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SUMMAKRY

Iron powders, having & high specific surfece area compared to current
industrial powders, have been prepared by two different routes. These
were (a) the decomposition of ferrousonalate and subsequent reduction
of the resulting oxide and (b) the direct reduction of & high purity
oxide, in hydrogen atmospheres. The resulting powders were guvstentially
in the subricron size range, and were pyrophorice, necessitatiﬁg‘hanﬂling
- in glove ﬁoxes. The morphology of the powders was studied using electron
nicroscopy and BET (krypton sorption} meihods and‘this study showed =eny
differences between the initiel oxiée powders and the iron poéders
cbiainedxfrom them by reéuétion. |

Siantering studies were carried out on tiese powders, together with =z
'éomﬁerciél iron powder 6? the carbonyl type which was uved as a reference
weterial. All sintering wes carried‘out in thed -phase at temperatures
up to 900°C for times up to 16%7hquré. Two of the powders showed
cénventiénal behavicur on sintefing'up to 90006 and glso showed n marked
décrease:in deusi@y at 90606. Tééﬁﬁcéder; ex ferraug cxalate showed
rapid initial densification for periéds of about 30 minutes, but sintering
aprarently ceased after that time@IASintering at 900°C produced only &
slizht decrease in 6ensity. ﬁ@asuréﬁgnts of srain size on the sintered
conpacte phowed marked rapid increases after sintering at 90006 for two
of the powders, but ithe third powﬁer;‘from ferrous oxalate, showed much
‘more graﬁ@al “rain gréwth at QOO?C, These differences were aécbunted for
in terms of pbwdér pﬁrity and weré related to the %nomalies noted in tae
densification of,thé powders. Dilatometric studies were elso carried out
to determine whether the powders werekin the L or?¥ ranges on sintering at
90000. :However. the results obtaine&.were not consistent with observed

variations in sintering behaviour.



o ABSTRACT

Iron powders hav1ng a high speclfio surface area, compared to
current industrlal iron powders, have been prepared bj the |
'decomposltlon and subsequent reductlon~of ferrous oxalate, and bv
the.reduetion of a high purity grade of oxide, at 560 C, undéer &
hydrogen atroabhere. The iron powders obtained were pyrophorlc, S0

that a1l handllng was oarrled out in glove boxes, under &an argon

- atmosphere.’

“The morphology of the powders was studled u51ng electron
mlcroscoplc and krypton sorptlon (B.E.T.) teohnlques.‘ Both
preparation routes ylelded powders of s:mllar shape and size although,
oonsiderable dlfferenoes existed in the oxides from whlch they were
prepared. | V | - | |

‘The . 51nter1ng behav1our of the powders: ras studled at
temperatures up-. to 900 c and for tlmes up to 16" hours. A typical
',1ndustr1al iron powder viz carbonyl iron, was s1ntered alongslde the
flne.powders to prov1de e basis-for comparlson. _Marked dlfferences o
aereiobserred in sintering behariour, the iroa powder ei}oxalate;
‘shoW1ng a rapld 1n1tial densifloation followed by an apparent
- cessation‘of den51flcation. The other two powders showed more o

: conrentionaI'Behaviournup to 900 °c. However on 81nter1ng at 900 c
rapid drops in den31ty were observed in both these powders, |

‘ accompanled by an abnormal rate of grain growth at this temperature..
fvThe other powder, ex ferrous oxalate, showed a smaller drop in _
density and a more gradual rate of graln growth., Actlvation energies
for 31nter1ng fell below the establnshed values for grain boundary
dlffu31on in 1ron, and thls is 1nterpreted in terms of the operatlon:‘a

of more than one 31nter1ng mechanlsm actlng in parallel w1th eaoh



-i3,~ ,
other. >Diffusion distances obtainedffrom bulk'diffueion.data, afe
Acoopared with>ac£ual’graih sizes present in the ﬁaferiels,vin order:
ﬁo'diseuss the relati&e'contributiOns ofvbofh boundéryvand volume
diffueidn in termsrof the proximity of grair boundary sinks; It:
wes,COncluded that finer grain siZes;resulted in'e_larger contribution -
of‘volume'diffusioh.to 5interingfowihg to a longer con%aot,betweenvA
pores and the graln boundary sink. Differences betweénlfhe iron
powder ex oxalate, and the other two materlals are accounted for in ‘
:terms of purlty, since the much lower rate of graln growth in this
'former,powder 1S‘pr1mar11y responsible for its den51f1eatlon
_cﬁareeferisfios, and,sucﬁrgrein éroﬁth is:markediy effected by
pufity, TP
A dllatometrlc 1nvest1gat10n was carrled out on the 51ntered

‘ .'compacts, in- order to determlne the temperature of‘ the '*/" phase
hange in the materlals.‘ It was found that both carbonyl dron. and
1ron powder ex oxalate would contaln K'phase on 51nter:ng at 900 C, §
_whereas transformatlon in the powder from high purity oxnde occurred '

’”>above this 31nter1ng temperature.
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1. INTRODUCTION

‘ConSiderable.intefest,has been shown in recent pears, in the
development of hlgh strength allojs by dispersion heraendng teohnlques
: Such alloys rely for their strength on the 1nteractlons between
dlSlOO&tlonS and a finely dispersed refractony phase within the metal.

The most successful methods of preparatlon of thesa alloys has been

© by the powder metallurgy route; where dispersoid partlcles are mixed

‘~w1th the metal powders, and the oomposlte powder presged and 51ntered
in the normal wey. Howeper, the mechenlcal propertles of the bu]k
alloy are strongly dependent ‘'on the 1nterpartlcle Spaclng of the
o dispersed phase,-whlch is determlned pp*nc;pally by the size of the
batfdx.metel powders. Most commercially aveileblekpowdene-lie-ip
”the size fehge of S;fﬁnend above, as ie.the’oase fof the’earbonyl
“iron powder used in this. work, whlch varles between 5 and 20/“«\ s1ze.
Thls places 8 lim:t on the 1nterpartlcle spaclngs obtelnEble in .
alloys»uSIng thls powder. Substantlally closer spac1ngS’should be
obtalned 1f the refraotony phase could be suooessfully dlspersed |
'_throughout,flner iron powders. Such powders, hav1ng a 51ze range
,substentielly 1ees than one micron,'have been explolted for many
years in the fleld of iron powder magnets, but they suffer from the
1nherent dlsadvantage of being hlghly pyrophorlc. Thls property
YV,dlctates the use of glove box technLques for handllng the powders, v; .
| whlch would add substantlally to the cost of productlon._ Hbﬂever,phe
':vhlgh oostsglnvolved couldnno doubt be justified, if the teohnigue
‘enabled sdcoessful_high streﬁgfh;.high temperature resdetent elloys'to.
- be developed.:~ | | | |
Two such routes for the prepapa tion of fine iron powders, viz

from the deoomp051tlon of ferrous oxelate and the reductlon of fine



iron oxides have been utilised in this work, in order to study the.
sintering characteristics of fine iron powders prior:fo their use in

dispersion hardening systems.
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2. LITERATURE SURVEY

'o 2.4 PhenomenOIOgicai'Approech'to Sintering'_ B

The term "sintering" iS'uscaily epplied-to the ability_of e
powder'mass.to,ohenge’into a bulk soiid under tbe‘influence of heet;
’cohbined in most (but not all) instances withvpreSSure;*.As such, .
-it embraces nany types of pbenonena.obeerved in materials in general
viz. D1ffus1on, Grain Growth, Recovery and Recrystalllsatlon,
',Interfaclal Interactlons to name but a few.,

The term also covers multlcomponent systems when more than one
conmponent ls,present ;n tne powder;e.g. Cu/Zn-ln the sxnterlng of »
brass'powders, and 1iquid phase'sintering, when the proceSs is
carried out at a temperature above the melting pclnt of one of the
components. However, since the work descrlbed in thls thes;s deals
withte_eingle component system &t temperatures of~the order of 0.6 Tm
.(where T-»ie ‘the absolute meltingtpoint) thesevtopics-niil not be
;dealt with, except to refer the reader to one of many pertlnent
revlews.1_ |

As early as 1923, nork nasrin~progrees tovdetermine tbe'"nature
fand causes of 31nter1ng"2 w1th a view to’ establlshlng that completely'
solld state reactlons 1.e.-1n the absence of 8 11qu1d phase, were
’,p0581b19. Much of thls early work, by such people as Tamman, . i
_’Hedvell Volmer, Huttlg and Sauerwald, is rev1ewed by Eltel3 Jones& .

Vand Goetzel.5 The more theoretlcal approach to sznterlng, whloh
b-characterlses many of the current papers on. the subaect, started
”"around 19&5 w1th the 1nvest1gat10n by Frenke1.6 ThlS work led to
the development of . a s1nter1ng theory based on the use of’ models

in whlch the areas of contact between the models were well defrned

»anﬂ ea511y obeeryed. In thls connection, the cla351c works of



- 11 -

Kueeynski7 must be mebtione&. 'Hoﬁever this eepeet;eill be eonéidered
in‘more deteilbiater in this servey., e o
Three distinct stages have been recognised dureng the sinterlng
prooess, 'These have been deflned as follows1'-
Ca):‘Neck.growth - in which the‘points of contaots betWeenv'
’E_pertioles grow rep;diy giving rise to & larée deereaee
'.in‘eleotrieel resietivity en& a large increase ih |
“mecbenieal proberfies’(e.g- UTS.,‘of fhevsintering
body).-vvery little densification occurs in fhis
';stage,e-elthough eurface'aetivity as represente&
for example, by rate of ehem1ca1 reaction, shows
! marked decrease.
: (b). The den51f1cat10n stage-- ves fhebname_ebggests,’
“- most of the 1ncrease ;n'densi%y, ub bo aboub 95%
of‘theoretioal densify, occurs-duribg this stage. The
’pore structure changes from one of large 1nterconnected
pores, to one of 1solated pores often’ Jolned by graln
) boundarles. Grain growth also proceeds and the or1g1na1
o partloles lose thelr 1dent1ty as_they are consumed by |
the mov1ng-gra1n bounderles. ThlS graln growth is.
_controlled by the spa01ng of the pores since these
pores are known to act like 1nclu81ons in 1mped1ng
vegraln boundary mlgration.9 ’ o
_(c). The flnal stage - in whloh the 1solated v01ds shrinkivb
.v,at a slower rate and slowly become spherodlsed.;
-Exaggerated orvdlscontlnuousbgraln growth»may oecur,'
' oeueing.oertain favourable graih boﬁndaries to ‘break
b4eWay‘from‘their pore "captors" and grow, at the

7expebse“of«neighbouring grains, to a large size}'
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This effect is dlscussed in. detail by Coble and Burkes. The net
. result of thls exaggerated growth is the 1solat10n of pores within
'the,grelns themselves.r Slnce»grain boundarles are postulated as the
mostvlikely'fsinks"'for vacancies, this means thal these pores
within‘greins will.snrink very slowly and cdntributedtcwerds the
.residual porosity of the material. Anotherjeffect of thé final
Steéevis the growth sf very large pores at the expénse of'smailer B
ones, the latter eventuallv dlsappearlng 0.

| Rhlnes1o has 1nterpreted these stages u51ng the topolog1cal EPRR
concept of genus" where the genus is related to the number of
..partlcles_andxthe total number of contacts, it belng zero.for-a-
-massive pore free tody. Thus 1n stage (a) the genus remalns constant
as neck growth proceeds and contacts are neither created nor -
- destroyed. Stage (v) the genus deereased towsrds zero as'porosity'
decreeses'andhgrein growth occurss Stage (c) a oonstant reSiausl
genus occurs oorrespondlng to the presence of the reszdual por051ty.

| Thus the process of sinterlng occurs by the: growth of inter-
partlcle contacts followed by a deorease in por051ty. The drlv;ng {t
foroe for the prccess has its origln in the reductlon of'surface
energy of the powder mass; and as a dlrect result of thls energy 1t
vcan be shown that the curved neok between the two partlcles is‘
subgected to an outward faclng, tenslonel stress gzven by
o ,.Y<Sftf 2
o= {_g_ @ ¥

stress 2 in Nm

surface tension in Nm“1

n.

radius of curvature of:the{iifﬂ
‘neck in metres. - |

For an 1ron powder of 40 mlorons dlameter, taklng the value of
surface energy as 2 Nm (2000 dynes/cm) k, this stress is- of the;

order of 39 A,MN/h s (N.E. Room Temperature Yleld Polnt of. Iron



v-,v'13_'7

225 MN/mz), whicn may be 51gn1f1cant at hlgh 31nter1ng temperatures.
In add1tion to this, the pores. formed in the powder mass are subgected
to compre531ve stresses of the order of*-lL, Wnare X' is the surface
: ten31on ‘of the materlal as above, anu r is the pore raﬁlus9.' Tnls i
stress operates in such a dlrectlon to make the pore: shrlnk and is |
equlvalent to an external hydrostatlc pressure. For é one micron
pore,'taklng g = 2Nm 1, this pressure is about h MN/h .
. Two further effects'aSsoc1ated with the thermodynamics of
cufved surf aces “should be noted, since they both play 1mportant roles

in the.process of 51nter1ng. ‘Firstly, there exlsts an exGess

concentratlon of vacancies beneath the ooncave surface of a. pore,

' jover and above that ex1st1ng below a normal flat surface. This

~excess 1s glven bj the follow1ng equat10n1’ 9

"rcd,z equ111br1um concentratlon of

- '; vacancies beneath:a flet surface
N T - AcC

AC __ KVO on‘ooooo‘(é)v above

| <, - RTf K

P = radius of curveture of surface

1]

‘excess concentration of vacancies

surface tension

I | P

* Vo = moler volume ofﬂ;oliq ‘
'-‘ Tov = temperaturé'io-qégreeo{aooolﬁté_
R Tg# gas constant , o |
‘Soooodlj‘oheavapour pfessofe,oveo a concave surface is lower than
© that ebove a flat surface by an amount given byro' 4
BAp =¥V .....(3) Ar

- po ::jRT/?‘ o o over concave surface
o - where ’ ‘

decrease in vapour pressure .|

]

po = vapour preSSure.aone.flat
'sorfacé '

and the other symbols have the seme meanings as in the préﬁious
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‘equation. Thus the pressure 1n the neck ares of a compact 1s'ﬁxb
smaller byAp than that over a flat surf'ace and prov1ding that
the vapour pressure is hlgh enough, this suggests one p0551b1e |

'mechanlsm of materlal transport durlng 51nter1ng, v1z evaporatlon

from reglons havzng 1arge convex radzz of curvature and condensatlon .

in the concave neck reglon. :1 w,'riﬂpv_pp.'rv‘if : ?{ !";
A cons1deratlon of the above effects suggests saveral po sible
_ transport mechanlsms in addlticn tc eveporatlon and condensatlon, pfﬁ}
that could occur. durlng 51nter1ng. These arevil‘
bb(1),v1scous flow '
(2) plastic flow

(3)fvolume diffusicn

V () surfece diffusion(;vl
i.:(5) graln boundary dlffuslon.
All these transport mechan;sms may operate under speclflc concitions‘
‘ durlng 81nterlng and’ the relevant rate equations for the processes~'

havc been worked out, at least for the 1n1t3a1 stages assumlng one -

. or other of these mechan;sms to be operatlve. In order to test

- these equatlons, model exper:ments were devised in which the geometry‘p-fJ‘
of the 31nter1ng bodles could be carefully controlled.

. 2 2 Model experlments and the 1n1t1a1 stages of 31nter1ng

The 1n1tlal stage of sinterlng prcceeds by the formatlon of

: necks between powder part:cles, and in order to study thle behav1our

: ,;models were devlsed whlch enabled dlrect measuremenbs of neck growth 1-
to be made.“ The mcdels used were sphere/plate, sphere/sphere, and

_ bundles of ‘wire wrapped round a former, thus enabllng well deflned

v‘geometrlcal 1nterfaces to be observed and the rate of neck formatlon

between these 1nterfeces to be measured._'The;prlme movers of this
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eoproach-were Frenkel 6 and KuCZynski11. The results of this work
showed that the initial stages of sznterlng could be’ repreeented by
an equetion of the,general form.
- neck width )

) see Flgure 1
pertlcle ra&lns)

1

4

Rl

P

= F(T)terers (4) - F(T) = some function of temf’?”at,“r.e. '1

a %t = time .
n,m oonstants depending on neck growth

.mecnanisma |
Knozvnekd11'essumed different,eintering neoheniSms vizlevaporetion
and. condensation, surfaee, and volume-difosion, and'oelculated.the
theoretlcal neek growtk rate between partlcles assumlng these proeesseu
to.be operatlng. He then devised moae] eXperlments to test the
‘ theorétioai equations. This type of approaeh.has been edopted by b

9, 11,’ 1416, 26

several 1nvest1gators and typioal reeults are given

in Table 4. The Kuczynski exponent n=5, denotlng volume dlfqulon»

has been obtained in manyvmodel_31nter1ng experlments for ‘both metal

and oiide eystems; Reference to'the.following-reviewsj’ 13; shows
 the vast amount ofAexperlmental ev1dence support:ng thls model,

13

although as. Bernard Ap01nts out the basic experlment is the same iﬁ Lo

eech case. f -
' a15

Several 1nvest1gators, pr1nc1pa11y P1nes1h; Cabrera and

Sehwed 16 have derlved different exponents to ‘those of Kuozynsk1 and

17

'these are shown in Teble 1.' De Hoff, Beldw1n'and Rh1nes , on the.;
-'baels of experlments conducted on. bundles of" copper w1re found that
V the exponent 'n in equatlon (1) varied markedly With the wire
‘ diameter. However Rleck and Roekland 18 claimed that by careful

’measurement on w1re bundles the exponent 'n proved to be equal

to 5 (the KUczynskl exponent for volume dlffu51on) regardless of
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the wire diameter.

Frenkelsicoﬁsidered neck formation to be a precees'dominated
by:a.#iSCOUS'flow‘mechenism; and derived the following eéuation
for the rete of.neck growth |

| | % and & ere the redius of neck

and particle respectively .

X =3 ..BI_ o o
‘.a' 2 ‘3 t'"""(B) W = coefficient of viscosity
8 ='Sufface Tension
~t = time

fHefring12'f0rmﬁ1atea scaling laws from the model date;‘based
on similerity considerétions. Acdording”ﬁo theSe, at equal 5
ratlou, dszerent partncle dlemetere require 51nter1ng tlmes, related

to the’ dlemeter ratlo by a power 1aw. Thus
a = radius.df perticle
t2§ times to reach'eQual E.ratiés,

' T t1) for partlcles of dlameter
2 (2)?0_0-0.-(6)
(=)

&, and a respectlvely.
1 .

;¢1 o

ﬂp‘ elequnent related to neek
grcﬁth'meehenieﬁey '

The exponentb'p‘ has a differenf value'depehding on the‘predeminent' Af
neek7gfoﬁth mechenisﬁ (see Table 1). Tts value caﬁ be-reiefea to
the Kuczynskl exponents ‘n' and 'm' by the relatlonshnp p = (nem)i.'
‘In order to explain the shrlnkage whlch occurs on 31nter1ng, one
of the~necessary postulates of thevKuczynskl theory 1s.that the-
centres of partlcles must approach each other durlng 31nter1ng.' Thus,
"vacanc1es dlffu51ng out of the pores between partlcles must be |
absorbed and destroyed, to allow the partlcles to shrlnk. Kuczyhsici11

has suggested‘that the grain boun@ey;es_between theApartlcle necks
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act as_"s:nks" to absorb the vacancies. Acoording to ClapSOn end
19

Robms and Barneszo, these vacancies are absorbed at the gran.n
boundaries, and destroyed by the removai of planes of atoms edgehext
:to the boundaries. Othervp0351ble sinks are the partloee_sgrfaoe,
end dislocations within the parojoles? but neither of these sinks
produce an approach of.particle oentres, merel& causing:shape
changes in the sysfem;' Van Bueren and Horﬁétra126 postulate a
mechan:sm of vacanoy removal by the steady relatlve shear of a
curved _grain boundary, the sheer stress necessary to accomplleh
thls~ar131ng from vacancy gradients within the boundary. 'However
Coble and Burke9 point out the lack of metallogrephlc ev1denoe
'supportlng thle model. The p0551b111ty of dlslooetions absorblng

vaoanc1e° by cllmb to form tllt boundarles has been oonmdered1 6

G:Lf'klns1 27

revrews meohanlsms by whloh grain boundar:es can act

©as yaoancy131nke_efter pores»are cloeed off and oonoludesutoat they
onl& aco as sinks;When they arerlioked fouthe3freé‘eurfecedbyla

‘ contlnuous peth or when there is a. small oompreselve applzed strese‘
whnoh Wlll help to remove vacancles by greln boundary sllding.:

21, 22

It has also been-reported - that the same tlme 1aw of neok }-K

‘growth 8pplles, with and w1thout the presence of graln boundarlee

between the_partloles.' Thus neok growth can occur w:th sinks otherrj, f.

'ethan grain boundaries in operatlon.’ It has been po:nted out that f?i'

_ the total shrnnkage accounted for by suoh models is extremely small,‘
-amountlng to some: 37 of the whole, and therefore hes liftle value
in descrlblng the behav1our of real powder systems. L

_ The formatlon of necks by pure surfece or grezn boundery
.dlffusion mechanlsms must ‘not be overruled and has been supported

8, 23 25 -

“by several authors . The latter authors 3 25 claim that 3
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surface diffeeicn is impofteht in the~sintering of‘ooerse powders,
whilét volume diffusicn is operatieg in finer powdere. The ceeis‘
fci fhéii argomeht is that coarse powder. show very little shrlnkage
idurlng smntering, whereas flne powders shrink to a much eater
extent., Since a surface dlffu81on mechan:qm doeo not prcduce
'approach of centres i.e. shrlnkage, it is assumed to be the cperatlve
. mechanlsm W1th the coarse powders. Expermmental.ev1dence for thls -
was pfcvi&edAoy Fischmeieter»ana'Zahnzh,wcrking on Iron, who compared
DiffusioniCoefficients and Activation Enefgies,.obtained from>$cfatch
heeling end'fhermalegfocving-experimehts with those cbtaiced}from
neck grdwfh‘measuremenes on wire‘bundles and from’the'siccericg of .
iroh cowﬁers (see Tables 2.>and' 3).'- The resclcs shcﬁed»gcod
.agreement and therefore surfaoe dlffuszon was ocnszdered to be the ‘
operatlve mechenlsm.durlng-the neck growth stage of s1nter1ng,. They
cbfaiced an exponent ﬁ ='7vfcr:the neck'groeth ccaellwhich egrees
witﬁ the value derived by Kuczynski for sUrfece:diffusicn. The
argchent ageinst surface diffusicn eechaniSms is besed largely’on'
the welght of experlmental ev1dence from a w1de var:ety of materials
:g1v1ng n.= 5, the Kuczynsk1 exponent for volume diffusion and alsc
on the fact that rio approach of centres is possible u51ng this
‘model. The Kuczynskl exponent n 7 for surface dlffusion has been
cOnf1rmed by Rockland26 but crlticlsea by other authors13’ 1h’ 15’ 27
lelchols 7 calculated theoretlcally that 'n' ranges from 5.2 to 6 5

'fcr model sinterlng and concluded that surface dlffu51on was dcmlnant '

ife in all w1re sinterlng experlments to date, on the baszs that values '

115

of n, close to 5 5 were obtalned., Recent work by Matsumura on
1rcn wires has obtalned the Kuczynsk1 value of n =7 at temperatures‘

, below 1050 C, whereas the value of n = 5 was obtalned above 1250 C.



This fact was ihterpreiedvas e'change in sintering7heehénism from
surface to volume dlffu31on at hlgh temperatures as suggested by

2
other autiors h‘

Other possible mechanlsms of 51nter1ng for whlah rate expenents :

have been caloulated are Evaporation/bondensatlon1', Viscous Flow ffi
eﬁa,Plastic Flewé. However, Sﬁpport‘for'theee mechanisms is_not |

: wideSpread owing to a lack of ekpefibental evidehce; exéeet'in'
certaln SpGCIallsed systems 1nvolv1ng materials of hlgh vapour
pressure,'or v1scous ‘solids. Thus, 51nter1ng by Evaporatlon/
Condensatlon has been reported 1n Zlnc 0x1de at 10500028 whllst

flow has been 1dent1f1ed by the movement of 1nert markers in glass
and organlv materlals (e.g. Cellulose Acetate) 9._ Macken21e and

Shuttleworth3

and Clark andWh:Lte31 have proposed theorles of
sinteringlﬁaeed.en plastie flpﬁ,?@etlvated by au;feoeftens;on,.and
ebtaihea eeMi-empirieel,eqeatidns which.agreeé'weilfwith expeeimental
ehrinkage curves. Hovever, considera51e;doﬁbt ekists as iovwhether »
the yieid poine fef plaetievfloﬁ'is.eXGeededeinvmost syetehs'by thee
action of surface-tenSion elohe1., | | |
It is possible to reconclle the dlffu31on and plastzc flow

theorles to some extent if one con51ders the transport mechanlsm ‘
' to be a form' of Herring=Nebarro lefu31on Creep, 1n”whlch creep
occufe by mdvemeﬁt:of'fecancies from.graih-bouhderies:unde? eltensile
sﬁrese,_texthose‘under a eompressive stress and. is bpefafive ef
higﬁlﬁemperaﬁuﬁeevend uhder.loﬁ‘sfresses. vDiffueion Ceeep'ﬁes beehv“

;euggeste& by Pine332 and by'Lehel agd Zﬁeelijé, tﬁellattef_ebtaining
‘-Ia shrinkage'rate'difecely proportionai fo the‘strees. 'The‘Stress-
concerned may be elther an externally applied one or one generated

 in the neck due to surface forces., As th;s stre53115;1ncreased durlng
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s:nterlng, so the shrlnkage rate dependence on stress alters,»
beoomJng proportlonal to stress raised to some power whach varies

with meohanlsm.' This change of stress exponent from unlty to

higher orders, is the demarcation point between preSSurelessfsintering,
%here stresses ocour in the necks of‘oopper poviders (< 150Mm) of up
to approﬁimately 1vkg./5m;2, (98.1 kN/h.g) and hot pressing yhe:e
higher externally applled loads are useds This value is considefably
less than the stress in the necks of the partloles calrulated |

vaccordlng to equatlon (1) given by other authors11

andnquoted-as

4000 psi (27.6 mN/m”) for hOju m copper powder. The differences

. are presﬁmably due to‘barticle size effects, and ES‘pointed out by

' Johnson125; the stress in the neck'incfeaSes as particle size .
decreases, poss1b1v exceedlng the yleld pOlnt in very small sizes.

' However, thls contrlbutlon of plastlc flow to s;nterlng would decrease
‘ rapldly since the stress decreases as neck growth,occurs‘ua

2.3-.The Importance of Grain Boundaries and Models of Last Stage

Sintering
Mackenz1e and Shuttleworthso argued that 51nter1ng could not
~ occur by dszu51on, because the -observed rates were too great to be .
acoounted for by-the dlffu51on'of.yacan01es 4o the free surfece;
'.. whlch acted as the vacancy 31nk. ﬁowever; Nabarr03§ anacﬂerfingjﬁ :
1 have shown that vacanvles formed at pore surfaces can be dlscharged
. et graln boundarles adgacent to the pore, as well as at free surfaces.

"eIn thls wey, the need for large vacancv d1ffus1on dlstances was

‘obvaated and experlmental slnterlng rates were eXplalned An terms of.

x‘; volume dnffus1on, with graln boundaries as the vacancy. 31nks.

Mackenfle and ShuttleworthBo

further proposed a shr1nkage
mechanlsm based on plastlc flow, W1th surfaoe tensxon as’ the

-motlvatlng force. »However this theory. has been d1scounted ‘on the



- 24 -

‘grQQnds’th&tkﬁhe yield poinf of the materigl_will not normally

be exceédea, during sintering, by the actién of Surféée‘ténsion
aloné.: |

 The imporfance of grain boundaries as vacénqy sinks during the'
'densifiéation stage of sintériné was first emphasiSea ﬁy'Alexandér
and BalﬂffiBs. They studied the progress of shr;nkage of tubular
vozds within a spool of copper W1re, and noted that shrlnkage .
‘occurred only 30'long as the voids were connected by graln-boundariés.
vAs soon &s dlscontlnuous graln growth occurred, many pores became
1solated wmthln gralns, and virtually ceased to shrlnk. Kuczynsk1;7'
examined the problem of shr;nkage.of cyllndrical pores on a-volﬁme
diffusion basis, postulating fhe graih boundary intersecting the’
pore, as the sink fbrvvacanqies.: He arrived ét the foiléwihg '

equatibn for pore,shrinkage.

H -
1l

ofigiﬁal“pOre radius
r = féaiué at time "t'

D = coefficient of self diffusion

IR - o vof matérié1  | |

»%rj- ='r'°3’-‘ —BLRTE t "“.»"(?). , = Atomic Voiﬁine’_ :

Surface Tension -

o <
u C

= Géé anéﬁanﬁ/bdle.

T = Absoluté Temb -

t = tlme from start of s:nterlng
,Thls relatlonship was verlfled experlmentally by Kuczynski and
Ichlnose38 worklng on tubular v01ds, obtalned from tw1st1ng together
: threg copper wires. In the same paper, an explanat;on.was offered
of the $oica11ea "Sauérwala temperature", which is the "temperature

‘at which exaggerated grain growth occurs Withvéintériné times of a
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few hours". Kuczynskl explalned this in terms of the inhlbltlng

action of pores on grain growth, usmng the well known Zener

vrelationsh;p51
gf= Maximum limiting grain radius
of curvature when restraining
E{. \ ........; (8) effect of pores exectly balancee
3 f

dr1v1ng force for graln growth.

n

r _radlus of 1nclu51on or’ pore

f = volume fraction of’incluSions”

it

’ Thus, dur1ng sinter¢ng, 'r! and f alter continually, unt11
the 11m1t1ng graln 51ze, glven by Sf s 1s larger than the actual .
graln 51ze of the compact. When thls occurs, rapld graln growth
ensues, at thms "Sauerwald" temperature. .

The klnetlcs of grain growth in porous comoacts haee been -
hO,:hi -

‘.'studled,by several authors ‘and the relatlonshlp

”Mﬁo

= inltial graln sxze _
: : | # grann 51ze at tlme t
3 - ao3:=_K1(T)t ....ﬁ..(9)'.Kﬂ(T) = Constant.whlch varies with

'.Tempera£Ureioe

‘fﬁ; tlme of sznterlng

ll

has been obtalned both emplrlcally and theoretlcally.

Further stud1es on the closure of 1solated pores durlng

: s1nter1ng were oarrled out by J. Brett apd L. Semgle 9

They worked

.. with copper and nickel w1res contalnlng dlspersmons of flne alumlna

:’_powder and concluded that 51ntering in the nlckel W1re ocourred by ’

a dszusional process rather than a v1scous flow mechanlsm, 51nce in
A the 1atter case, movement of the alumzna partzcles into the neck

would have‘been observed, and this was not evmdent. However, ‘in the -
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case of. the coppen/hluminabwireé, marked;inhibition'bfASinterihg
was noted and the central pére failed to disap?ear after very long
sintering times, suggesting that the presence of the alumina markers

interfered with the sintering process.

2.4 The Sintéring ofiMetal-P6§defs.vk
Thé ﬁge of model GXperiments provide valuable‘informati¢ﬁ on N

the initial and final stagés of sintering, but the densification
' stage‘islléréely‘abéent from fﬁeée models, and it is this stége'whioh
cﬁaracﬁériées thé sintering of fe31 pbwdéréﬂ? -

Studies of the deﬁsificationvstagéfin_real powders qtilise
"vthe méthod of measuring the‘dimensioné,’6r'aensity‘of powdef comnacts
as a funotlon of sinterlng tlme. Often, the densnty or dlmensnons
"are better represented by standardlsed values, havlng maxlmum values

: of un1ty or 1nf1n1ty .'

€. -Vb - Vs' or Ds’ - Do  where Do/Vo = pressed or "green"
' Vo - Vth - Dth - Do R ' ‘
L - - density) R
' of compact
volume )- :
Ds/Vs = . (den51ty
’ - 51ntered(
(volnme
- Dth/Vth = : (dens:Lty .
theoretlcal( '
(volume

of bulk metsl
‘Thé'qﬁrvés obtained ffom»éuch‘exﬁeﬁiméﬁis»hdvé Beéﬁ fiftéd,ﬁoféni
' ~é§uétioh:cf thé;form: | |
| | D= Dénéitx or stén@arﬁiseéh_A
paraﬁeter' |
'_D_=ktn' ('10)} E _ t = time
. S i 'k and n are constants, n béing

" called the raté exponent. °
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Physieal 51gn1flcance has been attaohed tokthevvaluesbof 'n'
‘determlned from log/log plotq of sintering data, in that values of
"n' (the slope of the lcg/log plot) betwsen O.l and 0.5 were
consldered ‘indicative of a 1att1ce dlfoS*On mecharlsm,_wherees
vlesser slopes (-*-O.,} were taken to 1ndlcate grazn boundary or:
SurfaceadlfquIOH. The Justlf;cetlon for these assumptlons eame‘
frem eork by Kchynski and IehiﬁeSeh2, who derived equatiens-for’
the rate of shrlnkage i.e. approach of centres, of the spheres used
in thelr model experlments. However, as po:nted out by Thumm]er and
Thomma1, these models“eceount for only a few percent'of the actuel
shfinkegevtﬁef takes place in the sinteiing of & powder, and no
_account -is taken in the model experlment, of' the very 1mportant
1nf1uenee of graln boundarles on the processB6. Thus the value of
1= O h c&n only be teken to represent 1attnce d1ffus:op 1f it is
obtained in experlments involving the ve:ypearly stages of 51nter1ng.
i .Largef amounfs of shrinkagelleading to values of ‘ﬁ'.of'fhis order
must be regarded as’ aorldental1. | | |

Many workers in this fleld have attempted to compute actlvatlon
energies for the snntering process from a study of the: klnet1cs |

1nvolved.; The rete of 51nter1ng is assumed to follow the Arrhenlus

law.
. . .“O . .
T = Temp -in "Abs
' : Q ' = constant *
Rate "'Ae /hT 'YEXKXD (11) S ) . o
'R = Gas constant in cals/mole. K

Q = Activation energy.cels/mole‘
Accordlng to Jordan and Duwezhs, the rate'may beicomputed froﬁ the
time to achleve a conotant den81f1cat10n, and the logar;thn of this

quantlty54plotted agalnst»the reclprocal of Absolute temperature,
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enables the activation energy to be determined from the eiope of the

graph. The_veluee obtained from such & oalculetion ean-then’be

eompared-to the energies detérminedvfor pureivolume, grein‘boundery-

-or surface diffusion mechaniens, obtained from radionective traoef

o meaeurenents_and other techniquee. ‘Tables 2 and 3 respectively,
,show'ectivation‘energies andvDiffusion coeffieients'for.voiume;
'grain boundary and surface diffusion in Iron, and also actlvation

, energles determined from 81nter1ng date for a range of Irén powdere;

| Many attempts have been made to'summarlse shrinkage date in the

ferm of»e'generel equetion, and the fo:m

véé%%' = Fractional decrease in
length
"t = time

A cmen-F)" e )

'Tehperatufe K .

R Gas Constant 
A,Q,n - eenstants"'
has been widely used, since actlvation energies and valuee of the
\exponent 'n' can be. determined, as mentioned previously. The fact
that these calculated values, often are time and temperature dependent,
throws the form of the equation open to doubt .« |
Slnterlng deta can -also be treated as a thlrd order chemical .
reaction as in the case of Vanadium Carbide7o whloh yielded an
equation of the form , | : TR
' | péi: Initiéi Poroeity
. - . ‘ | iniceﬁpact'i
kt‘= %(1/b2‘- 1/b°2) veseases (13) P é Porositylafter
| o : I ) sintefing for-tine t
| k e‘oonStentv? IR

However,,thie approeeh does not eppear to have been'tested on the
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131nter1ng of metals. : _
One of the mOut successful equat:one is that due tc Coble7
who pred:cts a llnear change in densification rate when plutted

-aga1nst log tlme.: In 1ts modlfled form1 thls equatlon is representec

as

dp/dt = Rate of‘change of porosity'
with time
‘K o= constant teking into account

geometrical faetois

1

: Bulk Diffuision Coefficient
-dyﬁt:-ﬂ%ﬁvo _ RN
" E : . Surface Energy

fl

D
s v
3 oo-i.i(“l}:)» g
- d” RT T ’
: Vb = Volume of unit cell
d = grain size at sintering |
time t

R

"

geSfcenstenti

Ir the grain growth 1aw, mentioned previouslyl‘L ? h1 (eq 9 Pe 22) is

comb:ned wlth,thls-equatlon, then the logarithmic form results e.g.

_K" = constant
'p, = Initial porosity at
| time t
| | - . T Y
T - sintering for time t
ot =Tsﬁar£ing time for

. 51nter1ng._

Th3= law has been confirmed expernmentally by Coble h1mse1f,-
on alumlna, wnth and without magne31a aadltlons to control grein
growth. The equatlons have been shown to represent the sinterlng
72

data for iron- of e:ghf micron partacle size’“ and for very flne
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(2 - Bf*m) cobalt and nlokel powﬁers73
: Logar1thmlc shrankage 1aws have also been obtanned on 8 number

I =79

of metal oxides’ 5 as_well as on molybdenumS (perticle size
2 = 6Mn), and'tungsteﬁ&' (perticle size Culi5~» 0,884 n). The .
mechanism of sintering proposed ih>£he Coble model is.oné of 5058.1,7
elimination byvtheelattice diffusion of vaoencies“f:omvtheeporekto
fhe.gfein’bounaaries;YWhere-anhihilation occore. ?hps_thé=logefitﬁmic_
| law wouldvéeem tovprediot volumeidiffoeion mecoahisms fob’a eide range ,
 of,fine powéere.” | o | |

The ihfluencevof grairxgrowth on‘norocitf in eintefed cafbonyl'
iren has been studied by Frydrych ;; who stra:n annealed this L
"powder to 1nduoe graln growth and porosities in the renge 9 7-Jv10 3%. ’fv
'Subsequent 31nter1ng in hydrogen at temperatures 1n the range ‘
700 - 890 C, gave rlse to two actlvation energ:es v1z 19h kJ/hole e

for fine gralned iron and 355 kJ/hol for coarse gralned iron."He‘

oonoluded that the shrinkage process oan be arrested by controljing

_the graln growth.

_~2 5 Other Factors affectlng the Slnterlng Process

Many other factors can be shown to 1nf1uence the 31nter1ng
process, and the prlncipal ones are
-~ (a) Effect of Green Densmfy

(b) Effect of Oxide fllms on metal surfeoe

(e) Effeot of s:nterlng atmosphere
(a) 'Effeot of Phase Change.. -

24501 (a) Effect of Green Denelty on Slnterlng ~”'e

The effects to be considered are
(1) increasing contact area between particlesijthyincreesing .

green density
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(ii) -introduotdon of elastic or plastic deformation between
partioles. |

(ii1) damage oo surfaoo leyers such as oxides, and

‘(iv) entrapment of air and gas at high green densities.

The first two points (viz‘(i) and (ii) above)ihave received
‘little attention in the litersture, the maiﬁ_source of effort being
directed to changes in pore structure during odmp.action82 and the
effect of green density on sintering ratesB; The former work on
changes in poro structure during compsction is outside the scope of
this review, whilst in the latter case it was reported that sintering
rate was greatest at 1ow'green densities when moasufed at the same
time 1nterva1 from the start, although the 31ntered densities attalned :
were always less in the case of compacts pressed 1nitially to low |
' values of' ,greendensity. | | | |
Cold weld1ng at the 1nterface between partioles has been
» investlgated by Nlcholassh, who showed that the ox1de films are’
‘cracked by relative motion against each other rathervthan_by the‘A
compaoting pressuro. éas ﬁfassuré éffécts»are noted at high green
' den31ties, when gas inc1u51on in the pores can result in expan31on
" rather than shrinkage., In this context, Plnes, Sirenko and Sukhin:m85
dobserved growth in Copper compacts when the 1nit1al poroslty was

less than 1&% The effect inereases with finer powders.

2.5.2. (b) Effect of oxide films on the metal surface
Oxide films on the surf#ce of the metal drastically modify
Sinterdog'oehaviour. For‘rapid sdntering to high temperatores,
reduofion.of thé oiide should be as complets as possible before‘
shrlnkage commenoes, in order to 8V01d 1solation of the oxide film

from the reduoing atmosphere. ARamakrlshnan etal have shown that the
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sintered density of a number of metals, processed according to‘a
standard cycls inoreased with thickness of initial 6xiﬂe film, up
to a maximum thickness (625A°‘for iron) and then decreased. The
effect was aftributed to the extre surface activity of the clean
metal, when the oxide film is reduced. Other effects‘of such
films are reviewed by Ruséellss.

2.5.3. (¢) Effect of sintering atmosphere.

" The effect of atmosphere on siﬁteriﬁg hes been studied by
several authors. Rhine389 reports that a rapidly diffusing gas
such as hydrogen haes little effect on rate of ohﬁhgé of pore size
during sintering of copper powders,but a iess mobile gas s.g. argon,
cen markedly affect the process. Alsc on coppér, Céiow_gnd Tottlego
report that the temperature of maximum shrinkage rate is
approximately 36600 higher in argon then invhydrogen atmospheres.
‘Fischmeister and Zehn"t heve shown & marked dependence of sintering
kinetics'on dewpoint for electrolytic iron bars sintered in hydrogen.
~ The acfivation energies also éhanged from ,
| 191KJ/mole —»224KJ /mnole ~3> 306K /mole
4565 —53:5—73.0 keal/mole
for dewpoint changes from »60°C~%?O¥%>+YO°C, and they cifé this as

evidence for a surface diffusion mechanism of sintering.

2.5.k. (d) Bffect of Phase Change.

Thé’princiéal effects of phase change on siptering are associated
with the volume changes which oscur, and the chenge in diffusion
rates,‘accompagying the change in crystal strﬁcture1. Detailed
vinQestigation of these points have been undertaken with particular
reference to iron. ‘Thus Gjosteinﬁ28 compared both surface and |

volume diffusion coefficients for o and ¥ iron, at a temperature of
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910°C and found that _
’ el

ps® Dlattice
—, & 8 e = 200.
Dsg ‘ Dlatﬁiceg '

Cizéfon.eta1h5~k7, workihg on iron powders have shown & greater

rate §f'shrinkage on sintering in the b phase than in the § phase.

The ei/g transformaticn rosulted in a 1arge inorease in grain

size, thus entrapping pores ﬁithin the grains‘and'leading to &

lowering of density. They obtained gn activation enefgy for sintering

in the &\ phase of 167.4 KJ/mole (40 k cal/gm atpé) which they

attributed to grain boundary diffusion,'ana 293 KJ/mole (70 k cal/

gm atoﬁ) for 3 phase sintering, which is close to the value for

volume self diffusion obtained by tracer techniques (see table 2).
Poster and Hausner86 repdrt that lower densities-aré attained

b& sintefing in thé § range than in the €4 range which they asspciate'

_wiﬁh~the larger grainskformed Jjust. after transformation, reéulting in

a decreased coﬁtribution of the grain boundaries to sintering. This

is in general agreement wifh the increase in graiﬁ size observed by

Cizéronh5-h7 abové; Hdwevef, considerable grain size §afiations

oceur on”heatiﬁg to higher temperatures since‘Postér and Hauéner86

report a degreasing grain size on sintering at temperatures up tb

2000°F (1093°C). Singh and Housemen' 22

extend this temperatﬁre to
1&0000, noting that grein size decreases markedly between 4350 and
dLOOOC, but above 140000,‘abnorma1 grain growth seems to occuf

resulting in & lowering of densification and isolation of pores

within grains.

2.6 Production and Properties of Ultra-fine Powders.

Interest in ultra-fine powders stems from their applications

92, 93

in fine particle magnets91, aerospace applications”” and for
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high temberature dispersionAharéenéd'alloysghe
| Fine powﬁers‘have been of:considerabie interest.in:rhe magnetic

.field”for‘meny years, since ihey are cepeble of being compacted to
,form maéneis of high remenence and coercivity, resulting in e'high -
‘ BHtmax value compared to other magret meteriele. The main érewbaok
to their'use is‘aeSOoiateaeeith their inherent oyrophorioity arising
from the fine perticie'eize.. The interest of the eeroepace industries
etems froﬁ the possible use of these materials as magnetic meterials_
and as high strength, temperature resistant alloys. Attempts to
overcome-the‘pyrophoricity broblem in this field; involve a combined
reducﬁioo.ahd sintering operation performed ohviron'oxidesjmixed Witﬁ 
seifableeaisoerse'oxide phase593 A more recent attempt117, giviog”v'
-powders stable up to 140 - 180° C has been to coat the pertlcles
| w1th a’ thln plastlc film by a method of surface polymerlsatlon.
Suoh.powder shows promlse:of appllcetlon in the-fleldS’of permanent '
magneos end magnetic recording epparatus; Many other methods of
manufacture of such powders have been reported in the 11terature..
Vacuum eveporatlon95 of powders has been trled successfully in the
| Unlted States of’ Amerlca and a w1de range of powders produced for
2use in dlsper31on hardened materlals, Productlon of flne powders
»from plasma Jets have been reported by severel author596?;118;v119,'v
':produ01ng both metal and ceramic powders in this'way. 'The:oonreﬁtiooel
:;method of ball mllllng has been tried by other workers. éuatinerz A‘ |

97

‘-Schaeffer and Smeel report thet powders of flve dlfferent metelsA

(Cu, Cr, Te, Ag and N1) were obtalned 1n sizes less than 1.0)lm, by
4’gr1nd1ng in alchohol using certain 1norganlc salts as gr:ndlng aids. -

98

A new the of mlcro-rolllng m111 has elso been reported - as belng

»capable of produclng flake powders snbstantle]ly 1n the sub-mlcronv
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The prepo}ation of fine iron‘powdefs for use in magnetic
materials has been based malnly on the decomp081t10n and low
temperature reduction of ferrous oxalate, formate99,_o: one of
the.oxides of ironhsi 91.f The suosequent pyrophoric powdersimodo
in this way ﬁere handled under benzeﬁe, and were pfeSsed aod
_'sintered whilst étill wet with benzene . Very little published
informatioﬁ:is available on the properties of these oaterialsfothér;
_than magnetic ones. Bowevef Cizefon;'Hui and Breugnothg, have
prepared submicron ifoﬁ powders by reduction of précipitated,iron
oiidé,~and'ha§a studiedvtheir.ointoring’Behaviour using a dilatometric

'~method. - They showed'cooéiderablo éhrinkagébon sinteringvot- |
"-temperatﬁreé of the ordof of 300°C for'powders ofiopeoific surface

_oroaVBﬁ?/ém (pfeﬁaréd by reduotion_of oxideiof:speoific sorfaoe -

1750°/em, at-femperétufés in tho rahge_300v¥_?OO°C),-oThoy noted
fhgt sﬁrinkage sfopped.as soon as the specimen attaiﬁed thoifuroace
,temperature ﬁndér-isofhermal sintering oondiﬁionsqb Activation
| eoergiés for sinforiog were in the range 58;5-4553;5 kJ/hoi.' 
V(1L.->20 k oals/bole) which is too low to correspond to any of the
knoWn dlffuslon processes.» The authors con31der that plastlc flow

is a p0381ble meohanlsm. .The conaltionS»of preparation.of the

f\ powﬂers were also shown to be important in this paper. Thus both

the temperature of reductlon of the oxlde,and the pressure of hydrogen
"used in the reduct;on,lnfluence:the subsequent 31nter1ng oharaoterlstlco
offtho_iron powdor. 'Iq«thejfifSt case,,asithe'témperatufe_Of feduotion
is raiéed; the'specific sorface aiea-of the powders decréaées and

the &mount of shrinkage on subseouent_sintering'of the iron ﬁowdér

‘decreasess In the second case, powders prepared under reduced
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preSSures.of'hydrogen, or given a heating freatmentiin #acuo, prior
to sihteriné‘showed greeter shrinkegelthen those oreeafed under
pressures ofdhydrogen‘close to'etmospheric pressure. Hoeever the
| staft Of shrinkage'was delayed compared to the powders prepared
vundervhigh pressures of hydrogen. "The effectIWas more pronounced
durlng contlnuous 31nter1ng to 900 C than durlng 1sothermal
slntarlng, and this effect was 1nterpreted by the authors in terms
of a more rapid and greater desorpt;on of hydrogen on contlnuous
heatihg‘eompered.tobthat occurring under isothefmal conditions.

N

Caimen has also studied. the preparatnon of iron powder,
_startlng with flne iron ox1des, and hls results show 31m1lar
‘trends to those of Cizeron etelhs, in that partlcle size 1ncreased
w1th 1ncrea31ng reductlon temperature from approxlmately 250 A at
250 C to 500 X at 350 C._ Partlcle size was measured by electron
mlcrosoopy.and by examinlng back reflectlon X ray photographs u51ng
& micro~photometer. Thls latter method is usually accepted as
being a measure of crystalllte,rather than partlole 51ze. If this
~is the case, then the authors results of 110 A for precxpltated
1ron oxlde, 180 A for 1ron produced from this powder by reductlon
'at 280 C, (both results obtazned by measurement of electron

micrographs) and~the.X rey value of 250 A for the same powder;

.throw some doubt on the conclu51on that the 1ron partlcles are

f..seperate onystallites. Presumably the high value obtalned 1n the

X ray work could be due to 1att1ce stramn, Whlch does not seem to
-have been accounted for in the method used to determine partmcle |
sizes

130

Franklln, Campbell and Welnman have considered the problemsi

of measurlng particle s1ze, by employlng eleetron mioroscopy, X ray'
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line‘Eroadeeingrah& surface area measurements to measure the size

of & number»efvfine iroﬁ powﬂers; Their resuits showed geo& agree-
meﬁt Between X rey'and.electron-microscopy measuremehts, but surface
Aaree measuremente_ﬁere usually greater than either of the previeus
metheds,‘ The suggeetedvreasenvfor this was thai the particles were
.coated wifh oxide, which is taken into'abceunt'in-suvfeve area
measurements, but not in the other teohnlques, belng presumea
transparent to the electron beam and not counted in the X ray methoﬂv
bs*nce 11ne broaden1ng was measurea on the (110) 11ne of iron onlye.
‘The authors point out thatvthls latter_techn1que necesearily omits
any.censideraﬁion of_linevbroedeniné due to etrain, so the good

' agfeement~with electronvﬁiereseeby results may be fortuitous. One

' of the:pow&efs studied in this quk was .of the carbenyi'type, which =
gave very broad X.reyviines, indicetiﬁgeaecfysﬁallite diemetef of"

80 X, compared te the'partible siie meaSuréd by eleetron mieroscopy .
of é/“fﬁ; Heetlng for two hours at LSO °c con31derab1y sharpened the
13nes, suggebtlng the relnef of stresses and/or the growth of

: crystallxtes. Thesefeffects arevwell known w1th carbonyl‘lron end
are referred to in the:hanufaefurers informatioe en fhe’MCHP'grade
carbonyl iron»used'in the cuffent work.e Thus ‘the spherlcal carbonyl
1part101e _consists of an onlon skin type of. structure composed of
layers of.fine cpystallites which can be made to gpow.cqnsiderably
by'anhealing.~ o ~ -
The act1v1ty of iron exldes prenared by prec1pitat10n from
,-solutlon ana calclnea at various temperatures, has been studied

131 132

by‘both Gregg &nd Hill s andAPrycr dand Evans 7 . The former

authors ”  showed a continuous decrease in specific surfsce area

‘as calcination temperature is increased. This is in marked contrast
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d to-the beheuiour'shoWn by other‘oxides, such ee alumina end.megnesia
which show a pPak in the surface area/oalo:natlon temperature curvo.

} X ray evidence sugges tu that uhe reason for this is connected with

a lattlce ohange in bvoth megne51a and alumina, whereas for the 1ron‘
oxrde, ver; broad, dlffuse 11nes occur pr:or to heatlng whlch sharoen
"~ and increase in number on‘heetlng.g Al] the 11nes however, correSpond

toﬂ& -Fe These results are 1arge1y supported by the work of

2 3

Pryor and Evans1§2 who showed a contlnuouv decrease in the rate of
dlssolution of the iron oxide powder in acla, s the calolnatzon
_temperature 1nozeases. However in thzs work, the X: ray evidence
suggeets ‘that the "amorphous" struoture of the ox1de, oocurrlng at .
.room tempereture on]y in the prevxous work, per 1stq up to 300 C,

at wh:ch temperature the lose of comblned or. hydratedeater oommenoes,

_ The therma] decomp051tlon of oxalates has been stud1ed by

bolllmore and hlc 83800;8t681_0 121 who showed thut deoomp051t1ondii?i’
orcurred 1n1t1e11y by dehydratlon, followed by converqlon t0 - oxzde;dﬁ
Adw1th a maximum in a plot of-surfece area against,tempereture‘r;'
ocourrmng after the 1atter proceas.v’Iroﬁ oualeteS»aieo:show a
second maximum which is attrlbuted to a ohenge from en amorphous to
a orystalline form of ferrnc o?1de. Atmosphere effectv were'also
noted, oxaletea of Cr. Mn, Fe and Zn produolng oxzdes after decom- ne.‘
p051t10n 1n both air and nltrogen, whereas Co, N1, and Cu oxalates
. decomposed to oxndes in air but to the meta] under nltrogen.; These'?o

"reeults have been related by the authoro to the stab:llty of the

' oxndes u81ng free energy dlagrams of the El]lngham type..

9 1 g2 have studled the 1ron powders produced

Severel authors
‘from ferrous formete by deoomposltlon and reductlon routeso ThUo‘

9 '
Frenklln and Campbell 9, prepared hydrated ferrous formate below 150 C,
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andlfhen,thernally decomposeo it et'temperatures from 220°C to
ZSSQCiin veouoe X ray diffraction patterns of the resolting oxide,
seened io give a spinel etructure and was thought te consist of an
1nt1mate mlxture of FGEOL ‘and metallic iron. The distribution and
particle size of the iron was such that the iron.lines ﬁere'barely
observaole in fhe pattefn. The'resuiting indee'were subsequently
reduced at temperatures from 125°C eo 1.50°¢C using Calcium Hydfiae
(Caﬁz) under & low pressure of hyarogen. Particle and cr&etaliite
‘sizes were measured by electron mlcroscopy and X ray llne broadeang
reSpectlvely, both methods showing reasonable agreement, partloularlv
for the iron powders, although some of the ox1des were polywcrystaillne.
" The prlnclpal_oonclu510n’of the work was that each;oxide orxstallite-
producod one single crysfal ironnparticle, é fact which.was supported'
'bv the correSpondenoe between observed crystalllte and particle snzes,
_’and values oaloulatea on the assumption that one crystalllte of oxide
produced one partlole of iron. It should be noted howeVer that the
,‘X ray method employed 15 subaect to the same 11m1tatnons as those
discussed. prev1ously for the work of Franklln, Campbell and

13

We:nman (See page. 33).

A flnal mention should be made of the work of Amiel and
Malard122 who studled the.reauctlon of,ferrous formate to iron,'

utlllslng thermogravmmetry, dlfferential thermal analys1s and Xfrays,

o to follow the prooees. The former two techniques revealed three

.nstages in the deoomp051t10n,‘under different hydrogen flow rates,
'v1z the formatlon of an anhydrous formate between 120 and 150 C,
-the formatlon of an oxide near 510 C, and flnally iron forms near
580 Do | The hydrogen flow rate pl&ys an 1mportant part 1n the

reduotlon, partioularly on the form of the ormde occurrlng near
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51090,  Thus at low fiow'ratés, X ray examination of the products,
révealed the presenée of Féo, a divalent oxide having a spinel
strgcture:and traces Af iron, At high flow rétés only FeQ and Tron
are. found. The Splnel type OY1de hes been observed by other | |
a‘uthors135 and termed X FeG. Iron powders were also'prepared by
1sotherma1 heatlng at temperatures of 280° and 350 C, under dlfferent“
hvdrogen flow rates, ana measuréments of line broadenxng, crvstalllte

. size and lattlce parameter ma&e on thp powder« aftef storing under |
benzene at room temperature. All these propertles show marked changes
at fléw‘rates in the Virinity«of 19 - 26 1/%/@« which the authors‘
explain the terms of a rhan&e in oxvgen ‘content of the nowders from'
3.5 =55.5%, to less than O. 05%. It should also ‘be noted that the

_ powderq generally confalned carbon content° from 015 up to O. 3m-



- 38 -

3,  EXPERIMENTAI PROCEDURE

: 3.1._ Materials Used and Méfhods 6f’beparation

Three maein types of iron powder were useé irn this work: -~

(i ) Carbonyl Iron. (11)‘Powder obtained by the reduction of high
purity iron oxide. (ii1) Powder obtained frcﬁ decompoaitibn aﬁd
reducéibn of Oxalates. Analyses of these powders and the raw
: mater:als for their preparatlon are given in table 5
(1) The Carnonyl 1ron used as a be<1s for ;ompar7qon 1n thls

work was obtained from International Nickel (MOND) Ltd., Grade
MCHP, havnng an average partnole one (as determined by air »
nermeabilltv methods) of 7f4m (whe*e 1}“m 10“6m5 This matefial
'was Cho»en as a standard because of the large amonnt of publnshed
information on its 31nter1ng bghav1eur;

.(ii) Powaérvobtained from fine oxid@'réducfion:~ high purity .

ferrlc oxide (99. 9997) was obtained from Johnson Mathey Ltd.

Thlrtv gram lofs of thls were reduced at a temperature of 300 %
.in dry Hydrogen for 16% hours. The hydrcgen was purjfied by paSSing 
through a DEOXO unit (a’qatalytic,pﬁfifier-obtainéé'frém the Béker
' Platinum ﬁivisioﬁ of Engélharﬁ'Tndustfies Ltd) td ‘remove Oxygen
and thpn dried by passzng over activated Molecular Smeves (obtalned
from Unlon Carbide Ltd) The Molecular Sieves were act:vated by
hpatlng at 2%0 - 300 C for 2 hours, un&er a rough'vacuum (approx1mate]y

3

10 torr)

- On completlon of reductloﬁ the iron powder was trensferred in
thé reductmon chamher to a giove box con1a:nzng an Argon atmosph@ré.i
Heré, the reduction cell was operied and the caked powder broken up

} to abfree flowang powder uklng a mortar and. pestle. This powder

. was stcred in a glass Jar fitted Wlth 8 tlght 1id, 1nsxde the glove

_bom, since 1t tended to ngnlte spontanecusly 1f warmed sl1ght1y in
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air."All toe powdeis-étofed in thie way showed no weight inoreaseeA
over long periods of time. | |

t(iii) Powder'Obtaihea from deooﬁposition ana’reaoction of
Fertous Oxelateé— The Ferrous Oxalate used was obtained ffoe;British
ibfug‘ﬁouses Ltd. en&IWas standard Léboratory Reagent Grade eihoe no.
‘1oheeice1'firm; to oor khowledge, manufactured an "enelar" greae of

this material. Decomoositioo of the oxalate to a very fine iron

- oxide weq carrmeﬂ out by heatlng on an ordlnary hot plate at 100

150 % as measured wath a Meroury/@lass thermometer. Durlngvthe,
decompos1tnon the temperature rose_raplﬂly to about 180 f 200°c
(iodicating & stronglj exothermic reactionj ee'the-powdef changed in
coloor.from bright yellow to a browniSh-fedvoolour.t'Completion of
the deoompoeltion was 1pdioated by the thermometer regleterlng a
fall in temperature agaln and. a unlform red/brOWn colouratlon of
the-powﬂer. This ox1de, whloh wes}extremely fine,;was thep reauceé: -
un&ef the same-conditions es‘the pbwder pfoduced.ffohvthe'very ﬁigh
purltv oxide sbove. Even greater care was necessary 1n the handllng '
of this powder since it was qulte strongly pyrophornc even in the

i _presenoe of very small amounts of oxygen. Prevmous attemp+s at
combannng the deoompos:tion and reduct:on stagee elther by heatlng
at 300 C in dry hydrogen or by vacuum decomp051tlon and subsequevt

» reduct:on were ursuocessful due to the presence 1n the flnal product_
, f up to 0. 3% Carbon (oonflrmed by anelysns) Thls carbon probably_"
came from the orlglna] oxalate durlng decomposition 51nre fine »
iron oxides are known to catalyse the oracking of cerbon dloxlde '
g1v1ng deposits of f1ne carbon (cf Blast Furnace practlce where :

oerbon is dep051ted 1n the stack at around 300 - 500 C)
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3.2. " Apparatus

" %3,2.4. Reduction Chembers

The reduction chamber itself’consiéteé of‘a BFihch‘widE}nﬂck;
rourd bottom, Pyrex glass jer which was seéled at ihe,tbp.byla |
siliédne rﬁbber"o' ring diamped between a braés riﬁg and plate.
Through the bfaés pldte, on the top of thé jar, passed'two %'inchi‘
"1.6. copper tubes, s:lveﬂ soldered 1nto posntlon, one for gas 1niet
and tho other for gas outlet puryoqes. Both tubes were- cloqed off
on the top of the apparatus by qmall vacuum and gas t1ght brass tap
which in turn were fltted w1th compreselon type JOlnts u51ng brass
or rrpner ollves, 50 that the whole reduct’cn chﬂmber oe uld be
cmnnecyem and dzsconnacted from the gas pipe llne‘and reheating. ,“
'fufﬁace without allbﬁing éir to engﬁr thé chamber ifseif.b'Thé inlet
p1pp to the ﬂhamber was leng enough to extend rlghf down to the base f
of the glass jar and had & clospd end with very fine (—-;g ) dlametsr-lf

holes drllled 1n 1t, in order to ensure good dlsper51on of the gas :

throagh the powder bed. FTov131on was also made for a stxrrer to Ta"z'

pass through the centre of the brass plate, by means of an 'O' r ng
seal, but thzs was found to be unnecessary sirce the stirrer tended 7‘5
; to push the powder away from the central gas 1n1et, decrea31ng the 5‘1
gas/bowder contact area. The chamber was heated by means of an‘ _:‘
.Flectrothermal type mantle whzoh surrounded the chamber and was’J\%ii*'
 contro11edvby a Sunv1c-energy'regulator. Heat losseg were : further R
: m1nimlsed by lagglng the apparatus Wlth a: flbre glass cover and
.fcovernng the top brass plate by a 1ayer of hard asbestos sheet
_'(Plerrlte) In. thls way a unlform temperature was achleved in the
apparatus to about one. 1nch above the base of the vessel, whmch

depth more than exceeded the depth of the powder bed. The,gas_
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éreheatipg fﬁrnace consisted of two copper ﬁubes; oné inch diameter
and hélf ihch diémeter brazed oné insidé the other sd that éhe centre
and_én&s of_thé larger_tube were blocked off. Gas inlet and outlet
tubes, %<inch j.d. were braised intc the oﬁa inch dismeter tube énﬁ
tﬁe outlet tube connected up to the tép on the top of-the redgcﬁioﬁz
chambér by means of the‘cqmpreSSion joinf. Heating of this furnace 
was achieVed-by'ﬁeans,éf an'Electrothérmalytape WOund round the
outside of the one inch diameter tube and well lagged wifh-asbe$tos.
»strigg.v The furnéce control was again, by means'of a Sunvic énergy
regulator,‘éet to eﬁsure a uniférm temperatﬁre &istributién_in the
atmosphere of the reduction chamber, as described above. Figuré 2
‘snows a general vlew of the whole apparatus. On ccmpletlon of a
‘reduction run, the ﬁydrogen was turned off and the tapS'on the top
of the chamber cﬁosed. After coollng, the compr9551on ]olnts were {
unscrewed and the whole chamber transferred to the glove box for
unlnadlng.

3,2.2. Glove Boxes

'Tﬁo,glove;bbxes were ﬁged inﬁfhe current wérk, §ne containing
 a ten}toﬁlpreSQ (Fig; 3) for épmpacting thévpowdefs and thé other:
contaipihg an eléétric balance (Fig. L) for ﬁéighiné out samples’
. of;pQWder.;vath gldve boxes ﬁeré filled with-high pﬁrit& argon,
<.(Deﬁkpoinf - 1209?) supplied from large‘gaSscylihders, and.weré
;ﬂiushed throughjwith this=gas at weekly intervals, in ofﬁéé'fo-,

"maintain’the atmoéphere. Access to the boxes was by means of

' ~;.transfer ports whlch were fltted w1th 1nlet and outlet taps s0

| tnat the port could be sucked out by a rotary vacuum pump and then
leled with dArgon through the_lnlet tap. In this way_the pyrophorlc

powderé couid be handled without qontact.with the atmbSbhére.



- 42 -

' 3.2:3. Pressing and Sintering of the Powders C .
\' Pressing and sintering of the powderé was carried out in the
\ : ‘ :
| following manner. '
. L

Two gram samples of the powders were weighed out
in the glove box &and placed in small containers with tight fitting
lids.

These containers were then transférred to the eecond glove
box for pressing. A 2

" diameter "floating" die was used and the J.
die walls were lubricated with stearic acid, apblled from a solution
of the stearie'ecid in alcoﬁol.
éerder. .

No lubricant was uséd in the actual
After pressing, the "greén" eompacts could be safely

handled in alr, no welght increase belng observed durlng the perlod
of transference to the furnaee.

The . 51nter1ng furnace used was of the tube type, heatea by
six "uru3111te" (511100n carblde) elements, and controlled by an
on/off antlclnatory controller g1v1ng temperature control over the
perlods of tlme 1nvolved in thls Work, to wuthln -3 Ce. ‘
_ In order thet the_samples m;ght be 31ntered in Hydrogen "e,’
atmnspﬁeree ené fhe+ they_might be'traneferrea direetly to the hot
zone of‘thefferﬁaceA(in order to mlniﬁlse heating up- tlmes), the
arrangemehﬁ sheﬁﬁ in Figﬁre 5 ‘was ﬁtillsea

Thus the end of the
furnace tube was sealed u51ng the large neoprene stopper shown in

Flgure 5 and the compacts for 31nter1ng kept in the cool end of the

furnace, whllst an argon flow was used to flush out the tube for ‘a
perlod of flve mlnutes.

The argon flow was - replaced by hydrogen

~and the compacts transferred to . the hot zone utlllslng the molvbdenum
rod pa331ng through the 0 rlng seel.

At the end.of the‘51nter1ng
perlod the reverse procedure was adopted to remove the compacf

tn thp cold end of . the tube, 80 that coollng occurred rapldly under
a stream of argon.

No v181b1e szgns of ox1dat10n were noted on the
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_cempaefs treate&rin this way. The dimensions and weight of the
eompacts’were.recorded both before and after‘Sintering, so that "green'

and s1ntered densities could be calcuiateag

' 5.3. »Techniguesvfor_Studying‘Particle Morphology and Size

3.3.1. Gas Sorption Anelysis

.Meeseremeht‘ef pérticle eiée was carried out‘ﬁsing a fechnique
propeeed-bv Aylmore and Jepson100. This is.easieellv a ﬁo&ifieatich -
of the well known B.E.T. (Brunauer, Emmett and Teller) method of
surface areé measurement 01; Whnoh utlllses krypton as the adsorplng
gas, at liquid nitrogen temperatures; The amount of krypton
adsorped on the solid surface is estlmated from the change in volumes
of gas, before and after sorption. The krypton used was doped w:th
a small amount of the 1sotope 5Kr so tha+ the changp in connt rate
, before and affer snrp+1on, is proportlonal to the volume change. |
From a series of readlngs of amount of krypton sorbed, as 3 functlon

of reletlve pressure

(Relative pressure = ‘préssure in system R : o )s the
' i saturated vapour pressure at =196 c)

honblayef eapecify i.e. volume of ges sorbed tO'form a monolayer E o
on the surface of the solld, can be determined. Knowxng the area :
iof‘ene gas molecule, the‘tetal surface area of the solid can be
eétiﬁaféd.f o - |
The‘use of thls technlque fof the measurement of lew surface
102 ' '

'areas has been revmewed by Slng and Swallow .

3 3 2. Electron Mlcroscopy of the Powdere

i The morphology of the powders was studied us:ng an eleotron'~”‘
A mlcroscope technique.» The maln problem W1th such a technlque 15
- to obtaln 8 very small sample for examwnetnon in the mlcrosrope

whlch 1s stlll representa%lve of the ‘powder mass.¥ 0w1ng to the'r‘Ve-.f
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. pjrbphoric.nature of §§mé of the péwders used in this’wprk, sampling‘
had to take placebinsidé the glove on. The procedure adbpte&.for
samﬁling was to utilise a hollew tube &5 a probe into the powder
mass.' Several such probes were taken from various parts of the
powder and plaaéd into aAsmaliér container. The process was yhen
repeatea on‘this 6ontainer and subsequently on 6tﬁers of decreasing
size uﬁtil'é sufficiently small guaentity of poWdef was obtéined

for use in preparation of fhe.électron micrpséopé éamples¢~ Thié
sample of pow&ér wgs_trénsferréd to & solution of 1% Formvar in an
air tight‘container,gfof rémoval from'the glove box. In.order'to'
prepare ahielécfron microSCope film, small drbﬁleté of thiS«solution
were placed on &.clean slide and drawn out 1nto films u51ng a glass_
rod. - The fllm was then cut into sectlons small enough for mountlng
on an eleﬁtron mlcroscope gr:d ard these sectlons str:pped from.

~ the sllde and collected in the conventional manner. In order to makﬂ
the examin&tion mbre representative, several films were studied |
from varylng pOSlthﬂo on the slide (to obviate the p0531b111ty of
segregatlon occurrxng durlng drawing out of the film) for each of
the powders stud1ed in this work. No rigorous partlole size
qlassificétibn Wés attémpted; the object of the eiaminationvbeing

to giVe a.qualifétiﬁe éppreciati§n of sizg and;Shdpe, and to aﬁgmént

inférmation‘obtained from B.E.T. Work.

'3Qh; Dilatomefrié Stﬁdy of Pﬁase“Changes cccﬁrrihg in Sinterad. 
P&wdefs. | | | |

| In view of the unusual Behav1our of some of the pcwdere dﬁr1ng E
sintering in the nelghbourhood of 900 C, it was decided to try te
j..etermn.ne the exact 1emp>eratu_1'res of the 0{/ ¥ phase change on actual

powder compacts, to see if such behaviour could be explained -
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rationally in terms of thié phaéeichaﬁge;‘-oﬁevcompact wéé Sele§ﬁed1;"'”
from each powder, which had been sintered for periods of 4ime {‘ét_-?OCOC,
1onger than those likely to be’engoﬁnﬁered in the dilatdﬁéfer run,
' so %,hat the. tendency for fur?ther dnsificetion &uﬁng’the run, would
'be,miniﬁized.
. The dilatometer used was a conventional one, employing a silica

tube'gnﬁ a $ilic# pushrod, fitting neatly onto the top of the cémpact.
, Movemeﬁt ih thé:pushrod waS»aniﬁbred By a 1inééf diéplaqemépt‘. »
transducer and‘displaﬁed on a &igitéi'readout moﬁitor caﬁable[df}"i
re&ordingyo Ob1hﬁ. Oxidation of the sample ‘was min1m1sed by o
restrlctlng the throat of the furnace tube and flushlng through with
Argon gas S0 that a back pressure of ﬁrgon was maintalned in thn‘

‘ tube durlng the run. Temperature was measured on a Chromel/hlumel “‘
' ,couple, in contaot W1th the sample,'u31ng a Cambrldge potentlometer,
 'vead1ng to Q. o1ng. The counle was oalnbrated, prlor to use, aga1nst
a qfanuard Plaﬁ1nnw~”7ﬂ‘*ﬂum/ﬁ}7 Fho&nrm aoupiea‘ The heailnp ra?e |
empleyed was avprox1matelj 3¢0 C/hour, and arrests were recorded

 b0uh on heat1ng and ooolﬂng°

‘ 305. Measurpment of Graln Sl?P in the Q‘1ru,ered Compacts.:

Prvor to- the meaeurement of graln sxze, 1n1+1a4 metallograph:c'.
d:ff:culties were enceuntered in showzng up all the gra4r boundarles'
‘ sat1sfactor11y. The procedure adopted to overcome th1 was to etch
‘the sample forvlncrea 1ng lengths of tlme, dbserv1ng the sample‘
after each etch, unt:l deflnnte s:gns of over etchmng were obtalned.:;
The sample was then re-po]iqhed ‘and etched for a time Just short of
'thgt'corresppndlng to over etchlngu The method of measurement of
grain size.uéed is é yariani”ofAfhe standafd'1inea1_anajysis‘techﬁique,"

and_isidue'tc Hilliard116. ‘This method uses a circle of known
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diaméfer as the test figure, in plece of the more usual line, since
a circle'éqtd@aficaliy rendomises the direction of méaéurement,to
>allow for‘variétions away from the equi-&Xed shape ih,g}ains. In
this work, two circles of Scin and 8cm diameter were acocurately
drawn_én.a piece df.transparent‘acgtate4fi1m, which wotld be
positioned acéurétely’on the‘SCreen of a Vickers projectidn
microscopeo The magnification of' the micros;cﬁe on the screen was
éalibrate&>initi&11y using a stage micrometer and accurétely
meésuring the resuitant imagevén the écreen. To meaSurevgréih size,‘
thqfcircles‘were’placed~on the screen, and the nuﬁber of boundarieé .
ihtér@ecﬁing the éircﬁmférencé wéré counted.'.Ih this methodlbf
cuﬁnting,-grain_boundaries interéécting paraliei to the.cifcumference
weré couhteﬂ-in-the same way as BoUndaries actualiy cutting»it; ahd .
grain boundary tripie junctions were counted gsléne.énd.a half
coﬁnts;. In general, the pbie phase interfered in only-the.finef
gréin.sizes measured inbthis Work,'éna for theée‘fine graihs; the
boundary was con31dered to run dovn the mlddle of the pore (51nce
most of the pores were 51tuated at the boundarles) :Th15'wcu1d give
 rise to a s_mall_ error in the size ‘of the smaller grains,j 'errixig on
tb#.largé a valué for grain size, but it does not interfereiwjth the
Ugenefal;treﬁds-notéd in‘thé Wofk' the’moré éo sincexerrcrs alSé aroSé
‘from the fact that in some cases graln boundar:es, obv:ously pinned
by pores curved back on. themse]ves, two or three times. In genera],'
over one hundred graﬂns were measured on each sample, spread over.
six or seven 1ndependent flelds of v1ew, to ensure accuraoy of

measurement.
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)., RESULTS

it et ettt

4.4. Morphologv of the Powders.

The results of B.E.T. analysis on the powders are summarised in
Table 6, whilst Figures 6 - 10, show the respective adscrption
5 sotherms, and the B.E.T. plots derived from them. These B.E.T.

‘plots are obteined from the equation

J R + (€ =1) "
AT (1= T) = VmC VmC J

 due originally to Brunzuer, Emmett and Teller101, by plotting

X3 ageinst x

70 whére the terms in this equation heve the
AV (1-x -
=g J

fellowing meanings

x
& Vs

t

equilibrium relative pressure

"

Volume of ges sorbed at relative pressure x..
Vm :-Moﬁolayer-capacity of gas, i.e. volume of  gas required

to form a monolayer on the powder surface.

Q
"

Constant;'relateﬂ to the nef heat of ébsofption.on'the'
surface, | B
From>thé resultihg plot, the mbholayer capécit& Vﬁ is calculafed
since Vﬁ = (Siope + Intercept)-1. This valué cen then‘be used to
-‘éalculate thegsurfacé gfea_of:the bowder, ac¢or6ing to _

S =-¥?‘ N. Am. wheré" V_: volume of 1 mole ofbkfypfﬁn at NTP

T

L]

Avogadro's number

n

Area of adsorbed krypton molecule

. N o .
(19.5 £)° in this work X.

Am

The "point B" method for determining surface aresa, relies on the

estimation of the start of fhe_linear,region'of fhe4£kV5 isbthérm,

X5
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the corresponding §olume Being a measure of the ﬁonoléyer capacity192.
‘The,§aiues ﬁsed tovplot'the curves Qre’given in Tables 7 = 11.‘
EEiectron micrographs of the oxide poﬁders.used in this work are
SEan invFigurp. 11 - 1& whereas the cnrrespondlng 1ron powders
obtained by reduction are shown in Figures 15 -~ 18. A typlcal
electron micregreph of carbonyl iron powder is shqwn in Figure‘19."'
Figufe 26<§hoWs a éelectedvaréé'diffractioﬁ'pattern obtained from the
: pérticle of iron dxiae, ex ferrous oxalate shéWn in Figuré e Good
a"greement with the (110), (202) (204)(21&.) and(220) .rings fc':}'aL ~Iron
oxide wes obta¢ned on 1ndex:ng and comparlng w1th ‘the ASTM powder
date file (Card referenoe number 60&0?) The SpotS'appear to show

evzdence of a preferred ornentatlons

L.Qa- Pesults of Povder SJnterzng Experiments.

Le 2 1 ° DehS:LtV/TlmP Plots.

Dens:f;cat1on curves for the powderu after prqulng at 15 tes.d,
(231 Mb/h ), and ¢1nter3ng for perlods of tlme at 600 700, 800, and
900 C, are prreanied in Flgures 21 - 23 whereas the cnrresponaanp
va?uec of &ﬂnujtv affpr presvwno at 50 +.s.1o (770 MN/h ) and
s1nter1ng,~are shown-ln Flgures 2&-— 26.~ The data plotted 1n theqe
fngures is shown 1n Tables 12 - 14.

L2 2.' Sem1 LOgarlthmlc Plots of Smnterlng Data

Figures 27 - 32 shcw snnterlng data plotted 1n the form of

 5 Por051fy/iog t1me plots, 1n order to test fhe results obfanned Jn

) thls work against the 51nter1ng moael due to Cob1e7 (See Equatlon 1“)
,The relevant data for these plofs is glven in Tables 12 - 1&. For o
the purpose of these plots, densification is expra«sed 1n terms nf

_ fractlonal por081ty, where
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Frectional Porosity P = Pt = Ps where P4 = Theoretical Density
. Ps ' ' o
(7.87 gm/ce for Iron)
Ps = Sintered Density.

4.2.35, Activation Energies for Sintering

Table 2 shows valueé of activation energies calsulated by other
workers for‘diffusioﬂ in bulk samples, whereas Teble 3 gives ﬁypicai 
values obtained from sintering experiment$ on metal powders;"Fch'k
the purﬁosgs éfAcomparison acti&ation'énergies calculated in tﬁis
work are shéwu in Tahlé L. These latter antiﬁation energies were
caléulated from the folloWiﬁg'équation |

1 | A. -Q. ~where t = time to achleve a standerd den31ty
t % Ry -
' gé 0= 6.2 gm/cc at 15 t.k.l.%.

(7 15*@7 2 gn/ce at 50 t.s.1.)

Q= Actmvatlon energy

A~R = Gas Constant = 8g31J/K_mQ1;.
T = Absolute Tempersture °K¢
A = Constant., ) |

L.% Determination of the ¢/ /¥ Phase Change Temperature in the

Powders.
'Avdilétbmetrié method was used to deterﬁine the start and finish

- of theo&/g p‘has;e_ trvansf"or‘m&j:ion iﬁ i’rcp poﬁders, and the résults -
obteined on hesting and cqaliné are shown in Teble 15. From these
resﬁitsiit will be noted that two of the powders, viz the carbonyl
'ifonrénd‘the iron_powﬁér, ex‘férrous oxalats had.startédvto uﬁderéo '
._ fhee&/jftrénéfofmatioﬁ dn sintering at 900°C. Iniﬁhe'latﬁef'caée,

the start of trénsformation on heéting and the finish on cociing,
'wvrs uncertaln due to a very gradual ta111ng off of the transformation

volume ohange, rather than an abrupt one, as in the case of the



‘other powders, -

h.hi*Results of Grain Size MeaSﬁfements on the Siﬁteredlpowderé.'

;rpln s1?e measuremenﬁs were made on the poW&nrs LSlﬂg th¢

116

methoa due to Hllllard- ) Whlch is a modlplcatlon of the basaw  ;

11nea1 analysmq method, ut113s1ng a clrcle as the rpference flgure.'

Thls figure has the advantage that it autcmatically randomlses thp
dlrectnon of mpasurement.v The average 1¢neal 1nteroept L'islH. _

~

, calculated from"

.L»:'%% where nP ='Toté}4perimeter of cirele after ' .
n' méasuremenﬁs;'“
Moo= Magnificatich o

:T¢tai number of infeféebtions:after.

=
n

'‘n! application-ofithe'circle; 
K In some cases, &s. for 1rcn nowdﬁr ex fnrrau éxelate"after
3 g - 3 ;
svntﬂrlng at 400 ani 700 Cy ﬁf nrov34 1mw0 sxb]e:to etch'un.a

table,graln boundary struc+ure due 0r1nr1n&11y to thﬂ flneneas

\.l-

si
.of the gr“Lﬂ and met&llographic dlfflcultnﬁs a33001ateﬁ Wlth the
 fine pore structureu 'In the'se cases no\valueS'can‘be quoted for' o
1gra1n 31ze. mynlcal results of average 11nea1 1nteroept plotted
- agalnst 81nter1ng time are shown in Flwures 33 - 35, and actual
measurements are llsted 1n Tables 16 - 18. Tyn:cal mncrographs of

some of the 31ntered compacts are . shown in Flgures 36 - h2-
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5. DISCUSSION

5l Morpholoiy of the powders

- Betete Measuremeut of Surface Area

'The'reSuits of BiE.T. measuresents (SeevTable ) show considerable
differences in the surface areas of the oxides, prior to reduction to
the metal. The major differehce'ocours in the comparatively largé,
'surfaoe area of the oxide produoed'from ferrous OXalate, and this
difference is supported by measureeents of the apbarent dehsitdes'of
the”two powders,viz.J.M. oxide O.7hg/cc, oxide ex oxaiate, O,LBg/cc.

Figures 6 - 10 show the corresponding Tsotherms and B.E.T. plots
for_the'oxides, and values of the B.E.T. constant 'C' for these
isotherms_are,respeotively, 125 for the Johnssn ﬁatheyﬂoxide,‘and _
143 for the oxide ex oxalatea These ralues are important, sinoe
the:higher the value of 'C', the sharper w111 be the knee of the :
1sotherm and the closer the agreement between the B.E.T. and point 'B'
surface areas (this 1atter, correspondlng‘to the p01nt at whdch the
isotherm deriates from:a straight line; the associated volume
providing a direct measure of Vm, the monolayer oapecity)'as ‘

10 - The values of 'C! above are hlgh

discussed by Sing and Swallow
enough to. glve good agreement between the two surface areas, since
= 50 has been quoted 102 ‘as being the value below whlch the knee
»beoomes particularly 1ndlstinot. However 1n'the casevof the»oxide
: produced from ferrous oxalate, the point 'B' method could not be
applied since 1nsufflcient points were obtained on the isotherm to.‘b
show olearly the departure from linearlty. | '
In the examinatlon of the B.E. T. isotherms of the metal powders,

,two features are outstendlng,viz

(i) the large deorease‘in the surface area of the’oXide‘
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g ex ferrous_oxelate when reduced to thejmetel and
’(ii) the'uegative intercept obtained on the ﬁ.E.T. plot
of ‘the data from the iron powder ex Johnson Vathey
oxide.
The former i.e. (1) above, is undoubtedly associated with‘sintering
of ‘the powders during reduction, and further evidence supporting
" this will be discussed iu.therseotioh on'electrou miCroscopé;of the .-
poeders. The'negative ihtercept obtained in the case of the-iron
powder from Johuson'Mathey oxide is seeminglyAinexplicable, but
similar effects ueve been reported”oy other workers1o2."The Low
surface area obtained on the oérbonyl‘iron‘potder is in good accord
fWith the size ranges published in the menufacturers advertising '
literature. Values of 'ct obtained on the metal isotherms are.
lgenerally low, and this fact in the case of cerbonyl 1ron,'no doubt‘i--‘
-occounts for the large difference in the two calculated surface
ereas.- | ‘ T

Bl 2. Electron Miorosoopy of the waders."f

: Electron miorographs of the individual powders support the .

"‘information obtsined from the B E. T. work.. In particular, photographsi»

of the oxides (Figures 11 - 1#) show merked differenoes.; The

'.Johnson Mathey oxide appears to oonsist of small isolated particles,_f-

..whoee density in the eleotron beam is roughly equal over each
lpartiole, which suggests a uniform plate-like shape. In oomparisou -
 the oxide, ex oxalate, has a muoh less uniform shape, and the electron‘
fdensity is variable over the surface of each pertiole. This suggests

' that eecu "particle of the oxide ex oxalate, is in fact an agglomerete;

of smaller particles. This fact alone is supported by the high 5;'1”‘ |

surface areas found in the B. E T. work, but a diffraction pattern is
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shown in Figure 20,Iwhich,waa obtained from the particlesbshown in
Figure 14, and this provides further evidence. The indexed rings
'vatained'on this pattern‘agree well with those for ekaron oxide
publi»shed.in'the A,s.T.M.' index. The ring pattern shows a preferred
orientation; and & number of fine'ieolated‘spots»are evident in tne'
pattern. -Thus,lthe most likely interpretation of thie pattern was
}that ~the preferred orlentation arose from sub grains present w1th1n
the larger particle, and the ind1v1dua1 spots were due to a number .
of finer partieles stlcking to the 1arger one. | |

B The metal powders oorreeponding to the above two oxides show'
very.little difference to each otherleither in size or'densitf to
the;eleotron-beamv(FigUree 15 -'18) : Thie.again agrees‘well~with
’thelB E'T;»results; The major fact to be noted is the large amount
of sinterlng which has ooourred during the reduction of the oxide ;i"
~ ex oxalate et 300 % to give such a large shape change and drop,in .
.surfaEe area. The apparent minor'increaee in7surfaoe area'of the
Johnson Mathey 1ron oxide on reduction is not ev1dent from the |
: eleotron micrographs, and may possibly be due to slight shattering
- of the particles during reduction from-ox1de’to metal. 'The carbonyl
-1ron powder (Figure 19) shows the spherical shape normally associated

".with this powder.

5.2.‘ Sintering Behaviour of the Powders

-5 2.4 Effeet of Time and Temperature on sintering behaviour

Examination of figures 24 - 26 allows the following general

» oonclusions to be drawn from the curves. For powders pressed at

15 t.s.i. (231 MN/m ), the general density'level attained on szntering C

at 600 700 and 800 C is less,.in the case of carbonyl iron powder

and powder produced from high purity ox1de, than in the case of
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,powder ex ferrous oxalate. Also in these two former powders;.a '
muoh greater deorease in density ooours on sintering at 900 C, thenf'
in the case of the,powder»ex ferrous oxalate, and the soatter,of; |
experimental points.around'the‘plots increasesimarhedlp}at“this'

, temperature. Such density deoreases‘on sintering olosedto the

el4f8~phaselohange have beenvobserved by other Workersh7i”86'

Another’ feature of the curves presented here 1s ‘the apparent
oessation of densifioation in the powder ex ferrous oxalate at

700, 800, and 900°C after rapid initial 51ntering for times of

' approx1mate1y tWo hours. V-v | '

At the hlghervpre551ng pressnre used (i.6¢ 50 tes.is or'ﬁ _

770 MN/n2), the generai effeots found at 1 S.t‘.s.i_.;(’zm MN/m2) with
respect»to deorease in density onfsintering’at 90066;'and greater

_experimental soetter of points at this temperature, still apply.-
However, the general level of density attained in the powder ex
ferrous oxelate, is now slightly less than that achieved in the
other two powders, particular in the 700 - 800 C temperature range._

' Striking differences are apparent in the green densities .
attained in the compacts after pressing. At both the pressures used,
-the,lron powder ex ferrous oxalate, exhibited a mnCh 1ower;green
,} density than either of the Other two powderss‘ ThiS-is an apparent :’

oontradiotion of 1nformation gathered on .the morphology of the
1>‘powders, sinoe one would expect similar paoking oharaoteristios

.from powders of 51milar size and shape. From the deta of the prevlous
sections (5. 1.1 and 5. 1.2) this similerity of both size and. shape
woula-appear to exist for both the powders,.exiferrous oxalete and:'

i.hig’h .pnrity‘ oxide. No obvious explanation;of this eff'_eot_ presents

itself, but extremeiyyiow.valuesvof the constant 'C' in the B.E.T.
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equetion;_suoh as are found for iron powder exyferrousvoxalate;-in
.this Work; can lead to errors in surface area calculated in this
wey102, The higﬁer green density of the cerbonyl powder is accounted
for by its shape and size differences compared to the other ponders.
Actiyation energies for the sintering prooess.in/tne temperature
range 600 - 800°C, have been osloulated and are shown in Teble k. |
In general the values obtained lie close to that for rain boundary
self dlffusion in E! - iron, 1f non-equilibrium effects are teken f
into account. (See page 56). | |
The exceptlon to this is the carbonyl iron powder whioh gave
52

a much lower aotivation energy of 92.1 kJ/bole. Fcrss using
eelectrolytic iron of mean particle size 75}4m obtained a 51miler :
velue for s:mter:mg in the c( phase. However, this value is in .
: marked contrast to the velue of 232 49,7 kJ/hole obtained by

2h on electrolytic iron of a similar size. .

Fisohmeister and Zahn
No effeot of preSSing pressure on the activation energy of 1
. carbonyl iron was obtained in ‘this work,_which is in good‘agreement‘
‘with Fisohmeister end'Zehnzk. in the oase af the other two ﬁowders,
.an increase in activation energy was found with increasing initial
“compaoting pressure from 15 teSede (231 MN/n ) to 50 teseds “
(170 MN/m ). | .
Typicel values of aetivation energies determined by other |
-workers,_utilising different experimental methods, are shown in
| _Tebles 2 and 3. The data in Table 2 relates to diffusion deta '
v"determined by tracer techniques and, in the case of surfece diffusion,
'lby scratch healing techniques. These values may be compared W1th'the
values of activation energy obtained from the sintering of iron ‘

powders, given in Table 3, and also with the velues obtained in this '

work;. In Table 2; the diffu31on:constants.show_considereble,scetter



in_value, perticularly in the oi phase. Such wide veriationsibave,v
been attributed by other authors1o5 to the effect of errors on the
very smell_self diffusion coefficients obtained ( ;E:10nu-cm2 sec et.
, the’transformation temperature); to fhe'presence of paresitic grain
boundary diffusion even at 800° C, and to the effect of sample purity.i :
Some veriation 1n both the diffusion ooefficientw6 and- activation
energy 7 have been reported in the vicinity of the Curie point
(768° C) The fow values quoted for both grain boundary and surface
diffusion show much better’agreement,’although it should be noted‘
that the activation energy for surface diffusionlin‘ék-Fe liesrl

j well within the range‘of‘values obtained‘for volume‘diffusion.

Thus it would appear that attempts to determine sintering mechanisms
by a comparison of activation energies obtained from densification -
curves, with those of kncwn diffusional. processes, are likely to be-
-.unsuccessful. However surface diffu31on is known to promote shape '

~ change but not shrinkage of powders?3>-‘25, sO'that activation
energies wifhin the'correct range, but aocompanied by markea- '
shrinkage would presumably be representative of volume dlffu81cn '
: only. The situation is further complicated by the results of

Auoouturier1,8 etel and Guiraldenoq 9

who detenmined aotivation

- energies . for grain boundary diffusion in e( - 1ron, using both
'-porous (96 - 997 TD) and bulk samples. Their values for diffusion
1n the porous samples were. generally lower. than in the bulk material;v
(Typicel values ‘were 39 k Cals/mole (165 xJ mole ). for‘massive 4
1 iron, and 30 k oals/hole (126 xJ mole ) for the porous iron) sﬁéhl
‘marked differences are attributed to the’ non-equllibrium vacancy o

'>conoentrations expected in porous compacts.1

;Velues of activetion,energies obtained fromfsinteringbdata;~andf
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shown in Table 3, are again.extremely varied. However,»sucn a wide
degree of scatter might be expeoted from the wide variation in purity of
powders, temperature ranges of sintering, particle_size and-sintering |
A etmospheres used. The latter two effects have been shown by other
| authorszh ‘to have & marked effect on 31ntering. The resnlts“of4this
work lie generally on the low side of the values for grain boundary

» diffusion given in Table 2 end hence if - these effects are attributed
:_to non—equilibrium vacanoy concentrations, then the results are in .
“‘reasonable agreement with the accepted activation energies for grain

sboundary diffusion. An alternative explanation for the apparent low

- values is that the rate of 51ntering’is‘dependent:on mcre_thsn‘Qns. L
mecnanism,/over the temperature’range considered ~and thatfthewi :
" measured activaticn energy is an apparent value as a result of more
than one prooess operating, in parallel. Thus vacancies can arrive‘f
at grain boundary Sinks as a result of diffusion through the lattice |
and-alsc by grain boundary'diffusion.- This 1s in good agreement with

1 h, whc concludes that for many iron powders, two

the work of Forss
sintering mechanisms are operative at moderate temperetures.,fni o
.consequence of such mechanisms would appeer to be that a variation i‘
‘1in activation energy with temperature might result due to varying
amounts of grain boundary and volume diffusicn as temperature is |

increased. Such a variation was not observed in this work, but this »

can be attributed to an overall lack of experimentalidata ar”

lSimilar study conducted over - more. °1°891y Bpaoed temperature intervalasl"l'
_might. reveal such changes in activetion energy. : SIS :
- alternative way Of presenting s1ntering data, due to Coble7
expresses porosity as & function of the logarithm of time (see N”‘ ;

”equation.15, pagez6 ). A good linear plot of experimental data
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presented in this way is taken to represent volume diffusion of |
vacancies to grain boundary sinks, acoording to Coble s original
'model. Other workers7 have tested this model on oarbonyl 1ron

powder at 800 C, and have fitted the date to the_following

' expre851on

Porosity at time t -

1

P = .1366 1n & f “where R P

tf = 235 hours = time for finel
. densification i@é‘
when P = O.
In the current Work, reaSoneble straight'lines-were obtained forb
"the three powders, pressed at both 231 and 770 MN/m » within the
temperature range 600 - 800°C. '(Figures 27 - 32). These plots
greatly emphasise the effects noted previously on the Sintering curves;
Thus the slope of the lines for iron powder ex ferrous oxelate
(Figures 28 and 3) show a marked decrease &s temperature rises,
- becoming nearly horizontal at 800° C, a fact whioh agrees well with the
Virtual time independenoe'of sintering noted earlier for these powders.'
In oomparison; the ohenge in'slope With'time for ‘the otherfpowders is
very.smalls Extrapolation of the data to P = 0, in order to obtain a
value for tf, does not seem Justified to this author, 31nce such a A
":‘procedure implies the possibility of Sintering to theoretioal density
fixed temperature, whereas in practice a residual porosity is a .
much more common occurrenoe. Indeed, in Coble's original Work on ‘
'alumina, the 1inearity of the semi log plots oeased at a porosity of
- about 957, whioh he attributed to the isolation of pores within the
“tcentres of grains rather than at boundaries. The criterion used to
judge the validity of the Coble model is solely the linearity of the

semi log plot. Suoh a oriterion is, in the opinion of this author,
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open to criticism on the grounds that = semi log plot by its very
nature, optimises the ohances of obtaining straight 1ines, and that '
- any such £it should be regarded as largely empirical, until more
vdirect evzdenoe of sintering mechanisms is available. '(Such eVidence
.might be found in the direct measurement of aotivation energies from.
pore shape and size changes during different stages of sintering) |
: Furthermore, available eVidence from both radioactive tracer diffusion ,'
work, and shrinkage kinetios, point to the presence of both grain |
” boundary‘and*volume diffusion over the temperature_ranges.in-guestiosj
ih’this work; : | |

~1: 5 2,24 Effect of pressing pressure on the 31nter1ng process.

The noticeable feature of the effect of pressure on sintering, in
this work is the marked 1norease in density whioh ocours at the higher
pressing pressures used, in the case of the oarbonyl iron and the
‘powder from high purlty oxide. This effeet is well known and hes been

ZL’ but;is in striking oontrast

| reported many times in the litereture
with the results on the iron powder ex ferrous oXaiate. inithisliatter
Aoase, the sintered densities obtained after pres31ng at 15 t.s.i.

(231 MN/h ) are much closer to the results obtained after presSing at
50 t.s.i. (770 MN?h ). In partioular the curve for (800 ¢ and

| 15 t. s.i ), almost superimposes on the ourve for (7oo c and 50 t.s.i ),
an effect which did not happen with the other iron powders used.

: Sinoe the initial green densitiee of ‘the metal from oxalate powﬁer,.
pressed at 15 t.s.i. (231 MN/m ) and 50 t.s.i. (770 MN/m ) were
Arespeotively 3 70 gm/oc and 5.00 gm/cc, the muoh greater overell
densifioation of the powder pressed at 15 teseds (231 MN/h ) is .

evident. Several workers have investigated the: effects of pressing

on_the degree of plastio defonmation and work herdening’inypowders,



-60 -
Withjveriable reeults._ Thus work11qbon green compacts of brase; S o
" pressed at 50 tes.i. (770 MN/h2),.yielded little metallographic

evidence of plastic deformetion. However Singh' '@

has 'o‘btained
eleetron'microscopic evidence of gross plastic deformation within. '
carbonyl iron powders pressed at 410 kgf/bm (1100 MN/h ), and
results by Hirschhorn and Garey112 confirm this on atomised iron
powder pressed at 60 t.s.de (924 MN/h ) u31ng micro-hardness
meesurements. These lattér authors oompareo mioro-hardnees . ”_ -
measuremente on preesed compacts and sintered teet tars subjeeted

“ to known amounts of deformation by either'tensile testing or rolling,
and arrived at the conclusion that a pressure of 60 t.s.i- (92h MN/b ) -
‘wes equivalent to a ten511e deformetion of 12 5% or & deformation _: |
~on rolling of 2 57 respectively. »

These results suggest an overall lack of work hardening 1n the o
meterials, perticularly.at the etrese levele_employed;in thie work .
This;can prObebly be'assoeietee Witn 8 reletively'snellfdislooetion
deneit§ within the powders; so that when plestic‘deformetion takes
place, these dislocations run oompletely through the powder particlel
leev1ng behind little residual strain. Suoh.effeots shouldvbe more
evident,-the smaller the partiole-sizeg-and the higher the?temperature
at which the powder was produoed (1.e. etomised and reduced powders
‘ would presumably have lower 1nitial dislooetion densities) Deformation

would presumably be a maximum close to the neoks between partieles and
,increesing pressure would serve to weld togethervlarger necks.‘ A
' .corollary to these effects and to the small apparent deformetion _

112

, noted in the partioles Ty ie a poseible high temperature of re-

crystellisation and grain growth across the interface, with its

N attendant effeots on sweeping up of. por051ty. Thie however does not
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.aeem_to'be.borne out completely in this work, aihce well'defired
| grain_structurea were evident ip both the carbonyl iron and the
poader from high‘purity iron oxide, after sinteriﬁé.at 600°C (see
Figure uo)' ‘This vaelue is, of course, comparable with the "pg- -
orystallisation temperature” range for iron quoted in many standard :
1text books. However, in the case of»the powder obtalned frcmeferrousp
oxalate, no graln.struoture was apparent until the much higher
temperatﬁre-of 800°¢ was reached. Such an effect oould possibly be
attributed to a low degree of strain in the powder, or. alternatively,
to a d1fference in purlty of the powders.l o
The overall effect of’ pressure in this work would seem to be
oce.of increas1ng green density as a directaresult.of 1ncreased';
interpartiole contactsoaod necks oetween particles. 1The.inf1uepce
ofrthe'preSSing operation onasiateriné appeare te bermore indirect-
1 in that compaots of higher green den81ty will oontain a lower volume
fractlon of pores, but have a widér spaclng between pores. Thus, |
, such an array of pores should 1ose oontact with grain boundaries at

an earlier stage than a more closely Spaced array, reeulting in. 8

Tncrease in Density
Green Density ),_due

lower fractlonal den31fioation (deflned as
to the decreased contrlbutlon of grain boundary diffu51on to. o
.dens1flcation.’ N

The greatly enhanced densifioatlon of the powders ex oxalate
: is probably due to the very fine initial grain size and the attendant
slow rate of grain growth, whioh would result in a prolonged grain o
boundany contributlon to 31nter1ng." | ' ‘ |

5 2 31 he Effeot of Phase Transformations within the Powders.

In v1ew of. the 1mpure nature . of the powders from ferrous oxalate

(see Table 5), and of the 1rrational nature of 51ntering in the reglon
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of 9OQ°C,'dilatometrio-Stodies of sintered oomoaofs froh‘eaoh'of fhe 8
powders oere_oarried'ooi;iin order,fovescereein the actusl trens-
formetioo temperatures of the‘poﬁders in question; From ‘the results
Aobtalned (see Table 15), it would appear thet both the carbonyl iron_'
powder and the powder ex iron oxalate were, at least partially
transformed to the X'(fcc) phase on szntering at 900° C.V.As can bef
"seen from the results in table 15, the start and finish of trans-"i
' formation-were‘olear out and sharp for all the powders except the'ironfj’
' poWder exeferrous‘oxalete. This powder showed an uncertain start to |
trensformation, below 900 C, but a well defined end to transformation
on,heeting. All these arrests ‘were reproduced in, the oooling curves,‘
so that the structure of the compacts on 31ntering at . 900 G seems
clearly defined and variations in slntering behaviour might be {:
expected on the basis of these resultsov o |
However, although variations in the denS1fioation of the powders-

did ocour on 31ntering at 900 C they do not follow the logioal

pattern suggested by the above results e.g. the powders showing the'l ,i,&

‘4rsharpest drops in densifioation at 900 G, ere the oarbonyl iron
powder and ‘the P°Wder from hlgh Purlty oxide, whioh, aooording to theyd'
.ﬁ‘.dilatometrio results are respeotively in the x (foc), and the B((boc)fl
‘forms at this temperature.‘ In oontrast to this the powder ex ferrousis
oxalate, whioh was in the (el +8) region showed relatively little =

drop in densifioation. Suoh effeots may be explained more 1ogioelly

in terms of grain growth/bhase ohange interaotions whioh are disoussedﬁ ,;f;f

:further in the following seotions (5. 2.4 and 5. 2.5) |
* The effects of 31ntering wholly invthe ¥ (foo) phase have not
' been 1nvest1gated in this work ‘but the results of other investigatorsi'

have been reviewed in seotion 2 5 L, page 29
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5 2.4. Grain Size Variations during Slntering.

The results of grain size measurements, taken on the powders
after isothermal sintering show considerable varlations‘(see Figures
'+ 33-35). In sPite of the‘rather wide scatter bands of the results §
.at‘different temperatures (due brincipally to metelloerathic
diffioulties), certain well deflned effects are noted. Firstly,
grain growth is gradual in both the carbonyl Iron and the powder ‘
from‘high Purity iron oXide, up to temperatures of 800°C. In‘fact ]
it is difficult to distinguish clearly between the results at 700 B
and 800 C for both these powders, and this effeet is. attributed to
'experimental error. However, on sintering at 900 c, both powders.
undergo marked grain growth after very short sintering times.' In the
Vcase of the 1ron powder ex ferrous oxalate, measurements wereionly»
possible at two temperatures, because of the exceedingly fine grain '
'-51ze. Even at 800 C, the grain size is much smaller than the: values
.Aettained 1n-the other two powders &t 600 C the actual value changiug‘
‘from 2 -'h/K m, over the full time of s1ntering used in this |
‘experiment. Grain growth again oscurs at 900 C, but is no longer
rapid, and takes place gradually over the whole range of sintering
' time.- In all these samples, no evidence was seen of seoond phase
partioles, at boundaries, or elsewhere, Whlch might conceivably L
: restrict grain growth. The extreme grain growth occurring on
sintering at temperatures close to the dlf trans:.tion has been

h7’ 87_ In Particular, Cizeron etalh7

" noted by other authors studied
Athe effect using hot stage microscopy and dilatometry, and recorded
”the following effect5°-

‘ Marked K grain growth was observed in iron powder oompac'ts on

heating through the d» K ohange. However, much greater grain growth



“of ‘the &k phase occurred ‘d‘uring'the reverse tra_nsformatioh on coolings
The ratios IQf the grain sizes in the initial of condition prior to
transformati'on, in the intermediate § phase, and in th:efin'_al ol

. condition foll-owing' cooling back through the tran_sf‘ormation range were

as f‘ollo‘ﬁs .

Intermediste ¥ grain size s 3 op f Final & erain size - 25
Initial & grain size — Initial = grain size '

Subsequent cycling through the transformation temperature had a
negligible effeot on grain size. The experiments were also carried
out on 1ron samples of differing purity machined f‘rom solid bar, w:Lth ,_
- _the result that no compereble grain growth was observed either on
heating or cooling through the c( ¥ change. The kinetics of grain

growth in the o( region ‘were more rapid for the solid machined samples

_ than for the porous samples, and the rate of' grain growth also increased '

as the purity of the solid, machined compacts increased.

g Suchveff‘ects “are not in‘complete acco'rd wit_h the r_esults of this
worl, since extreme grain grcwth was noted i-n: both the cerbonyl.irou |
~and iron powder ex high purity iron ox:.de, on cooling to room - |
temperature. These two powders were respectively in the X and 0(
regions -oh sintering at 900 c, according to the dilatometric results
given in Table 1 5, which suggests that heating ough the trans-
formation range' J.S not essential to produce a‘bnormal grain growth.
Furthermore the grain sizes of these two powders af‘ter sintering at
1900 °c were very s:.milar (see Figures 33 and 35) Whioh suggests that |

W, which oocurred on cooling ’

‘ ‘the marked growth noted by Cizeron etal
through the K ct, change did not ocour for the carbonyl powder used
':m this work. , In Cizeron's work, the powders were transformed to K ,' '
'follow1ng long periods of heating in the c( phase, ( viz 2l hours and

96 hours at 870 C) ; _and marked grain growth accompanied the trans-
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_formation; in the currentvnork.however, marked érain gromth occurred
vrapidiy,'after‘heating for only %'hour at 900°C for the oaroonyl iron
;powder:andathe powﬂer:from'high purity oxide. It would be reasonabls
to suppose that‘the compacts used in this work were_less dense than
those uSei in the Cizeron Work, due to‘thevdifferences in sintering T
time, (directAGOmparison was not poSsible duée to the lack of |
‘densification deta in Cizeron s paper) and hence the conclusion may |
be drawn that quite large amounts .of porosity have little influence

on the abnormal grain growth. Taklng the data from figures 21 and 23,
"~ and assuming the theoretical density of iron. tc be 7. 87 gm/ml, the “
'porosity after approximately hour at 900 C, would be 31%.

-~ On. 31ntering the high purity iron powder at 900 C the structure

| would. still be 1n the ok range according to the dilatometric results,
and a decrease in den31ty was ‘noted. This fact seems to be 1n accord
with the. statement by Poster and Hausner86 that "the densification--f
JLate falls off sharply as smntering is raised to the low temperature

' side of the ¥ range". : ‘, | '

. Finally, the iron powder ex oxalate, shoWs a range of trans-‘
formation which ends at 908 C, and hence was in. the two phase (e(4f¥)
-condition at 900 C, although ow1ng to the closeness of the trans=- ‘2

, formation temperature, the A phase would be small in amount. It -

.‘,is therefore surprising that no extreme grain growth occurred during

If the early stages of sintering in this powder, at 900 °c. A~possib1e

_ explanation for this effeot is found in the differenoes in purity of
the powders,;since ‘the impure powder, ex oxalate, would‘be expected.:'
to_showfmuoh‘SIOwer grain growth kinetics;asva result-of;érain_;“
»boundary/impurity,atom‘interactions,t The muoh_finer grain size of

this powder initially and therefore its attendant finer pore structurs -
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might also be expected to pin grain boundaries. vBoth theSe latter
ef'fects are well known and are amply discussed in text books dealing |
-w1th reorystallisation and grain growth113 |
It has prev;ously been noted in the literature survqy (Section
2.5. h. page - 29) that grain size decreases as the sintering temperature
is reised in the ¥ foc region, up to & maximum temperature of
‘leOOD 86 129. Thls effect could be interpreted in terms of
: nucleation difficulties and superheating of the transformation,
since the higher ‘the isothermal sintering temperature used in the
g range, the faster Would be the rate of heating-up'of the Specimen;
through the o / 8' transformation region, to the s:mtering temperature. A
Hence,'superheeting of the transformation should increase as the rate ‘
of heating up to the sintering temperature inoreases, and the higher
‘ the degree of superheat, the greater would be the numbers of effectlve‘
E’nuclei leading ultlmately toa finer grain size once trans-
formation is complete. In support of this theory, some~evidenoe,has
been put forward f‘or superheating of the oL/ 3’ transformatmnu h,-’ |
“albeit on very small iron whiskers (less than Sof‘m in width) which
appeared to transform martensitically. The. temperature of 14,00°%
‘ would then represent the temperature at which growth of" the nuolei ,:
'became more 1mportant than the difficulties of nucleation._ However,-i
it is diffioult to ses why this temperature should be so hlgh, in S
‘comparison ssy, to the grain ooarsening temperatures of killed
'steels (950 - 1000 C), since nitride partioles in ‘the latter, should
be as effective in restricting grain growth as the pore distribution

in the 31ntered materials. ”

5 2. 5-. General Disoussion.

On the basis of the results obtained in this work, it is
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difficult to postulate & direct mechanism of sintering."Theecasesfvh
.for both volume and grain boundary diffusion are shown diegram- -
matioally in Figures h} and Ah, where the variation in dif“usion o
distance, x —Jr-‘(D Diffusion coefficient, , time), is. plotted
as a function'of temperature. Also shown ifi Figure h}, 1s the:l'
meximum. greain size attained, after 16~ hours, in each of the powders
used in this work. From these figures 1t can be seen that the |
diffusion distance is generally much less than the maximum grain o
5 size,for volume diffusion, but is con81derably greater than the grainA

size for grain boundary diffusion. These diffusion distances are

calculated from "equilibrium" values of the diffusion variables

Do and Q (References 59 and 66, Table 2),’the values actually chosen 1
being intermediate in the. range of values’shown 1n Table 2 ' This
choice is further Justlfied by the fact that as Do increas.‘v“

,vTable 2 Q also increases, and since 1ncreases in either of these s;_‘\
' fconstants have opposite effects on the difquion variable D, o
‘(inoreasing Do for a oonstant Q, increases D, whereas 1ncreasing Q-
for a constant Do reduces D), the argument adopted here is not
-.radically altered. However, this same argument does not necessarily: Jiigff

apply 1f the non-equilibrium effects discussed in section 5.2 1, ;Jfﬁi
are taken into aocount. Thus, according to the results of Aucouturier

:vetal108, and Guiraldencq199

, porous samples exhibit much lower o
:activation energies for diffusion than massive samples. The value

'} they obtained for grain boundary diffusion in porous oompaots is.

30 kcals/mole (126 X7 mol 1), and if this result 1s used ‘to caloulate.

"diffusion distances in iron at 800 G (assuming oonstant Do in the

diffusion equation) values of O.93mm and 5. hmm are obtained (A

'respectively for times of one nalf hour, and sixteen and one half

'hours. These values ere considerably in’ exoess of the grain sizes
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' shcwn:in Figure 43. Similer effeots miéht Be.expected'fOr the . case
of non-equmllbrium volume dmffusion, however no information relating
to porous compacts was found in the 11terature. o
On'the basis of the'present results,_it Would’appear that
'volome.diffusion plays elrelativeiyvminorprole.in sintering;
| especially at fﬁe lower temperatures‘where the_diffuéion'diefance
is small. The situstion is best summed up in Figure 1‘;5 which sh_ods B
the "renge of effectiveness" of volume dlffuelon, for a pore |
s;tuated in a‘grain boundaery. Thus a. flux of vacancies leav1ng the;
pore surface'Willlonly produce smntering, if & suitable vacancy 51nk
is_avaiiabie. The most suitable sinkbappears‘to;beuthe grain
boundary;'and the diagramvenowe;_what proportion of the érain
baunmy lies wiichin the (volume) diffas‘ion di'stance of the p'ore.-' '
| Areas of the pore surface lying outslde the range of the grain
vboundary sink w111 have very low vacancy concentratlon gradients_
into- the 1nterior of the grain, and w111 therefore show a. much
smaller tendency to develop dlffusion paths for the vacenciea.
_Volume dlffusion will obvlously play a much larger role in 51ntering .
W1th smaller graln 51zes, "since & much greater surfaoe ‘area- of the |
pore Wlll 1lie withln the diffusion distance of a grain boundary slnk. :
" This effect would appear to be operating in the current work, for the
iron powder produced from ferrous oxalete, 51nce the maximum grein .
size attalned after 162 hours at 800 C, lies right on the limlt of
~ the dszueion distance at 800 v (see Figure 43) Hence the S
nhanced degree, and rate of densification in thlB powder is -
pertlally accountable.to‘an 1ncreased contrlbution to 51ntering by
' a.iolume:diffueion‘mechanism. This is in good agreement with the

2l

flndings of Fischmeleter and Zahn who conclude that volume
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dlffu51on is the most llkely sintering mechanism in flne powﬁers. ,

The contrlbution of grain boundary diffusion %o the slntering - ENe

_process, appears to be very large, since the diffusion distenoes v
calculated on this model are generally well in excess of the
'measursd grain size of the powder over the temperature renge 600 -
800°C. In general, pores are s1tuated at grain boundarles and the
inter pore distance will besr some general relatlonship to the grain
szzc, w1th smaller inter pore distances oocurrlng in finer grain
.,8129 materials. Thus in fine graln sige materlals, pore/racancy
-sink distances will be short, and sinee diffusion dlstances even
’after‘helf an hour at 600° C are in excess_of the inter pore d?st&HCQSl
'sinterlng byfsucn a‘mechenism should egein_bedextremely repid;;l'_
'~The ertreme’grain growth occurriné et‘tenperatures close to the
ol : 'K tran51tion in some of the powders was respon51b1e for the
marked drop in densification on. sinterlng at 900 C, since during
grain_growth-many_pores beoome.isolated w1thin.grains-and no~longerf
inkcontect with grein.boundardes.- The contributicn of grain boundarp |
‘diffusion to den31ficatlon 1s therefore lost and subsequent shrinkege'
‘of the pores occurs only by volume diffusion across an enlarged pore/
slnk dlstence. Similar effects dld not ocor w1th the 1ron powder
ex oxalate, since grain growth was more gredual, and. compareble
values with the other two powders were not obtazned untll
: approx1mately 16%. hours of sintering tlme had elapsed. Thus the~
';pores remained in contact with the boundaries for longer periods of
| ’tﬁme,.and the pore/sink distanoes for volume diffusion would remein :
’ shorter, minlmlSIHg the density decrease at 900 C in this powder._~
The slower rate of grain growth in thls powder is attrlbutable to

1ts hlgher 1mpurity content, and the boundary retardlng effect such
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impuritiee exert,,ae dieoussed.preViousiy.\;Similar effects have
»-been uoted.oh alumina71, where theﬁintrOduotiou of small amounts of
“impurity oxides, restricted grain growth and enabled sintersd densities

clese to the theoretioal den51ty to be obtained. ‘

One apparent_anomaly arising from the current,work is the
vcontrasting behaviour of'the powder ex iron exalate andvthat from the
 high purity oxide, sinoce both these powders started from epproximately
the same initial pertiole size, as shown by electron miorographic
and~B E, T.'evidenoe. However, purity differences exist between the "
two powders, the purer powder showing the higher rate of grain growth
w1th ite attendant effects on’ deneifioation, a8 discussed previously. tw
.'Differences nay also exmst between the two powders in other ways, e.g.
the iron powder ex oxalate, was’ formed by reduotion of a very fine |
~1ron oxide, whereas the iron powder from high purity oxide was obteined
from ox1de of & oomparable size (Sections 5.1.1 and 5. 1.2) Thus 1t :
o is pousible that orystallite size differenoes exist w1th1n individual
partioles from‘both types of powder, as a direct reeult of the method
‘of preparation, the 1ron powder ex oxalate oonsisting of many fine
.orystallites, whereas the powder from high purity oxide hav1ng a
crystallite size compereble with the partiole size. However, 1t was

not possible to obtain further evidence on this point. Further study

by means of an X rey 11ne broadening teohnique, of the powders in

B question would no doubt heve helped to clarify thie point.
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6. CONCLUSIONS

The following conclusions can bé drawn from this work.

1+ Iron poWﬂers'of substantially submicron size can be readiiy
preparedaby the-methods.utiiised in this work,'orovidang care
is taken to obtain starting oaterials"of a sufficieatly high
purity. - | B

24 | Very rapid sintering occurred in the case of the iron powder
obtained from ferrous oxalate, although the general level of
density obtained was much the same in all’ the powders-used.

3- The extreﬁeiy rapid sintering io the caSe'oT the iron powder

’_ei ferrous oxalate, is associated ﬁith‘the extremely'smail
grain sige in this?powder-and the attendent low ratetof grain
growthjbthus»enabling both volume'and grain boundarj;difquioo o
to play a 1arger pert in the slnterlng process. tThe'smalil :

: ;graln size and 1ow rate of grain growth are themselves ”
_associated w1th the lower purity of this powder and the
inhlbitlon of grain growth by such impurlties.

L., Marked decreases in den31ty occur on sintering 1n the region .
4of the o&/’K phase transition, and on the evidence of this
work, would appear to ~occur on the low temperature side,of the;'
transformation temperature.~ | o

'5.' Suoh den51ty decreases are assoclated with a marked increase

*in graln size, thereby divorcing pores from the grain boundariesv

ana slow1ng down the sintering process. Slmilar effects were.

-'_'not'noted with_the iron powder ex ferrous oxalate, owing to the

'oore gradual rate of grain growth occurriog,atléoood"ana the

' 1ncreased time that the pores remained in contact ‘with the

;boundaries.A



6.

and grain boundany diffusion.»

'VV‘P*

'Actlvation energies obtained for 51ntering in this work were 

‘generally 1ow and this is attributed to the fact that no

single process contrlbutes towards den51floation, the over=:

"_all rate being the result of several mechanisms acting 1n

) parallela~ The most likely mechanlsms are those of volume

oL
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SUGEESTTONS FOR FUTURE WORK.,

L. -

The techniques-for the preparation of ironvpowder from oxalates
used in this work started with & commercial grade of oxalate.

'Purer forms of oxelate could be made chemically by preczpitatlon

: from solutions in oxalic acid.. Thus, the effeot of preoip- :

"itation from either weak or concentrated solutions on the

morphology of the powders produced Would provide an 1nteresting

"An attempt should be made to 1ower the temperature of the

reductlon stage from oxide to metal in order tc minimise'

sinterlng of the powder mass’at this stage, thue«ylelding3 o

 finer powders. A better method might be to combine the

reduction and sintering stage, so that. oxlde compacts are .

| reduced and 31ntered at the same time, thereby making better

" use of the inherent "activ1ty" of fine: powders, and

.1.
" 1ine of study.
2.
B minimlsing rlsks of” pyrophoncity.
3e.

Direct measurement by means of quantztetlve mlorosccpy, on
»bthe change in shape, slze, and distribution of pores during

' sinterlng, would prov1de a better method of assessing poesible,s

rmechanlsms, than the measurement of secondary properties such

'.as density, res;stance, tensile strength etc.

Adsorption isctherms of the type used to assess surface area

in thls work, could be used to provide more information on the-
_.morphqlogy of the powders. This arlses from the fact that thev -

_behaviour of the adsorption.and desorption branches of the

isotherm at relative pressures approsaching unity_(neil‘abovef

'j‘the?acoepted B.E.T. range)'can be used to identify the nature

'of_pores, cracks eto, present on the surface of the'particles

themseivess



e

-7&_—

»Iﬁcbrporafioﬁ of very fine oxide poﬁders into the fine  '

iron poﬁdérs to produce a disbersed phase of low inter-

particle spacing may lead to improvements in dispersion

hardening systems.
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TABLE 1.

Vhlﬁesr6f4cons{aﬁts in medel sinteringveguations

Mec¢hanism

'n! in'Eqﬁnh

M in Equation 4

p=(n-n)

Reference

Viscous or
Plastic Flow

. in Bquation(6)

1

Evaporétién
’ and

"

Condensation| .

Lattice
i1 Diffusion

wowe e

14~

...“._

T

'-Surfdce ‘
Diffusion

- o

o

11,26 |
45

16




- 76 -

TABLE 2.

Bulk Diffusion Data for ol and § Iren

DIFFUSION COEFFICIENT
2,
Do - mm“/sec

ACTTVATTON ENERGY

Q= kI

/mole "

REFERENCE =

vJo_i[,Fe‘

‘ol Fe

_ ¥ Fe

VOLUME
DIFFUSION

230,000

15,300
149
...320

| 14,800

1,800
190

580

200

¥ Fe |
5,800

58

130

%

306
249
280
| 198
- 232
284
239
251

278

o8y

270

| 25

o8), .

30 |

BL
55
56
57

58
59
60

e
pu
ek
85

67

| GRAIN

BOUNDARY |

DIFFUSION

650

100

- 188
167

188

167

.}1"28_" '
4188

6l
66
67

168,69

SURFACE

| DIFFUSION.

4x10°

52107
3x10

100 -

: L;do :

266
249

%7 |

233

| 205 o

g

241

10k
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5.-Acfi&atiéhlﬁnergyiDaté for.tﬁé}Sintefihg‘of'Iroh'Powderé‘“- L

Range G

Temperatyre [Sintering Rate

4’1’1"

Actlva ion Energy
Q,kJ/mole

Remérké

| Reference | . .

710 - 880
740
1 920

710
150

1000
750
880

~{Exponent

880

0.2 = 0,33 .

=.0.50
+ 040
+ 0,20
- 0.50 ’

151_

15
- 288 . v
18y - - }

.;Hydrogen e
_‘Atmosphere
Powder Slze" i

20)4‘m. o

Vacuum

<mo
750 -

790

{} 0.2
+ 0'33 )
+. 0.2

- 0:5

326
222
150
: ,.'1k6-

- |- Mean Powder | -
| size 20p m.

8OO -
940 '-,1000

800
880

. +'0¢_2 :
{+,0.2.
A= 0,05
4+ 0,40

.,'»i{}%§:3j

Lge0
| Mean:Powder-
g Sizg:zcwxm?f:

288

< 910

467

Car’bonyl

Iron used )

; 91o:f_125ou.

up to 900

292 .

=627

Submicron R
powders Esed

8 =11 n“/em

surface ared

48

773001

L3 |

750 = 1100

..288

= 50 B

600 -
S0

800 | -

488

800 and 900: "

{ 39'51 _.'25", S S

00
'75;?75)‘m *:4'
. | Particle

‘ ;FJSize

'Electrolyti’%J3' JU‘de,' o
i? i525Lf}ifj? 

730 -

890“

_ }_16‘35  f;‘"°‘-i~2 ?;;‘25-4“,'

11380 = 1460

Carhomrl S

"] Iron used:
’ :"Pai'tiCIQ “:i :

fSizeA5~20)*m B

769-?-’-

890 |

230

Iron used :

{50103 40

Partiole o

Isize

‘:i;Electrolytic 'Ef, fj‘{""

I 450'- 

900¥ 1  {j-‘.

Carbonyl

ﬁf!;Iron used
lof 6J3M m.

| mean size

s
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 Yalues of Activation Energies calculsted from

. Sintering Data. -

Materisl - Activation Energies

: | at 15k't08'¢:ic : ) at éO tiselie
| carbonyl Iron | . '_
| crade McHP 92.1.ka/mo‘le_ : 92,4 kJ/mole -

Iron ex Johnson i L ‘ o

| Mathey -0xide 120 kJ/mole | 4147.2 ‘kJ/mo:Le.

iron ex Fefrous_ _ RS o
Opulate 145 kJ/mole 177 k3/mole -

NOTE: _1'k.cai/hole'= L.186 kJ/mole. -
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'I‘ABLE Se
Analysas of Ma-terle.ls Used in this Work
. ANALYSES OF MATERTALS .
FERROUS OXALATE | re?* 29 - 3%
Suppliers Analysis N . _Chloriae (Max Limits) 0.005% |
. o . ’ 5 g o "o O 7
(Laboratory Grade) Nitrate 0.01 %‘ '
. o Sulphate " " 0.05 %
Ammonia " " . 0.5 %
Feo* w05 %
FERRIC OXIDE | B
_ - Fep0;  99.99%
(High Purity) . : . , .
TRON POWDER ex - c o 1057
FERROUS OXATATE B . 0a trace (<°‘°2)
Analysed on sintered _ '
compact) an Oul >
Cu. <0.0k |
Zn present (40.5%) :
- but d:.f’ficult to est:imate
 Sn <0.02
Mo 20,05
CARBONYL TRON |
POWDER, GRADE MCHP | G ‘;o.oz
(MaxiufacturerS'Ihf‘brmation) 1 e <O" -
: T : ,N 0,02
7.0/'-m Average Particle Size
3 2 gm/oo Bulk Density

e This is obviously not a rigorous a.nalysia since a spot
cheok carried out on this powder, with Sodium Bismuthate ’
~ gave an intense permanganate colour oonfirming'the presence-b

_of ‘Mn, ‘probébvlyy. as ar'i. oxalate.
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. TABIE 6.

Surface Ares caloulated from B.E.T. Measurements ;

| wamerIAL | Poinmt 'B' |B.E.T. | B.E.T.
o - | Surface Area | Surface Area| Constant, 'C*

2, 12
m/g o lon/g

Carbonyl Tron |. 0,209 0,147 . 28,6

fron Pomder = .1 3.3 2.8 | 13.5

(ex Oxalste)

Iron Powdér oo R T : '
(ex Johnson 3.56 1 2.52 - ' Negative

Mathey -Oxide) , S : : Intercept .

Johnson'Mathéy .

Oxide 29 2. 2 - 185

Iron Oxide from | - , - o S
decomposition |  __ . | S .
of Ferrous : o ‘ 3

‘Oxalate

 TABLE 7.

Dets from Gas Sorption Aﬁalysis'at Liguid Nitrbgéh:Tempéfatures :

" for Iron Powder ex-Férr6u$'Oxa1atev

7,,Vo1ume Sorbédv Relative Préssuré’f‘B;E.T. Paramétér] 
.';A_wvcl_cs o= - Xy

0.,0199 _0uA214 "’6-.9’5’ _
0.,02705 | 0.2017- 9,35

00877 | o357 | 1072

0,0385 | 0480 | outside B.E.T.
R DR range




X

Data from Gas Sorption Analysis et Liguid Nitrogen

Temperatures for High Purity Iron Oxide

Volume Sorbed
BV cos

Reiaﬁive Préssure

5

V B‘E.TI P&rameter
Cx
Av(4

-
-

J

0.04090

2.0278

0.0835

O.1244

0.04542
0.04725

0.1617

1,..0823

8.286

0.05359
0.05737

_0.3075
owh22

Outside BeE.T.
. range

0.0615

| o.5666

Outside B.E.T. -

TABLE 9. .

rarnge

‘Data from Gas Sorption Enalysis at Liquid’Nifidgén_

Temperatures for Iron Powder ex High Purity Oxide.

:Vblumé Sorbed
AV cos

‘Reletive Pressure

XJ‘.F

“B.E.T. Pavameter
X

I o
Avi-xy)

" 0.4462 .

'_ . 1;41'2.- ‘

 0.2332

0.4513
01350 _

0.2637

ouu57

- 0.5002

| outside B.E.T.

. range
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TABLE 10.

‘Data from Gas Sorptlon Analy31s at Liquld Nitrogen :

Temperatures forACarbonyl Iron Powder

Volume Sorbed
AV ccs

Relative Pressure

XJ. .

'B.E.T. Paremetes

J

0.0129

0,2,7

14,08

041470  =

0.,0138
0.0183

10,2958

42,52

' :22.95 

0.0209

0.4285

Outside B.E.T.

range

{o.0239

0.6128

Outside B.E.T.

rengé

Data from Gas Sorption Analysis at qunid Nitrogen ,. '.

DABLE 14.

Temperatures, for Iron 0xide~powaer ex Ferrous 0xa1atei°‘?fﬂ R

-_1Vb1ume Sofbed
ZSV cos -

Relative Pressure

 B;E.T.:Pargm?ter [

'X"

£5v(1~x )

- 0.3621

20;13531'
0u1k31

0.04657
0.0559

_ .A433 .

0.05782

04227

044452

._0.151211;

.0.06902 _

| 0.4962;"

‘0.1542; |

1 EO;OBhL?'JTﬁ '

'0;5962“.’1ﬁ' .

1’xJ? SR BT

A

. ,,v :_;'>- e
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TASLE 1 §' i

Temperatures of o/ K Transf‘ormatlon in the Powders as

determined by Dilatometry

 ARRESTS ON

ARRESTS ON

LFERROUS OXALATE

_ .Pmm HEATING coonm;' .
o stert 890 883
CARBONTL IRON Finish 900°C. 870%
TRON POWDER ex Start 9050 888%
JOHNSON MATHEY OXIDE | Finish 910°C 880°¢c
TRON POWDER ex. Start  Uncertain ¢ - 870%

Finish 908°% Uncertain *
TABLE 16.

Grain Size Measurements on Iron Powder, ex High

Purity Tron Oxide.

| AveracE TINEAL

INTERCEPT mms. TIME (HOURS) %
10,0073 2 _i
0.0M1 8 600

0. 0095 165 '
L 0.012 B |
. 0.012 2 - o
0,016 L 700
- 0.016 8 -
0.1 9 - 16%‘ )
0,01k % |
0.016 .2 o
0.022 16% .
0,037 s
0.035 2 o
04033 i 900
0,033 - 8
0,048 ‘ »16% .

i <9(200(3“. L
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TABIE 17. -

_ Grain Size Measurements on Iron Powder, ex Ferrous Oxalate’

TEMP.
- %,

_AVERAGE LINEAL

{ INTERCEPT mms. | ?IME S}I_OURS)‘

0.0022
0.0030
0.0036
0,0038

10,0062
0,029
0,052

. Nl

- 800

TGN
ﬂ:o&#’<

ol -+ - T

\0
3

om0

: "Grain Size MedSuremént‘s on Carbonyl Iron Powder o I

AVERAGE LINEAL | TIME (HOURS) | TP

o099 | o2
. 0.043 oy
ReTIe & I o g8

| 5,09".-5";'.‘ .

0,014 -8 |f oo

o001 E

0,043 |2
0.0k
-~ 0.017
. 0,02

c\co#giv
8

-,
o= S

.. 0s032 - -
0,036
. 0.037

S

3E LR

o @
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(8 Rodius of Neck

Cur J =

Figure 1. Neck Growth between particles



Figure 2a Preheating furnace and Reduction chamber used

for preparation of Iron powder from oxides*

Figure 3» GOLove Box used for pressing "green" compacts.



Figure if G-love Box used for storing and weighing powders.

Transfer gystero used for placing compact

Furnace under an inert atmosphere.
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Figure 11. Electron Micrograph of High Purity Iron Oxide

(*20,000)

Figure 12. Electron Micrograph of High Purity Iron Oxide

(x60,Q00)



. JSr

Figure 13« Electron Micrograph of Iron Oxide»

©x Ferrous Oxalate (x2Q1Q00)

Figure 14* Sleotron Micrograph of Iron Oxide,

ex Ferrous Oxalat® (xMDtQQO)



Figure 15 Bleciron Micrograph of Iron powder,

ex Ferrous Oxalate (x309000)

Figure 16, Electron Miorograph of Iron powder,

ex Ferrous Oxalate (x60100C)



95 -

Figure 17« Electron Micrograph of Iron powder,

ex High Purity Oxide (x12,000)

Figure 18» Electron Micrograph of Iron powder,

ex High Purity Oxide (x60,00P)
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Figure 19* Blectron Micrograph of Carbonyl Iron powder

(xif,000)

Figure 20, Diffraction Pattern of oxide obtained

from decomposition of Ferrous Oxalate.



'_1Q1v.A.

(CH/NAIZZ) 153 G 3¢ Possodd pue 9,.00% 75

mﬁﬁxo UoIT >pﬁn3m UJTH wWoxJ @moﬁ@0ﬁx Hmnwom UOJI JIO0J S2AIN) SUTIIFUTS TBWIBLFOS] .Fm AL T L

Amhmv mﬂae

“ . ol _ \w L. T “ 14 o

v Bl i} 1

-]
-t
-t

»(émp/ﬁx 1o oo/mﬁ) £qTsue(q paxejuig




=102 -

(GE/NTIEE) TE351 1% passead pue
Do00L 3® 93BIBX(Q SNOIISY WOXJ PoOnNpoId I8pMOd UOI] J0J SOAIN) SUTISIUTS [PWISULOST . *22 oInSTJ-

A.mnmv SuWTY, . |
_ i h L4 ot B 9 4 1 o

OO\E.,\,.W QLS = %#ﬂmﬂwﬂi
, usals adBvIoAY 90°S
v D
oooom
0,008 4
X
ooOOh

0,009 @
w
T.—-
=
ot
o
3009 _A.w
jo )}
. o
. @
Q 1°J 8
—Lc
ot
<
B
: X o
. )
H
sl
: pot. Q_
(o) 2

(¢




- 103 -

Ama\zzﬁmmv.Wm#m— 3® possaad Aﬁ>nophdo UOIT X9) no@zom.conH JI0J SOAIN) SUTISFUTS TRWIBYIOST *¢z BINTJ

*sIg) euwr, , , , o ,
M_A ) 9 . !l Tt o1 2 9 4 T . °
N 2 i . (m T (s : " . A g . Oo...w

o
o

0,006
nooow
UOOOP
0,009

0ox 4 O

o -
o
'4

(gmp/ﬁx IO oo/mﬁ) £qTsUBQ DPOIOIUTC




-102*_-

\ @/ RAVaL ] FETUa 1T EYTEYST 07T vguve TO T0 sy

 TWOJIT A3Tang USTH WOXJ poonpoad JopmRog UOX] 0] SoAdN)) SULLIIJULS LEWIoU3OSI ‘¥e ERGMA

m.mhmv suwty, |
wr‘ N ) k1! -1} . w; % %

B | v L] X ) ¥

T )

wp /3y a0 oo/mﬂ) £9TsUSQ POJIBIUTLS

(¢



- 105 -

A U/ OLL) TS3CS 3B passaxd puw

8!

n.mamv WL
1

)

x4

D,00¢ 38 838[EX( UOJLL WOXJ Paonpoxd IopMoOd

é a

A

<

B §

-

d

OO\EQ 00°¢ = myamsmm
usary 9IBIBAY

.;@

Q%9

QOHH T0T SEAINY mpﬁnmpﬁan TemIoL}08] “Gg mHZha&

Q
e

(.

wp /93 xo'oo/mz) £3TsUBQ POILIUTS



- 106 -

(SE/NH OLL) T5% 0%
1% .@mmmwnﬂ TAuUOQIB) UOXT X9) JOpMOJ UOJII IO0J SOAIN) JULJISFULS [BWISUZO0ST *9g PInITJ

( .mpmv me..na..,

candee Y Ca— ¥ A

-l

' o a1 4 . _ )
m p— X! g % 2 .J:ﬁ m ,A.,,.u.‘a.@

(]
o .
[
(@}
[¢0]
0 x 49 @

L)
pi

Y

(_Cmp /3% a0 20 /uxi?) L4 TsusQ PeIBIUTG

<



-107 =

L0'S

i

§

Fractional Porosity = e

Lo3

A 800°C

o a0 30.
‘ S Log, ot (time in minutes)

Figure 27. Semi Logarithmic Plot of the Sintering Data for Iron Powder

ex High Purity Oxide pressed at 15tsi (231 MN(mg)
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7.
Etch 2% Nita!.

Figure 36. Iron Powder, ex High Purity Oxide

Sintered 16h hours at 8Q0°C« (Pressed 15 t»s»i.) (x25Q approx)

Etch 2% Nital.

Figure 37. Iron Powder, ex High Purity Oxide (x25Q approx)

Sintered Two Hours at 9Q0°C. (Pressed 1$ t.s«i»)
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Nital.

Figure 38» Iron Powder, ex Ferrous Oxalate, (x200 approx)

Sintered 8 hours at 8Q0°C. (Pressed 15 t»s«i»)

Etch Nital.

»/ —i ik

Figure 39« Iron Powder, ex Ferrous Oxalate, (x2Q0 approx)

Sintered 8 hours at 900 C> (Pressed 15 t.s.i.)
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Etch 2% Nital

Figure kO» Carbonyl Iron Powder, sintered 1 hours (x20Q approx)

at 600°C. (Pressed 15 t»s«i>)

Etch 2% Nital

Figure 41» Carbonyl Iron Powder, sintered 16jr hours (x2Q0 approx)

at 80Q°C (Pressed 15 t»s»i»).
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Etch 2% Nital.

Figure 42. Carbonyl Iron Powder, sintered 1l6-g hours Cx200 approx)

at 900°C» (Pressed 15 t«.sei«)
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" Radivs of Effective
» here = Pore -
Radivs () + 3 (= /BE)

",Figu'ré 45, Diagram showing effective area of boundai'x operating as
B - a Vacancy Sink under Volume Diffusion conditions
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