£ s ~——B D 43
E 33 3
= 1 1.2 &
% L ;

2 o | — |
- = T 3.1 &
o L 3

2 ] | 22
w % ﬂfu:nnruzgruin content

Fig3 Apparent porosity and bulk density as a function of wi% coarse grain content.

The MOR of the samples decresses with increasing coarse grain content whereas the ACE remains
almost constant and independent (Fig.4) of grain size, The slight reduction in MOE for fine grain
structure may be becanse of the increase in the casting water and increase in apparent porosity,

The y.y increases with coarse grain comtent (Fig.5). It is known that within the main cracks,
following wake region, extensive aggregate gram nterlocking and frictional effects are
predominant, especially for large aggregate such as those in refractory concretes. When a crack
passes these aggregates, severe wedging of grains within the following wake region may be
expecied. This might be the primary reason fior refractories to have large work of fracture (9). Since
the crack takes a tortuous path around coarse grain the crack path increases with increase in the
amount of coarse grain in the castable leading to increase in the waork of fracture. The increasing
trend of work of fracture with grain size clearly indicates that the energy required for erack
propagation is high for the coarse grained structure.
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Fig4 MOR and MOE as a function of coarse grain content

50
Ll o
I
iy a5
A 100 ;.
£ 68 e
; 50 |
o
2 (] 12 | & 22

wP coarse grain conleni

Fig.5 Work of fracture as a function of coarse grain content.

The calculated walues of R, 8" and R parameters values are given in the Table.3, The £ value is
decreasing because the value of o decreases and E increases with grain size. The % value is
increasing with grain size where as the Ry, value is maximum for 18 wi% coarse grain content and
remains the same with further addition. This means addition of coarse grain content bevond a level
does not bring any improvement in the damage resistant parameler.
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TAERLE 3 Calculated values of parameters Ry, & and &Koy
%% coarse graln content Ra (°C) A gt R im " C)
2 42 328042 3.30 272
) 42 406573 1.ER 295
12 39 653929 590 340
18 HO17T116 6.86 333
329721811 ETI 134

22

The SEM photographs of the fracture surface of samples containing 0 wi¥s, 12 wi® and 24 wi%
are shown in Fig.5(a) and (b} respectively. The mixed mode fracture observed in the fracture

surface.

Fig- 5 Fracture surface of sample with (a) 12 wi% and (b} 22% coarse grain content
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Analysis of Variance (ANOVA)

Retained MOR

The measured values of response f.&, the retained MOR are subjected to analysis of variance
[ANOYA) as shown in Table 4. For the current anahysis the Diesign-Expert®versions, software for
experiment design {developed by Stat-Ease, Ine2021  East Hennepin  Avenue, Suite
191, Minneapolis, MN 55413} is used.

Table 4. ANOV A for retained MOR

Spurce Sum of square, 55 DF | Mean square F Valug Prob=F |
§°= 85/DF | =85 %852 i

Model, m | 8334 g 024 3.57 TLE]

Error, & 2024 o 202.4

Total,t 10358 T gt

The mean squares are obtained by dividing the sum of squares of gach of the two sources of
variation (model and error variance) by the respective degrees of freedom. The F value, known as
Fisher variance ratic (=5.%/ 550 provides the information on how well the factors describe the
statistical variation in the data from its mean. It is gmernltiy caleulated by dividing mean square due
1o model variance (5,)) by that due to emror variance {S,"). The higher the F value from unity the
greater is the certainty of the factors in explaining the variation in the data about fis mean. The
correlation coefficient, RC is generally used to provide correlation measures for the estimation of the
regression model. The closer the R value to unity the better is the correlation between the ohserved
and predicted values. The value of R'=0.81 indicates the high degree of correlation between the
ohserved and predicted value.

The individual effect of factors on retained MOR is shown in Fig.6 as perturbation plot. The
perturbation plot helps to compare the effect of all the factors at a particular point in the design
space, The response is plotted by changing only one factor over its range while holding of the other
Factirs constant at center level. The increase in temperature difference and number of thermal cycle
is reducing the retained MOR whereas the increase of grain size increases the retained MOR.
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— Parturbation
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] B = Temperature
E 43
i C =MNumber of cycles
=

=
i
]

& -

-t T T LI
~1.000 <0 800 0.000 ©.500 1 000

Fig.6  Perturbation pkot for factors showing individual effect of factors.

[nteractions

The interactions between the factors are given in Fig.7a-c. The interaction between coarse grain
content and temperature shows that the maximum MOR is achieved in the grain content of 18% in
the castable. The interactions between the temperature and number of cycles reveals the fact that the
retained MOR. will be more as the temperature difference is less. It is observed from Fig Tc, the
interaction between coarse grain content and number of cycles, t the retained MOR is maximem
when the coarse grain content approaches the middle valee of around |15 wi%. It is clear from the
interactions that the retained MOR is always less, when there is no  coarse grain in the structure.

Based on the interactions and single factor effects from ANOVA the retained MOR is correlated
with the factors as falloes:

RetMOR = 67.23 + 6.56 *A - 14.07*B - 557*C - 8.15 * A . [5.75* B2 . 726 * 2
-LI2*A*B + 0.13%A%C - 1.62%B*C [

Based on this relationship the calculated values of retained MOR are plotted ageinst actual values as
shown in Fig.8. The higher value of correlation coefficient RY indicates close resemblance between
the experimental value and predicted values
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Fig.7 Interaction contour plots (a) interaction between coarse grain content and temperature (b)
interaction between temperature and number of thermal of thermal cycles and (¢}
interaction between coarse grain content and number of thermal cyeles
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Fig8  Predicted Vs Actual % retained MOR

Conclusions

[ncreasing the amount of coarse grain content decrease the apparent porosity, increases the bulk
density, decreases MOR, increases work of fracture whereas the MOE remains almost constant
and is independent of grain size. The increase of coarse grain content decreases R while increases
RII Ry wvalues. The AMOVA studies indicate that the influences of factors are in the arder
temperature difference followed coarse grain content and number of thermal cycles. The retained
MOR is maximum for around |5-[8 wi¥o coarse grain content.
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STUDY OF PRODUCTION AND
PROPERTIES OF COPPER-MICA COMPOSITE BY
POWDER METALLURGY TECHNIQUE

*Vishal Arora *Gaurav Verma *Manishs Taneja **N.C. Upadhyay
Abstract

Solid lubricants dispersed in metal matrices result in selflubricating composites
suitable for bearing and elecirical contact application. Coppeér B 4 comparatively
incxpensive elemental materal uwsed as electrical contacts and graphite is the most
comimon solid lubricant. Copper graphite and silver graphite are the materials used for
sliding or brush comacts wnder normal service conditions. Graphite dispersed in thess
composites is supposed to form a film between the matting surfaces, which imparts
antiwear and antiserzure properiiss.

However wnder conditions of hogh temperature, low peessure, bow humidaty and
oxygen penerally present at high alitude, the film may disappear and metal-graphite
composites imay show rapid wear, 14 was reporied that the wear rate of metal-graphite
Compaosites above 100°C is twice that at a temperature below 95°C. [t was also reported
that graphite undergoes rapid oxidation under arcing conditions leaving to o higher wear
rate of the copper-graphite contact strip. The arc and wear resistance of this material have
been found to improve by substituting MoSz and mane for (A mixture of Cus5 and FeS)
for graphite. Attempts have been made by a number of research workers to develop metal-
mica composites as substitute materials for metal-praphite composites. It has been found
that mica iz a solid lubricant, which iz superior to graphite under dry friction conditions
because of its high oxidation resistance end chemical inertness, Mickel-mica composite is
reported to be far superior to nickel-graphite composite under dry condition, Mickel-mica,

gilver-mca and aluminfum alloy-mica

*B.E. (Met.} ** Header in Met. Engg.
Malaviya Regional Engineering College, Jaipur
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COPPER-GRAPHITE COMPOSITES

Mixing copper powder and graphite powder manually made the following materials.
1. Pins
2. Journal Bearings
The pins and bearing were made hy
(i) Pure copper and by mixing
(i 10% graphite powder and remainder copper powder
(iif)  20% graphite powder and remainder copper powder
{iv)  30% graphite powder and remainder copper powder
Production of Pins and Bearings
Diue to manual mixing of copper and graphite powder, there i no uniform distribution of
praphite powder in the copper powder matrix.
When we apply a load more than |5 tens ie. a pressure of 16.6 Kg. Per mm’, the pins
are broken wihich may be due to:
{#) lmproper bounding of graphite particles with copper particles,
(b} Improper design of the die.
Similar problems were associated with bearings. After the compaction, the bearings were
ejected from the die at & load of 500-1000 Kg. After removal from die, some expansion
of dimensions of compacts also takes place. It i about 2-2.5 %. To oblal
microstructure, the bearing samples were polished and pure bearing were etched with
ferrie chlaride solution to reveal microstruciure.
Wear Test Results
Tests were carried to study the wear rates for all four samples (specimen). The results are
summarized in table (1-2). The composition of the samples, the wear rate for each sample
is shown in respective columns of the tables. The result is being plotted in fg. (1-3). It
can be seen from the figures that
{a) Wear rate decreases up to 20 % graphite and then increases almost lnearly, This may
be due to the squeezing of graphite from matrix.
{b) As the load increases, the wear increases almost lincarly, The wear rate is not uniform
with applied load, which may be due to the smearing of graphite between the disc and
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Room temp. = IEﬂE = Eﬁac

TABLE = |

Radius = 0.0375 m

Walght =

100 gm.

RFM =
Tima = 30 min.

Circumference = 0.2357 m

Distance travelled = 00,2357 x

1050

1050 x 30 = 7425 m

5. Sample No. Inftial (Weight| Loss in Vear
{(Pins) Weight |after waight Rate
(gms ) waar {gms ) gm/m
(pms )
. . (3A) Pure Cu | B.1446 |8.1429| 0.0017 |2.28 x 10°!
1S T, 16.6 Kg/mm>
z. | 2. (28) 10% gr, | 6.1802 [6.1790] o0.0012 |1.61 x 10”7
IS T, 16.6 Kg/mm>
3. 3. (5A) 20% gr, | 5.2374 |5.2367| 0.0007 |0.9 x 10
15 T, 16.6 Kg/mm>
4. 4. (6A) 30T gr, | 2.8750 |2.8731] 0.0019 [2.55 x 10”7
1S T, 16.6 Kg/mm>
{Broken during
tast)
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TABLE - 2

Room temp. = 28°C - 34%C

Radius = D.037%9 m RFM = T0O0
Weight = S00 gm. Time = 60 min.
Circumference = 0.2357 m
Distance travelled = 0.2357 x 700 x 60 = 9900 m
S5.N. Sample HNo. Initial{weight| Loss in Wear
(Fins) Wwaight |after welight Rate
{gms) wear {gms) gm/m
(gms)
I, l. (3A) Pure Cu | B.1464 |B.1446] 0.0018 |1.81 x 107"
15 T, 16.6 Kg/mme
2. 2. (28) 10% gr, | 6.1819 |6.1802| 0.0017 1.71 x 10”7
15 T, 16.6 Kg/mm>
3. 3. (5A) 20% gr, | 5.2389 [5.2374] 0.0015 |1.51 x 10”7
15 T 1646 Ko fun
5, 4. (6A) 30% gr, | 4.7544 |4.7524| 0.0020 |2.02 x 1o” "7
1S T, I6.6 Hu!mmz
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tip of the pin. Although wear rate is not unifrm bt increases as load increases (from
100 gms. to 500 gms in the present experiment).
Bearing Tests Resnlts
Bearing tests were carried sut 1o measure coefficient of friction and bearing characieristic
mumber {ZN/P) for all four samples (specimen). The composition of various samples Is
given in table (1)}, The results are summarized in table (1. The calculated values of
coeffient of friction and bearing parameter for each load —speed combination have been
shown in ther respective columns of the tables, The test results are plotted in fig (5),
which is similar to ideal curve shown in fig. 1.
In figure (3) it can be seen that coefficient of friction decreases as the percentage of
graphite in sample increages, For specimen no. 4 with 30 % graphite, there is no further
apprecisble decrease in coefficient of friction. Also thers s no appreciable change in
values of (ZN/P), for sample no 2, 3 and 4. The values of coefficient of friction almost
coincide for sample no 3 and 4. This shows that there are appreciable decresses in
coefficient of friction by addition of more amounts of graphite.

P CA COMPOSIT

Dec nath, Prem Shyam ond Anand Shankar studied characteristics of copper-mica
particulste composites prepared by Powder Metallusgy Technigue, The details of which
are given below!

Electrolytic grade copper pewder and flake shape ground mica powder were subjected to
sieve analysis. SEM studies were made for determining size distribution and morphology
of the particles. Required proportions of these powders were blended, The spparent
dengity of the blends was determined. The powder blends containing different
proportions of copper and mica were compacted on a 50 ton universal testing machine at
three different pressures ie. 269, 377 and 539 Mpa respectively, under lubricated and dry
die wall conditions. Stearic acid was weed 82 8 lubricant, Green density, Compressibility,
ejection force and spring back of the powder compacts were determined. Green
compression streagth of the compacts was determined on a universal-testing machine, A
Vickers's pyramid hardness esier with 10 kg load was used for determining the hardness,
Copper-mica composites compacts wers g=aled in a transparent silica tube under vacuum
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(1,33 Pa) and sintered ot 40 £ 10 *C, Density, compressive strenpth and shrinkage of the
compact after sintering were also dotermined The load corresponding to 30 O
deformation was used in calculation of sintered comprassive strength.

Powder Characteristics

Size distribution of copper and nifca as determmned by sieve analysis ure shown in Fig. |
and Fig. 2 respectively. This figure indicates that aboul B0% of the copper pewder has a
particles size less than 37 wm {-400 mesh), the larger fraction of mica Talls within 105
arsd 53jm {140 and 325 mesh),

Figs. 3 and 4 are Searming Electron Micrographs of Copper and Mica particles
respectively, They indicate the dendritic and flaky morphology of copper and mica
particles, Figure 5 shows that a decreass of certain copper-mica blends goes alony with as
increase in mich coment which is due 10 lower density of mica 05 compared 10 €Opper,
Compacting Characteristics
The results of compressibility 1ests of copper-mica composile compacts containing
different amounts of mica pressed under dry and stearic acid lubricated de wall
conditions at different compactions pressure are presented as densification parameter in
fig, 6 The dersification parameter decremses with kncreases i mica content of the
compacts, This may be atributed to a decrease in apparent densty of copper mica
powder blends with mica contems (Fig. 5}, Fig. 6 is also indicates that for a fixed mac
content the lubeicated die wall resull in & betrer flow of particles and give higher
densification as compared to dry wall conditions. The effect of compnetion pressure on
green density for differert mica content. The effects of mica content on the ejection force
stwwn in fig.8. Under dry die wall corditions, the ejection force increases with increases
in mica content. Howewer, the ejection feree decreases in case of a lubricated die wall.
Fig, # strows the effect of mica percentage on spring back of copper mica compacts of
different compacting pressures under lubricated and dry wall eonditions. [t s repored
that the higher the vield stress, the lower the elongation modulus and greater the plastic
strain, the greater the spring back will be. Fig. 2 indicates that for pure copper the spring
back, under lubricated conditions, increases with increasing compaction pressure. This
may be sitributed 1o higher plastic strain. However, this behaviour is nol abserved under
dry die wall conditions. For cepper micn compacts coraining differant amaunts of mica,
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the spring back is always higher than for a pure copper at all compaction pressure used in
investigation. Fig. 10 and 1] show the effect of the mica content on the compressive
strength and hardness of the compacts produced ar different compaction pressures under
lubricated die wall conditions. The increase in the mica coment is observed to reduece the
compressive strength and hardness of the compacts. The strength of the green compacts
results mainly from mechanical interlocking of the irregularities on the surfaces and the
bonding between matrix and second phase particles on the one hand and between mairix
and second phase particles on the other hand, The reduction in strength and hardness with
mcreasing mica content may be attributed to the reduction of the mechanical interlocking
of irregularities on the surface of copper particles.

Sintering Characteristics

The preen and sintered densities decreases with increasing mica content, the later wers
being always higher than the former (Fig. 13). The increase in density is due to the
shrinkage resulting during sintering (Fig. 14)

Fig. 15 shows the variation of the compressive strength of sintered copper mica
composites with mica content. The sintered compacts when deformed up to 50 % did not
show fracture except some edge cracking, A SEM photograph of composite afier about
50% deformation is shown in Fig. 16 indicates that the voids presemts around the mica
particles get reduced after sinterimg (Fig. 12 & 16), Partially accounting for the higher
sirength of the sintered product as compared to the green compacts (Fig.10). Most of the
higher strength of the sintered compacts as compared 1o the green ones is due to the
development of metallic bonding and recrystallization of copper particles during sintering
evident from Figs. 17 and 18.
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EXPERIMENTAL DETAILS

The experiment performed by Sanjecv Kumar Soudhani and Santaosh V.M, Under the
guidance of Dr. N.K. Jain of Malaviya Regional Engineering College Jaipur, The
experiment conducted in order to study the characteristics of copper-mica particulate
composites prepared by powder metallurgy technique. The characteristics studied were
hardness and porosity of the composite. The samples were prepared from copper powder
and mica powders have the following specifications: -

1. Apparent density = 1.4 %

2. Particle size

{a) 60 microns = 1.5 %
i(b) 40-45 microns = 85 %

3. Owygen content = 00.3% max.

4. Purity of copper = 99. 7%

The size of the mica particles was very coarse, So the mica powder was subjected to
sigve analysis (~ 400 mesh), Then these two powder were mixed thoroughly for a weight
of 165 gm in the followmng proportions:-

1, 100 Cu

Copper with 2 % mica
Copper with 4 %% mica.
Copper witl & % mica.
Copper with 8 % mica,

Ao R oW

Copper with 10 % mica,

Then the samples of the above mentioned proportioned were made in a circular die of
internal diameter 28mm and depth 72 mun. With addition of lubrication to allow easy
compaction. 15-ton load was applied on each sample for making compacts. The capacity
of the press through which the load was applied manually for pressing or compaction of
each sample. After compaction these samples were sintered in a suitable environment.
After the samples were removed from furnace they were polished with emery paper o1,
2. 3, 4 and then followed by polishing on a polishing wheel by using Brasso. The
hardness is determined with the help of Vickers Hardness Tests at 10-kg koad. The
hardness of the samples are given in table 1. A graph of hardness w's percentage of mica
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is plotted. The porosity of the samples were given in Table 2. Again the samples were
subjected to polishing wheel by using Brasso for observing of microstructures.

Table no: 1
S5.NO. SPECIMEN LENGTH OF DIAGONAL  HARDNESS (VHN)
i. 100%% Cu 0.501 T3.B64
2. Cu with 2% mica 05410 63.580
3. Cu with 4% mica 0,687 39282
4, Cu with 6% mica D.B&0 25.068
5 Cu with 8% mica 0.890 23 46
Table Mo: 2

STANDARD COPPER DENSITY = 8.94 g/ce

5.NO. SPECIMEN DENSITY  POROSITY
(gfece)
1. 100% Cu 8.0412 0.8988
- Cu with 2% mica 70423 1.8977
3 Cu with 4% mica 5.6103 3.3297
4, Cu with 6% mica 5.3620 3578
Cu with 8% mica 5.2087 3.6433

6. Cu with 10% mica 4.6500 4. 2900
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CONCLUSION

—_—

Density decreases with increase in Mica content.
2. Porosity increases with increase in Mica content.
¥, Volume of the compacts increases with increase in Mica content.

4, Hardness decreases with increase in Mica content.

SUGGESTIONS FOR FUTURE WORK

1. Wear studies can be carried out.
2. Bearing test studies can be carried out,
3. Mechanical properties after compaction can be tested,

4. bore lnads may be used.
REFERENCES
1. Powder Metallurgy International, Yol 20, No.5,198 Characteristics of Cu-Mica
particulate composites prepared by Powder Metallurgy tHh.rliql.lt by Mr. Déo

MNath, Prem Shyam & Anand Shanker,

1. Tribiclogical study of Cu-Graphite composites - A Dissertation
submitted by Mr. H.C. Azarwal.
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Synthesis and Mechanical Property Evaluation of Yitria Partially Stabilized

Lirconia Ceramics

Soumen Biswas, Anil Anal , B.T . RBae, T.R.REama Mohan
Indian Institute of Technology , Bombay

And

Famyji Lal

Maval Material Research Laboratory

Ambernath

The present work reports on the synthesis and mechanical properties of yitria partially
stabilized zirconia ceramics oblained through the spray drying route, The zircomia -5
mol% yiria composite powder was prepared in the [aboratory from a solution of
zirconum and yttrium nitrates. The composite powder 50 obtained was characterized for
its composition, shape, size and size distribution using x-ray diffraction , and particle size
analyzer. The composite powder was then compacted at different pressures starting from
50MPa to 350MPa and sintered at various temperamres in the 1200-1600 *C region.
The sintered specimens were characterized for their densities and mechanical properties
like hardness, modulus of rupture, wear resistance and fracture toughness, which are
presented and discussed here. The effect of aging treatment {at 1300°C) of the sintered
specimens on the mechanical properties has also begn reported.

Introduction:

Zirconia ceramics have received considerable attention because of the feasibility
to obtain relatively high fracture toughness values through induced microstructural and
phase assemblage changes. This possibility is related to the stress induced phase
transformation that tetragonal zirconia may undergo to monoclinic symmetry(i->m). Such
phase transformation invelves a volumetric increase (4% )that may induce compressive
stresses o the crack wake[1-3]. Beside the mechamical properties much swdy has been
made in the last years on the sinterability of the PSZ powder compacts and the

parameters affecting it . [8-11]
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In the present investigation ziconia -3 mol% yina powder has been synthesized
twough the spray drying techiique. The powders prepared were characterized using
Thermal analysis, XRD, SEM and particie size analysis. The powder was then compacted
et vanous pressures and a soudy of their sinterability was carried oul The sintered
compact was then examined for mechanical properties such as MOR. fracture touphness,
hardrmess and wear resistance. A siudy on the effect of aging weatment ower the
mechanical properties of sintered compacts have also been made by aging the sintered
compact at 13007 C for 25 - 100 hours

EXPERIMENTAL WORK:
I} Preparation of sirconium kitrale —yliriun nitrate solution and spray drying

Zirconium nitrate solution was obtained from zirconium oxychlonde,  Yitriwm
nitrate was added to i o produce a solution of zircontum and vttrivm nitrate. 30 liters of
the solution was spray dried and calcined to produce Z00; = 5 mel %Y,  powder
2] Charaeterization

The TGA of the powder was camied out and the calcination temperaiure was
determined, The particle size was measured by the magtergizer with the help of the data
ohained from the perceni obscuration of the laser beam by the particles. The phase
analvsis was dJone by the X-Bay diffraction methods The powder produced after the
spray drying was calcined at different temperatures so a3 to analyze the variation of
particle size with the calcinalion 1emperature,

3y Compaciion:

Afier the calcination, the powder was compacied at different pressures starting
from S0Mdpa to 350Mpa in steps of 50 MPa The green densities of the samples thus
compactsd at different pressures were determined.

&) Sinrering

[he powders that were compacted at different pressures were subjected to
different sintering temperatures starting from 1200°C 1o 1600°C in steps of 100°C.
Sintering was carried out with a slower heating rate {5°C/min) up to 450°C, followed by
10°C'min till the sintering iemperature was attained. A dwell time of 30mins was given

between esch step.
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After soaking time of 2 howrs at the sintering temperatire, the samples were cooled at a
rate of 10°C/min till S(0C and furnace cooled to room temperature.
5) BEM of the calcined and the sintered specimens

The SEM of the calcined powder and the sintered specimen was carried out at
differsnt mapni fications,
i} Hardness measurement

Hardness was calculated by Vickers indentation method using the following
formulas:
H,= (1854 kpf um’/pfmm®)*Frd*
Where, F iz the test load in grams, d is the mean diagonal length of the indentation
expressed in micrometers. The hardness test was done with a test load of 18 kg.
The hardneas values were corrected for 51 units
7} Fracture toughmess determination

The Fracture toughness of the samples was determined by the Vickers indentation
method, From the hardness data generated and by measuring the crack length produced
by the diamond indenter the fracture toughness values were obtained for the sinteted

sarnples using the following formula,

K, =015k (c/a)™ H a Ve,
Where,
K iz a correlation factor equal to 3.2, o is & constraint factor of 3, ¢ is the average crack
length from the center of the indentation, a is the average distance from the center of the
indentation to the pormer, and H is the hardness corrected for 81 units.
8) Determination of Modulus of rupture (MOR)
The MOR from three-point bend test is given by,

Puld
_ 273273 _3mL
MOR o paar
12

Here, P is the load in Newton and L, the span length in mm, b and d are breadth and
thickness of the sample, also measured in mm. The modulus of rupture of the sintered



| TRANSACTIONS OF PMAL Volume 28, December 2002 224 |

specimens was calculated from the load required 1o rupiure the specimen in the three
point bend test.
») Wear resisiance

Abrasive testing of PSZ was carried out on a Fin-On-Disc wear 1esting machine.
Silicon carbide wheels were used as the dise material. Volumetric wear rate was studied
from the test. All the wear tests were carried oul ar room iemperature under unlubricated
dry condition. Wear resistance was caleulated under different sliding distances.
I Aging of the sintered specimen

A study of the effect of isothermal aging on the mechanical properties had been
carricd out. The aging treatment was carried out at 1300°C for 25-100 hours for
specimens that were compacted at 350 MPa and sintered at 1600°C.
Results and discussions:

The particle size showed an initial decrease, followed by a steady increase with
increase in caleination temperature (Fig. 1), The decrease in the particle size at 650°C is
most likely due to the iotal decomposition of the precursors into the zirconia sclid

solution. The subsequent increase in particle size is due to particle growth.

Particls Sdira wva. Temperalure

(-]

Particles Sdpe fmicran]
nmq;mmuu

T BoG i) 100
Temperature (0]

g
B

Figl. The variation of particle size with the calcination iemperature
From the X-Ray diffraction data. the d values of the peaks were compared with

the standard JOPDS data file, and the presence of bath the cubic and the teiragonal phases
of zireonia were confirmed, as it should be the case with the partially stabilized zirconia.
From the half peak width, the crystallite size was found Lo be 80-130 nm,

The green density of the samples increased with increase in compaction pressung

but at higher compaction pressure the variation in green density was almost negligible
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(Fig.2). The sintered density data also showed { Fig. 3) the same trend for samples
compecied at higher pressures at any given tempernture of sintering . It has also been
ohserved that the sirtered denzity showed an incressing trepd with increase in the
sintering temperature for a particular compaction pressure as shown in Fig, 4.
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Figd: The wariatics of sintered density with compaction pressims far different santering temperasures

The Vickers hardness values obtained showed an increasing trend with increase in
compaction pressure as well as with the incraase in the sintering temperature. The
maximum value of hardness was obtained for the samples ( Fig. 5) which had been
compacted &t 300MPa and subsequently sintered at 1600°C as shown in Fig. 6. This can
be attributed to the higher sintered density of the samples that had been initially
compacted at high pressure and subsequently sintered st higher temperature.
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The over all fracture toughness and the modulus of rupture of the samples
obtained were low as compared to the standard fracture toughness and MOR values of
YPSZ (fig 8 =10). This can be due to the presence of pores (around 8% for samples
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compacted and sintered at 350MPa and 1600°C respectively, and still higher for other
samples).
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Fig9. The variation of MOR with sintering tempsraturs
Form the wear resistance tests it is evident that with the increase in compaction
pressure the wear rate decreases as depicted from fig 10.
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» 45
E -4 B ’/‘-__f. | mllpﬂ i
§m = |

4.7 ® 1506

Sliding
distance|logsacie) s 100MFa

Figll: The variation of wear rate and sliding distance for the sintered samples under & constant weight

The aged samples showed an increase in the MOR value during the initial stages
of aging. After which the MOR value dropped drastically with increase in the aging time.
This may be due to the presence of more of monoclinic phase at higher aging
temperature which is formed due to the transformation of coarse tetragonal particles on
prolonged aging. The fracture toughness values also varied accordingly.(fig 11-13)

B

Fracture toughness[#Fa mo.5)

41

i = & ] - 163 ]

Aging tima (in hre)

Figll: Indestation fracture toughness 85 a function of aging tme
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Aging tess in Brs.

Figl2: Plotshowing the variation of modulus of rupture with aging time

Figl3:  Plot showing the variation of hardaess with aging time

CONCLUSIONS:-

¥ Zirconia —% mol% Ytria powder was synthesized by spray drying of the
zirconium nitrate —yttrium niteate golution. The particle size of the resultant
powder was found to be around Bl 130 nm.

2, The particles, however are agglomerated, and agglomerate size was found to
increase from 6.2 pm to 9.3 pm with increase in the calcination temperature.

3. Increase in compaction pressure and sintering temperature in general had sintered
density, and hence the hardness, MOR and fracture toughness, The best
combination of compaction pressure and sintering temperature that led to the
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best mechanical properties {hardness 6.03 , MOR 5332 MPa, fracture toughness
4.98MPavm ) was found to be 330 MPa and 1600°C.

4. Aging of the sintered sample for a moderate period of ume (approximately 50 hrs)
increased the MOR from  to 330 MPa to 351 MPa .
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DEVELOPMENT OF INDIRECTLY HEATED FUEL ROD SIMULATOR

FOR THERMO HYDRAULIC SAFETY EXPERIMENT

5 K Srivastava, P.SundaraRajan, 5.V Paibhale, V.G Date "

i
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ABSTRACT

Investigations of (he thermodynamic behaviour of reactor fuel
elements require out-of-pile experiments on clectrically heated fuel
rod simulators. The results of these experiments depend strongly on
the similarity of thermodynamic behaviour between fuel rod
simulators and nuclear fuel rods Requirements also depend on the-
type of experiments , where fast transients are involved . Work for the
development of indircctly heated FRS was taken up to simulate fuel
rods of Advanced Heavy Water Reactor, A heater assembly , the key

of the FRS rod with adeguate heat rating has successfully
been developed by employing powder metallurgical technique such
as vibratory compaction. This paper deals with the development and

fabrication of Fuel Rod Heater Assembly
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L0 FABRICATION OF HEATER ASSEMBLY

The ancanel X-G0H babas & mes CHD 46 mm D
and 1911 inm Jmgth was Gken ad one ad was THG
wicldod wnih pickel plug (g 30t wbe with one el
weeldal uas vibro-filled witd B0 powidir oo packing
denmty 4 A% T I} and mecimdd o was weldsd with
ksl phg  The MO Olled sl was swvageol 0 T 52 min
AAEY The bensgth al tae Peylh filled ol alber seaing was
akgiul A0 mmem and tho kardsess was Y1 o 22 R0 The
sl redl wmes smpment wase arnesled U o tube fumace
ak YE2%C for 15 mimules wilk asch sepment lengih of 150
e [Zankrge: ol the cod allag snncalmp was 56 b 5%
BB The wmsesled rod was arsiphbereil | second end plug
wag anlled b aoowmsdiie he conneclieg phag Wigth
i Uhian wokdicd 1o The aml plug

Uleter incone X -tE) whe of 7.9 mm iy, & | mm 10 and
lesgah ot 2070 wus TG welded o the aickel conmecting
pup. The smnolar space beiween T wenbnl beater rod
aral oatvor mwomel lebe wax Gllol with B pescdkr by
dsinbunige the posdyr manisllt apd s vibisting e
emaembly e mitial pocking densty of BN poadar was
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A%, TTF . Chbser end of the anmalue was closed with
copper plug. Thas assembly was swaged 1o 6 mm OO
and lengih of 4840 man of outer whe  The final
pucking density of BN is calculated o be moge than
3%T0. The swaged asembly was annealed sepmend
wise 85 a menbonsd earlter,  The swaped and
anmesled  assembly  was subject=d Ao .‘.{-m:,-
rudicgraphy o osepments { 12 end 3 wath 3 oas the
cantrnl sepment ) and also afber rotating by #0" an aach
of these thiee segmemts | fg3) for checking 1he
conductivity of ceniral red with meapect to ouler tube.
Foom H-ray rslograpbs | il wad whaerued that ibe
enasimmann devistion aff ke longiludinal nxds ol central
rod from the axis af bester sasembly was aboat 1013
mm . Flow sheet of fabmcation of FRS is shows in
appesddi 1.

30 RESULTS OF TESTING

5.1 RAMOGRAFHY
Radwography test 15 carrped oul first on the
weld hetween incomel tube and first end phag and then
eiween magreans filled tube & second end plug for
finding the weld miegrity. [ 55 dope in Dao molually
perpendicular  directions wang X-mys of 100 kv
ererigy a1 abowi | meter distance bevwesn the job and
the soapee.  Film wae in tight comtact wath the job
Mt e ety of weld belvsen the comnecling
plug mnd second end welded rod wus checkel
fablowmg the same procedure  Lates the sntegnny of
weld betuwesn pormecting plug and owter (ube ams
checked. Further | radiopraphy is o empleyed to
find the concentricily of the mner fube and the outer
fwhe. Here the cnergy used is 120 Ev or mose to pet
a vy low comirast Profile of the tube wall was
phizined in this lechraque, In order 1o find the
concenricity the distance between the [0 of the outer
lube and O of the umner fube 15 messumed oo bolk
side of the inner tube.  Same distances are inken afler
taking an x-rsy in pacticelar direction  This is to
check conceniricity m the perpendicular plane

5L THEEMAL TESTING
The performence of heaber sssembly can bs

ogroved if he tempersture pradient  in the redssl

darection | dilference m central tem and ouker
surface temperubuwre ol the bester assembly) s kept ns los
as pissible for o grven heat fux and geometry. This can
b achiowed i the thennal condoctivity of  insulsting
madenal ishigh A= staled earleer | of the packing denaty
al boroir mnitnde 15 more tem 93% , the thermal
condoctivity of Boron imcresses toa large cxtent.

I v of albows |, thermal weng of heale aspambily wa
caffsed vl 1o determine thermal conductivity of BM |
Bnre Chromet-Almel ihermucoaples (K-type) were spol
welded on the us (e of hester assembly as shoem i fig.
4 An  ungrounded itbamocoaples of 0.5 mm was alsa
inzemed shoal T8 mm jeogetudinally mside the heating
bl by cubling o ol amd femoving  haphisia
powiier o b Tesd wan conducted woanr by supplyng
electrical paswer to Uhe besting, eléemenl and manalonng U
lemperaturas. From the measured valuss of empersbure,
thermal conductivity of BN was evaluoled |

f 0 COMCLUSIONS

The hester wssembly developed | the lmess
heateng rate of AHWE fuel rod simator with coplant
lemperature  was in conformeity with the avermge lnes
heating race of AHWH fasl rod . The fuel mad simalator
it b used lor evpenmments for nofmal operation and
wocadenlal comibibions
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Table 1. Material properties at 770 K.

rhTaturial Density gicc | Specific  Heat | Thermal

: (W-s/g-K) conductivity
| . Wicm-K

| 85 7.98 0.35 0.230

Zr 6.50 038 0.199
Alumina(85%) | 3.40 1.17 0.032
Alumina(95%) |3.80 1.17 0.104

BN 2.05 161 0.200
MgO 3.04 1.22 0.040

uo2 10.4 0304 0.042
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APPENDMX [

Flow Sheet for fabrication of heater assembly

Heatulr Rod Uuter sheath
First end plljg welding
Vibro-packing nf\k-‘lgﬂ powder
Second end plug welding
Swaéng
Annealing

Straightening

connecting p u_g. welding
Vibro flling of BN
Open end pluging
SHT;I'IE
Mngaling

. )
Dimensional inspection

Radiit:w
Final adsembly
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MACHINABILITY OF S.G.IRON WITH
ZIRCONIA TOUGHENED ALUMINA CUTTING TOOL

T.Sornakumar * , R.Krishnamurthy ** and C.V.Gokularathnam ***

* -Dept. of Mechanical Engg., Thiagarajar College of Engineering, Madurai - 625015.
** -Dept. of Mechanical Engg.. Indian Institute of Technalogy, Madras-600036.
=*=*Dept. of Metallurgical Engg. . Indian Institute of Technology, Madras-600036.

Absiract: The mechanical performamce of hrinle ceramics can be improved by increassny their fachare toughness.
The mnechanigms which can results in improved freciune weghness are phose transformation and associgted soress
it wansi . itivn icaghening and microcrsck oughening ducttk remlorcemens, rwinning and fsesiwhizker
reninreemei, This has resultad in e developenent of ceramiv-cemmig compesites. The wughening mechaaiens in
mrcaied Wenpsened abumina (ZTA ] arg relamd W the volbume eapansson end shear strain sssocialed wich the netraganal
(1w manoclmic (mp mansfonnation of miconis. The mechansms of swaghening in ZTA are stress induced
brassformation ioughering, microcrack sughensng, compressive siresses and orack deflection, Machmimg Irials have
baren conducied on 5.0 lmen  workpicee in a high speed precision lathe. The machinibility of 5.0, Iron with ZTA
eupting ool was evluaced in terms of surface finesh of the med  workpeece,  flask wear of the cutting ool insen
end mam celting force during machming.  The surfecs fndsh of the maukines wuikpioce improves wilh cutting
e The surface finish vanes in o vyilc mannes with mochining e The flank wear increases wilth machming
e i cuttimy spesd, The man culbny. force conunually visies wilk machining time

INTRODUCTION

The imcreasing mterest in zircoma ceramics may be anributed 1o their unigue set of properties,
which mcludes high refractoriness and comrosion resistance, good mechanical strength, high
fracture toughness and bardness, jonic condection, high melting point, low thermal conductivity
at high temperature and thermal stability and resistance o thermal shock. Zirconia is an
important component in diverse structural ceramics with polential applications such as wear
parts like bearings, shapes and seals; engine and machine components; cutling and abrasive
toels, mill media; refractories ete. (1}

Zirconia ughened alumina (ZTA) is a ceramic-ceramic composite with good mechanical
properties. The enhanced strength and toughness have made the ZTAs more widely applicable
and maore productive than plain ceramics and cermets in machining steels and cast irons. The
presence of zirconia grains in the alumina matrix as  discrete second phase enables the zirconia
to behave in an intrinsic manner, that s to underge the reiragonal (t) (o monoclinic (m) phase
transformation or (o be retained in a metastable t phase form during cooling of the composites
from the fabrication lemperatueres, 1t is the volume expansion and shear sirain assacisted with
the 1 10 m phase wansformation that results in various toughening mechanisms in these
composites, including stress induced transformation toughening, microcrack toughening,
compressive surface siresses and crack deflection (2}
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Zirconia (Zr0; ) exists in three well-defined polymarphs: cubicic) (above 2370 °C), tetragonal
{1} {between 2370 and 1150 °C) and monoclinie (m) {below 1150 °C) (3). The high temperature
phascs can be stabilised to room temperature by the addition of dopants like ytina, ceria, or
magnesia (4). Since this ¢ w m ransformation absorbs encrgy, and since the ability ofa material
o absorb energy 15 s toughness (53, this 1 1o m transformation leads 1o an increase in the
toughness of the maternal. Hence, the matenal 1z said to be toughened and this phenomenon 15
termed transformation toughening. Introduction of adequate quantity of zirconia in traditional
alumina mairix has led 1o the development of zirconia toughened alumina (ZTA) with improved
toughness. In ZTA the Zr0; experiences a constrained transformation, the constraining matrix
15 Al which has a higher elastic modulus and lower thermal expansion than zirconia

EXPERIMENTAL PROCEDURE

Machining tnals have been conducted on 3.G. lron workpiece of Hardness 225 H, in a high
spted precision Lathe using the Zirconia Toughened Alumina (ZTA) ( 95.5 % wt A0, +4.2
Fuowt Telk + 0,3 % wi MgO) (Pressurcless sintered + Hot Isostatic Pressed) cutting tool ingerts.
The Feed 15 0063 mm'rev and the Depth of Cut is 0.75 mm. The Properiies of Zirconia
Toughened Alumina (ZTA) 15 presented in Table |. The Tool Geometry is presented in Table 2.
The performance of the cutting tool was evalualed by measurement of surface finish of umed
waorkpieces, flank wear and main cutting force during machining. The surface finish values of
the turned workpieces were measured with the help of Perthometer; the flank wear of the
cutting tool inserts were measured in 2 tool makers microscope and the main cutting force
during machining was measured using a Kistler Dynamometer. The vaniation of surface
roughness with machining ime 15 presented o Tables 3 and 4. The vanation of fank wear
with machining time 5 presented in Table 5. The wvanation of main cutting force with
machiming time is presented in Table 6. The type of chips produced from the 5.G. Iron
workpiece in all machining condiions s discontinuous chips.

TABLE.l.Froperties of Zirconla Toughened Alumiaa (ZTA)

Property Motathon Value Undits
Young's Modulus £ ] G

~ Fracture Toughness Ky 4.0 MPa.m"
Transverse Rupture Strength o 550 MPa
Hardness H. 16.5 GPa
Diensity o 4.0 glem’




TRANSACTIONS OF PMAI, Volume 28, December 2002 245 |

TABLE.2.Tool Geometry

| Tool geometry

T a A ok B r
H 5 5 75 80 16

where y is the side (main) rake angle | o 5 the side (main) relief angle; & is the angle of inclination of the
- side {main} cutting edge, « is the plan approach sngle; 6 is the included angle between the cutting sdges:
| and r iz the nose radius.

;_1:_!15__:_;.1.15]:5 are in degrises and the nose radius is in mm
RESULTS AND DISCUSSION

Surface finizsh

In turning it is necessary to maintain both dimension and surface quality. While dimensional
accuracy 1s controlled by flank wear of tuming tools, the surface quality largely depends upon
the form stability of the cutting nose. An ideal tool in tumning is one which replicates its nose
well on the work surface. Hence, the surface quality of turned work surfaces will be largely
dependent on the form seability of the cutting tool.

The role of transformation toughening on surface texture control can be seen in the influence of
cutting speed on surface roughness (Table 3). With increasing cutting speed the culling
lemperature will usually increase, thereby resulting in higher order thermal {guenchin §) stress,
this results in greater amount of © to m transformation, producing more toughenmg eand
deformatich around the cutting nose (in the cutting plane) resulting in observed reduction in
surface roughness. The improvement of surface finish values with increasing cutting speed may
also be attributed to the possibility that the machined surface texture could have been partially
burnished due to deformation of the toughened cutting nose.

The surface roughness Parameters of the machined workpiece varies in a cyclic manner with
machimng time (Table 4). This is an indication of the possible cyclic t-m-t phase
trans formation of Zrlk, taking place at the tool tip during cunting, For understanding the status
of the tool material over the nose portion, X-ray diffraction (X RD) patterns of each ool material
before and after a centain amount of machining time were recorded, It was observed that all the
tools exhibited a certain amount of m phase and t phase after machining, indicating phase
transformation and associated toughening. This is possible becanse the temperature at the ool
up intcrface may be as high as 1000-1200 °C (&), Machining involves both stress and
temperature, The transformation of Zr0; is very much dependent on the combined effects of
sircss and temperature. The mechanical stress or thermal stress in machining can induce the
tetragonal (t) to monoelinic (m) transformation. The frictional heat in machind ng can induce the
monoclinie (m) to tetragonal (t) ransformation (7).
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TABLEJ.The varintion of Surface roughness B, In microns wilh matchining time

| Cutting  speed, | Machining time, minutes
n'min
1 i 3 4 5
200 i1,49 0,60 0.57 .60 .70
300 .50 .63 061 0.53 0.57
A0 0.47 0.52 (.57 041 .68
5100 0471 .44 [ 053 .65
B0 0,40 .41 (.33 0346 .51
TABLE.4.The variatlon of Surface Rﬂlllﬂ:uul- Parameters in misrons with up;hh:dngﬁm—
Cutting Speed 200 m/min
Machining Time, | Surface Ronghness I‘:uueltrl,i'fh:ﬂu
Minutes 1
& R, Re R,
i 4,56 .42 [ 04 .41
4 | 449 1.62 [T T.62
i 388 518 .57 5. 18
4 4.20 5.90 | 060 550 ==E]
g 5.20 | B.00 070 7.50
[ 5.00 1720 .80 .40
T | 3.590 570 {1,650 5.70
(§ 4.90 570 0.70 5.70
9 5.60 8.40 0,70 1.8
2l 4.0 .50 0,80 570
Flank wear

Apart from surface finish of tumed workpieces, flank wear of the cutting tool can also be
considercd as & criterion for tool performance. Among the different forms of tool wear, flank
wear will be a significant measure in that it affects the dimensional tolerance of the workpiece.
Flank wear of cutting tools 15 largely due 1o intense adbhesion between the tool flank and the just

machined work surface sliding over it

During the sliding, depending upon the hardness

gradient and the tool composition, the flank wear will be of adhesive andfor abragive type. The

flank wear increascs with machining time and cutting speed (Table 5).

TABLE.S.The variation of Fiaok wear VB in mm with machining time

Cutting speed, | Machining lime, minutes
m min

1 2 3 4 ]
200 0,12 018 016 .23 0245
0 .14 0,19 0.22 023 0.25
) 016 0.2 0.2 .25 0.26
) 0.17 0.22 0.6 0275 0.28
b 019 0.23 0,28 .29 .30
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Main cutting Force

The main cuming dree coatnually varies with machimng time (Tabie &) Because of the
discontinuous nature of chip formation, forces continually vary during metal cotting. [t may also
be anributed to the possible cyclic t-m-t phase transformation of Zr(); taking place at the tool
up during cutting (7).

TABLE.S. The variation of Maia Cutfing Force in Mewtons, with machining time —
Cutting Speed 204 mimin

Machining Time, Minutes | _ Main Cutting Farce, N

| i

[}

I
13
15
15
20
20
15
FE]

ﬂﬂﬂﬂhmfﬁwm—
B

=
=]

CONCLUSIONS

The machinability of 5.6 Tron with ZTA cutting wel is very good, in terms of precision
surface [inish of the machined workpiece, lower flank wear of the culting ol insert and lower
maim cutting force. The surface finish of the machined workpiece improves with culling speed.
The surface finish varies in a cyclic manner with machining time. The flank wear increases with
machining time and cutting speed. The main cutting force continually varies with machining
rime.
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ABSTRACT

Zirconia toughened alumina (ZTA) ceramics have been prepared from zirconia powders
containing 3 mol% yitria, which was synthesized by spray drying and calcinations of
mixed nitride solutions. Two compositions of ZTA (80-20 ZTA and 83-15 ZTA) were
pressed al various compacting pressures and sintered in the temperature range of 1300°C:
— 1700°C. Mechanical properties such as Modulus of Rupture {(MOR), hardness, fracture
toughness and impact strength have been evaluated and discussed in terms of various

processing parameters.

Kevwords: Alumina, zirconia, loughening, spravdrying, Modilus of Rupture, hardness,
fracture toughness, impact strength.

Introduction:

One of the main reasons for the restncted usage of ceramics in structural
applications till now, s the fact that they fafl in a britthe manner with linle or no plastic
deformiation, Extensive work is going on all over the world to improve the toughness of
ceramics so as to make them versatile particularly for structural applications. In the
previous decade, a considerable amount of work has been done on the alumina-zirconia
cerumic composite system with @ particular emphasis on improving the mechanical
properties, utilizing the recognized toughening mechanisms.

Firconia Toughened Alumina showed a mwo-fold increase in strength and
toughness, as shown in a review on ZTA ceramics by Wang and Stevens [1]. A combined
effect of transformation toughening, microcrack toughening and crack deflection seems
to be the main reason for the toughness improvement. Claussen [2] indicated that the
toughness of ZTA is greatly increased with addition of monoclinic ZrD, particles in
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alumina while the strength showed a slight decrease. These results were contradicted by
Hever [3] who claimed thar the strength along with the toughness had a direct
relationship with the amount of tetragonal ZrO; present in the matrix,

The stability of tetragonal ZrO; particles in ceramics matrix, especially the size
dependence, has been studied by Green [4], who indicated that the degres of
transformation was dependent on the volume fraction of ZrD; and also its size, of which
the latter could be controlled by suitable heat treatments. He also observed that the
critical rransformation size of Zr0x decreases with increasing amount of Zr(); content,

The objective of the present investigation is to study the effect of 15 and 20 wt.
percent Zrly {contaiming 3 mol% Y0y} dispersions on the mechanical properties of
alumina cerumics, The other process variables studied include compaction pressure and

sintening lemperature,
Experimental Procedure

Two ZTA compasitions were studied with 15 and 20 wi.% additions of etragonal
zirconia istabilized with 3 mol% of yitria) dispersed in an o-alumina of 99.5% purity
matrix, In the following sections these will be referred to as 85-15 ZTA and 80-20 ZTA
respectively,

Zr{NCs)s solution, prepared from zirconium oxychloride (ZrOCl:8H;0) was
recrystallized in hot concentrated HCI acid and then dissolved in water. This led to the
formation of zirconium oxychloride (ZrOCl 8 H-0) solution, When this solution was
weated with ammonium hydroxide, Zr{OH), was precipitated. The latter was repeatedly
washed in water (ill it became free from all chloride ions. This was followed by a final
dissolution in dilute nitric acid to form Zr(NOs), solution. Zirconium nitrate was then
spray dried and caleined to form zirconia powder. Caleulated amount of this ZrO, powder
in the torm of ils oxychloride solution was mixed with a-alumina powder supplied by
INDALCO in methanol medium. Yeria in required quantities was added and the resulting
dispersion was simultancously stirred and evaporated to dryness. The powder was then
calcined at 500°C.
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For comparison purposes 85-15 ZTA was also prepared from Condea alumina
powder dispersed in 2irconium and yitrium nitrate solutions. This method will be referred
to as Partial Chemical Route (PCR). In this method, alumina powder was dispersed in
methanol at a pH of 3 by the drop wise addivion of dilute nitric acid. The solution was
vigorously stirred for more than seventeen hours, while heating on 2 Rotamantle.
Through out the dispersion, temperature was adjusted ar 85°C. Zirconyl nitratc and
wibrium nitrule in required quantities were diggolved in water and were then added to the
dispersion. Further heating and stiming of the mixture was carried out for about twa hours
more till & uniform dispersion is obtained. The dispersion is then added dropwise into
ammoma solution. A constant pH of about 8-% was maintained while precipitating the
dispersion. The precipitate thus obtained was washed thoroughly for about six hours with
methanol over a boopner funnel o free the precipitate of all the hanging nitraies. The
resulting wet precipitate was then dried as well as calcined for about Zhours at
temparature of S007C.

The dried powder from both the processes were then wel ball milled in 2-propanol
medium with 1:5 charge to ball ratio for 100hrs. The gnnding media used was alumina
ballz, Both the ZTAs were the characterized for finding out different phases, high
temperature ransformations, particle sizes and specific surfece area. Qualitative phase
analysis was carmed out using the X-Ray Diffraction Technigue. For this purpose, an X-
Ray Diffractometer PW 1820, using Cu K, targets, manufactured by Philips, Netherlands
was used. Particle size analysis was done on MASTERSIZER 2000 wver 2.00,
manufactured by Malvem Instruments, UK. Thermal analysis was done on Dupont 2100
Thermal Analyzer was used. The heating rates employed were 5°C and 10°C per min.

The powders were mixed with a solution of 2% polyvinyl alcohol. dried, crushed
and then sieved through 150 mesh size, These were subseguently pressed into ceramic
tiles of bem X 6em X lem size. The compaction was done under different compaction
pressures (45 MPa, 50 MPa and 55 Mpa for spray dried powders and 30-300Mpa for
powder prepared by PCR). The green samples were then sintersd at three different
temperatures, viz, 1300°C, 1500°C and 1600°C in air with 1 hour soaking time at the peak
temperature. After sintering ZTA tiles were cut 10 4.8cm X 0.8cm X 0.Bom size samples
using adiamond wheel.
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Green and sintered densities wene caleulated from dimensions and weight.
Samples were subseguently polished to optical finish for hardness measurements. The
measurements were made on & Vickers hardness tester with a load of 98N. To find out
the Modulus of Rupture values, three-point bend test was carmied out on an Instron

muchine while Fracture toughness was determined by Indentation method. [5].

Results and discussion

The particle size analysis vielded the data shown in Table, |

Table. 1: Particle size and specific surface area of powders.

S.No. Material Particle size (gon)  Specific surface area fmz.-"g;
| ct-plumina 1.96 - .40
2 zirconia powder 3.55 2.53
3 BO-15 ZTA 1.49 3.37
4 BO-20 ZTA 1.15 6.46

Differential Thermal Analysis of c-glumina, 85-15 ZTA and 80-20 ZTA powders
wiay carried out with the heating rates of 5 and 10°C per muinute. The temperature range
up to which the powders heated varied from 800°C-1000°C. No significant phase change
was observed.

XRD analysis for 85-15 ZT'A and 80-20 ZTA, showed the presence of tetragonal
zirconta and o-alumina to be the major phases. 80-20 ZTA, in addition, showed presence
of monoclinic zirconia. Yitria suppresses the tetragonal 1o monoclinic transformation of
zircomia, making the zirconia phase to be presemt at room temperature in metastable
tetragonal form.

The sintered densities of 85-15 £TA are plotted against the compaction pressurs
at different sintering temperatures (Fig.1).
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Fig 1. Variation of Sintered density of 85-15 ZTA with compaction pressure at
various sintering temperatures.

When 85-15 ZTA was compacted at 200Mpa and sintered at 1600°C for 1hr. the sintered
density increased to 4.1 1g/ce while B0-20 ZTA showed a higher density of 4.24p/ce. The
smiered density of B5-15 ZTA prepared by PCR, sintered at 1600°C was found to be in
the range of 3.86-3.98 glce.

In fig. 2, it can be seen that the modulus of rupture increased with sintering
temperature for both B5-15 ZTA and 30-20 ZTA. This increase can be related to the
increase in the sintered densities. The MOR also had increased with increase in zirconia
centent, This may be due to the transformation wughening of ZTA with increase in
metastable zircoma content. Highest MOR recorded is 669 Mpa for 85-15 ZTA sintered
at 1600°C.

Vickers hardness had inereased with increase in sintering temperature till 1600°C
(fig. 3). At higher temperatures the hardness decreased which is likely due to the
abnormal grain growth. It can also be seen that with the increase in the zirconia content
{80-20 ZTA), the hardness decreased. The reason may be the presence of monoclinic
phase, which leads to micro cracking. The micro hamess of c-alumina powder supplied
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by INDALCO was found to be 19.2 GPa while that of tetragonal zirconia was 12.0 GPa
and monoclinie girconia was .0 GPa. So it is obvious that with the increase of zirconia
content, the over all hardness of the matrix decreases The powder prepared by PCR

showed a comparatively low values,

& 8515 ZTA (Sprey drea)
m  B3-20 ZTA {Spray driad) |
e A - |.-..-— B5-18 ITa [IFCH)] :

T

1400 1500 1600 1700 18
Sintering tem paraiurs [°C)

MOR (MPa)
. 5388883 %8

-

Fig 2. Effect of sintering temperature on MOR for 85-15 and 80-20 LT As compacted
at S0MPa

16

15

14

* 8515 ZTA [Speay dried) |
L W B0-20 ZTA {Sprey dried)
I—*—H-‘IH ZTA [FCH)

Hardness | GPa)

1z

11

e
13 15000 1 8040 1 6 1700 1 BHS

Sintering (amparaturs (“C)

Fig 3. Yariation of hardness with Sintering Temperature.
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When fracture toughness (Ky-) was plotted against sintering temperature (fig. 4)
the curve decreased afier 1600°C, This isx due 10 the cxaggerated grain growth of the
mairix. And with the increase in the zirconia content the fracture toughness decreased.
Though there is stress induced transformations and mlcmcran:t.'tng pccurring at the same
time, yet the toughness decreased with higher zirconia content. It can be predicted that
with the increase in the zirconia content, the microcracks decreased the stiffness of the
matrix. The fracture toughness of 85-15 ZTA produced by spray drying and by PCR have

almost the same values.

g

9
" & 8515 ZTA (Sproy dried)

& ! | ®m B0-20 ITA (Spray dried)-
E ; P j_4 B5-15 ZTA (PCR)
=
¥ g i

5

4

1300 1402 1500 16040 1700 180D

Sintering Tempe raiure (*C)

Fig 4. Variation of Fracture toughness with sintering temperature.

Table 2 shows the impact test data obtained. Decrease in impact energy values
with increase in sintering temperature, may be attributed to the grain coarsening. The
decrease in impact strength with increase in the zirconia content 15 presumably due to the

incresse in the microcracks in the mateix.
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Tahle 2: Impact strength data of 85-15 ZTA and 80-20 ZTA.

5.No. Material Impact Strength (Kg.cm)
| B5-15 ZT A (1500°C, Ihr) 4142
2 85-15 ZTA (1600"C, | hr) 3940
3 80-20 ZTA (1600°C. 1 hr) 36-38
4 B0-20 ZTA (1 700°C. L hr) 31-37

Conclusions

I. The maximum sintered density obtained for spruy dried 85-15 ZTA was 3.92 pfec
and for 80-13 ZT A, which was prepared by PCR., was 3.98g/cc.

= The MOE of spruy dried 83153 ZTA was 314 MPa while that for spray dred 80-
0 ZTA was 3| MPa The MOR for 85-15 ZTA prepared by PCR was found to
he 669 MPa.

4. 'The hardness decreased with addition of zirconia form 135 GPa for 85-15 spray
dried ZTA to 149 GPa for 80-20 spray dried ZTA, The hardness of 85-15 ZTA
prepared by PCE was found to be 15 GPa

4. The fracture toughness for spray dried 85-15 ZTA was found to be 8.9 Mpa.m®™
where as for that of spray dried 80-20 ZTA it was found to be 8.1 Mpam"®. The
tracture toughness for 85-15 ZTA prepared by PCR was found to h:: E.'}‘Mpa_m{'j.

3. The impact strength of 85-15 ZTA was found to be higher than 80-20 ZTA.

With the addition of zirconia mainly in tetragonal form, the mechanical properties of
wransformation toughened alumina improved considerably. At higher zirconia content part
of the tetrgonal phase would have transformed to the monoclinic phase, thus decreasing
the toughness. impact strength and hardness. MOR on the other hand showed a continued
increase with the addition of zirconia. Also the powder produced by Partial Chemical
Route (PCR} was found to be more efficient than spray dried powder.
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