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 SUIBIARY.,

The mechanlcal Dropertles of dle com*eoted elntcred
nickel compacts: prepared from closely sized sieve fractlon of
.annealed Sherritt Gordon were deﬁermlned..: |
| The'preperties, especially fatiguerﬁroperties;”were‘
found to be deminaﬁed By the presence of film like porosity in
the grain bouﬁdaries. The occurrence of thls porosity was at
the original partlcle boundarles and 1ts form was. attrlbuted to.
botry01dal shape of the origlnal pOWder partlclos. f.

A mechanlsm for the propagatlon of Lhe fatlvue crack

is sug ested. .
_Several iroﬁ pewders were carefuilylcharacteriSed.
Thin gteel strip was preﬁered from these samﬁles ﬁsing a élurry:
technigue. Binder was used in the slurry to give coherent
'etrip before rolling, |
The properties of the green strip were found to be
‘affected by the particle size and particle size distribution .
ef the ofigiﬁel powder, The presence of binder in the strip
' contributee towerds the green stfength especially at high roll
loads, "

Strength was obeerved to develop quickly during
sintering, for sintefing times of the order of sixty seconds
duration although litfle or no densification occurred.

Speeimens of near theoreticel density were prepaﬁed by
re-rolling and resintering. Despite the high density of these

specimens the mechanical properties were poor.
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© 1,00. INTRODUCTTION.

Sintered mateéials are menufactured frOm_météllic,

;éeramic or piastic powders. The powderé‘areﬁgeneqﬁlly‘cqmpadtéd-‘

to a coﬁerent forn and then sintered at;aniéie#atéd“teméératuré

so that diffusion ocours betyween the‘powder par%i¢1és,'-.
.strengthening the particle/partiéle bonds. ﬁenSificatiéﬁ mey :
oceur dﬁring_sintefing. Métqi powders ére usuglly sinté;éd in _

' an'ine:t or feducing'atmdspheré'tb:prejent‘bxidation..

| Although this work is primarily concernzd with the
processing and behaviour of metal powdefs,_méhy;of the techﬁiqﬁes'
and theories associated with the cbmpacfibn aﬁd%éiﬁfering?bf o

metals are equally applicable to both ceranics and plastics. -

1,10, THE UANUFACTURE OF SINTERED LETALS.

| -~ Most stable ﬁetals may be processed-.easily by.the
poﬁder fﬁute. Metal pdwdersvmay‘be prepared by a number of
techﬁiéueé involving either comminution, atomization or the
difept'reduction of netal salfs in the golid fora or in
solution. Therefore particles'of metal powders. may hive a
variety af‘éhapes'depending upon the manufacturing techﬁique
' enpleyed. Consequently pow@qrs are classified és,acicular,'
sporzy, angular or spheroidals

Althouzh pariticle size nmay vary from powder o

powéef,most éommercia} metal.powders aﬁe finer than 30 mesh
and" the smallest particles are of the order of a nicron ig
dianmeter. Thé iargest fraction by weight is freguenily

between 150 mesh and 250 mesh.



Compaction of the metal.poﬁder.is usﬁally carried

out in dies but recently other forms of conpmc ion bJ extrusion

or rollinm‘have-become of'interest. Jhen tho ncual powder 13

die compacted it is frequcntl blended wlth a 1uo¢;c~ni, €ols

a metal stearate.‘ The lubrzcant enables the powder partlcles

“to slide more Paullj over each other and so pac ' more closely _

together, also die wear is 1mproved. Occas;onally'the'lubricant -

':is‘applzed to-the die wall only. - Lubricants'a;é‘génerally not

used when the metal powder is rolled.

Powder metallurgy dies may 3e‘single a&finé,ﬁhere'

~only the'top plunger moves relative to the'die, or double acting,

where both plungers move. Double acting dies give a more uniform -

stress distribution ih the powder bed moreovef'the use of-two'f

_-plungers enahles the pressed compact to he eaected e381ly°

In practlce compaction pressures are usuqllJ 1n the ran«e

230 - 475 N/mm (15 - 30 t.8.4.) but pressures elther greater L o
or_lesu than this wmay occasionally be used. '
In certain applications the metal pouder may be heated

during COmnactiOn. This technique eliminates shibscquent sintering

_and parts naj be produced of very hig h den31ty.‘ However the

tooling cost is considerahly nore exyenslve then the cost of
cold pressing tools and the die 1life is reduced.

'After compaction, the lubricant must be removed from

“the compact before sintering as the rapid heating ratea involved _

in sintering cause rapid volatilization of the lubricant and
the pressure of lubricant wvapour nzy be sufficient to »up

the compact. In practice the cdémpact is heated slowly to 2 - : .




or inert atmosphere at a temperature cbove the mininum

frecrystallization.temperature but‘beneatthhe*malting.point'of

reguired. 'In order to achieve this, the sinteped naterial may

low tenperature 80 that the lubricant VOlatlllZ°S slole and

escapes from. the compact Thlu procedu”e iz f”GOHEﬂtlj termed

"Je waxing“. . Thereafter the conponent ig szntered_ln a-reduclng

the component.
Alloys may be processed by the powder route. The

alloylng elemsnts nay be introduced elther by admlxing powder

Jof the alloylng element with that of the;hase metal'or by

prealloying the naterial during powdef_ménufacture;

Occasionally 1 - 2 per cent of a constituent of lower

melting point than the basis powder is introduced, eele .
"1 - 2 per cent bronze in iron, and sintering isfcarriéd;out
.above its melting point. This technique is knowh as Jiquid

' phase sznterlng and gener ally faster densaflcatlon is achieved

a8 well as superior mechanlcal properties by this method.
Sintered nmaterials invariably contain some-poiosity
which reduces the realisation of optimum mechanical propertiés.

Conscquenuly for certain applicabions nl zh density parts are

be recompacted and :esinteied.  The recpmpgétion'of sintered
barts in a dié'is khown as "céining“ and in pfﬁctice p?essures
sim;la? ﬁb‘or greater than'the.origihal éqmpaction pressure
must be used if sigﬁificant'densiﬁicaticn is to be realised.
“Coining“ at lower pressﬁres.Without resintering is freQuenﬁly

used to size sintered parts.




1,20, THE ADVANTAGES OF A POVDER ROYTE.

A powder route enables materlal to be processed with
ver& few operatlons to the finished sh1pe and 31ze. Gonsequently'
| die compaction can produce parts of complex?design}and close
size tolerance without fhe_expeﬁsive and*léngthy{mdchining
_§perations that would be required to manufacture éﬁCh ﬁarts
' cdnventionally. Hovever becaﬁse'of expensivé tool cbsts fhé
powder route is mﬁre.éuitablé for the ménﬁiacturé 6£ parts.
foﬁ which large numbers are required, e.g; gears,‘fockerVarm{
_brackefs etc, ‘.

On the other hand tooling qosts are feduced in pdwdér
" rolling because the number of‘pio&ucinn'Stages conpared to
conventionai strip production aré narkedly réduéed. fig.i.l
ccmparés;a powder route and a cbnvenfional routé for sfeel strip
production. Conventlonal rolling processes dictate that |
progressively more passes are required ‘o reduce strlp thchness
' as_the Surlp becomes thinner. Conseguently the cost of very
thin gauge strip is very hig (Fig.22). Most pouder roﬁtes

roll strip oflfinished gaugs using two or three.rolling-staées,
"the first folling operation being done fery‘near to the finished
strip thickness.“Thereforé'the cost of thin strip produced

by a powder rou£e may be 1ess than stfip produced by a-
conventlonal route especlally when lehlj alloyed strip is
con51dered, 24T stalnless steel which is difficult to rell
éonventionallj.  | .

| A compactionwand'sintering process éﬁables highly

alloye&'or high relting materials to be_manufactﬁred'more-




easily becaﬁse ﬁachining ér zrinding bperationé'afe-ﬁinimised
aﬁd_bebausg'sintering'is éarried ouﬁlbeheaih'the melting point.

" of the matérial.Thus.a-poﬁder rmetallurgy réﬁfelisfve:y suitable
fqr manufacturing m&tél carﬁides or tungsteﬁ. Thé.compaétion
of highly alloyed materials is:faciiitafed by,using”eiemental
pbwdexs wﬁi¢h.aieiéonsidérab1y'softerrthan thefeguifaleht -

-pfealloyed powders, Material fransﬁort by diffusion during
_éintering develops the fﬁli' mechani¢al propéities of the alloy.

A powder route has enabled materials to be develépéd 
wﬁich cannot bé.ﬁanu}actured conventionally.‘ The cont:ol of‘ 

4 ﬁoroaity.suéh that laige amouhts_of interéénnecting porosity
are present in the finished materisl has allowéd-the development
df\self_lﬁbricating bearings;.‘foroﬁslniékgl éfrip of-high
surface area which.is used in electric cellé is produced by
é folimﬁpﬁpactid# pioéess.3_ | ' ' '

o Hydrometallurgical processeé for fhe extraction of
metal from.ores are becoming of increasing importance;‘especially
4 as_ieaner metal ores have to te worked. These processes diréctly'

ﬁanufacture met@l powdefs,'thgrefore a production route which
qées-metal powders as a raw naterial is economieqlly mors sound
than a produdtion-roﬁte which would require’the metal powder |
to be cast into a'billet'before_processing¢

Very many alloyé have been developed Eécauée of the
large number of applications for vhich metals are required.

.However the alloying elements which are added to the basis

element are usually very few and properiies are asltered by

varying the proportions of ‘each 'slement, If a powder production




route. is used for the components then the manufacturer only

has to stoék'a few eleﬁental powders in order to be able %o

produce'a wide range of alldys.

1950's.

1,39. CURRENT APPLICATIONS OF SINTERED METALS.-
| Although it haslbeen'appreciated that metal powders

can be used to manufacture parts and engineering materials for

‘some time, the commercial growth of the:industry began in the’

Host metai;powder processes tod#y die compact metal
powder and die compécted metal.éarts have established themselves
in the fieldé of beariﬁgs, bﬁshes, gears, cluteh hnd.braké'
linings, herd metals, ete. . |

However despite the importance 6f-the.die compaction

iﬁdustry the powder metallurgy industry does not process a large

~tonnage of metfal compared'to the tonngge that is consumed by

industries using = more traditional techniques,
Consequently because metal powders are manufactured in
small batches, the cost of metal powder compared to thé-qost of

netal of similar composition supplied in the billet form is high,

- and it is only because of.the production advantages of sintered

naterials that the technique is economic. However powder rolling
is.a process that would consume large amounts of ﬁetal powder
and &ts addption nay substantia}ly reduce powder costs.
The roil GOmpaction of powders is not yet in general
use although a number of investigators have advocated its adoption

and pilot plants have been develgped for many ferrous and non=-

- ferrous alloys which have shown - that the technique is practicable.-




As early as 18574 Bessemer ghowed that coherent
sfrip couldtbe_mado riom particulate raterials by possing brass
turnings throﬁéh a rolling mill. A patent was' filed in 1902 by
: Siénehs‘ahd Holskeslwhioh claimod adVantagao for the roll "
compactlon of hlgh moltlng pOlnt materlals compared with dle
compaction for the manufacture of wire bars.

More recently (1942)Mannesmann (Germany) developed
.a p;lot plant for rolling steel Strlp-‘ Sundwmger and Moss1ngwerﬁe
4.G. in 1951 and later Chemetals manufacuured copper and copper
alloy strip from chemically reduced powders. ~However due to
‘ooonomic reasons;.chiefly hocause'of the high‘cost of metal
powder, tho.work wvas terminated. Aluminium and.étainless atrip
‘have been manufactured for atomic ‘energy ;pblications by_.
H} Eausner and the Sylvanla Electrical Products Lid..

In the United Klngdom work has been carrled out by
Cambridgé UnlversityT, the International Hickel Corporatlona,

5

~ the British Won Ferrous Metéls Research Association” and the
British Izon and Steel Reseorch-Associationz which is'now_part
of ‘the Britfish SteelVCorporation. It has been oonclusively shown
| from these investigafions that strip similar in propexrties to
oonventionally rolled sirip may be manufactured. However the
large difference in price between molten metal iﬁ the ladle
and.mefal powder has generally precluded commercial dévelopment,
desPite possible produculon savings thereafter.l

Therefore it appears thau powder rollang is most

llkely to be used in the near future for h1 gh melting point




materials, materials that possess sgpecial properties, e.g.

very porous ﬁickel for electric_cellé and very thin gaugé
,materlal, pa“ticularly if 1t is hlghly alloyed.

Cowmer01ally Sherritt Gordon Llnes Ltd. manufactures.
nlckel strip from. powder which is used by the Royal Canadian :
Mlntlo also Reynolds Metal Companyl have PrOGGUSEd alumlnlum
and alumlnlum alloy powder to strlp. Nickel strip ié-alsdl

made on a small scale by General Telephones and Electronxcslg

1,40, THE PROPERTIES OF SINTERED MATERIALS.

Sintered matefials_usually contain some residual
fdrdsity and so their properties are not equivalent to the
properties df_wfought naterials of similar composition.

However it has been shomm™> that when the density ;f'sintered
‘ gaterials approéches the theoretica1'den§ity their propérties
are very similar to the pfoperfies of'conventiohallﬁ produﬁed
naterigals. This is cbnfirmed by fhe results of investigators
who have exaginea the pr0perﬁies of gintered strlp where it

: is.eaéier to gttéin the higher compaction forces that are
fequired‘to give fery high &easit& material. _

However it is usually not feasible to die compact.
metal povders to such high densities and in practice porosmty
contents of the order of 10 per cent are common. Cons equently
P/M-parts have Been, in tﬁe past, used in'low stress conditions
but recently'there has been a trén& to use ﬁhem in more ?igorous
conditiohs_in which c?cling stresseslmay be pfeéent, e.g.'gears,A

valve rocker brackets, sewing machine components etec,




The appreciatio# that a differéncelexists betweén the
life of traditionally-manufaéfuredrparts under a cyeling load and -
_,1ife_ﬁnder_a static load séon_developea:as the use of engineering' |
machinery inéreése& in the l9th.ceﬁtury.'~8uchla différence was
gkﬁlained bﬁ the metal "tiring" or becoming “fatiguéd";.'It vas
later realised that.fatiSue fractures were thé*mést’COmmon'?fpe
-of metal failure and a‘knowledég;of fatigue beﬁaviqur.soon‘bgg@me'
an.aspectfdesigﬁ. | B L

| -Because sintéred1cdmponentslhave Eeen ﬁsé&”in 10w-strgss“
situatiOns;t has not beenlnecessary to have detailed knowledge
of their fatigue behaviour but as sintered parts are rapidly
..gaining acceﬁtance and are-being used in moré highly streséed  _
_ situatiéns a'greater knowledge of their fatigue_béhaviour is
.required. | | -
'fPorosity ié the distinguishing-féature of ﬁost sinteréd
parts. Many authors have shoﬁn that it has the major effect
on the mechanical properties of sinteredimeﬁals.. Iﬁ_has also
been found that other factors such.as.pore gize and sﬁape nay
havé‘a Significant éffect upon mechanical properties although
this effect is much smaller than that of porosity content.

A iittle information has been publiéhed conéérning the
influence of such factors as powder fype; compaciion pressure,
i_sintering tiﬁe and‘sintering teﬁperafure upon the fatigue
properties of sintered metals, However the influence of these
'  féctors primarily affects density;'po:e type and gréin gize

which in turn affects the fatigue propertiss,




:l 50. FATIGUB TESTI“G AND TERHINOLOGY.

- service testing must be avoided._

Fatxgue testlng nay be carrzed out on- fln13h9d

'artlcles or on small laboratory samplea which have bnen carefully

" machined from the hulk.materlal Generally 1t ig not possible

fo prédict gervice life fronm laboratory tests, however in more

fundamental ‘studies of'fatigue,.the_added_complications of

Laboratory fatigue tests may be conducted 1n rotating -

_'bendlnb, push/pull, plane bendlng or tor31onal fatigue. In

order to examine the properties of a2 material, identiecally

. machined test pieces-.are usually fested at different levels of
| stress (S) and the number of éycles to failure () determined.
;Fréquently S'is plotted as the ordinate and N as the abscigsa,

the graph is known as an S/N dlagram.

Two fcrms of S/N curves are observed in practlce (Flg.B)

. Curve 4 is typical of ferrous materials and the curve may be

divided into two p.a.;'ts, the first in which the curve falls

steeﬁly'at higher gstreggses and the second in which it becomes
horiécnfol. The.ﬁell_defined_stresé ot‘ﬁhich the horizontal”section
occurs .is known a8 the fatigue limit,. Curve B is typical of |

most non ferrous materigls; there is no well defined fatigue

~ linit but the curve becomes less steep'as the level of stress

falis.

For samples that show & well defined fatigue limit,

jfallure will not occur at any flnlte number of rycles below .

this llmlt. Samples that do not show a fat;gue linit are

10




'.charaqteriséa by ah end@rénce iimif which‘is:the'stiess.reqﬁired
7 %o give faiiuﬁe‘after a'specified_ﬁuﬁber of reversals, usﬁally
iOT-or_lo8 reVerséis-_ ' | : | |

| ' The ratio of fatlgue or. endurancP llmit to ten511e
_strength is defzned as the fatlgue ¢at10 and for most metals thls
ratlo is reasonably'constant and characteristlc of the material.

_ - Fatigué béhaviogrlis_markedly influenced by'the sﬁrfacé
_condifioﬁ and‘en#ironment of the specimen. Notchés‘subsfantially
réducé_the number.of.cycies_to,failure atia gi&en stress'level.
In order to assess fhei: effects notches o£ spécific diménéioﬁs,

i.e. with well known elastic stress concentrating.ability, are

machined into the samples and the fatigue properties are evaluated.

The effects of notches are characterised by the following

,féctors:- _
. (1) The stress concentration factof, Kt, which is thé
ratio of the actual siress at the base éf the.nctch, célculated
from elastic theory, to the‘nomiﬁai apnlied stress..

| (2) The fatigue stress reduction factor, Kf, Whlch is
the ratzo of the fatlgue strength of the unnotched to the notched |
fatigue samples. ' | B

(3) The notch sensitivity factor, q, which is defined

oL (k£ -1
4 : (Kt - 1

Thus in principlé when q = 0 surfacé notches have no

from ¥t and Xf. -

effectiand when g =1, notéhes have their theoretical effect.
An altornatlve neans of characterlslng the notch effect
is to plot Kf/Kt versus &t tonether with curves representlng

_KantandKfml. |
o ' 11




1.60. THE FA‘I'IGUE PaocEss;

Durlnﬂ the fa 1gue process several stages are observed.

"Fatigue hardenlng and the development of extreme1y fine ullp

lires on the sample eccur at first. Gradually the sllp lines become :

deeﬁer and longer and fatiguexeracks nucleate._,Intruqlons~and

extru51ons of ‘the metal occur at this stage. 'The fatigue'cfack

once- 1n1t1ated propogates parallel to the Sllp planes on which the

crltlcally resolved sheer stress iz highest. In-the 1ater stages.

the. fatlgue crack propogates at right angles to the prlneinle stress.-

‘Eventunl1y the crack attalns such a size uhat 1t opens and cloges

dur*ng each reversal, a110w1ng the craek tlp to move acroSs grains

and grain boundarles. The cracks progress until the weakened

. material fractures by tensile teafing.

Two dietinet.areas.can frequently be observed in a

A fatigue fracfure, an area, often conchoidal in appearance Where

“he fatigue crack has advanced in a stepwise manner and an aresg

typlcal of a ductile fracture. Such fractures are commonly :

observed in wrought materials but genera11y not in the fatlvue

. fracture of 51ntered materlals.
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2.00. LITERATURE SURVEY.

'2.10. TEE ROLL COMPACTION OF METAL POVDERS.

2,11, COMPACTION SYSTEMS.

a) Saturated Feed Svstems.

Most of the “proposed systems are of this type (Flg.4)
The rolls ane arranged horizontally and the stock passes through
h vertically. ‘ S _ o o - f”“_‘
| Three zones may be identlfled with the process;-
1) The freg zone where the powder is 1oosely packed
and. falls under 1ts own wezght.
2) The feed zone where the powder, although stlll non-
coherenf is!bging pulled into the compaction zone by roll action. |
o 3) The.cdmpactionbione where the powder becomes coherent
and is densified.-. | _ | | | |
The angle that the feed zone subtends at the centre of
the rolls is defined as 6f, the feed angle, and the angle that the
| conpaction zone subtends is defined as @o, the ébmpaction angle.
| " If R is the roll radius, Li the initial density, DL the |
final density and k is fhe strip‘fhicknéss, then assuming that the
strip does not spreadieither iongitudinally,or transve?sally it
may be shown that:- |
uf = pi (1= Reo?)
S h
Thug the final density and hence mechanical strength
of the gfeen.sfrip, since the tw§ are inter-reiated; depends on |

the roll radiug and angle of compaction. Becauge the engle

of compaction factor is squared ‘s small change in the angle of

13




compaction-haé a large effect on the final density. The angle
of compactioﬁ depends upon roll'radius, roll gap, rall surface
'finish, Toll speed and powder type.

‘i) powder Variables,

As'in-conventional compaction irregulér; easily
:cﬁmpressaﬁleblfbroas.powﬁers of a:speciiic:particie‘sizé '
.distribttion qontaining 8 1arge amount of fines‘produce strongér ’
‘and denéer'gréen gtrip. However ‘the flow‘prope:ties-of:such
poﬁdefs is foor, conseqﬁently ﬁhe rate-at-whiéh matérial.is
conveyed to the roll gap.is restrictéd. .Therefofe alfhough
such powders,give-satisfactofy strip gt‘low rolliﬁg'speeds,
strip qualitj'is impaired at higher rolling spéeds because
insufficient material ié-fed to the qbﬁpaction 20ne._7' 8. l4.
| "It has been-éhdwn that the Tate at which air‘céﬂ.
egcape from the strip is impbrtanf:beéauée air exclude& from
the compaction an& feed zones travels ﬁpwar&s and impedes the
flow of metal powder flowing into the compéc’tion-,z_one. The
thickness of strip rolled from éarﬁonyl nickel msy be increased
by 50 per cent if a hydrogen afﬁosphere instead of air is used
arognd the rolling mill, due to the viscosi}y; of hydrogen being -
much less than the viscosity of air.a' | - |
Figure 5.}4° shows the varistion in flow rate with
inereasing réll speed for‘M.H.40, M.H,100 ard M.H.300 iron poWders.
It is apéarent_that up to a-critical roll speed the plot is lipear
“but beyond this there is a departure from lipearity.i-The critical

speed at which this occurs is called the flow transition speed

»
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- successfully using'a~saturated feed system.

and it nay be seen that coarse powders which flow more easily

‘have a higherlfloﬁ transition speed than finer powders,
‘Variation in roll gap has little effect upon this sPeed but at
wlder roll gaps the den&rture from: llneoritJ is greoter because

of the larger volume of powde1 being rolled and the greater amount

of air that nust be expelled from the poWder.
Strlp den31ty is reduced as soon as the flow tran31t10n

sPeed is exceeded. (Flg.G) Thus although M H.BOO produces a denser

-strip_when rolled at slow speeds any commerclally viable rolllng

_speeds'favours‘the better flowing M.H.100. It is aléq apparent

thaf inereasing the roll gap-redﬁces the.green stfip density.
Particle shape affects the compactlon ungle. Irregular -

partlcles tend to interlock thereby: 1ncrea31ng the compactlon and

-feed angles. Thus at rollzng speeds below the flow transition

'speeds 1rregu1ar partlcles produce denssr and stronger strlp.

Evans and Smlth7 showed that irregular electr olytlc copper powder -
can be rolled with a compaction angle of 6°,Which is reduced to
l%p for spherical gas atomised powders. Also it has not been A

found pogsible to roll spherical stainless steel powder particles

15.

However sone

y16

workers * indicate that powder characteristics have little

effect upon the compaction and feed angle which is approximaﬁely

: 70 for most materials. With increasing roll epeed, roll load

14

tends to decreagse which may be due to a reducticon in the feed
éngle and compéction angle.,
Increasing roll speed when rolling ILH.100 iron powder

N . . , 1 g . +
causes a reduction in tensile strength 4 for samples of similar

.15




'dlmlnishes.

density.(Fig.7) This behaviour is also typical of J.J.M.300,

M.H;BO and'M.H.40'pOWders. However for eleétrolyfié powder of .

"100 mesh, tensile strength and density show the same values

irrespéctive aof roll spéed changes. Tundermann and'Singerl4

. suggesat that thls behavmour may be due to the smoothness and
' acicularlty of electrolytic powder so thau particle movement

and subsequent Odee £ilm rupture may oceur readily over a

w1der range of rolllng gpeeds., . Howevernpartlcle movement may

. not occur 80 readlly with irregular particles and 80 as rolling

pped increases fewer oxide fllms and’broken and astrength

: ‘i) Roll ﬂlameter.;o's'

Increasing the roll diameter increases the radius of

curvature at the roll gap, consequently inereasing the compaction

angle. bherefore either denser or thicker strip may be rolléd.Fig}B.

7.

111) Roll Rou shness, *

The'compaotibn sngie may be increaéed up to 100 per

cent by using rough rolls but'during rolling the rolls attaih-

o smoother satin finish because of abrasion. Therefore in
production it would de difficult to maintain a standard roughness
and this parameter would be of little use as a means of_improving
strip prOﬁerties. o

mv) Powder Head.®

Increasmnb the powder head forces more powder into the
roll gap. Pigure 9 shows how density may be increased by
extending the powder head when rolling nickel powder, but too

large a powder head may cause the sitrip to split.

16
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v) Temperature.

increasing rolling temperature by épproximateiy 300°C

‘has been shown to increase the thickness of copper Striﬁ by

25 per cent. -This'may.be due to a reduction in fhé.viscosity

“of air escaping from.the compaction zone, However final mechanical

properties may be affected by oxidation of the powder..

vx) Control of Thlckncss.l

_ Thlckness control may be carried out’ by the flttlng

of shoes %o the roll, surface. (Flg 10) Selection of the correct

' type of shoe effectively alters the feed 4ngle and so reduces the

amount of powder flowing 1nto the- roll gap. Moreover the fitting
of shoes may give more precise control of. density and thickness

than altering the roll gap.

vii) Density and Thickness Veriation.'®
Density and thickness variation may occur across the
vidth of strlp Whlch has been rolled by a 31mple saturated feed .

system. A%t low rolling speeds den31ty at the strip edge may be

" less than the density at the strip centre due to the tendency of

the powdér to flowzsideways.f At higher rolling speeds escape of
air froﬁ the centre of the compaction 2one to ihe centré of “the
feed zone causes s restriction of powder flow at the centre and

a corresponding_reduction_in density. Figure 11 shows how
density variations may be cOnfrolled by either the use of "shaded
shoesg" or_a.metering device. |

viii) York Hardening of Powder Particles.

Little work hardening'has been found to occur.

Matsumura 18. estimated the increase in hardness to be less than

7
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) Singer-

15 per cent.. Evans and Smith7 showed that a significant_hardness

increase only occurs with large rolling loads. Tundermann énd

14

s using iron powder, concluded that although wofk,hardening"

‘of powder asperites. occurs there is little work hardening within

the powder yarticle itself., Thus they wefe able to reroll the

green strip to a density_of'7.l.g/c.c. without‘sighificant'edge

eracking. -

[

)] Unsaturated Feed Systems.

1 An_unsaturated‘feed systém is ﬁ system which operates :
using a éonﬁ:olled flow of powder which is.less_than the-maxiﬁﬁm
flow that occurs'by'powder f;owing into the roll gap unier free
flow conditions.. Such‘systems-méy berarfanged hbrizontally oT

vertically and may incorporate devices to force or meter powder

_ into the roll gap or to bind the pcwder particles together so

that the first densification is of coherent strip. An ekample ’
of the latter is the B.I.S.R.A. thin strip system. |

i) The B.I.S.R.A. Thin Strip Process.> (Fig.12)

This prdcess uses rollers in a vertical plane with the .
stock passing fhrough horizontally. The process differs from
other réil oompaction‘systems_in that.the powder is mixed,wiﬁh

a binder and coherent strip is produced before rolling.

Consequently the quality variations associated with rolling speed

and the flow properties of powders are largely avoided and extrenely

high line speeds may be attained. . Horeover as strip may be cast
very near the finished size'the process is very suifable-for

rolling thin strip.
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Seven operations are required:;
1) Mixing iron powder to foim-siurry.
2) Coatlng a continuous belt ﬂlth slurry, ubseqﬁént'
drylng and renoval from the belt.,
3) Roll compactlng the bonded powder to strip.
) Sintering in a reduclng atmosphere.
5) Rerolling the sintered strip,
' 6) Resintering. .
7) Finiéh_planiSh.or temper rolling.’
.The process can handle most kinds of ironm powder and |
is very versétile; Beéauée-the.aim is'to manufacfure thin gtrip
finexr powder grades are more suitable as such powders allow an
oPtlmum numher of partlcles in the thlckness direction of the strln.

‘Moreover as the process manufactures strlp‘of gauge sizesg “Wwhere

there is, a disproportionate increase in conventional atrip cost,

—

the technigue may be eccnomically competiti&e with conventional

strip, particulérly for more expensive ﬁaterials.such as stainiess

steel. - | - | ' .

| . Geherally, relativeiy porous_fihe pure soft powders

have been found to give green strip of optimum properties because.

of tﬁeir ease of compactability. Mild steei strip from powdér

shows sinrilar properties to cénventionqlly rolled, temper 3 tinplate-
- However specific diron powders, e.g. Makin 300 Pl, may give lower

tensile gtrengths and poorer eloggation values. (Fig.l3) Stainless.

strip shows slightly higher tensile sirength but poorer elongation

values. (25 per cent conmpared to 40 per cent on a-%“'gange.léngth).

(Figs 14). . '




2.12. SINTERING Aﬁn REROLLING. .

In order to compete with conventional rolllng systems

a powder rolllng plant must have a slmllar output. bonsequently

strlp finlshlng speeds must be w1th1n the Tange of °evera1 hundred feet

pe“ ninute to more than 1000 feet a mlnute for small gauge strip.

Because the process must be contlnuous sintering times must be

‘short 1f a 31nter1ng furnace of practlcal 1ength is to be used.

thtle Work has been done tc assess the fea31b111ty of looping
the strip around rollerslln the sintering furnace but B.I.S.R.A.
has indicated that this practice nars sfrip'rinish and also
complicates the initial "threading up" procedure;15' |
Therefore sintering time# must be confined to a maximum
of five minutes and.becausé the time is so short, mechanical
propenrties are not equal to those of convéntionaliy :olied:strip.
Strip rol?ed'ﬁy the B.I.3.R¢As slurry procegs shows a tensgile .
strength of the order of 155N/mm2 (ld tge.i.) and an elongation

of 1 per cent affer_the first sinter. J. Qakley of liangane se

- Bronze showed that sintering copper strip for two minutes in

‘cracked ammonia developed a tvengile strength of approximatel
: ; : P

one third of that of cast copper.
Because sintering times are so short a high Sintering
témperature which promotes fast sintering rates and rapid

attainment of the temperature at which sintering commences,

‘must be used. Consequently sintering ftemperatures of the order

of 1200°C for steel and 1000°C for copper are required. The

presence of sulphur severely impairs the nmechanical properties

~of niqkel.lo‘ A reduction in the.sulphur content of nickel from
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.0038 per cent to 0.00® per cent 1mnrove° the tens:le strength
'from approxlmately 250mem2 (16 t.s.i.) %o 3650/ (23.6 t.s.l.).
o and the e;0ngation from_lo per cent to 45 per cent, In order to

.reduce the sulphur,cohtent of nlckel strlp to accePtable levels
& sintering‘tiﬁe of twenty'mlnutes is needed.
| Meny workenahave sh0wn that hydro«nn afmospheres
'.prOmote faster 31nter1ng rates compared to inert or hydrogen/
-nltro gen - atmospheres. Consequently pure atmospheres promote
'faste: gintering rates oflsfrip. Mereo#er_in the:eveﬁt_offhydrogen
. becoming trapped in eny sealed.porosity during the first sintering
operafion,no hiistering.will occcur during subsequept re&olling
and sintering because_of the ease with which hydrogen may diffuee
from the strip..

| To‘manufacture sirip of near theoretical density and
hence of;ﬁechanical properties similaﬁ fo eohventional'strip,
a second rolling and sintering operation is‘reqﬁired° |

| Rerolling mild steel and copper strip followed by
regintering realised mechanical properties thetwere verj similar

2.7 The severit& of reduction

te thoge of cchventional strip.
_of stainlese steel strip originally rolled by the B.I.S.R.A.
saturated_feed gysten was depeudent upon sietering temperature.
Sfainless steeiZStrip sintered‘to 84 per cent theoretical density
at 1?oq°él‘required 70 per cent further cold deformaticn followed
by annealing at 1000%C o realise optimum properties but only

40 éer cent‘reduction was required after sintering at 140000.

Also higher elongation figures were obtained by using the higher

sintering temperature. (rig.15)."
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' Littlé information is QQailable concérning'the_effect'
of the'fiﬁal gintering temperaﬁurgfj.Information for stainless
‘steell indicéﬁes tﬁat the final éinteriﬁg témpgrqture is.not
'éritical. Sinféring at temperatures hetwéén 115000 and 135000_
caused a hardness reduction of 20 V.P.F. from 180 V.P.N. in
‘one tﬁ one aﬁd a half minutes. - Longer sintering times of ﬁp:io.
elght minutes at the hlgher tenperatures cited may ‘cause a
hardness increase up to 165 V P.N. due to the appearance of
ferrlte in the austeplte matrlx.

2415, HOT COMPACTION PROCESSES.

Hot compaction procesoes enable strlp to be rolled

to almost-lOO per cent theoretical density. Moreaver the
difficulties of attalnlnv satisfactory. mechanlcal proper tles
after a short sinter are avoided.

“The'Réynolds Prbcegsl}(Fig.16)_manufactures aluminium
and aluminium zlloy.strip from atomized powdér; The powder
is atomized from the melt and is transferred to a hopper above'l
the:rolls of a saturated feed system. Thé powder ié preheated
as it falis't;wgrds the rolls where it is fully densified to
'coherentlsérip. | o o .

' The -optimum powdex particle size was found to be hetwéen
.-8 and + 60 mesh, the particle 'shapes being fat cigar Shaﬁed .
partlcles of apparent deqsity of the order of 1 gfc ¢. Particles
‘elther coarssy Or flner than thls produced thinner sirip. Large
conpaction angles of the order of 15 were found possibly.because

of interparticle welding at the botiom of the hopper and the large
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.pcwder head.l Stfip of theoretical density could be ﬁanufactﬁred
over a range of rolling speeds from 15 metres per mlnute
:':(50 f.p.m.) to 60 metres (200 f.p.m)

The Reynolds Process has been uged to manufacture '
most ccmmérclal,serxcc of aluminium alloys. The-mcchanical
prcpertieo of such strip were as_least'as good - as those of
conventzonally rolled ‘strip. Prcvided that thc amount of
.. further ccld deformation exceeded 5 per cent the prcpertles of
'the compacted sheet we;e superior to those of convent10na1 sheet.
This may be due to a dispersion hardening effect caused by
finely dispersed alumina. particleé. |

Hot rolling green copper atrip has been carrled out-i
by Shaw and Knoppe 20 in the United States. Copper powder was |
compacted :at 1,2 metros per minute (4.fect/minu£e)_to 1.52.mma.

(0.060"), heated to 1040/50°C for two to two and a half minutes
and then hot rolled to 1.38 mms. (0;055"). Further cold rolling ,
to_l.ia-mmsf (0.030@ and snnealing in "exogas" for one hour at
550°C resulted in strip of tensile strength 2§4N/mm2 (15.2 Teseis)
and 46.8% elongation. This compares with 2o4ﬁ/mm2 (13 te3.i.)
for conventlondlly rolled mategzal. Further cold rolling and .
‘anrealing to 0.14 mms.'(OfOOO 54"} increased the tensile strength
to 242II/mm2 (15.7 tes.is) and reduccd- the elongation o 23.3%-
The peddction in elongation ds.typical Oflcoppcr'strip when it

is rolled to such a small gauge,

23




Rolling the same coppexr powder by a number of cold

.rolling and sxnterlng steps to .13 mms. (0. 0005") gave a tens;le
'utrenvth of 260N/mm (17 t.s.l.) urd 265 elongatlon.' The_
" electrical conductivity of the hot rolled strlp was_84.8%
 6£’£ﬁe‘condu¢tivity'of oxygen free High cbndﬁétivityzﬁoyper.

) Subseqﬁent hotlroliihg of the cold.rolléd'and'Sintered strip

increased the conductivmty 0 98 -due to.sPherpdisation of |
grain boundary, oxlde filus. -
: .Pk vone
Such a procedure is unllkely to be adopted because
of the‘greate; tendency of iron powder to oxidise and the

difficulty of s_phefodising iron oxide,

2,14, ANTISOTROPY OF STRIP FPROM POWDER.

Little work ﬁas been done in this field, hgwevei
is would appear that the propertfies of compacted strip in the
transverse direction are better or. equal to.the'prOPerties_

in the longitudinal direction.?'ll°
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. '2.20 THE FATIGUE OF SINTERED PARTS.,

The fatigue testlng and representation of the reeults
of 31ntered materials are carrled out in the same manner as
conventional materials. | ”

Although there ere minor dlfferenees, 31ntered samples- 3
élve a similar form of S/N curve when compared to conventional

-23,

materials of the samne chemical-composition.21 : Gonsequently

gintered iron etili ehowe a fatigue limit and materiele euch as.
'sinte:ed copper 4o nqt._(Fig.lY)ZI’
' Sintered materials generally fail earlier than

-_conventxonal materlals of similar comp051t10n durlng fatigue '

testing. This feature ‘is ma1n1y due to the presence of poroslty :
vhich reduces the cross-sectional area upon which the eycling

gtress acts. Frequently the observed reduction'in specimen life

is greater than may be calculated by only cOnslderzng the reduction

in cross-sectional area because of the stress raising eff ect of
'poreeQ |

The fatigue limits of some materials howevef, e.g.iren?2

appears to be negl;gently affected by the pore stress raising

‘effect, because when the reaults are corrected for the reduction

~in cross-eectional area they are very similer to wrought iron.

At stresses above the fatigue or endurance limits the
pores of sintered materials exert a stress raising effect which |
increases as the amount of porosity present in the material
increases. Censequently the slope of the S/N curve for sintered

. materials at these stress levels is less than the slope determined
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for domparable wroughflmatéria19521*24; The sﬁréss rqiéing effest
'of porés 15 sma}l becaﬁse_for small amounfs of poro3i£j fhere.
is little-differénceibetWeen fhé S/W curves for conventional aﬁd
sintered'matefials??’24‘ |

| The number of cycles at which the S/N curve becomes or
f tends to become horizontal‘is gregfer forrsinferea materials;23;25'
.Conéequently sintered plain ca:bon steels shﬁw'a fatigue limit
.after 106 - 1@3 féversals but for wrought plain céfbdn steels it
is shown after 10° - 107 reversals. - o

The fatigue ratio of sintered materials.is-generally
between 0.3 and 0.5.26' Kravic27 and Radomyééléskyza.have reported
that the fatigqe'ratio for sintered steel increases as the tensile
strength increases (Fig.18) but other iﬁvestiga%ors_includiﬁg
Goetzel gnd Seelig21 report that_the-fatigue ratio decfeases as
'.the porosity'increases.(?ig;lﬁ}. The'feduction iﬁ the fatigue ratior
with increasing poiosity is éreater-for iren than copper.
Iﬁterp:etation of the tensile and fatigue data preéented graphically
by Dunmore and Smith24 fqr hydrogen sintered copper cqmﬁacts.
preparéd'f:om“atomized copéer powder indicated éhat-the-fatigue
-ratio incréased from 0.42 to 0.45 finally falling to approximately
0.36 as the tg#sile strength increased. The reasons for -the
" contradictory sfatementé concerning the behaviour of the fatigue
ratio is not clear but thé scatter inherent in fatigue tesfiﬁg
resﬁlté nay be a contfibutory_factor{
23,2

2- .
A number of investigators 'hgéegreported that the scatter

in the fétigue.results for sintered specimens is less than that

L4
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}?rOPerties ig. total porosity, however pore size

- dispersed porosity tend t0 have betier fafigue pfoperties.

normally found in conventional.ﬁatérials.‘ t ig probable that
'fatigue'nucleation will begin at the surface of sintered samples.
Eherefbre the-presence_of pbrosity-at the-surf#ce of the material

will possibly act as a stress raiser for fétigue'nucleation.‘_

‘ansequently the samples of a specific fatigue sefies should
" have very similer surface discontinuities from which fatigue

oracking will begin..

It id likely that the overriding effect upon fatigue
21and to é.much

*

'_lesser extent pore shape exert some influence. Other structural

24

factors, e.g. grain size may also affect the fatigue properties.

Therefore parts made from fine powders which yield -fine well
- 21

2,21, COIPACTION PRESSURE.

| -Increasing compaction pressuié léads.to a reduction in
total porosity'apd consequentiy an improvemeﬁt in mechaniéal
prpéerties. Moreover Wheatleykand.SmichQhave.reported that
ingreasing the compaction pressure gives finer, more unifbrm
porosity. - Thid is.also consistent with the work of Bockstiegelso'

who states that as the compaction pressure is increased the

LY

largest pores are reduced in size first.

The poﬁder type also affects densification during

. compaction and so atomised.c0pper powders compact to higher

dgnsitiés than electrolytic copper powders at the same compaction

24

pressure.

2422+ SINTERYING TEMPERATURE.

High sintering temperatures promote densification and

pore spherodisation, however excessive sintering temperatures

o7




-mey lead to.grain growth and a'correspondipg deterioration in
“fatigue propertie&:.a4
| Dunmore end Smith24have'shown that the tensile strength
of copper coﬁpacts preesed at 465 N/mmz.(30.t.s.i.)aaﬁd”sintered
-"for'four'houis in nitfogen remaing reiativelyfﬁnehéﬁged-until
a sintering'temﬁeieture ef 30000 is exceeded. Between:BGOoc and
_600 i there was a large 1mprovement in the tenslie strength from
 apsroxinately "13.8%/m? (0.9 t.sii.) to 2241 /un® (14.5 teseie)s
Slntering temperatuppe greater than 600°C led to a reduction in
tensile etfength tecause of grain growth. Despite these changes
in tensile strength the endueance limit remained faifly constant
for sintering temperatuﬁes from 45ﬁ°c to slightly-in'excess of
'100000. Therefore from 45000 t0 600°%C there was a maiked
reduction in the value of the fatigue ratio but‘a_gredual increase
' with'eﬁ increase in sinteriﬁg temperature f:om 600°¢ to 1000°C.
Hardness.and elongation velues followed similar trends to that
of tensile strength. There was little change in the porosity
for sintering tempefatures of 45000 and above but at the highe:.

temperatﬁres the pores became more spherodised.

2,23. SINTERING TIME. .

| Generally there is little change in mechanical properties
for sintering times from a few minutes' to several hours. Copper
combact324 showed a smali increase in tensile strength from
approximately 190N/mm® (12.3 t.sei.) to 220N/ma? (14.3 %.s.i.)
for an increased sintering time from a few minutes to eeve:al hours.
The endurance limit renained reasonably constant_and.there was a

slight decrease in hardness during this time, however elongation
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values increased from apprpximately 11 per cent to 23 per cent.

' This was probably due to individual pores becqming mdre:rounded.

2,24, OTHER TACTORS ATTICTING FATIGUE PROPERTIES.

Although compaction pressure, siﬁtering time-énd

sinteriﬁg temparafure are the most important variables which

affect fatigue properties, mainly because of their effeot upon

_ total porosity, other factors have a small but significant effect.

T

a) Powder Type.
Specimens prepared from atomized copper powder show

slightly higher-endurance'limits than samples from electrolytic
coprer powder of similar density.24. |

Goetzel and Seelig24demonstrated that both iron and

_copper specimens-prépared from =325 mesh powders gave better
fatigue properties than samples prepared from +200 mesh powders.

" However kothariz9reported_that a'partiele size of =250 4325 mesh

iron powder gave optimum fatigue properties for iron/10% bronze
specimens., | | ' 7
b)'Sintering Atmosphere,
. Speciména sintered in a hydfogén atmogphere densify

more quickly than specimens sintered in other atmospheres.zA’sl'

" Moreover hydrogen sintered copper compacts have better fatigue

24

properties than nitrogen sintered compacts.
Wiest32 hoted that the tensile and elongation values

of sintered iron were enhanced by sintering in hydrogen especially

-for sample of high density although the effect on mofe‘porous

samples was minimal., However the fatigue properties were
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relatively unaffected. Some workers, €.8. F.N.Rhihes31 have
shown that sintering in a vacuum develops similar structure and
prOperties'td sintefing in nitrogén.

The more:rgpid densification of samples sintered in

‘hydrogen may be due to the reduction of metal‘oxide?aﬁ‘thé
~surfaces of metal particlés thus enabling clean metal to me $al

contact to occur. Moreover, especiaily_at low porosities,.

hydrogen may diffuse quickly'from'sealed porbsity allowing

further pore shrinkage to occur.

2.25. COINING,

Because of work hard;ning, coining.witho;t.a furthei
éintering or annealing stage increases the endurance or fatigue
limit but lowers the:fatigue-ratio.Bs"When coining is followed
hy a sintering or annealing step the mechanical ﬁroperties are’
similar o the properties of samples of equivalent density
processed by a single pressihg and sintering operation.

2,26, NUCLEATION OF THR FATIGUE CRACK IN SINTERED'PARTS.

It is well established that fatigue cracks nucleate

at the surface of solid materials. Nucleation frequently ocours

at small surface discoﬁtinuities which act as stress raisers,
Wheatley and Smith22 found no evidence of internal crack.‘
nucleation from the surface 'of pores but because of the large
érea'of internal porosity.the possibility of internal crack
nﬁcleation cannot be ignored. |

In order to detérmine the loeation of fatigué'nucleation

Wheatley and Smith tected three samples of sintered iron,
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was interupted every 50,000 reversals and 0.05 mms.(0.002 inches)

density 6.67 g/c.c. These samples would have been expectéd to : ‘

fail after 100,000 cycles, ‘However the testing of specimens f o

of surface was removed.

Fatigue lives of 120,000, 195,000 and 225,000 cycles -

_ were_dbtained. Although éach.sample survived for a greater time
. than 100,000 cycles the results are not conclusive because of
‘the scatter irherent in fatigue results.  However the resulis

indicate that surfacenucleation of fatigue is likely.

?éterson25 evaluated the-étress condentration.faCfo:

for a spherical cavity to be of the order of 2. However for a

hole in a flat strip he calculated from elastic theory that the

stress concentration factor was 3. If it is assumed that a pore

connected to the surface of a sample is more anslogous $0 a

‘hole in a flat bar than a completely enclosed spherical cavity,

then fatigue crack nuclestion would be more likely to start at
the surface of a sample,
Poh13® related the internal notch effect of pores in

sintered ferrous maierials by the following equationse

b

n = o]
1)

l - e

‘UO

where B = Young's modulus of sintered material

B = Youngt!s modulus of solid iron
-:u = density of sintered material

y = density of solid iron
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_ This equatjon given an average value for the.interﬁal
notch effecf (m) of 2.5 which is'similar to that dérived by .
35 |

.Péterson . Valueé for the fétigue_stfehgth reduction facfor (xr)
were determined_émpiricallj by domﬁaring the fatigualétrengfh of
gsintered steels with that of confenfional'stéels"of the same. -
‘structure. The internal notch effect (m) is cqual to the theoretical

) 39

gbress concentration factor in spheroidal graphite.cast_iron{
quevei.it haé-not ﬁeen shown.empirically to be equal to the stress
concéntration factor for pérés in a gintered matefial. Therefora
ﬁy agsuming that the‘internal.nofch.effect is equivalent to the
_theoreticai.concentration factor then values for fhe notch
gsensitivity factor thor ferritic,_peariitic and heat treated
sintered steels may be.calculated. These are 0.3, 0.45 and 0.8
.respectively. _ -

| Once g fatigue crack has nucleated it is generally agreed
that the stressrconcentration factor for a fatigue crack is greater.

than a pore, thus the cracks propogate until  failure occurs.

2.27+ TEE NOTCH SENSITIVITY OF SINTERED MATERIALS. ' '

" - - The presence of external notches reduces the fatigue

27,37,38.

‘strength of sintered specimens.,
 pasquine®* has reported fatigue data for steels

containing 0.48% carbon and varying amounts of ﬁickei. The

) noféh sensitivity factor é was shown to be between Q.36 and 0.57

for # stress concentration factd: of 2.2 and for specimens in the

density range of 6.6 to 7.2 g/cic. An isolated value of 0.76

was obtained for a quenched and tempered steel containing 7%
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et al.35 and Crocks et al.

nickel of density 6.6 gfc.c. o relationship appeared. to exist

between porosity and notch sensitivity.

Similar data has been reported by Kravmc, 7 Ho*1ta
%6

2.28. THE EFFECT OF ALLOYING ELENENTS AND EEAT TREATHENT.
_Additions of copper or bronze (1 - 25%) are frequently
made to iron powders. Subsequent siﬂtering above the melting

point of the second phass enableé.densification”and a satisfactory

‘pore siructure to be obtained more'rapidly.

KothariZ? has shown that edditions of up o 11% bronze
to iron powder improved the fatigue limit from 152N/mm2 (9.8 t.s.i.)

to 2000/mm” (13 t.s.i.) but further additions of bronze up o 20

reduced the fatigue 1limit to 131N/mn® (8.5 teseie)e

Graphite additioneoof 1% reduce the fatigue limit for

samples of 105 porosity but when large amountes of poros;ty are

. .2
pregsent (20 ~ 30%), similar graphite additions have‘little elxectc 8

iy

Additions of carbon from 0 to 0.8% increased the fatigue
linit of a steel containing 2%‘ﬁicke1'from 83N/mm2 (5.4 t.3.i.)
£6 150 N/ma? (9.7 tes.i.) Figure 1958

Alloying additions .are also made to sintered iron to

promote hardenability.' K;avio and PaSQuine34 studied_the.heat

treatment of a 0.48% carbon with a tensile strength of 1015N/mm2

(65.7 tes.i.) were reported for samples of T.2 g/c.c. density.
The propertles of quenched and tempered, szntered steels
are similar to wrought steels of the same cOmpos;tion. However

sintered steeis_may becore brittle with high carbon oontents.

Therefore nickel must be added and the level of carbon controlled

bS]
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in order to glve accepteble properties.

It has been inferredzs

frcm the data of Ra,rmond33 that
the hardeﬁability of sintered eteelalle not as good a9 conventional
steele. This may pessibly be dve to the fiﬁef grein'sizerf
sintered'steeis, the much greater free surfece-area“endjthe'

poorer 4‘herma.:’!L cenductlvity. |

2. 29. A COMPARISOH BETJEEN SINTmRED AND OTHER MATERIALS.

Fatigue tests conducted under 1aboratory cond1t1ons
_show that the properties of sintered matexlals are not as good
as those of wreught materiaIS‘ef gimilar chemical eomposition.
:_In order to apprqaeh the properties of conventional materials_
the porosity of sintered materiale ﬁust.be less than 5%.5
Such high*densities.ere iarely attained commercially. Consequently |
the propertzes of commerczelly sintered material appeer to be not
competltlve with conventional wrought materlals.

However in speclflc instances sintered materials may
show supericr properties to cast materiale, e;g.-eopper?4
- Moreover the additions of small percentages of copper or bronze-
1o iron poeders,‘so that sinterihgeoccufs in the presence of
a liquid phasersignificently improves fatigue properties.
Therefore the properties of siritered copper carbon steels are
comparable with many ﬁoduler cast irene.'26 Figure 20 shows &
comperison between fhe endurance 1imits of sintered materials
with those of other materials,?’

The fatlgue ratiocs of szntered steels are between

0. 3 and 0.5, clustering about 0. 4, whllst wrought steels are
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. ecast irons

doubt that fatigue results obtained on'sintered'parts give a

of the order of U.5. Sintered parts are less noich sensitive

than wrought parts. Wrought steels show a value for the notch

,sensit{vity factor g of 0;5 whereas sintered s#eels and nodular

39

~shovw & véiue of 0.35.. Althbugh preCise_Values,for-
the notch senéitivity factor are'not‘especially'éigﬁificaht-they
aie an.indiqétion that éintered raterials are leés notch séhsitive-
than dompar@ble wroﬁghj nateriala., This ispossibly due to porasity
at the surfacé.of the samplé which acts as a mild streés raiser.
Consquenflylthé gtress céncentratiqn at an external notch is _‘
less than the siress concentration.at a notch in a more uniform
wrought material. . |

Raymond33 has suggested that superior fatigne data is

obtained on sintered unmachined apecimens. While there is no

e

 much better indication of the service life of a component, the

study of machined fatigue semples avoids the added complication
of service testing.. However it has bee; ohsgerved that gintered
compacts show more porosity in the.corners and pefiphéral aTease
If this porosity acts as a mild‘stress raiser then the fatigue
properties of unmachined sﬁmpies may be slgghtly worse than
nachined samples of the same shape. |

" Although the fatigue properties of sintered specimens
are-generall& not a§ good-as cpnventional materigls of the same
chemical comgosition, alloying additions to the siantered maferial
improve the fafigue properties, Thefefore sinteréd components

-

are increasingly replacing conventional components in situations

where cycling stresses are present, €.g. rocker arm brackets.
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3,00 SCOPE OF PRESENT WORK.

.jLJO. THE-ROLL CO”PACTIOH OF IROH POWDLR._

The present work concerns the B. I.5.R. A.slurryl

. process for:thg manufacture_gf thln strlp.: The aim of the

‘ ‘work is t; obtain a moré thorough ﬁnderstanding of %hé*factors
-which.affect fhe rolling-and sintéring of irén.powder by the -
 B I. S.R A slurry p*ocess.. Thus such information may be useful

in order to 1mprove the- quallty of the strlp or to reduce the

rlgorousness of the ;ond1t1ons whlch are currently required to

manu?acture sound strlp.' In order to fulfll th1§ aim the work

was lelded'lnto several stages.

3,10. Staze 1.

Ih_the first sfage-d number of iron powders.wefe

'éérefully charvacterised and preﬁared. The paiticle paraneters
| vwhich were investigated are:- |
| _1) Particle size,

2)_Par£ic1e size distribution.
* 3) Surface area.

4) Particle. porosity.

5) Particle deformability.

6) Particle shape. |

7) Surface purity of the powder particles.

3,20, Stoge 2.
In the second stage, the effect of the above parameters

. upon the properties of green strip prepared by the BeIoSeReAs

3 : : ' |
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BoIcSoRoA. Staff;

slurry process was.assessed. The following.variables_were-

. thought to influence'strip'quality:—

_i) Slurry composition.. °
- ii) Roll speed,

11i) Roll load.

i) Slﬁfry degosition. |

No.attémﬁt_was made to investiga#e the role of.siufiy 
c&@position dpon'thé qﬁality of ghe greén strip'beCaﬁse the
optimﬁm slﬁrry'composifibn had already been éétablished-by

40

© This slurry wag adopted for the present work.

'i11) Roll Speed.

A standerd roll speed was used throughout the

_investigation because it had been reported that there was, little

change'in'quaiity'for variations in roll speed from 0.3 metres

to lSOme%feé/minutes (1 to 500 f.p.nm.) and because it was difficult
to roll short samples over a wide range of rolling speed.

iii) Roll Load.

The effect of roll load on samples of "flexistrip",
i.e. strip composed of iron poﬁder and binder that had been cast
on to a formef, dried and removed, was determined over a wide

range of roll loads.

3.301 Sta-.fge 3.

In the tﬁird stage sintering conditions and furthex
procesgsing of strip rolled in Stage 2 ﬁere investigated., The
variables believed to affect propertiés were iw N

| i) Sintering temperature,

31} Sintering time.
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: Vériables affédting further précessing*would_be:-

i) Load during second rolling-opefation.
ii) Sintering'temperature_ofﬁthe.second'sintef._

iii) Sintering time of the second sinter.

'i) Sintering Teﬁpefature.‘__

Alﬁhough it is weil kﬁown.ﬁhat.changes_in:sintering
temperature maikedly‘affect densification, a standard sinteriﬂé_'
temperature.was used throughout tﬁé é&rk.—:Thé sintering |
temperature was the highest fhat i;-easily attained commercially

because densification is faster the higher the temperature and

the shorter is the time taken by sampleé to attain the temperature B

at which sintering commences.

ii) Sinteringe Time.

-

Although‘samplés were sintered for s number of sinteriﬁg'

times for the first sinter a standard time was chosen for the
second sinter owing to the shortage of time and the dAifficulty

of preparing a sufficient number of samplés.
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3,40 THE FATIGUE OF SINTERED NICKEL.

The effect of total poroszty, pore size and pore shape upon

‘the propertles of sxntered nickel prepa aved from. Sherrltt Gordon,

' _Grade 8 nlcxel powder was stuaied.

The work included a brief examlnatlon of the compaction

‘and sintering characteristics of nickel powder.‘
SP301flc fractions of the powder we*e prepared by three

different techniques in an attempt to give three geries of different

total poroslty of va:yzng pore size.
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THE ROLL COMPACTION OF IRON POWDERS

,MATERIALS.AND EXPERIMENTAL PROCEDURE

-



4.00. MATERTALS & EXPERIMENTAL PROCEDURE,

1) Hakin powder, J.J.M. 300. (=300 mesh)

'4) B.S.A. water atomized powder (-100 mesh)

tube 1500 pms.(5 feet) long and 25 nme. {1 inch) in diameter.

‘conical flask while the fine fraction was collected by allowing

41& MATEKTIALS

The iron powders used were: as followss:~

2) Sintrex electrolytic povder (=300 mesh)

3) Woodall Duckam powder (-100 mesh)

5) B.S.A. water atomized powder (-300 mesh)

ﬁrom the J. J M. 300 powdef”two air elutriated fractions
were prépared |
6) A powder which.was of g pafticle'size digtribution predomihantly

greater than 30 microns in size.

7) 4 powder which was of a partlcle ‘gize distribution predomznantly'

less than 30 microns in size.
q‘) Weocdall Duckoawm Puwd@.ﬂr {- 3eo %Q;L\B

4,11, PREPARATION OF THE ELUTRIATED FRACTION.

“An elutriation column shown schematically in fig.2l was con~.

structed. The iron powder was fed through a short length of 6.5 mm.,-

(¥ inch) glass' tubing by an Archimedian serew into a vertical glass
Compressed air was intrcduced tangentlally iruo a conical flask
at the bottom of the glass tube. Air pressure was controlled by
bleeding air from the system through.one arm of a ' piece'on-the
inlet side'of the apparatﬁs: A ghort length Qf rubber tubing wag
fit%ed to this arm which was clamped by a Mohr clip. Variation
in the setting of the llchr clip.altered the amount of air bled

from the systems The coarse fraciion was collected in the

the air and iron powder coming from the ton of the column tb
_ . 16




‘expand into a large conical flask and thereafter into another

flask in which two permanent'magnets'weie gituated.

Bach c¢oarse fraction and each fine fraction were

‘elutriated twiéé; . Powder was'fed'into the -apparatus at an.

approxlmate rate of 15g per m1nute but because of the difficulty
of operatlng the electric motor ﬁhlch was driving the screw at
a constant speed this rate was frequently either greater oxr

less than this, - Air pressure was adausted until approxzmately

~ half of the powder was swept up the column and the remalnder

dropped down the column.

Because .of the difficulties of operating the elutriation

'apparatus under consistent conditions all of the powder that was

- used for strip preparation was prepared as a single'batch before-~

hand. Each of the sub-hétches thet were collécted from the

oolumn ware blended and mixed in a laboratory bgll mill using

light ceramic balls for one hour.

A =300 mesh fraction of Woodall Duckanm powder was

-obtainéd by sievihg the =100 mesh fraction fqr one hour using

sn Endecott Sieve Shaker.



4,20, POYDER CIARACTERISATION,

4.21. SKIPLING.

A.single bétch'of each powder was used throughout the

investigaﬁion; _Bach powder was sampled by.a Wquartering én@
'coning“ te¢hnique until a.sgmple size of'approkimétely'4_Kgs.”

ﬁéﬁ attained, This was fﬁrther broken.doﬁn.uSing'a "Knight

Splitter“.",This-apparatus fed'the powder dowﬁ a rotating

shute into A number of containers arranged in a circle around

the shute. The_deéi%gd gample was Obtaihed_by blending adjacent
'_containers. Samples of approximately 100g. were obitained by .
“the"Xnight Splitter. Smaller samples.if needed were obtained

by furthér "quartering and conihg“.'

4,22, PARTICLE APPEARAICE.

The powder particles were examired at low negnification
with a binocular microscope and aiso at considerably higher

magnifications using a Stereoscan Eleciron lMiecroscope.

40 2_3 . P}lL;T IC LE I-IICROSTRUC TURE .

A small amount of each powder was mounted in acrylic
piastic and gréund using'silicon carbide papers, final polishing l
was carried out using diamond paste in the‘qonventiqnal manner.

The specimens were eiched in nital.

4,24, PARTICLE SIZE DETERMINATION.

(a) Sieve Anslyses, -

Sieve analyses for the powders concerned were cbtained
by sieving 100z of powder using an Endecott Sieve Shaker. The

sievés that were used were 200 mesh, 240 mesh, 300 mesh and 350
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mesh. The amount of powder remaining upon each sieve after
siéving for one hour was dafefully weighed.

(b) Sedimentation Technioues;

Partlcle size anquses were attempted usinb a Goering
Kerr Photosedimentometer for tue J.J.i. 300 powder. Varidus
.concentratlons of glycerol and water Were'uved to ttaln a
satlsfactory settllng time and to give freedom from agglomeration.
A concentratlon of 60% glycerol and 40% water was found to give

an opbimum settllng‘time but some agglomeration andralr_bubble
formation still occurred. ' '

The Goering Kerr Photosedimentometer used a large
settling container made of carefully ground glass. Because of
the cost of such dvcontainer the use of ultrasonic frequency
vibration to attain satisfactory dispersemént of the iron powder
was thought to be unwise,

" Better results were obtained on J.J.M. 300 powder
using a much smaller settling vessel which could be used with
ultrasonic frequency vibrﬁtioﬁ and ancophidal densitometer.

_'A-medium of liquid paraffin was found to be most suitable.

(¢) HMicrosieving Technicues.

| | An ultrasoniec mic;oSieving appaiatus was constructed

for use with Mullard electroformed sieves ﬁhich is schemafically
shown in fig. 22, The apparatus was immerséd in alcohol so

that’ the alcohol filled the top chamber to the level of the
ultrasonic transducer. buring sieving a frEquéncy of approxmately
20 KHz. was used and the liquid was stirred by a stirrer driven

by an electric motor. Sieving was contihued for éériods of up

to 8 hours. After sieviﬁg the powder was carefﬁliy dried and
wéighed. |
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To 1nvest1gate the reproducabllity of the tecnnique

Nakln J, J.M.-SOO powder was sieved for 3 5 and 8 hour perlods
u31ng a 32 micron sieve. - The =300 mesh fraction of Woodall

'Duckaﬁ powder and Sintrex powder were éiéved for 8 hours. -

| Sieving with a 20 micron:éieve_was not suCcéssful.

- Sieve blinding occurred'despite considerabie stirring'aﬁd the
' ultfasdnic‘viﬁration. Moﬁéoverfthé'quantity of powder which
passed throug@ the 20 micron sieve was small and could not.be
acéuiately meaaured. However it. was estlmated that approxlmajely
1% by weight of the Sintrex and Makin powders passed through the
20 nicron sieve.

(d) Micrascony Measurements.
Quantitétive nicroscopical data for the "as received!

- powders and fhe elutriated powders wag bhtained using a -
quaﬁtitative televisioﬁ microscope (Q.T.M.); jThe QT M. was
pfogrammgdlto-count particles in a number of fields and to group
the number of particlés counted into specifiec size rang=s. |
Genérally approximately 30 fields were examined and two sanples
of each pOWdeg were prepared. The particles were grouped into
gize ranges of 10 micron;beginning from 50 miecrorms and pfogressing
‘%o less than 10 microns. '

Difficultj vag experienced in dispersing the irén.
powder for microsopical examination:= —
(i)} A viscous solution of polystyrene in zylene and

a small amount of iron powder was introduced on to a microscope
slide. Using a needle the iron powder was stroked into the
solution. Contlnued stroking byroke up powder agglomerates.

'The solution and iron powder. were then covered w1th a ccver glass,
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(ii) The powder was added to approxlmately 25 mls. of
a . 5p dqueous glycerzne solution contalning dispersants. The
nixture was. vibrated ultrasonically and stlrred mechanlcaily
for approximately'one minute.. One drop of this solution was
" then transferred to a microacope slide and covered wlth a cover
sllp.

4,25, TEE DETERMINATION OF 8 .URFACE‘AREA.

The methods used to meaau:e.total surface area measure
‘both the area of the external surface of the particles'and_the
ares of anj porosity connected to the surface;

(a) Gas adsorption techniques.

These techniques are based upon B. E.T tneory41 If a
moncmolecular layer of a ga2s can be adsorbed on to a powder then
prov1ded that the mass of the powder used 13 known and also the
molecular size of the adsorbing gaa, then the surface area of

“the partloles can be cglculated. As gas molecules are small

"~ they can‘penetrate the network of interconneqted pores easily

- so that a value for total surface area is obtained.

B 7 Surface area measurements were madé by nitrogen

g _adsorption using an apparatus similar to that described by

: Emmett?l BEowever it was found that the senditiﬁify of the

| apparatus was insufficient to dbtain accurate values for the
‘range of iron powders codsidered because the gamples had small
surface areas. This necessitated using large vesseld of non
ideal shdpe fo contain‘; large powder sahple; ‘Desgpite laige
'samples:being used (oflthe order of 50g) the amount of nitrogen-
adsorbed was still small co-that'errors occurring dde to the

tdead space! in the apparatus were ecxaggerated.

45

&;

o rant oy A7 B ans o ke




{(b) Fatty zcid adsorption technigues.

The adsorption of fatty acid molescules on to a surface
'-ﬁay_be used as a basis for surface area méasurements, . Many -
wOikers including ngkins éﬁd Gansfaénd Orr'and_Dalavillé 4
have ﬁsed this method to determine totalisurfacé areaé. The
method used yas-based'upon that'desczibed by Orr.

“A solution containing-a known weight of stearic dcidw
dissolved in n{ethyi alcohol was shaken with a known weight of
iron powder for one hour; The amount of stearic acid adsorbed
by the ifon ﬁowder ve.s calquiated from the difference between

the titreé of an aliguot of the original solution and an aliquot
of the solution after édsbrption. Bromo thymol blue was used
as an indicator and the methyl alcohol/stearic acid solution
‘was titrated against standard caustic sodas -
- (¢) Surface area measurement by other techniques.,

The specific surface of a powder may also be determined
by permeanetry or by quantitative microgcopical:techniques.

The values recorded by these methodé are an indicatioﬁ of the
area of the surface of the particles and do not include the

suriace area of interconnected pores. The gpecific surface of

a powder is an indication of particle shape becaﬁse ifregular

particles show a larger specific surface than rounded particles. If
"the results are compared to total surface area results then an

estimation of the area of internal voids can be obltained.

Alsc a value for mean particle size may be made if the number

of particles which constitute the specific surface determination

! N . .
is knowile Thig factor is easily o¢btained using microscopical

techniques.,



(i) Permeability methods.
| . 44 -
An apparatus similar to the Lea and Nurse permeability

apparatﬁs was congtructed. This is shown schematically in fig.27

Iron powder was poured into a glass. tube 150 mma,.(6 inches) long

ana 25 mmg., (1 inch) in diameter. . The powdef was supported by

an aluminium mesh over which a filter paper was placcd. Conpressed

eir was passéd through the powder bed and the pressure drop aoross

the bed was defernined by a manometer, - The air subéequently
passed thrbugh:a'venturi and the ;ressuré drop acrdss:the vehturi'
wasg determined.by a manometer. This ﬁressure drop.was.rélated
to the rate éf'airflow by zllowing the. air to disﬁlace known

anounts of water from inverted measuring cylinders.,

‘The calculation of surface area from permeametry

negguraments is complex and a number of agsumptions which npay

not be completely valid must be made, - -~ . . These

assuunptions may be in error for powders which have a large

particle size range. Thus with the iron powders investigated

absolute values of specific surface-cannot be caleculated with

y cértainty. However as the particle gsize range for most of

the powders is similar the resuits are cohsidered tc be
cbmparable. | | ’

(ii) Metaliogréphic nethods.

Many techniques of quantitative metallograpﬁy héve
beeﬁ reported in the literature over the past forty years,
e.gs Quantitative Stereology.by ¢.C. Underwood, Addigon Warley,
1970, Quantitative metallographic tééhniques rely upon
counting the gizes of a large numbe: of parficles-or colonies
of phases, This‘may be done by choﬁd gize distributions or

point counts. Integration of these values gives the‘projected'
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-surfaéé'afea'of the particles or phasg{ considered, 'If_fhe
particles or phases are randomly oriented then this value

ﬁay be diréctly ?élated to either total surface area or vélume,
4f a suf£iciéntly_large number of counts is made. The Q,T.M.

can give'integréti§ns of chord.distribﬁtions quickly'and 80 &
large number of éarticles may be eValuated, thus reduéing'errors |
due tb sampling error and segfegation:ihich may occur ﬁué_to:'
slide preparation., | |

4.26. PARTICLE POROSITY. .

_ Particle‘porosity may consist of either cloged ér open
 ‘pbrosity; As most of the'po?ders considered have ‘been prepared |
by hydrogen reduction the major portion ﬁf porosify in the
powders is open.' | _

Closed porosity of a powder may be easily found bj o
,apparent,;olid density measurements and ﬁy a comparison of- these
résults to the theoreticai density pf iron.

.Opeﬁ porosity.is more difficalt i0 evaluale, Common
'tédhniQues may be based upon B.E.T. descrbtion data or results
obtained ﬁy mercury.pordsimetéi methods. Unfortunétély ngither
- a B.E.T. apparatus of sufficient sensitivity nor a mercury
porosiemeter were available,. |

The apparent Solid density and hence clése pordsity
of the'iron powders considered was found by using a specific
gravity bottle technique with xylene. 3Both the_xylene and
iron poﬁder were degassed before use. Ultrasonic and vacuum

- techniques were used to disperse any-vapour'bubbles before the
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' specific gravity bottle and contents were weighed,

A.technique occasionally ﬁsed in the coal industry
for:&etérmining the open porosity of éoal isg to.impregnate the
coal with water, | By foiiowing the weight changes with respect
to time of the cbalfwater mixture, an inflexion point*ﬁayibe
noted on,the curve which‘éorreSpqnds to the time when‘ﬁater nas

evaporated from the surface of the iron powder but not from the.

- open pores. Thus by comparing the weight of dry coal with'thia_

weight of coal plus water an estimate of the amount of open
porosity present can be made. This technique was employed with .
a nuumber of iron powders usihg chloroform as an imprégpating

1iquid. Weight changes with time were followed by the use of

an accurate single pan balance. Unfortunately no Eeproduceable

or meaningful results were obtained.

* It shonld be possible to-obtain an idea of the open

pore surface area by comparing surface area measurements obtained

by either microscopy or the Lea end X se'method_ﬁith surface area

"measurements obtained by adsorption techniques. However only

relative:results have been obiained by the Lea.and Hurse method
and the resulis obtained by quantitatiﬁe metallography are.
slightly iﬁ error due to unavqidable particle agglomeration upon
the microscope slide.

Yarntd%5hés comménted upon a method of determining
the micrOpofosity of tungsten poﬁders by the uée of various
1iquids in standard density determinations. By selecting a
range‘bf liguids of varyinz molecular sizeia micropore size.
distribution may be obtainéd;- This method was'atteﬁpted; bui

no nmeaningful results were obtained because the variations

obtained by using different liquids were of the ssme order oftm%jmnldt.

the experimental error. Some liquids reasted with the iron
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'.poyder.cohéerngd; _

: Although meaninéfui results for open poroéity could not
be ohtalned 1t is- belzeved that thls is not too erious an omission
-as large amounts of open porositv are 1nd10ated by measurements
of total surface area’ and meta¢1ographlc ezammnatlon. |

4.27 PARTICLE DEFORUAPILITY.

. The ahllzty of a partlclé to deform under pressure is
L,a function of Jboth the amount of partlcle por031ty present and _ ; o
'“:the ability of the metal lattice to deform plastlcally. This
latter factor dependa upon’ the 1nternal strain in the lattice ?:\
- and also upon the chemlcal compa31t10n of the metsl. Particle
adeformab;lity has been assessed by mlcrohardness‘techniques and - i
étatic.compaction data.., However it ig appreciated that othéf
particle parameters e.g. particle size affect compacfiqn data
and that;migfoporOSity may influence micrchardness resul#s. S |
(i) Compaction data. : o j | | i
The powders.studied_were compacted in a double acting
die with =six drﬁps of carbon tetrachloride as-lubri§ant'to ease
ejeotion._ No. die wall lubricant was used. The'pressed'compacts.

measured 31.5 mms. (1% inches) x 6.4 mms. (% inch) x 6.4 mms.

|
|
|
|
|
Density measurements were made upbﬁ the pressed '
samples by the mercury displaéement_method and calculated as |
~is shown in appendix '
| | (ii) Microherdness data. |
Micrcherdness results were obtained using the Vickers’
Micfohardness Tester. Indentations were made upo;ietched samplés

to veduce any error caused by preparation of the sample and to . |, -/

avoid areas of porosity.
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4_28. P%RLICLE SHAPE.

Powder partlcles may be rounded, aclcular, regular

or irregular and many 1nvest1gators have shown that the shape

of a particle‘may.influence compactability,

‘ Shaﬁe‘factors'may be éalculated in a number of ways

" combining reéul#s obtained by permeametry, ricroscopical data

and tofial surface ares measurements. However it is believed

that such data is 1ittle better than a qualitative appraisal -

of shape combined with values of speclfic surface for thls.'

investlgatlon. Therefore a qualltative appraisal of shape was
sdopted.
4,29, SURFACE PURITY.

Despite the possible importance of.éprface'purity
no satisfactéry nethod was developed %o measure this paramecter.

In an attempt to determine surface purity, several of

the powdérs were examined by reflectance spectrophotometry

using wavelengths of light from the far uliraviolet to the near
infrared. TUnfortunately no'disfinct peaks were present in a
plot of the intensity of the reflected wavelength against

freguency of the incident illumination. Thus the method was

‘found to be unsuitable for detecting or measuring surface purity.
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4.30. STRIP PREPARATION.

A1l samnples of sﬁrip were prepared using the slurry

. process developed by the British Iron & Steel Regearch Assoclation

(B.I.S.R.A.). Small quantities of slurry were prepared from iron

' powcer mixed with 4% aqueous methyl cellulose, additional water

“and glycerol, “Supronic",'a commercial wetting agent was used

tO'sugpress'air bubble formation and "Geigy", a com@éfcial.
inhibifor.ﬁas used to 1iﬁit*§afticle rusfing before dryihg.‘ The
iron.powder wés”added.very.gradually to fhe_mixture of“methyl
cel;ulose, watér ahd'glycerol continuously stirring with a stirrer
driven by an elebtric mdtor.“Slow stirring for approximatel
thrée hours was continued to.ensure homogenisatioﬁ vefore the
nmixture was-used. |

Two methods of prodﬁcing 'flexistfip' were usede Strip 

from Makin powder, the derived Makin powders and Woodall Duckam

.powder were prepared by spreading the slurry on 4o stainless

steel troughs 38 mms. (1% inches) by either 0.625 mma. or 1.25 mms.

(25 tthou! or 50 'thou') deep. The wet slurry was dried for five

miﬁutes at 1500 C in an oven before being removed from the'troﬁgh,

Strip removal was facilitated by the application of 1% alcoholic

' oleic acid to the trough before spreading the strip.

Strip from the B.S.A. =100 mesh and B.S.A. ~300 mesh

powders was made using the pilet plant built by 2.I.S.R.A. (£ig.24)

The thickness of the 'flexistrip' was controlled by aitering the
héight of the gate. Again strip removal was facilitated by coating

the continuouse stainless steel band with a 15 alcoholic oleic

acid solution. T
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Because of the difficulty of measuring stress during
_rdlling, neasurements of roll force were used. Coﬁsequently éll
: 'flexistrip"ﬁade on fhe-trough was_cut iﬁto‘standard.strip'
28,6 mns. (1} inches) wide while sll the strip made on. the pilot
' plaht;wés prepared in 102 mms, (4 inches) widths. Prépdring |
sampiea to standard widths obviated tﬁe need for edgeftrimmiﬁgs
| | -Rollzng Was carrled out using a two high mill with
diameey

300 mm. (12 inchlhrolls at a roll speed of 3. 65 metres (12 feet)
per minute. Roll logd was measured by two load cells qonnected
to the top roll. ’ |

The samples of strip were fed by hand into the roll.
gap. Roll loads from 40 kH. (4 tons) to 220 k. (22 tons)_per
25 ma. (1 inch) width ﬁere useds The upper limit of this rénge:
wag determined by the onset of edge oracking. The B.S.A. powders
were rolled at a singlé roll load of 160 kN. (16 tons) per 25 mm.
.(1 inch) width because of the difficulty of.obtaiﬁing coherent
strip at low roll loads and the restricted.féngerf roll lozds,
especlally when rolling 100 mm. {4 inches) strip.

"The green gtrip was. 51ntered in a stream of purlfled,

wk 1,1 5090

dried hydrogen.

A The gas dried by pagsing through a column of

molecular sieve. Oxygen was then removed by a "De Oxo" catalytic
- purifier. The resultant.wate: vapour was removed by another
colunn of molecula& sieve.. A series of sintering times from

10 seconds tb 300 seconds were used. Samples approximately
1oo'mms. (4 inches) 1éng by either 10 mms. (0.4 inches) 05-25 mos .
(1 inch) were placed onaskeletal stainless steel boét and pushed

into the hot zone of the furnace where it was held for the
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preécribed time. Measurement of the sintering time was started

after the sample had been puéhed-intb the hot zone. A time of

five seconds was allowed for the introduction to and éxtfaction

from the hot zone of the furnace. Cooling was achieved by pulling

the éample_into a water cooled pért of the refractory furnace tube.

The gample was allbﬁed'to’cool-fer one minute before the furnace

was purged with an inert atmosphere'and the sample extracted{

Rerolling of the sintered strié was carried out using

: the  game two.high rolling mill. Standard width étrips of 28.6_mms.

(l%'in#hes) were used uﬁon.which a 25 mm. gauge lengbth was scribed
£o establish eldngation'durihg rolling. A roll load of 150 kN.
(15 téns) per 25 ﬁm. (1 inch) width was used for the second
compaction of each sampie. This load was the highest roll loazd .
that could be used withoﬁt edge éracking of the strip occurring.

* Resintering was carried out in the same apﬁaratué as
the first sinter. A sﬁandard sintering time of thirty seconds

was used for each sample,
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4. 40. DENSITY DIETER! HJATION .

- Although 1t was appre01ated that the pressnce of methyl

‘cellulose wbuld reduce the accuracy of the density measurements,

‘no attempt was made to remove it with the excepﬁlon of samples

prepared for_the xylene impregnation method° The’ estlm ted wezght

contrihuted"by the methyl celluiose was caleulated to bé‘ﬁuch lesg

‘than 1%. The error arising from this is considered to be less

.

than the error arlslng 4in the den31ty measurements.-'

: 4 41, DETERMINATION OF GREEN STRIP DENSITY.

A number of methods for the dete:mination of density
vere evaluated:- | |
(i) Hensuration.
Samples of strip approximately 20 mms. x 20 mmS.,

(0.78 inches x 0.78 inches) were prepared by carefully scoring

the strip with a sharp scalpel, breaking and abrading the edges

with silicon carbidé paper. The sample was clamped between twb
glass slides for the latter operation iﬁ ordexr tb ensure a straighﬁ
édge and to prevent damage to areas in the vicinity of the edges.
| Thickness determinations mere made by measuring the
gample using é sengitivse comparator.and glip géuges. Unfortunately the

spring loaded ball of the comparator indented the strip so that low

~readings were obtained. On the other hand sandwiching the strip

between two slip gauges and measuring gave high readings because
the slip gauges positioned themselves on 'high spdts' of the
material. The length of the edges of the stfib was determined

by projecting the sample image on to the ground glass screen of

“a Vickers! Projection Microscope. The dimensions of the image



weﬁe measuréd_by calipefs. _The magnificaticn of the microscope
waé determined by measuring the projéctéd inage of a slip‘gauge.
| Finally by determlnlnv the Wﬂlght of the sanple to two
aecimal p1aces the_denszty could be calculated.

(ii) Immersion in mercury.

were used for this technlque. Each sample was weighed in air and
the force required to immerse it in mercury was measured. The
density was calculated as shown in appendlxil.. |
The method‘broved insufficiently.éccurate due to the
experiméntai error inhexrent with the mercury balance techniqus
and the small upthrust given by the small ganples of strip.

(iii) Impregnation with xylene.
If the internal voids of a sample are filled with &
known volume of xylene and the density of the sample is ev&luated
by 1mmer31on in xylene, the bulk dengity of the sample can be
cal;u¢ated.

Samples for this technique were prepared by heating the

‘material to 400° C in hydrogen to eliminate methyl cellulose from

_the material.

3

Subsequently each sample was weighed and placed in a

vacuun dessicator. Air was evacuated from the dessicator and

xylene introduced until the samples were immersed. Subsequent
adnission of air into the deésicator forced the xylene into the.
porés of the material,

The samples were removed ffom the dessicator and their

wveight when immersed in xylene determined. Finally the xylene

Samples similar to the sanples prepared for mcnuuratlon'



. e

impregnated gamples were weighed in air. Exceass dropsvbf xylene
were removed by‘é,filter_paper and weighiﬁguwas carried out as

quickly as-possible to minimise errors caused by the evaporation

_of xylene. The results ﬁere_calgulafed as shown in appendix 2.

' This technique also'provéd to be 'insuf_f_iciéh_tly accurate
because offfhelsmallramount of xyiene'ébsorbed:by thé”étfip and
to the rapid volatilimafion of xylene dﬁrihg weighing.

(iv) Immersion in éther fluids.

The " denszties of conventlonal ‘materials are frequently

jdetermined by weighlng samples in air and subsequently immerszng

the sample in water or other convenlent liguid and reweighing.
This technique must be altered when applied to pqrous materials
because the interhal voids of the méterial are guickly filled
with the liquid media. Many previous investigatbrs have coated
thersample with an imperfious coating to prevent this.

* Generally the most suitable coating agents a?e ofganio
based and tend to dissolve in organic liquids. -Consequently a
nunher of organi§ costing materisls which would be inert during
subsequent immeréion in water were examined. Silicone fluids,
grease and a 5% solution of polystyrene in xylene were tried as
coating materials and the latter agent was found'to be the most
suitable. . |

Samples were prepared in the same way as the mensuration

samples. They ﬁere weigh;d and dipped-into the polystyrene
solgiion and allowed to dry. Affer drying the sampleé were
iedipped and put into a warm place to promote'the ev&poraﬁion of
xylene; .Surplns drops of xy;ene were removed by a filter papef.
The weight of the polystyréne céated samples when immersed in

vater was subsequently determined.
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Although it was found that there was still a tendency

for either the coating or the samples’to absorb water, if the
‘weighings were made within 30 seconds consistent results were

 obtained.

This:technique was found to be the most satisfactory

of thosge investigated and was uéed to determine the density of

'_-all the samples prepared. ‘Corréctions-for'the weight and the

volume of the polystyrene were made in calculating the density

“values.

4.42. SINTERED DENSITY.

The density of material from the first and second

sinters was determined using the same procedure as' for green

strip.




4.50. RESTSTIVITY DETERMINATION.

‘Stendard samples of green strip 10 mms. wide (0.4 inches
- approximately) were prepafed ﬁy clanping the strip in é'jig and
imillihg on a "Tensilcui" nachine. 'The dimensicns of,thg'sample
wére heaaured.and the resistange bf thé sampléfwas foﬁnd uging
a "Kelvin Bridge". | |

Aﬁﬁa:atus shdwn"schemafically in fig.25was nséd-toﬂ__
determine resistivity. The apparatus was mede of Whufnol" and
showgd an infinite resistaﬁce when a determination was made in
the absence of a saﬁble; Current ﬁas passed. throusgh. the strip
by screwing the two roughéne& brass faces of the dlamps firmly
on to the strip. Pofential neasurements were made by screwing
the two pointed screws into the strip‘so that indentations wére
‘'made on the sirip. -

| The reaist&nce of sintered specimens was determined on

the same Jjig. It was found that the sampleé of green strip
prepared above éfter sintering could be used. for such determinations.

Sintering was carried out in the manner previously described. .
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4,60, TENSILE TESTING.

4.61, GREEN STRIP,

It was thought that a gtandard test piece shapé would

not be suitable for tensile testing because.bf the tendency'of

the strip to fracture outside the gauge length. CénSequently

samples of the type shown in fig.26 were prenﬁred.': The width of

the minimum cross-sectlon was approxlmately 20 mms, (O 18 1nches)

and,the radiug of the gauge length was approxlmately 120 mmg.
(4.7 inches).

Samples wetre pfepared by éutting blanks slightly-oversize
with a scaipel. mhe blank was then placed between two atainless

steel templates of the required size. The templates were tightened

~and the surplus material was removed by silicon carbide papers,

finishing with grade 600. ' _ | -

Since a tensile testing'machine with a sufficiently low
range was not availgble a testing arrangement using an "Instron“
mechanical testing machlne fitted with a compr6331on load cell

was devised, . Testing was carried out at a dyvoss: head 5Peed o{?

g approxzmately 1 mm. per nminute.

Because of the “lever effect" of the beam (fig.27),

recordings made by the "Instron" were not direct readings of force.

Censequently the apparatus was calibrated by weights thrbughbut

the entire range of force used during testing.

Difficulty was experienced in gripping the sample
satisfactorily but the procedure'finally adOpted'was to attach
the green tensile sample to flat steel plates with self adhesive

tape. Using this arrangement gslip of the sample within the self
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'adhésive-tape geldom occurred but because of extension of the tépe
during testing, elongation as ghown by the "Instron" recorder was
not representative_of'the'specimen.'

5,62. SINTERED STRIP.

Samples were prepared by mllllnﬂ.strlp clamped between
stainless steel templates on a "Tensilcut® machine. A parallel
gauge length of 25 mmg.with radii of curvature of 50 mms. af the
'extremities was used. , After cuttlng on the "Tensilcut" machine
._the edges of the sample were carefully abraded with silicon carbide
paper grades 400 and 600.

Subsequently the samples were tested nsing'a'"ﬁounsfield

Tengometert.,
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5,00, RESULTS.

'5,10. POTDER APPRARANCE.

A1l powders had a dull grey appearance with the exception

of the B.S.A. water stomized powders which.shOwéd'a‘reddisn/brown

colour due to appreciable rusting during manufacture.

o At low mégnification the J«J.M. 300 and Wdodall Duckanm

Powdcrs were similar in éppearan¢e'although'somé of the particles

..qf the Woodall Duckham.powder'were_much larger than tﬁe J.JM.

L4

300 particles. Both powders were composed of rough irregular

particles, The Sintrex powder particles were aéiculér and appeared

to be smoother than either the J.J.M. 300 or Woodall Duckham powders.

The water atomized'powders'werefspherSidal and showéd

a greagter portion of fine particles compafed to the other.powders._
-“Stereoscénﬁ photographs (fig.28) sﬁﬁwed clearly tﬁe
rough nature of the zurface o; the Makin and Woodall uuckamn powders.
Moreover *craters* at the surface of some of the powder partloleﬂ
1ndlcated the presence of internal porosmty. The acicular nature

of the Slntrex‘powder partlcles was regdily anparent (11g.29)

However the surface was not as smooth as was 1nd1cated_by cbgervation

.

at lower mdgnification; Instead the surface appeared to show many
surface folds.

5.20. PARTICLE HICROSTRUCTURE.

The microstructureé of the powder dd€shown in £ige3C
The internal porosity of the lakin and Woodall iuckam powdex
particles was confirmed. MNoreover the microstructure indicated

thet the porosiiy was mainly intérconneciing., The Sintrex powder
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. pﬁgticles on the other hand showed very litile internal porosity.

The structures.of all the powders investigated showed very fine

'inclusiohs with the exception of liskin particles where slate grey

coloured inclpsions were evident. These 1nclu31ons were. belleved
to be iron oxide. Subsequent microhardness regults strengthened
.this belief. The structure of the water atomlzed powders was
martensitic. | |

5.+30. PARTICLE MICROHARDNESS.

The migrohardnéss.of the Makin and'Woodallfﬁowder '
.parficles ﬁas verj-s{milar (133 Hv) but the Sinirex powdér was
" significantly softer (91.5 Hv). Microhardness results on the
slate.grey‘phase observed in the J.J.M; 300 pdwder periicles were
336 Hv-which waéfconsistent.witﬁ the Belief thaf.thé consﬁituént
was iron‘oxidé.' The water atomized powders were much harder
(B.S.4. ~100 mesh 517 Hv., B.S.A. =300 mesh 525 Hv.) due S0 the
'fbrmation of martensite during quenching. | |

5+40. PARTICLE SIZE ANALYSIS. .

Results of gieve analyses includiﬁg microsieve anglyses

are shown-in tzble 1; Sedimentation data for f.d.m. 200 is given

in table 2 and the Q.T.I. results in table 3. Attention shonld
be drawn to the fast that the gieée analysis results and .
Qedimentation results are preéented as a percentage wezoht
distribution whereas Q.T. M. data is eypressed as a oercent
dlstrlbutlon by number., .

B.S.A. -300 mesh and J.J.M. 3900 powders are ssen to bé
substantially below 350 mésh, however Sintrex and. Woodall Duckam-

powders have a significant fraction between 300 and 350 masgh.
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~ (B.S. sieves). On the other hand Woodall Duckam powder shows a

smaller fraction by weight between 31 microns and 350 mesh

(of the order of 45 microns).

Phe effectiveness of air elutriation is shown by the

fines of J.J.M. 300 powder having a fraction greater: than 30

nicrons of approximately six per cent by number whereas

"as received" J.J.M. 300 shows between approkimatély twentytwo

to.twentyfive‘per cent to be of particle size grester than 30

”micron._-The particle sizé digstributions of the J.J.}. 300

and Woodall Duckanm -300 mesh'powders'were very similar. However

the ~300 mesh fraction of B.S.A. powder showed a fraction seventy-

- five ﬁer cent by number finer than 20 microns. Because'offthe.

acicular nature of the Sintrex Electrolytic powder a pariicle
size'distribut;on by sieve analjsis does not necessarily give

an indication of real particle 3ize. However the indicated

particle size distribution is similar to that of the '"as received®

~3 mashToodall Duckam and J.J.M. 300 powders. .

‘Results obtained by the Q+T.M. also include projected

surface area data. These results are discussed later. However

g measure of mean particle size was calculated from this data.

5

In order to simplify the calculation the assumpiion was nade

 that all the powder particles were spherical. This assumption

gives results that are a ¢lose approiimaﬁion 10 mean particie'
size-for the chemically redﬁced poﬁders, vhich are approximabtely
sphérical'but is in error for the acicular electrolytic powder..
The results aTe shown in table 4. Comparison of. these results

with the pariicle size distribution by Q.T.lM., indicated that the "
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- mean particle size by surface area was less than expected.
_ This was due to the gfeater contribution made towaxds surface

.'area by the smaller particleé.

- 5.50, SURFACE AREA RESULTS.

Total surface area results by stearic acié adsorbtion

‘are given in table 3¢ It is apparent that the Sintrex

Ele¢trolytie powder was of appreciably lower surface area theh |
the-chémicallé reduced powders, probably due to fhé absence of
internal open porositj connééted to the surfaée of the éamples.
The influence of'particle gize on surface area_is.demOnstrated
by tﬁe ﬁater atomized poﬁders. Despité very little intérnal

porosity both the -100 mesh fraction and the -300 mesh fraction

showed high surface area results (0.25 m2/g} and these resgulis

were sinilar to the results'given by the very porous Woodall
buckan pbwder. B.E.T. surféce area data obtained on different
tatches of the powders exanined are given in fable 6. The-
results were of the same order of magnitude as total surface

area results obtainéd by stearic acid adsorbfion; however

J.J.1. 300 showed a higher surface area (0.31 n°/g compared with
0.1% mz/g) as also dia the Sintrex Electrolytic.powder (0.14 mz/g.
B.E.T. coipared with 0.074 m2/g stearic acid adsorbtion)a This
difference may be atfributable to variations between batches of
the'powders but is‘more ﬁrobably dﬁe to the powders concerned

havinglextremely fine internal porosity so that the large stearic

-acid molecules cannot penetrate all parts of the internal porous

nétvo;k but the smaller gas molecnle can. It is also possible

that a double-moleculur layer of gas was adsoxrbed by the powder
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particles during the B.E.T. determination because these reésults

are approximately twice the stearic acid adsorbtion value and

a value of 0.3 mz/g Ceresponds to .a very small mean partiéle

- gize (approximately 2% microns).

Specific surface resalts obtained by the Lea & Nurse
method ‘are shown in table Te Because of the'assumﬁtions

vhich need to be made to calculate a value for'the_spécific'

- surface of the powders the results obtained were not absolute

~values. Nevertheless the results éhoﬁld'be dbmparahle to each

other. Therefore thé results have also been expressed upon a
relative basis, defining the fine fraction of Makin ﬁowder a8
having the specific surface of 1.00.

Table § shows surfacé aiea results obtained by the

‘Q.T.HMe Again these results have been expressed upon a relative

basis. Comparison between these results and those obiained by
the Lea & Nurse method showed reasonable agreement for most

' - 3o mwh . .
powders, However the surface area of theAWQodall Duckam powder
a9 measured by the Q.T.M. was significantly higher than that
measured by the Lea & Nurse method. This feature was asoribed
to the surface roughness of Woodall Duckam powder preventing

close packing of particles in the permeametry bed. Thus the

resistance offered to air flow would be less than expected.

- 5460, APPARENT SOLID DENSITY.RESULZS.

The apparent solid dengity results are reported in

table 9 A1l of the results were very close to the theoretical

density of pure iron., Conseguently because of experimental error

the eétimates_of_the amount of closed porosity present in the powders
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must be treated with reservation. Howe#er the results obtained

_for the fine fraction of J.J.M. 300 and the Sintrex Electrolytic
bowder showed densities sufficienfly removed from the dengity of

pure iron fo belaignificanf._'The-low density of Sintrex Electroiytiq
'powderIwas;thought”to.be due %o g ither extremely‘fineVinferconnected
porosity, such thét the xylene molecules were uhable to ﬁenetrate

the innér_fegiohs of the powdérlparticles, or to closed pofoéity,

: Thé former supbosition was Sﬁpported by'the anpma1y7 betﬁeen‘the:

- B.E.T; surface area-qgastrements and the stearic‘acid measurements

_ (Q.l4:m2/g and 0.07 mz/g).

5,70, COMPACTION RESULTS. -

The compaction rgsults are given in table 19, The Woodall
Duckam.—BOO mesh powder and the two "as received" ﬁowders denéified_.
tp.apprpximately 6.50 g/cce However the coarse elutriated fraction
and fine ‘elatriated fraction of J.J.M. 300 powder only densified
to 6.35 g/ce. and 6.04 g/ec. respectiveiy. Both of the B.S.A.
water atomized powdera could nct be compacted successfully. “he
Sintrex powder coﬁpacted to a gimilar density at both 386 kN/mmz.

(25 t.3.i.) and 463‘kN/mm2. (30 f.s.i.) compaction;ressufes but
- the other powders showed a significant_dens;ty increase when the

compaction pressure was increased over the game range. . - :

5.80 CHENTCAT ANALYSIS.

Although the chemical analyses of the powders investigated.
. wexe not determined the chemical analysis for the water atomized
B.8.4, -100 mesh powdeé is given in tablg li? this analysis was
determined by the éupplier. ?ypicaloanalyses for the other powders o

examined are also shown in table 12 Thegse results were not
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: detérmined upon the batches. of powders examined but upon different

batches maﬁufactured to thé same specification. Because the

aﬁaiysis of thé_B.S.A. water atomizea.powder was obfained for

‘the =100 mesh fraction, it is not necessariiythe’true-analygis

'fof'theV—BOO mesh fraction sieved from the same“batch.a The oxygen

flgures for the powders were obtained by =a vacuun fu31on technlque.
Tha carbon content of the B S.A. water atomized powder

was 0. 157 compared to 0.08% in the J. J.M. 300 powder, o 015%

in the Woodall buckam powder and O. OO&% in the Slntrex Electrolytic

'.powder. The sulphur and phoaphorous contents were too low to have
‘aﬁ éppreciable influence on‘mechanical properfies andraléo were

the silicoﬁ“conten£5'(range 0.01 to 0.07%). The manganese content
'.of_the JoJ oM 300; Woodaii Duckan and B.S.A. powﬁers;were sinilar
',(0;25 -_0.35%) however only 0.04% was present in the Sintrex powder.
‘The oxygen content of the Makin powder (0.85%) and B.S.A. powder
(0.33%) was significantly higﬁer than ihe Sintrex powder (0.15%)
and the Woodzll Duckam powder (0.18%).

The high oxygen content of the Makin powder‘islconsistent
with the observation of slate grey inclusions, believed to be iron
‘oxide, in the micrographs. MNoreover such a high oxygen content
may account far the*1oW app;rent density of the fine fraction of

Jod 2l 300 powder.

5.90. STEREQSC AL PHOTOGRAPhS CF FLEXISTRIP.

) S.E.iL photomlcrographs of "flexigtrip" obtained by

" B.I.S.R.A. of the B.S. A, =100 mesh powder compacted at approxlmately
100k/25 m.m. (10 tons/lnch) w1dth.ghowed that tie metkyl cellulose

surrounded the powder marticles &S'd_QOTOUS, flbrous network,

;]
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Contact of the methyl cellulose. with the powder particles was not

'continuOus but consisted of numerous strands or filaments °
(of the order of 20) which secured each particle to the methyl

. cellulose network.

5.100.GREEN_STRIP DENSITY. o o

- The increase in density with increase in roll. load is

“shown in fig. 31. It was apparent that hlgh den31t1es (7 - 7435 g/c.e.)

.were attainable at roll loads of 120 kN/25 nm. (12 tons/l“ width).

The density/roll load relationshlp for the fine fraction of Makin

_poﬁder was linear ove» the whole range of roll load investigated
but a significant departure from linearity occurred for the other
‘powders. Optimum densification was shown by the Sintrex powder.

5,110 GREEN STRENGTH.

Pig. 32 ghows the relationshipa between green strength h

and roll load. At intermediate roll loads of 100KN - 140kN/ 25 mm.

iwidth (10/14 tonsflﬁ) there was a large variation in the range
of green strengths (qf'fhe order of %o -‘tﬂh-N/mm?.) for the
coarse and fine fractions of J.J.M..BOO regpectively. However
"at highet roll loads, of the order of 180KN/25 mn. (18 tons per
1n) width, the green étrengths;of strip frog the fine fraction
of J.J.M. 300; "aé received" J.J.. 300 and Woodall Duckam '
-300 mesh powder were very similar {of the order of lédN/mmz.)

'but the green sirength of strip rolled from the coarse fraction

of J.J.M. 300‘remained at approximately lO}N/mmz. for roll loads

above approximately 100kN/25 mm. (10 tons per 1") width. Values
for green strength for the Sintrex pdwder could not Be obiained

above 140kH/29 mm. (14 tons/1")width because of substantial
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edge cracking., Green strengths of the B,S.A. ~100 mesh-.and
=300 mesh fractions were 25.2N/mm2. and 1909H/mm2. reapectively.

5,120, RESISTIVITY OF GREEN STRIP,

The variation of resistivity with increasé in roll
“IOad for strip rolled from the powdera'gxamined is shownfin fig#}}._
§trip rolled from the fine fraction of J.J.M. 300 and "as received"
.J-J M. 300 showed little Variation of reéistivity for wvalues of“
roll load up t6 180kN/25 mm, (18 tons pex i) width‘at‘which
there was a slight increase in r331stiv1»y. The increése in.
resiativity at.higher‘roll lozds was verylpronouncéd with strips -
._manufacturéd from the coarse fraction of J,.J.M. 300 end froﬁ
| Woodall Duckanm powde:. In the latter case there was a sharp
increaseiin'resistivitj‘valﬁes for rall loads exéeedihg 110kN/25 mm.
(11 toms pgrjl") width. Although strip from Sinirex powder was
 exéﬁined over a much‘smaller range of roll loaé-thewindication
.Was that not- only did Sintiex.powder shbw muﬁh higher reéistivities
but.that there was also a #ery-large inerease in resistivity with
increase in roll load. -

‘Genéfally green compacts coﬁﬁacted by conventional
powder metallurgy techniques may be expected to show a decrease
in r651st1v1ty wlth increase in compactlon force. The only strip
rwhleh followed this trend was strip from Woodall Duckam powder
for whlch there was a d;stlnct decrease in the value of

:eslstlv1ty b the load ran ange’ 40KW/25 mm, to lOOkN/25 IS

(4 tons/1" o 10° tons/1") width.
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5.130. SIHTEEED DENSITY.

| Some résults”of'sintercd density aré given'in table 13,
It was apparen% that 1i£tie or no densifiqatibn'occurred during
siﬁtering. This was anticipafed bécaﬁse sintering times were
Veré shoft.' | | |

5,140, SINTERED STRINGTIS,

 A11 specimens of strip showsd a rapid increase in
strength'durihg the first 60 seconda of sintering, as shown in
table 14. Sintering'for]up to a further 240 seconds longer -

&

generally showed little further improvement in tensile strehgth.
Most samples of strip attained strengths between 160 to 210N/mm2"
after sintering for 60 Séconds.' Notable.éxceptiong were strip
rolled.from Siﬁﬁrex powdér:and the -100 mésh frdction of B;S.A,-
powder. Strip rolled from Sihtrex.powder showed'a-continuél

in¢rease-in strength'with gintering times of ub to 300 seconds

for samples rolled at 95kN/25 mm. and 120k1/25 mm. (9.5 tbns/l“

‘and 12 tons/1") width. Samples rolled ab 45kN/25 mm. (4.5 tons/1")

width attained a maximun tensile stfength after two minutes
sintering, loreover only strip rolled at 120kN/25 mme (12 tons /1)
. width developed a.tensiie strength greater than 200 H/mmz. Strip
?olled from ther-IOO mesh fraption of B.S.A: powder showgd a
naximun streng%h of 150N/mm2. after 300 seconds sinter?ng,

moreovex the,rate of incréése in teﬁsile gtrength with gintering
time wés significantly lowéi than that of thé =500 mesh fraction.

Sone samples of gtrip showed a docrease in tensile

strength after Sinter;hg for 120 seconds, e.g. 211 of the specimens

prepared from Woodall Duckam powder and specimens prepared from,
A : o - '

o
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"as%received“ Makin powder rolled at 160kN/25 mnm. (iéntons/lﬂ)
width., . ' R

sPecsméns'ioliéd at tﬁo‘higher rol11 loads usﬁally'
possessed hlgher ten311e strengths than ‘samples rolled at 1owor

_ —Buormer A :

roll loads. Etceptlons were strlp rolled froTNWoodall Duckam
powder at 130kP/25 mme (13 tons/1") width which was Slgnlflcantly
~less strong than almllar strip rolled at 90kN/25 mm., (9 tons/l")
width and strlp from "as recﬂlved“ 3.3 300 rolled at 160 kN/25 mr.

(16 tons/ln) wldth, W?lch showed a slightly higher ten31le strength '

. than strip rolled at lower roll loads after 60 scconds but a lower

'tensile strength after 120 and 300 seconds sihtering. However‘
it was apparent partloularly w1th strlp rolled from "as recezved"‘
Makln powder and Makin der1ved powders that the dlfference in |
‘strength between samples rolled at low roll loodg 50kN/25 mm,
{5 tons/I") width and sﬁgpies rolled at highef'roil loads (of the
order -of 200xN/25 mm. - 20 tons/l“ w1dth) was only of the order of
BON/mm . '
Strlp rolled from the fine fractlon of JoJ WM. 300
possaSﬂed tensmle stren ths which were very 51m11ar to the strengths
fof strip rolled from the "as received" J.J.E. 300 powder.' Hoﬁever_
strip rolled from'the coarso fraction possessed tensile strenéths.
which were gignificantly 1ower.after'sintering times of 3Q séconds
and’GQiseconds. o
The elongation values were very low‘(less than twelve
per‘oent) andisignifioant eiongation was only attained by éamples

sintered for long sintering times. Generally the elongation after
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thirty secondé sintering was minimal. After_sixty_seconds,the
elongation was betweeh two and six per cent and afte: thrée
'-hundred snconds between six and twelve per cent. However all

: —-35C mash

samples prepared froQAWoodall Duckan powder, w1th the exceptlon
of the series rolled at 90k1/25=mm..(9 tons/l") width showed
 'very poor elongation figures (less than three per cent) Some
_'samples, partlcularI} speclmens prepared from the coarse fractlon

of Makln powder developed an "orange peeI“ effect around the

fracture area after;plnterlng for three hundred. seconds.

5.150.. RESISTIVITIES OF SINTERED STRIP.
| . The results of. thé resistivities of sintered strip
‘are given in Figsi34. & 35, All of the 3pécimens examined'shoﬁéd
a vexry 1arge reductlon 1n re31stivity durlng the flrs* thlrty
seconds-31nteriqg. Only samples of_strzp prepared from B.S.A.
ﬁowders'here gintered for sihtering-fimea shortér fhan'thirty-.
seconds and it was apparent that even after ten geconds si nterlng,
the,re31st1v1ty was of the ‘same order as re31st1v1t1es aeveloped )
 after siﬁtering for three hundred‘secbnds. Strip from the =300
mesh frzction of B.S.A. powder had_loﬁer resistivitﬁ aftér
sinteriﬁg for ten seconds-than'strip from the coarser fréction._
However aftef sintering for sixty seconds the resistivifiés ﬁf
strip rolled'fromlfhe two powder types had become'very.similar.
Resul£s obtained for the résistivity of sintered strip
showed appréciahle scatter whiéh made jnterpretation nore diff*cult.

This was particularly applicable to the r951st1v1tles of 31ntered

~ 3—0'\) 'w-t:ln
strlp rolled from Woodall Duckam powder, . Slntrex powder and the

A ’
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Makin derived powders where resﬁlts were only obtained in
duplicate. Howsver distinet trends weve observed in the

veriastion of resistivity with sintering time for strip'prepared‘

from these poéders. Most specimens developed a resistivity of

between 150 x 1077 ohmdem. and 160 x 1077 ohmicm. after sintering

- for thirty seconds and the rasistivity remained within this

 range even after sinféring times of three hundred seconds,

Strlp made from Slntrex Electrolytlc powder developed the 1owest

re31st1V1tles and most of these results lay between 120 x 10 o
ohmscm. and 130 x\loz/ohm»cm. Specimens rolled at low roll
loads (of the order of 50kN/25 m.m. ~ 5 tons/1" width) had
‘h1gher r8818t1VltleS than speoimens rolled at other roll loads
{160 - 180 x 10 ~7 ohmrcm., ) however roll loads in ‘excess of
9okm/25 m.m. (9 tons/l") width were sufficient to develop
,resistivi;ies in the 150 - 160 x 10'f7 ohm#éﬁ; range. It is
ncteworthy that with the major exception of specimens prepared
from Sintrex powder.that there was very little variation in
reéistivity for'sinfering timeé of between thirty‘secondslaﬁd )
sixty seconds. | .

250160. TEREOSCAN PHOTOGRAPHS OF SINTERED FRACTURES,

The Stereoscén photographs of the sintered fractures
" ave illustrated in fig. 36. 37. & 38
- It was apparent that even after a short sintering time

of ten seconds the B.S.A. powders showed areas possessing

charasctieristic fibrous dimpling of a ductile fracture; However

e




the partlcles gradually lost their 1dentit1es and a more
coherent fracture appearance was obtained show1ng many more
areas where fracture had occurred in a duetlle manner.
Slmllar tends were followed by strlp prepared from
the derlved Makin powders. -However even after a . sintering
~time of three_hundred secon&s the particulate natﬁre of the

‘ strip_can'easily.be recognised.

' 5.170.. PROPERTIES OF THE FINLGHED STRIP.
The resulté,af the.mechanical properties of the
f;nished'strip‘ére shown in table 15,
| The results were very scattered and-incqmplete but
- it is appérent that they were not equivalent to similar results

‘for thin géuge mild steel plate manufactured conventionally.
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THE ROLL COMPACTION OF IRON POWUERS

DISCUSSION
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6. 00 DISCUSSIQIT CONCERNING THE ROLL COIPACTION OF IRCN POWDERS.

Theories concerning the nature of green strengths of
' pressed metai'ﬁowders attfibute'the strength to.parﬁicle intérlocking
andgéold welding. Increasing the compactlon pressure causes the
.number and siza of the cold welds to increaae as repacking, plastic
flow and dens;floatlon of the metal powders oecurs. The-relatlonshlp
of compaction pressure to densifyﬂis not linear, mainly due.to—the' 
work hardening of powder asperites, |

During the roll compaction of ifon powder b& the slurry |
process there is an increase in the resistivity of green strip
whlch occurs at a value of roll load which is specifiec for each
powdgr. At'approxlmately this roll load the green density also
‘tends'to level off or fall, a% a value 6f Te25 to T4 g/c.c.
. However the density. of stri§ rolied'frOm the fine.ffactioq.of
JeJ Mo 300'iﬂcredsed over the vhole of the réll load range examinesd.

It'is'noteWOrthy.thdt the dehsity of strip from the fine fractien

of J.J.M. 300 is less than the other powdets'éhd that a decrease only

\

occurred for sirip prepared from the other powders'at T.25 to
7.5 g/c.c.  Strip rolled from the J.J.M. 300 fine fraction did

not attain this value. Therefore it is possible thatra gimilax

;o
reduc%tion in density might occur for strip rolled from J.J.M.300 // o

fines at roll loads greater ﬁhan those examined. DBecause of
éuhsténtial edge craéking,étrip rolled from Sintrex powder could
not be prepared for roll loads greater than 140kN per 25 m.,m. width
(14 tons per-inch width). .

Thus it would appear that when "flexistrip'is rolled

+



with progressive increments of roll load there is a stage at

‘which the nﬁmber of particle/particle welds increases followed

by another stage where the welds are broken, Therefore a reduction

in the density of particle packing would be expected, which is
observed frozgtrip prepared from "as received“ Makin powder and

‘the coarse fraction of Nakin powder. The main reason that the
' -~ B etk

density attains a constant value for strip prepared fro%AWoodall :

Duckhanm and Sintrex pOwdérs is probahly'due to the work hardening.

of pow@er particle asperites but it nmay be possible that,particle
welds formed in the eaély‘étages of compaction are broken and new
onés; contaminated by me thyl cellulose are formed.l;Thus the
résistivity increasésbut the‘déﬁsi£§ remains constant;f This
nechanisn probably occurs.in strip rolled from J.J.M. 300 and the
- coarse fraction of J.J.M. 300 tut the'fate of rorﬁation of néw
welds is less than thé_ rate at which oia welds :brea,k, -therefc;re
the densgity decreages.
Strip rélled by the B.I.S.R.4. slurry progess contains

nethyl cellulose, tﬁis is evident in Fig.?%9 which shows a |
-gtereoscan pholograph of argreen strip fracture of strip rolled
from -100 mesh B.S.A. powder rolled at 1OCKN/25 d.m, width |
(10'tohs/inch width), It is apparent that there is very little
“porosity present because the methyl cellulose occupiés the
interstitial spaceé between fowder particles, Thus if the strip

‘is rolled at higher roll loads than 100kN/22 m.m. width (10 tons/

inch width), the extra pressure would squeeze the methyl cellulose

between the powder particles possibly forcing them apart. Therefore




nis behaviour of nethyl cellulose aécounts for the resistivity

variations and to a cortaia exteﬁt for.the.density ?ariations.

The methyl.cellulose may be able to be éccommodated
in %he iﬁternal porous networks of the chemicéily'reduced powdersy
This is:ndt_pOSSible with the relgtively éolid Sintrex electrplytic
powder. Conssquently ét roll loads above 1&0kﬂ/25 mem, width
(14 tonﬁflnch w1dth), the methyl cellulose can only force the
powder partlcles apart, causing consmderable edge crackzng and
splittlng. .
Conventional dle compaction shows that the Woodall
Duckam, Sintrex and "as received” Makin poadersa&re densified
to approximately 6.5 g/c.c. by a compaction load of 463ﬁ/m.m.2
(30 t.s.i.) but that the fine fraction of J.J.M. 300 only densified
to 6,04 g/c.c. and the coafsé fraéﬁion to 6.35 gfé.c. Moreovei
the maxirum dengity increase from 387N]m.m.2.(25 $.8.4.) %o
4630/m.n.2 (50 t.5.3.) was of the order of 0.2T g/c.cs

Because of the smaller ares upon which the rolls act
during roll compaction much higher denéities are attained by this .

" method thaﬁ conventional die compaction. Therefore o roli load

‘of only 40kN/25 m.m, width (4 tons/inch width) was sufficient to
denagify Woodall Duckan pdwder to approxinately T.00 g/c.c. However
the relative densification behaviour of the powders bty die compaction
. was very similar to roll compaction, €.g. Sintrex electrolytmc and
Woodall Ducxam powders showed optlmum den31flcat10n in both die

‘and roll compaction. On the other hand the coarse fraction of

J.J WM. 300 showed betler densification by roll compaction than die

8
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: /
compaction. i

It is generally agreed that particle siﬁe distfihution
affecté the density of die compacted metal poﬁdefs.' Iﬁ hag béeﬁ
auggesfed that the idéal particle éizé is such théf thelvoids
ﬁetween large powéef particles are.filled by finer ﬁafticles
and that even finer particles packrinto the interstitial spaces
of these. Therefore it is probable that the less efficient
_packihg of the coarse fractidn of J.J.M.300 is less of & _
diSédvantage during roll compaction than die compaction bécausé

there are more internél vbids present‘to accommodgte the mefhyl
déilulose.

The B.S.A. water atomized powders couid not be die
coﬁpacfed successfullya lioreover the density kasfrip rolled
from these powders was éoﬁsiderably less than the density of
sfrip_prepared.from the other powders'(G.asgfc.c. conpared to

 7.2 gfc.c. appro#imately). Because of the hérdness of the
particles (550 Hv) little plastic deformation at the particle
weid areas could oécur, therefore the boﬁds-formed were,weak..

" Despite the vaiiétion that occurs'in density as the
.r¢ll load increases there jis no corrasponding reduction in green

strength., The green strengths_of the powders investigated Showed
a rapid initial increase in strength,up to roll loads of the order

of 100kN/22 m.m. width (10 tons/inch width), This was followed

by a stage where there was very'little increase, after which

9




there was a further rapid rise in green strength. However the

coarse. fraction of J.J.l. 300 showed 1little increase in green

strength with loads above 100KN/25 m.m. width.
Strip rélled from Sintrex electrolytic powder.showed

higher green densities and resistivities but lower green strengths

than strip rolled from either.the fine fraction of J.J.M. 300

or "as received" J.J.M. 300, MNoreover strip rolled from the

‘fine fraction of J.J.M+300 gave optimum green strength results, -

but the lowest green density results. The green strenéth o:.tﬁe

fine fraction of Makin powder and J.J.M. 300 is approximately 50%

greater than the strength of the coarse fraction of J.J.M.300,

DésPite the large difference in green strength the density of
strip rolled from the J.J.M.300 coarse fractioh'is greater than

the fine fraction., Because the powders were derived from the

~same batch of."as received® powder it is very ﬁrobable that only

the difference in particle size distribﬁtion-and apecificisurfase
is é99ponsible for such behaviour. |

| In order %o aécount for the anomalies between green
strength and‘green density, the methyl cellulose must contribufe
towards the green strength of the striﬁ, and *, reduce the smount
of atress acting upon each particle/particle1contaet area during
ténsile testiné;  The specific gurface of the fine fraction of

J.7.14.300 is approximately twice that of the specific surface of

the larger particles. ‘Therefore the adhesive effect of the methyl

~cellulose is developed over a much greater area resulting in higher

green sirengths. Also becouse the surface area cf the Sintrex powder
gLhs .

*
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is low compared with the othér powders, the adhesive effect is
much less and 8o Strip prepared from Sintrex powder shows poor
green strength results, |

40

It has been su~gested that there needs to be a m:nlmum

nunber of particles acrogs the sirip thickness.in order to realise ;

- oplimum strength. This numbér is thought to be 10 particles, The
. maximum particle sizeﬂof the coarse fraction of J.J.M. 300 is
appréiimﬁtélylso micrbns, Consequently in some areas less than
ten particles may be present across the strip-thickness. It may
be possible that when there are only sa few'particle/particle
contact areas across the strip thickness,.then work hardening

of powder aséeriteé rﬁpidly occurs, so that particle /particle welds
‘do not increase ih area_as'rapidly during compact;on as in étrip
contéiﬁing'mofé particles across the strip thickness where the
load is distributéd over more particle/particle contact areas so
that the plastlc deformatlon per contact area is less. |

The surface of the green strlp contains a 1arge number
of hotches and each notch is situsted at partlcle_houndarles.
Strip rolled from fine powder has many more particle bounﬁaries
£han gtrip prepared from coarse powder, therefore during tensile
testing the stress ralslng effect per particle boundary for coarse
powder ig much greater and ten311e failure may occur earlzer.
Strlp prepared from the B.S. 4. atomized pomders was
of much lower green strength than the other powders examined
(of the order of 20N/um® = 1.3 t.s.i.)s This was thought o be |

.entifely'attriﬁutablé to powder particle hardness._ Because of

€1
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the slightly higher carbon content (0.15% carbon) and the very '
/ .

‘ 1ow.thermal capacity of individual powder particles, a martensitic
structure formed.on quenching so that the particles haa‘hardness

_of thP order of 550 Hv.

¢ g ————— e r——

In contrast to the relationshlp of green strength and
particle size distribution shown by the fine fraction of J.J.M.3OO

and the coarse fraction of J.J.M.300, the green strenvth of strip

R

prepared from the -100 mesh fractlon of B.S.A. powder was greater'

 than the gregn strength of the «~300 mesh fraction. Thls might

© e 918 T

_be due to the presence of small particles in the -100 mesh powder ‘ ;!

Nder

that have welded to the coarser particles. during atomizing. _ ? g
Consequently it would bhe more difficult for the partlcles to .
slide over each other and small welded partleles would aid the ':W
- adhesive effect of the methyl cellulose. Also, desplte attempts - .t
to manufac%uie strip of ﬁniforﬁ thickness from the atomiéed ‘ %
powdeis, strip roiled from the -100 mesh fraction was significantly ' %
thicker than strip from the ~300 mesh»frac%ion; (0.29 mrse compared ‘ ;
jo 0.25 mmé.) Conseguently effects‘due to the pregsure distribution
upon pﬁrtiele/particle welds may be minimised for the 100 mesh ' Y
powder. Moreovér the B.S.A. ~100 mesh powaerxposéesseﬁ an ' ;1
exceptionally large fraction, between 0 and 10 micronsg conmpared 3
'#o the chenically reduéed and electrolytic iron powderé. Therefore E
a number of particleé gréater than the minimum ideal number would h'%
probably be present in the thickness direction of the strip. S ;
Evidence of g iarge fine fraction in the -lOO.meah and ' é”

=300 mash fractions of the water atomized powder is showm in the ?‘



_Q.T.M; daia-aﬁd also total sﬁrface area resﬁlts by eteariq:acid
adsorbiion. The latter results are of special interest becanse
théx indicated that the ~100 mesh f:aciion‘was of greater surface
'_area than the ~300 mesh_fraction. Moreovgr thé measﬁré&.totalf
.surface area of both powders was greater then the other powders
examined,_ Becaﬁse of the lack of internal porosity in the
atomized_powders tﬁe results are entirely'attributable té particlé
size. Q.T.M. data:indicatés that the bulk of the particlés are
between 0 and 10 microhs. This figure is likely to be lower
than the'true fraction bétween 0 and 10 microns begcause of the
restrictions_of optical :microscopy for detecting particles of
between O and 1 micron and. because of uﬁavoidable-particle .
'aggIOmeration which would lead to the fine particles being
counted iq'a larger size group.

.The green stréngth,-resistivity and density results
‘ for.stfip from the électrolytiq and chemically reduced powders
indigate thaf.significant'coptribution towards green strength
is-made'by_the‘methyl cellulose snd that an increase in surface
area may subétanfially raise the green strength. Howe{ef the
green strength results for strip prepared from the atomized
powders are approximately one £ifth to one tenth of the volues
determined for the other poﬁde:é, despite the surface eres of
" the atomized powder being approximately twice that of the chemically
redueed powders. Therefore it is possible that partiecle inter-
locking is mere important than has heen discussed previously.
Altefnatively,‘becauselof the large surface area éf the atomized_

powders, a greater proportion of binder than was added to the
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alurr& might be required to give. a cbherent film around each of

‘the partlcles.-'

The density results across tha width of the 100 m.m._

(am), prepared_frqm the B.S.A. powders showed‘a varlatlon;of

0.14 g/c.c. total scatter. The strip rolled from the -100 mesh

powder showed a higher den51ty in the centre, whereas ‘strip

'prepared from the. -300 mesh powder showed a hlgher den31ty at
"the edges. It would be expected that if the rolllng mnill rolls

were not cambered: then the density in the centre of the strip would

be Iess than the den51+y at the atrip edge because of roll bending.
Alternatlvely if the camber of the rolls overcorrected for roll
benﬁing then the density at the strip ¢entre would be greater

than at the edges. Consequently because the density variations

:of the two powders indicafs'opposite trends théy cannot be

attrihuted-to foll bending. However beoause'of the limited number

of samples examined the results. are not conc1u51ve and are more likely

.to be . dne to experlmental error,

Most modern theories of 51nter1ng have established

that durlng s1nter1ng vacancy diffusion from particle contacts

'occuﬁiwhlch leads t0 an increase in the volume of metal between

partlcles and an 1ncrease in the radius of curvaiture of the materlal

at the p“rtlcle/partlcle velds. Consequently the strength of the

‘material increases because of the inerease in bond area and a

reduction in the stress raising effect of the "notches" at the
particle/particle wélds. Densificafion‘occurs because of'ﬁacancy

diffusion to free space at the peripheral areas of the sample.

»
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It is geﬁerally thougﬁhthat vacéncies'may diffuse.ﬁhrough fhe
metal powder particles, i.e.'by.volume diffﬁsiOn or‘acrpsé the
éﬁrface of powder particles, i.e. by~sﬁrfa¢é'diffusion._-ﬂeasured
diffusion coefficients indicate that diffusion by a surface |
: mechénism is faster than & volume mechanism bﬁt3és thé‘émount

of surface available for diffusion is restricted,‘fhen more.

P

: maferiél'is likely to be transported by a volume mechanism.
| ' Therefore during sintering there should be a decresse

in the3resistivity of’the material, an increase in densify and an

increase in strength.

"All of the specimens examined showed a rapid increase -

in strength aﬁd'a‘ded:eaSe in‘résisti#ity dvring the first 20

geconds sintering; 'Generaily-there was little difference bgtween

B T L s i e i U S

A e,

the :eéis?ivity.of'strip sintered for 30 seconds and the resistivity
after sintering for 300 seconds, indicating that little densification:
was occurring, howaver all sanples showed a's}gﬁiiiéant gain in
gtrength on increasing thg sintering*time from thirty to sixty .
1se§onds.‘ Therefore it woﬁld appear that after the first.few seconds |
‘sintering little or no material fransporﬁ to particie/parficlé' .
contacts ocqurs, but that there is diffusion occurring within the

~ bonds to reduce their notch sengitivity. |
The lowest resistivities weré developed in étrip

- prepared from Siﬁtrex eleofrolytic powder, possibly because of its
greater ehemicai purity. Sintrex.powder differed from the other

§owdc:s becanse with the eiception of étrip rolled at

*
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45KN/2.5 m.m, width (4.5 tons/inch width), all sintered specimens

decreased in regigtivity for sintering times of between 60 seconds

and 120 seconds and there was an increase in strength for sintering

times of up to 300 secbnds. Thus it would appear that strip
prepared frém Sintfex powder shows gfeater sinterihg activity-tﬁan
fhe other‘powders.Thisiédiffiéult-to eiplain because of the low
surfacé area.of'the'powder.wﬁich would indicate'fhat'less_matérial
‘would be traﬁsported by the fastef surféce di££usion mechaniSm

compared to the other powderas.

Except for specimens sintered for ten seconds the

resistivities of sirip prepared from B.S.A. . =100 mesh powder and

B.S.A. 3300‘mesh powder were very similar. pespite this the
rétreﬁgth of strip prepared from the.-300 mesh-is.much gréater.
than the stremgth of strip from the =100 mesh fraction for
'éintering times greater than thirty seconds.- This behaviour is
almost certainly dué to the larger grain size of the ~100 mesh
frgqtion because of the coarser initial particle size from which
. the strip was pxepareq. Because the grain boundaries of the sfrip‘
_are situated at the particle/particle boundaries and because most
of the pérosity is present at the grain bounéaries, then a greater
stress would be concentraﬁed at the grain boundaries of the coarser
powder during tensile tegting, B

Generally roll ldad‘appeared %o have little effect
uﬁon fesiativity for loads greater than 80/90kN/25 m.m. width '

(8/9 tons/inch width), This behaviour is compatible with the
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gfeeﬁ.density results. Howe#er roll.load héd a much greater
effect on siﬁteiéd_strength.- Samples preparéd from “aé received”
fMaﬁin powder, and both the.poarse aﬁd fiﬁeifractidns of ﬁakih
powder showed an increase in sintered.strengthfwith iﬁcreaéing'
roll load. The resulis ohtaine& for the sintered strengths'of_
Sintréx strip_sﬁow copsidérable'scatter but.indicétg fhe'generél
trend that the sintered'strength:ihéregses és'the r§11 load
inc:e@ses. o | | |
This behaviour is difficult to interpret. -.Th_e"re's'ults
indicate that high roll loads affect the siﬁtering activity.
Therefore the increase in the concentratiqn_ofVVacaﬁcies caﬁsed
by the work hardéning of powder particles-must influence the
sintering activity even though the effects of work.hardening
should 5e?fem§?ed fery'éariy'in heat treatment,’
o <50 wetth ) '
| . Strip prepa?ed frogﬂﬁoodall Duckan powder and strip
froﬁ;J.J.M. %200 rolled at 180?}4 per 25 m.m, width showed a
decrease in strength after sintering for 60 seconds. Grain
grﬁwth was, observed o occur in some samples which was evident
by the occur?ence of the."oranée peel? effect on the surfaces
of tensile specimens. Therefore-if is likely that grain grdwth
aécounta for tﬁe'reduction in étrength of these samples. -
Little change in deﬁéify'oécufred during_sinfering_as
nay be expected by such short sintering times. Therefore it is

most unlikely to attain strip of theoretical density by a single

roiling and sintering operation anmd that rerolling and résintering

 must be 'employedf Yo achieve  thus,
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The tensile results of the finished strip are

: unfortunately very scattered and all show very poor elongation
values. Moreover the tensile strenpths are substantially less’
than the tensile strength of temper 3 tin plate. Theas results
are considerably at variance with those obtalned bj B.T.S.R.A.
despite the properties of the green and first sinféred strip
being‘verf'siﬁilar fd'thosé obtained by B.I;S.R.A. The most
likely explénation is that a time of several months elapsed
between the sintering_pf the green strip and the subsequent
rerolling and resintering. -During this time growth of oxide
films may have occurred within the strip which would severely
curtail the attainment of optimum properties.

Despite the pooi properties of the fiﬁiéhed.striﬁ the
indication is.that the load of the first compaction-stagé,is
relatlvely unlmportant as further den51flcatlon occurs egsily
during the second roll compaction.

Although the results are very few the indication is.
that strip prepared from the finer fraciions give better.strength
ahd elongétionHValues. - |

This currént work has been sufficient fto give an
insight into the phenomena oécurring during roll compaction and
sintering, however much work requires to be done to obtain a
fuller picturs of $he nmechanism operating.

The siudy of the conpaction and sintering of strip is

especially convenient because experimental technigues such as
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the?determination of resisfivity'ahd.x-ray diffracfion may be

used_to'study‘the phenomena occurring during the first stages

 of sintering. Specifié attention should be drawn to the form

of'fhe porbsity déveloped_in the girip dﬁring the first stages
of compaction and sintering and to the determination of small
amounts of residual pofosity in the finished strip which may

contribute towards premature failuré.-l
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CONCLUSIONS.

Chenically feduced powders of fine particle size
and large sufface area may be rolled_t6 strip pdééessing'higher
- green strangth but lower density than poﬁderé‘of-doafse Parﬁiclé
~size, |

The presence of the binder causes a reductibn.in_the
- green strengtﬁ and green density of‘étrip rolled frOm'péwder at
'high rolllloads,and.ma3 contribute toward$ edge qrackiﬁg anﬁﬁ
splittiné. |

Strength_¢evelqps within a few seconds during
gintering but no-densificgtioﬁ occurs even after sintering -
times of five minutes, However material Iransport within the
"neck" arqés oceurs, which significantly reducéé the internal
© . notech gffect, g0 that ﬁhe tengile strength improves with longer
sinfering times. | |

, ‘Strip prepared by the B.I.S.R.A. slurry method ﬁay be

_susceptible to ﬁeterioration when stored in the intermediate
gtages. However on a continuéus productioﬁ line this shéuld

1

not be g disadvantage.
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THE FATIGUE PROPERTIES OF SINTERED NICKEL
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| 7.00. MATERTIALS AND APPARATUS.

.Sherritt'Gordon'ﬁickel powder Gradé S was used throughout
the investigation. The_évérage chemical composition of the powder
was Co 0,068%, Cu 0. 007ﬁ, Fe 0.011%, 8,09020%,'0-0.008%_balance,
nickel.

'The powder was chogen beéause of the.ﬁear spheiical
shape of the particles. Thus it was hoped that if_closeiy sized
frgctiona of the powder wefé pressed and sintered a uniform poré‘
size'woul& be developed and by varying the-particle size of the
powder fraction the ;ore gize could be varled.

Closely sized fractions were obtained by sieving the
ag received” materlals for one hour using an "Endecott” sieve
shaker. The sieve sequence used was 100 mesh, 150 mesh, 200 mesh,
240 mesh, 300 mesh aﬁd 350 mesh B.S.‘sieveSa
Tnitial compaction experiments with the -100 + 150 mesh
 fraction were avtenpied using a small doublé acting die‘so that
a2 finished compact size of 25 mms. x 6,25 mms. x_6.25 ﬁms. (1 x
10.25".x 0,25"). Sodium stearate, stearic acid and carbon
tetrachloride were—used‘as adnixed iubricants.: In some instances
silicone oil was used as a die wall lubricant. However samples
from which the fatigue and tepsile specimens were cbtained wefe
pressed using a double acting die to give sampies 100 mms. x 10 mms.
x 10 mms. (4" x 0.4" x 0.4") wide. A taper of 0,25 mms. per 25 mms.
(0.1" per 1") was incorporated in the ejection part of the die to
avold laminations.

The sieve cuts obtained from the "as received" powder

were snnealed in a vacuum furnace ot 65OQC under an atmosphere

g1
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- of 97% nitrogen, 3% hydrogene In order to ensure that the air

had been cbmpletely excluded fron the powder mass the vacuun

furnace was puﬁped to & vacuunm of 10"4 Torr before introduction

of ‘the inert atmosphere and subgsequent heating. The fﬁrnacq

is shown schematically in fig. 40.

' The same furnace was used for preliminary sintering.
However for such sintering the oil diffusion pump was used so .
that a vacuun 6f the order of 1{)"'6 Torr was maintained for the

duration of the annesling operastion. The temperature gradient

-of the furnace vas determined over a 150 mm. length and was

found to be within plus or minus 2°C.

Some of the samples were compactéd to high densities
using én ispétatic compacfion technigque. The press used oil
as the Ioad;transfeiring medium and the sample was séaied from
tﬁe'éil by placing it into a tightly fitting polypropylene
tube plugged with rmbber hungs. 7 D

Final sintering of the pregsed nickel conmpacis was
achiéved uging & platinum resistance furnace. The'temperature
gradient of the furnace was determined to be vithin 4% st 1,300°.
A sintering atmosphere of 75% hydrogen, 25%\nitrogen was used
for all of the specimens froﬁ which fatigue samples were to be
prepéred.- Howevér atmospheres less r;ch in hydrogen were used
for some initial gintering egpériments. The sintering atmosPHere
was Gried and purified.before use by passing the nixture through
molecular sieve" to remove wéter vapour and subsequently through
a."De Oxo" Catalytic Purifier followed by another "molecular sieve"
column to remove oxygen., I% was ;stimated that thé cleansd gas

had = dewpointfbettér than -40°C before introduction into the
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s%ntering furnace,

| Tensile tesis were made on a."ﬁounsfield Ténsometer"
"for which Nb; 13 were machined and fatigﬁe-tests were:conducted'
at 50 Hz. useing a Bristél-smaeley type 1B lﬁghle.ar fatigue testing
machine. Uﬁnotched fatigﬁe.samples were machined'to the
speéification'shown in fig.41 using the following procedure§-

1) The samples were turned to approximately 5Q25fmms.

2) L 3.5 mm; radius waa turned to 0.i2 mms..oversize.

3)‘Two cuts were made 0.025 mms. deep by furning;

4) One cut was made 0,0125 mms, deep by turning to
give the finished size.

5) The édmpie was polished longitudinally to remove
any transverse machine markings. Final polishing

- was carried out using 600 grade.silicon carbide

papef and "Brasso" polishing. .

. Pore size distributions were measured on trarsverse
sections of the pressed compaéts. The samples wers metallo=-
graphically prepared in the usual manner by grinding on
progressively.finer grades of silicon‘carbide paper foliowed
by polishing with 6 micron gnd finelly 1 micron diamond paste.
Ion efching was used to develop the microstructure and tﬁé mean
grain size quoted is the number averagechord length.

Grain size @etermiﬁations of the specimens were madé
using a linear intercept method.
Obsérvations of the fatigue fraotures were made using -

optical and scanning eletron microscopy.
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8,00, EXPERINENTAL TECHNIQUES.

~ 8,10, POWDER CHARACTERISTICS.

‘The tap density of the powders was measured by adding

100 g. of powder to s megsuiing Cylinder-and'measurihg-the vb1ume :

after tapping. A Hall flowmeter was used to evaluate the flow

rate of the "as received" powder and powder fractions used in

“the investigation. Metallographic samples were prepared in the usual way.

8.20. INITIAL TRIALS, '

>~

8,21, COMPACTION.

. The'init;ai'compaétion trials were conducted using’

the 25 mms. x 6-mms, x 6 mms, 'die. Sodium stearate was initially .

!

used az a die wall lubricant., Application was éffected by
‘ _ . _

preparing the soap as an emulsion in acetone and coating the die

wall, After the evaporation of the acetone the die was bolted

| fogéther and filled with powder; Compaction pressures of

309N/mm2. (20 t.s;iﬂ);;BBGN/mmz..(ES t.8.i.) and 463N/mm2.(30 £eBais)e.
wgre.used ?ith ﬁoth'the.“as received"|powder fraction aﬁd the —i50
+ 200 nmesh powder fraction.

Further itriasls were carried out using an "adnixed"
lubricant. Such a lubricant is usnally introduced as a solid
énd a homogeneoﬁs mixture is obtained by ball milling for several
hours.. However it was thoﬁght that éuch a treatment might feéulf

in the distortion of the metal powder particles. Consequently

gtearic acid vas chosen as the lubricant which was dissolved

in petroleum ether. The solution was then introduced to the

nickel powder. The nixture was %igorously stirred until the
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majority of the petroleum_ether had evaporated. The reéidual

solvent ﬂﬁs.allowed to volatilize by maintaining the nickel

 ,powder'at approximateiy GOOC until the nmixture appeared to be

free running. Lubricant additions of 1%, %% and 1% were made

and compaction trials were conducted at. the compaction‘pressures

nentioned previously.

The adoption of these techniques with the 1arger_die ‘

giving compacts of 100 mms. x 10 mms. x 10 mms. (4" x 0.4" x 0.4")

was not successful., Compacts were either not coherent or severely

*

laminated., Later trials were cohducted using carbon tetrachloride

mixed with the powder and a die wall lubricant of silicone oil.
Although this technique produced better compacts sone laninations
sti1l ocCﬁrred héwevér these were avoided by usgng annealed powder.
Compactiqn loads of up to 542N/mm2. (35 t.s.if) were evaluated.
This.iatbr tachniqué wa s adopted for the prgparation of ténsile

and fatigue specimens. |

8,22, "ODE WAXING",

Samples prepared using either sodium stesrate or stearic

acid as 3z lubficant were slowly heated o 40000 in a strean of dfied,-

- purified hydrogen and maintained at that temperature for thirty

minutes to allow the lubricant to volatilize.

8.30 STHNTERTING.

Samples were sintered in vacuunm and in hydrogén at 950°%
and,1000°C for varying times. IFurther trials were conducted at
temperatures of 1200°C and 1300°¢ in a sintering atmosphere of 7
97%_nit:ogen/3% hydrogen,.SO% nitrogen/50% hydregen or T5% hydrogen/ 

25%% nitrogen, = A heating rate of 5%, per ninute was maintained °
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for all of the trials and cooling from the more'elevated

temperatﬁfes'of 1200°C and 1300°C was achieved.in‘eighty five

‘minutes.,

:Anisolated sample from the -240 + 300 mesh powder

vhich had been pressed at 350 N/mmz.' (35 te5.1.) %0 6.8 g/cron

:was oxidised for one hour at 550 C before 51nter1ng in. hydrogen

”at 1300 % for sixty minutes.

8, 31 FURTHER TRIALS.

A nunmber of samples of . speclmens were prepa&ed by |
pressing at 540N/hm2:_(35 tes.is) and siptering in vacwun at
1000°C. These speciﬁéns were repregsed at varying loads and
resintered at 1300°C. | |

In attempt to press.samﬁles of high dénéity an
aﬁnealéd sample of the ~200 + 240 mesh powder was pressed at
465N/mm2» (30 t.s.i.) in the smaller die (25 ﬁms. x 6 mms.

x 6 mms, = 1" x 2" x "), The sample was sintered in hydrogen

for fifteen minutes at 75000,‘ Multiple repressing and annealing

of the samples at the above pressure and temperasture was continued.

8.40., THE PRESSING OF TENSILE AND FATIGUE SAHPMES.

A1l of the bars from which the £aﬁigue samples were
prepared were_pressed using'fﬁe larger 100 mms, x 10 mms, X
10 mms,. die (4" x 04" x 04"). 1.5 mls. of carbon tetrachloride
w#s-used as an "gdmized™ iubricant aﬁd silicone o0il as a die
wall lﬁbricant. .

Three basic series were produced#-

1) Seriesl..

This series was of 10.» 13 per cent total porosity.

~.
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Annealed fractions of the =150 4+ 200 mesh, =200 +

2ibmesﬁ.and -240 + 300 mésh fractions were pressed at 346N/mm2.
(22 t.s.i.) ginfered for one hour at 1000°%. in a vacuum of
'pressﬁre 10"6._Torr and repressed at EION/me. (20 toeseie)e | _ |
Final sinferihg‘was conducted for {hree houré at 130000; in 
_an-atmoéphere of.75%.hydrogen 25%rnitrpgeh._ o
' 4i) Series 2. |
Thiﬁlseries was.prepared using the thfee ﬁowder
| f:éctions mentioned previously and was of 3 - 4 per_cent_
totai porosity. .
. ' The armealed powders were initially préssed at 290N/ﬁm2; -
(18.7 t.5.1.) and sintered for fifteen minutes at 850°C, They
were subsééuently'fepressed at 310H/mm2. (20 t.s.i.) followed

by isostatically repressing dt 770N/mm2. (50_t.s.i.). Final

e —r— Y ——

gintering was again conducted at 130000. for three hours.

iii) Series 3.

This serieé.was prepared from annealed, "as received"
poﬁdcr.as an attempt to secufe a density as close as possible
to the theore?ical density. However thé final porosity content .l
- was of tﬁe order of 4 - 5 per cent. |
Samples were‘initially pressed at 290N/mm2. (18.7

t.5.1.) and vacuum sintered for fifteen minutes at 870°C,

igostatically pressed atlb&ON/mmz. (70 t.g.i.) and finally .

sintefed_for three hours at 1300°¢.

8.50s DENSITY ~ DETERNINATION.

The density of all the rectangular pressed compacts o ;

was found by mensuration but the mercury balance technique !
t

was used for the machined tensile and fatigue sanmples.
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g.oo RESDIIS.

‘ 9 10 POWDPR CHARACTERISTIGS.
The values for apphrent density, tap den31ty,_"
-énd flow rates for the "as recelved"'powder and the gieve

fractlons 1nvestigated are given in table 16,

The "as recelvea" powder showed a allghtly h1gher;

apparent den51ty-and tap den31ty indicating the importance
of particle size distribution upon these-properties.
Howeyér the powder chaiacteristics of:the sieve fraction
were very similar,_ |

Pigure | illustrates the microstructure of the

"gg received" pbwdé}. It is evident that the poroéity is

present as a number of fine concentric rings.

2;20; INITIAL COMPACTION TRIALS.

All the samples preésed using the smaller die
ﬁere laminated. Compacting from 310mem2. (20 tes.is) %o
_ 450”%m2. (30 t.8.1.) gave densities of 6.0 g/c.c. to
643 g/cecs However such low densities weré probably mainly
due to the pfeﬂence of laminations. |
Samples pressed usiﬁg a smaller die and an

nedrixed" lubricant were considerably more successful.
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Densities of 6.6 g/c.é. to 6.7 g/e.c. were measured on

specimens containing one quarter per cent and one half per

cent lubricant. Severgl laminations were preéent in the
sémples coﬁtaining one per cent Jubricant,

éhe technique 6f mixing a small amount of -
| stearic acid with the powder wasbnot.succeséful with.the
100 mme x 10 m. (4" x 0.4").die as compacts so pressed
were laminatéd. The use of an annealed'powder helped to
reduce the occcurrence éf‘laminations but not to prevent
them entirely, However substituting carbon tetrachloride
a3 an "#dmixedﬂ lubricént gave 1amiﬁation free compacts
" of approximately 6.8 g/c.c. for all the powder fractions -

'investigated.

2.30 INITIAL SINTERING TRIALS,

Sintering at 1000°%¢ either in vacuum or hydrogen

ave no densification. However increasing the sinterin
(%]

temperature fo 12000/130000 incresased the density of samples

ffom the ~200 + 240 mesh fraction pressed to 6.8 g/c.ce to

T43/7+6 g/cec. Similar densification occurred both in
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97 per cent nitrbgen,'3 per cent hydrogen énd 75 per cent hy@rogen,
25 per cent nitrogen mixtures, | |

The density of the isolated sample sintered in-ﬁydrogen_
for. one hoﬁr ﬁitei oxidisging in air at 55000 ‘increased from B
6.7 g/c.c; to 7.8 g/ec.c. |
9.40. TRISLS. INVOLVING FURTHER TREATHENT,

_ Repressing samples, originally pressed to 6.8/6.9 g/c.c.

and sintered in vacuun for 60 minutes at 1000°C, at loads of

155K/mn®. (10 $.8.1.) to 465N/ma®. increased the demsities to

T+5/7+8 g/c.c. |
_ Mutiple repressing followed by‘annealing gave final
densities of 8.3/8.4 g/c.c.' The increase in density with successife
gompactions is shown in tabie 17.

9.50. MICROSTRUCTURES OF SINTERED SPECIMENS.

Although densities of 7.6/7.8 g/c.c. could be attained
by a single pressing and sintering operation, the shape of the

pores of the specimens was more irregular and £ilm like compared

~ with specimens that had been sintered at a lower temperature and

pregsed $o density of 7.6/7.8'5/0.0.‘f0110wed by a three hour
heat ireatment at 1300°C. .

. The porosity of the. samples used in the three fatigue

series was in two forms. Normal rounded porosity was evident

in all of the samples associated with film like porosity. The

film like porosity was especially prevalent in the samples of
lower density.(Fig.43 ) The film like porosity was more prominent

in semples electrolytacally etched in 5% sulphuric acid than
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#pecimens prepared by jon etching (Figs.43.44). Consequently

pore sizefdistributiOns'were neasured on ion etched samples.

_Fig.45 shows a fractograph of the "as received" powder
which was compabted ard sintered to four per cent residual porosity.

It is evident that the film like porosity extends

~ throughout the entire structure and is at the boundaries of the

original'ﬁowder particles of thé spedimeh. Moreover it is apparen%
that much of the roﬁndéd porosityfis linked with the f£ilm 1like
?drosity. ,

Pore size distribution, mean pore éize and porosity
contgnts for specimeng'from the three fatigue seriés are shown
in table 18,

The miorostrucfureé of twd of the sPecimens'(figs.44-45o)
éhowed equiaxed, twinned grains but the grain sizes of‘fhe_;peCimens
from each of the fatigue series did no% vary greatly. The average

particle sizes of the powder fractions investigated were 89 microns

(for the ~150 + 200 mesh fraction), 68 micrors (for the =200 + 240

- mesh fraction) and 57 microns (for the =240 + 300 mesh fraction).

Dherefore the cccurrence of one or two twins per particle would

lead apprdximately to the values of grain size determined.

9,.60. TENSILZ PROPERTIES.

Table 19 shows the tensile properties of representative

sauples from each of the series of specimens. All of the tensile

fractures were intergranular and fracture occurred with a reduction

of area value which was large for sintered materials but low

compared with wrought nickel., The elongation of each of the sanmples
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was very similar and independent of the original particle aize

or processing sequence. It is evident that the orizinal powder
particle size for each series has only a small effect upon the

final tensile strength but the data shows that samples prepared

 from the coarser fractions are weaker than samples prepared from

'_ the medium and finexr fractions._

9.70, FATIGUE PROfERTIES. |
The-fatigue results for the three series are givén in

téblé 20. The endurgnce limit togefher wi#h the endurance ratios

afe'listed in table 19; Unfortunately considerahle scatter was

evident for specimens;fatigued gt higher Qtresses but the endurance

limits for each of the fatigue series was clearly defined. The .

endurance limits of the thrée groups‘of sambles of approxiQately'

four per cent porosity were glmost identical and had the same

#alue athhe four per cent pérosity samples prepared from tﬁe

nag received” powder. - Increasing the total porosity content to

approximately twelve per cent substantiaily reduced the endurance

} 1imit. lMoreover the endurance ratio decreased from 0.45 to

approximately 0.36, The higher porosify group also showed some
evidence of the effect of particle size upon properties because

sagmples prepared from the <150 + 200 mesh fraction showed a lower

endurance limit cOmpared to samples prepared from the fine and

medium fractiona.
Fractographs obtained using a scanning electron

microscope showad an increasing coarseness of fracture for both
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the four per cent porosity series and the twelve per cent porosity.

series as the particle sjze increased. The fracturs appearance

~of the specimen groups containing twelve per cent porosity was of

three distinch types.. One type showed well rounded features with

- small undulatidns whichiaﬁpéared to be derived from the original

particle shape (Fig.47 ), another appeared élightly'flattened as
might have occurred if two particles had been pfessed azraingt each

other but not éintered.together and the.final faéef showed the:

- rough st:‘;i-a."bed appearance of the fatigue fracture. 1In some of the

latter areas fatigue striations were evidenty while in others some
ﬂiﬁplingrwas present, however gome further areas qxiéted where the
type of fracture could not be readily determined.

Fractographs of the fatigue series containing lbwer
porosity (figs. 48. 49. ).differed from the high ﬁorosity series in

thatthefraczure surface appeared more crystalline and that rounded

porosity was less evident., Exanmination of the fracture surface

at higher magnification showed smooth facet like surfsces which

were interconnected by rougher regions'frequently'showing striations.
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10 .00. DISCUSSION.

Thg initial compactioh trials showed that e lubricant
of carbon tetrachloride was superior to conventional lubnicants,
e.g. sodium stearate and stearic aéid,hecause thé.incidence'éf
1aminatidnslin compacts were reduced by'thig‘lubricaﬁt.' Because
of the nature of conventional lubricants it is doubiful whether
carbén tetrach}oridé would facilitate the gliding of powder

parficles_over each other, It is possible that as carbon

- tetrachloride is an organic liquid of high vapour pressure, that’

sone air would be excluded from the uncompacted powder by carben
imgﬂrf-ﬂSC rtﬂ

tetrachloride vapour. During compaction tthpressure wonld cause

fhe carbon tetrachldride to liquify thereby reducing.the internal
pressure within the compaét enabling the powder particles to nmove
¢closer together..

" The sintering trials on specific fractionsof Sherritt
Gordon nickel powder ciearly show its poor sintering activity
becéuse temperatures in excess of 1,20000 were required for

significant densification.

The fact that a nore homogeneous struciture was obtained

by a technique of pressing and sintering at‘l,OOOOG followed by

coining and resintering at 1,30000 is probably due to the more
porous areas in the compact, present after the first compaction

stage being reduced during the coining operation,

Unfortunately the original aim of producing three distinet

groups of pore size in a number of series of differing porogity was

.
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not reglised because of the distinctive form of porosity‘produced,'

The shape of the pores were of two types, rounded ani £ilm like.
The rounded porosity was thought to originate from the voids
formed at particle corners. Homwever some of the porosity ( of the

order of 1 - 2%) originated from the powder particles themselves.

The microstrucdture of the powder particles shows the presence of

"a number of congentric rings of fine porosity.  This is consisfént

'

with fhe processing technique used in the powder mangfacture.
This porosity would spherodise during sintering to give porogity
within the graihs.' The film like porosity probablygoriginatédr
from the original ﬁarticle “boundaries,

The Sherri£ Gérdon_powdér particles were botryoidal in

shape., Therefore during compaction it was unlikely that the, full

 facets of the particles came into contact. Instead welds wounld

be formed at particle asperites. Subsequent sintering would ocecur
at these asperites but as little or no densificafion occuried

during sintering it is unlikely that the particles would move

together to give a perticle/particle bond over the entire periphery

~of the pzriicles. Consequently the gap between any two particles

would later be bbserved as film like'porosity}

Sonme disagreemént exists between measuremts of porosity
as deternined by the Q.T.M,.technique anddensity. Such a
discrépancy nay be attriduted to the failure of the Q.T.M. to
distinguish between film like porodity and grain boundaries.

Indeed the distinetion was frequently difficult to make when

*
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examining the particles through an optical microscope. Consequently

fbr.a given'porosity content the Q.T.M. only measurei the.rounded
‘porosity stemming from the powdér particle corners of the original
particlés énd.fo a lesser extent from.the iﬁfra particle porosify. ;
.The film like porosity‘appears to have dominated the
fafigue behaviour. This is illustréted by the intergraﬁular |
fashion in-whidh_the fatigﬁe ér#cks propagated. Therefore the
fatigue results of each density.group’were yefy ginilar.
It‘waS‘nokfpossible'fo confirm that fatigue.cracking
was initiated at the surface of the fatigue specimens.. This type
of nucleation ig thought to ﬁe the most probable because the
" samples weré tested in rotating bending in which the surface of. . o

the sample is most highlyAstressed.' Moreover it is most likely

e e e et nt ot .

that fatigue crack nucleation would occur at the points where

the film like porosity intersects the surface because such surface

_discontinuities would be very effective stress raisers.
‘Once the fatigue crack has nucleated it would propagate.
in a step by step manner until it encountered s film like pore,

Thus the fatigue crack would be stopped and the'fatigue process

s ——————r——— bt PR + S B b - ek ~ e ok e im

“would have to be renucleated at the pore tip.
| Thus once fatigue eracking has initiated, propogation
is discontinuous because the fatigue crack would be frequently
stopbed and fresh nucleation would need to occur at the pore edge. . 'é
Finally the weakened material would fraciure by a tensile mechaniSm;

Many investigators have reported that sintered materials
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show less scattered results than wrought materials. However the

fatigue results obtained at higher stress levels show considerable

scatter which is consistent with the work of Radomysel!sky<o.

This is thought to be due to the important role that f£ilm like

porosity plays in fatigue crack propagation and the fact that the

_cbhnectivity of the film like porosity may Vary'from sample to

sample.

The ‘endurance limit of the fatigue serieé-contaiﬁingfl
12 pef cent porosity'PresSed from the coarse -150 + 200 mesh
pqwder was significantly lower than the en&grance limits of
samples of the sane ﬁordsity content but pressed from the ﬁedium

and finer fractions. The particle boundaries of the coarser

powders occupy less area than the particle bhoundaries of the

finer powders. Therefore the siress concentration on the particle

boundaries of samples prepared from the coarser powder is greater

and the specimens fail earlier.

The fractographs of the fatigued specimens showed

three distinetive areas in the fatigue fracture. One of these.

© areas appeared slightly flattened as might have occurred if iwo
-particles had been pressed together but not sintered. These areas may

have originated from thé coining operation. Thus when the compacts

were repreassed the powder. particles were moved closer together
but insufficient force was available to cold weld the particles
so that the initiation of true particle/particle'bonds by sintering

would be more Qifficult,
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RR CONQLHEﬂiﬁii

The series containing four per cent porosity showed

"-hlgher endurance 1imits and lower endurance ratios than the serles

contain1ng twelve per cent poroslty. Tbe endurance 11mits of
each group of the four per cent qerles were very simllar.
'However the grouf of specimens of twelve per cent poroslty
'prepared from the coarser powder showed a allghtly 1ower
_endurance limit than specimens of the same poros:ty content

prepared from the finer powder.

.The fatlgue propertles were governed by the form of

: porosxty whlch was of two distinct types, rounded and film- like. 

The rounded por031ty aroge mainly from the corners of the
 or1g1nal particles and to a lesser extent from porosmty w1th1n
the original powder partlcles. The film like porosity arose
from particle.boundaries, The fatigue fracture was granular

and-propagated along the film like pbrosity.- |

" The failure to attain varying pore size was entirely

‘due to the incidence of the film like porosity.




SOME PROPERTIES OF SINTERED MATERIALS

CONCLUSIONS

|
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- 11 .00. CONCLUSIONS.

The mechanical propertiss of gintered naterials
are strongly influenced by the presence of porosity. Total -
perosity has the zmajor effcet wpon propsrties bul pore shape

i

mzy contribute a very important pait easpecially if it is film

like. .

" particle size distribution has a definibe effect
upon ooﬁpacﬁion proper%ies. Powders containing a iarge fraciion
of finé particles'generally'compact to give.strongerAbut
necessarily denser speéimens. |

In order to obtain densification during sintering,

gintering temperatures must be high. No significent densifitation

occurred when sintering iron or copper, sintering at temperatures

400°C‘from their relting points.
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APPENDIX 1.

THE DETERIMINATION OF DENSITY BY THE

MERCURY BALANCE TECHWIQUE.

If Wa.= the weight pf‘the.specimen in.air'

Wb .= the weight %o immerse thermér§ury balance

without a samplé. |
Wc é the weight to immerse the mercﬁry hélande'
| plus sample.‘ N

I = the dengity of mercury at rooﬁ témperaturé..

Then ihe weight required to immerse the sample
= We ~ Wb

The upthrust of the specimen in mercury = Wa + (We = Wh)

Therefore the volume of the specimen = Ya + (We - )
. D

and the density of the specimen - D« Wa
' : - Wa + (V¢ - Wb)
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SAMPLES BY THE XYLENE IHPREGHATION METHOD .

weight-of sample in air

»

If Wa
Wx

]

weight of xylene impregnated sample.

Wy
D

weight ¢f sample in xylene.

]

density of xylene,.
Thens:=

Weight of xylene.absorbed by the sample = Wx = Wa

The - volune of xylene absorbed = Wx - Vg

. =

This is equivalent to the volume of the interconnected
porous network of the specimen,

The upthrust when immersed in xylene = Wa - Wy

APPENDIX 2,
] - THE DETERITNATION OF THE DENSITY OF STUTERED
Therefore the apparent volume of the sample = . (Wa_ - Wy)

e
The total volume of the specimen = : (Wa = Wy) + (¥x =~ Wa)
5 D
the density of the sample = Wa

; T W, — QJNP).TZZH
‘ . , 1 .D e
i .
D wWa
Wx - Wy
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___ﬁ/ — \\
T 7

CONTROL OF POWDER FEED AND

SPREAD ACCORDING TO WORN.




FIG Ne 2.
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_ TENSILE . PROPERTIES. OF S‘I‘R"‘P' MADE ¥ROM TRON ”POWDI;}I{_

3Y THE aL?WQX. QDQ ig.

. .' i) Elongation %
Material N/mmz. (19 m.m. gauge-
' length.
" Makin 300 PI | | 294 15
Sintrex Electrolytic - 300 mesh | %24 22
‘(annealed) :
Woodall-Duckam Peace River - 371 24
Batch 103 (sieved to =300 mesh)
} _ Convent1onally produced general- 356/386 - 20/3%0
purpose-quality tinplate
(Temper 3)

F

B



-

TENSILE PROPERTIES OF STRIP MADE FROM STATNLESS-STERL

y ~ 'BY THE SLURRY PROCESS.
s TS Elongation %
Material N/mmz.(19 M., gauge-
length.)
304 L stainless-steel powder,
- 300 mesh 600 25
Conventionally produced 304 541 40

stainless~gteel strip
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FIG. N917

240
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$/N CURVES FOR

150 . :
SINTERED COPPER. !

{ele;
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0
O

) . .8
0° M o M o 10
N°® OF CYCLES TO FAILURE.
" Curve Al = 23.5% coarse porosif;y. Curve C1 = 22,5% fine porosity.

Curve A2 = 6,5% coarse porogity. Curve C2 = 7.0% fine porosity.
Curve A3 = 3%.5% coarse porosity. Curve C3 = 4.5% fine porosity.
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Curve D3 = 10.0% Coarse porosiiy. Curve F3 = 6.0% fine porosity.
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FIG. N° 21,
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'FIG. Ne 24
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FIG. N° 26,

. RADIUS [20mms.

SHAPE OF TENSILE SPECIMENS

FOR DETERMINING GREEM STRENGTH



wl : l - LOAD CELL
G — OF

- 1{ | . INSTRON.

-

" GREEN

AR ——

- TENSILE ,
SPECIMEN,

T7ITTT

ARRANGEMENT _FOR DETERMINING
GREEN _STRENGTH.




FIG. NO., 28.

' STEREOSCAN' PHOTOGRAPHS OF J.J.M. 300

AND WOODALL DUCKAM POWDERS.




FIG. NO, 2

'STEREQSCAN! PHOTOGRAFE OF

SINTREX ELECTROLYTIC POWDER.




FIG. NO. 30.

= 50

MICROSTRUCTURES OF SINTREX,

WOODALL DUCKAN AND MAKIN

POVDERS .
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F1G.31  GREEN STRIP DENSITIES

1. Strip Rolled from Sintrex Powder.
S L

2. Strip Rolled froﬁAXoodall Duckam Powder.
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FI1G. N° 35

CHANGE IN RESISTIVITY WITH SIMTERING
I901 FOR VARIOUS POWDERS AT A N9 OF ROLL LOADS.
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MC 60 = J.J.M. 300 COARSE FRACTION ROLLED AT 60 kN/25 mms. WIDTH

MC120 = 2 " y « w120 no "
10240 = " " " wowo240  w "
MF240 = L FINE " moom 240 " "
MF180 = y " " » w180 y "
MF110 = " % " noow 110 " "
MF 60 = " " b w60 " n
MP 50 = " "AS RECEIVED" moono 50 " "
MP130 = " " wooowo o130 v X
MP160 = " " "o n 180 " "
W0 40 = - 300 MESH WOODALL LUCKAM o SR ) g "
WD 90 = A n n LBERE " "
110 = u 1' L Wy e " ne
wul30 = L y " v . w 130 "
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395 = " & i“ . 985 " b
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- PIG. NO. 36.

MA G
X Jds 2K

B.S.A. WATER ATOMIZED POWDER

SINTERED FOR 10 SECONDS




FIG. NO. 37.

B,S.A. WATER ATOMIZED POWDER

SINTERED FOR 60 SECONULS
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B.S.A. WATER ATOMIZED POWDER

SINTERED FOR 300 SECONDS




FIG. NO. 39. |

—

,
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FI1G. N°4,
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FIG., NO. 44.

FILM LIKE POROSITY IN 12% POROSITY SAMPLE

MADE FROM - 200 + 240 MESH NICKEL POWDER

(ION ETCHED)




FIG. NO. 45.

SCANNING ELECTRON MICROGRAPH OF THE

FATIGUE FRACTURE OF 4% POROSITY SERIES

MADE FROM "AS RECEIVED" NICKEL POWDER.
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FIG. NO. 46.

HAG

)(l-._é'\:

MICROSTRUCTURE OF 4% POROSITY SAIPLE

PREPARED FROM =150 + 200 MESH I‘TICPLE];:V__P-O'.'.’UER

(ION ETCHED)




FIG. NO. 47.

MAG

x 600

|
r

SCANNING ELECTRON I{ICROGRAPH OF THE FATIGUE FRACTURE

OF 10% POROSITY SAMPLE MADE FROM - 150 + 200 LESH

NICKEL POVWDER SEOWING UNLULATED AND FACETED SURFACES.

v —




SCANNING EILECTRON MICROGRAPH O THE

FATIGUE FRACTURE OF A 495 POROSITY SAMNPLE

e )

MADE FROM ~200 + 240 MESH NICKEL POVLER.




FIG. NO., 49.

SCANNING ELECTRON LIICROGRAPH OF

MADE FROM -150 + 200 MESH NICKEL POWUER

o
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P
| THE FATIGUE OF A 4% POROSITY SPECIMEN
i
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TABLE. 1,

- 3OO MESH
PeuwuDaRr

- y % ¢ |« %
MESH +240 +300 +350
! MESH | MESH MESH MESH

.32 300 - - | < | o.20] 99.80
SINTREX : ‘ :

ELECTROLZTIC o43 79 . 6.6

ELECTR .79 3 49 _ 8| 88.61
TWOOUALL : : b .

DUCKHAX 20.85 | 17.10 | 15. '
LUOKTA 7 5.87 | 14,00 [ 32.18
COARSE

PA%TICLES 0.02 | 0,08 0.04 0.20 99,66

(4 . ’

J.3M. 300 '

B. S . A. ’

- 100 MESH 38,90 | 9,60 40 | 6.

POWDER Ted 40 3119

;s AL - - - 165 | gueT

STEVE ANALYSIS DATA.




TABLE 1,

 POWDER®

TIME SIEVED PERCENTAGE
+ 31 MICRONS.

 JedW M. 300 2 hours 40,3

JeJMe 300 5 hours 78,0

JeJ.Me 300 8 hours 48,0

J.J .M. 300 8 hours 48,0

WOODALL |

LUCEAM 8 hours 58,0

POWLER

- 300 MESH

SINTREX

ELECTROLYTIC 8 hours 46.0

POWDER

MICROSTEVING DATA.

"




TABLE 2.

PARTICLE SIZE

FLR GEGTAGE

CDISTRIBUTION -

_ (mi?rons)'  §$?§HT.
4145 - 45° 15,1
38 = 4145 13.8
35 w38 le.s
52 - 35 11.6
2945 = 32 10.8
25,5 = 2945 947
23.5 = 25.5. 8.7
20 = 23.5 15
15 = 20 6.4
< 15 34

LY

SEDIMAENTATICN DATA FOR J.J.01, 300




IABLE 3.
NO. OF NO. OF <% 79 % % % 7
PODER FIELDS PARTICLES' - 10 10 - 20 {20 - 30 [30 - 40 ]40 - 50 | +50°
o EXAMINED | COUNTED MICRONS | MICRONS | MICRONS |MICRONS | MICRONS [MICRONS
J.J.1.300 30 869 26.8 12,7 | 37.2 12.5 5 5.8
J.3.14.300 28 756 27.9 8.9 31.3 | 16.0 8.7 11.0
FINES EX . ' o
J.J.1.300 24 699 34.9 18,3 40.8 3.0 2.0 1.0
FINES EX : . N _
J.J.1.300 25 900 39.0 17.6 36,2 5.8 1.4 -
SINTREX | - o
ELECTROLYTIC . 31 1,177 27.8 12.8 35.8 10.4 4.8 8.4
POWDER - | '
SINTREX . |
BLECTROLYTIC 7 163 22,7 8.0 34.5 11.6 9.4 14.0
~ POWDER : |
COARSE EX | S _
1IAKIN POWDER 46 1,955 17.8 3.2 - 23.6 21.8 14,0 |} 19.6
-300 MESH . '
WOODALL . ;
BUCKTAL 40 1,653 4440 10.3 24.0 10.2 5.7 4.6
POYDER

PAR_T;CﬂE SIZE DISTRIBUTION BY

Q.T.M. OF IRON POWDERS.




"TABLE No. 4.

} ATIRAGT -
1 _ © | prOTRCTED DIAMETER
POWDER , © | AREA PER|  CIRCLE OF
S iPARTIgLE SAME AREA

7,30, 300 .000295 18.4
FINES BEX - o
J.J..300 | .000165 14.0
COARSE FRACTION .{
EX J.J.i1.300 1 .00055 26.5
SINTREX = - o |

 ELECTROLYTIC .000363 21.4
POWDER g . ,
-300 MESH : - o
WOODALL - .00019 15.4
DUCKHA '

- POVWDER
BQS.A. "100 .
MESH POWDER +000216 16.6

B.S.A. =300 |
MESH POYDER »000155 4.1

s T g iy

PARTICLE SIZE DERIVED FROM

_Q.T.m SURIPACE AREA DATA

e b T o wigSte e« i o

i A——— T L e

S S



~ SURFACE AREA

(n%/g)

-

’ JoJoMo, 500

ELECTROLYTIC
POWDER

WOODALL
DUCKAM

WOODALL DUCKAM
- 300 MESH

B.S.A.
- 100 MESH

B.S.A. }
- 300 MESH

0Q13
'0.074.
0,19
0.24
025

.25 .

SURFACE AREA RESULTS

.(STEARIC ACID ADSORPTION)



TABLE 6.
POWDER ' SURFACE AREA
. 2
(n/2).
J.JJM. 300 . 0432
SINTREX ELECTROLYTIC 0.14
~300 MESH e
WOODALL DUCKAM 0419
AS RECEIVED a
WOODALL DUCKAM 0.22

=300 MESH

B.E.T. SURFACE‘AEEA DATA

ey AR 5



PABLE T

WEIGHT SPECIFIC

~300 MESH

‘ RELATIVE
POYDER SURFACE OF POWDER SPECIFIC
2 iACE,
(/) SURFAC
FINES EX
e B0 0.0157 1.00
JoJM. 300 040102 0.65
COARSE FRACTION
EX J.J.M. 300 0.0072 0.46
. SINTREX
" ELECTROLY?IC - 040092 0.59
POWDER .
WOODALL
DUCKAM 0.0076 04 049
POWDER
-300 MESH
B.S.A. POWDER
ey 0.0042.0 0027
.S.A. POWDE .
B.3.A. POUDER 10,0070 0.45

SPECIFIC SURFACE DATA

"DETERMINED BY THE

LEA - AND NURSE METHOD.

|



PABLE NO. 8.

RELATIVE

MESHT POWDER

POWDER SURFAE
AREA
J.J.11e 300 .68
PINES EX '
Jod 11300 1,00
'COARSE FRACTION
SINTREX
BLECTROLYTIC .61
POVDIR.
~300 NESH
VOODALL
DUCKIIAL .86
POVDIER
Eost.ﬁ. -100
1ESH peyIBR o717
B.S.Ag "'300
1.00

RELATIVE SURFACE AREA RESULTS BY 0.7.M.




TABLE

| APFARERT FER CENTACE
PGIDER SOLID Dadaidy - QLGLLL
(e/c.c.) PONCEITY

MAKIN POIDER
(AS HECEIVED)

MAKIN PCWDER

(FINE FRACTION)

HAEKIN PPOWBER

.15

Te51

(COARSE FRACTION) 7.87

SIUTREX
ELECTROLYTIC
FOUDER

HCODALL
DUCKnH
POVDAR

' BOSQA‘ -100
Hugl pOWDER

Belehe =300
YHSH PCYDER

7.69
7.79

7.76

7.75

' 203£

i

1 -1']§

1.4,

1.5

AApa T AT
AFPARENT DENSIVING




TABLE 10,

POWDER

COMPACTION PRESSURE.

133 N/ra®

(306 tuﬂfio)

176 ¥/’
(11.4 toﬂoi-)

| 231 /o
(15 toSoio)

310 N/mn®
{20 t.s.i.)

,ﬁss.N/mmz
(25 t.seie)

'463 H/mm2
3(30 toﬂoio)

. WOODALL DUCKAM
= 300 MBSH

SINTREX EIECTROLYTIC
POWDAER

J.J. M. 300

FINES EX J.J.M. 300

COARSE FRACTION EX
J.JMe 300

4.77 g/cc

5406
4495
4.48

4.80

4.80 gfce

5.10
5.10 -
442

5409

5.43 g/cc

5.67
5,63
5039

5248

5090 g/cé N

6420
5490
5.51

5.83

6f25 g cd

6454
6421
5487

6413

6.52 g/ce

6.50

 6.48

6.04

6435

STATIC COMPACTION DATA
K . :




TABLE 11.
’ PERCENTAGE
ELEMENT - BY
WEIGHT. .
c B 0;15
s - 0.025
P | E 0,002
si. 0.13
wmo | 0.07
o . 0,33
ﬁ | - 0.006

CHEMICAL ANALYSIS OF

B.S.A. =100 MESH ATOMIZED POWLER.




PABLE 12,

igﬁf%g%g A4 J.3.1.300. EL2£§3%§§TIC ggggiﬁL
L3I 300 POVLER POTIDER
c " 0.084 0.008 - 0,015
s _ o.oi5 0.018 10,008
P 0.011 0.006 0.020
si 0,07 0.01 0.03
. Mno 0.37 0.04 0.25
0 0.85 0.15 0.18

CHEMICAL ANALYSIS DATA.




TABLE 1%

ROLL LOAD STNTERING DENSTTY
POWDER - ., TmE
. (k/25 mm®)  (SECONDS) - (g/c.c.)

WOODALL * 110 30 7430
DUCKAM | .

' POWDER - 110 300 7.31
SINTREX 130 30 7.27

- POWDER 130 300 - 7+34

DENSITIES OF SOME ROLLED

& SINTERED SPECIMENS.



| TABLE 14, TENSILE STRENGTHS OF COMPACTED AND SINTERED STRIP.

: INITTAL ROLL, |T.S.APTER |7.S.AFTER |T.S.APTER {T.S.APTER
POWDER LOAD 30 SECDS. }60 SECDS. {120 SECDS. |300 SECDS.
KE/25 men, | N/mo®. N/mm . N/un® N/mm?,
f1idth., e
Sintrex 45 136 126 162 161
Powder 95 _ 125 132 185
130 - 130 161 134
Woodall 40 110 124 138 131
Duckam -
e 90 153 211 234 196
110 175 262 156 187
130 135 189 197 148
JoJ. M. 300 50 143 181 184 183
Fowdexr 130 183 205 - 203 209 -
180 177 207 183 192
220 183 %205 203 209
© 240 - 178 198 -
J.J.0M 300 60 148 152 173 164
Coarsa Fraction -
Pouder 120 - 132 184 188 201
' 240 185 - 204 199 208 "
J.J.0M. 300 60 1143 175 164 201
PINE FRACTION _ T |
POVIER 110 143 203 217 213
160 182 188 - 250
240 203 214 - -




TABLE 15,

. INITIAL ~ INITIAL  SECOND  SECOND o
 POVWDER ROLL  SINTERING ROLL SINTERING T.S. el
LOAD PIME LOAD . TILE oo
* kN/25mam. ooae  KN/25mm. - ; 2
width, Seconds " L2l Seconds .N/mm . %
; JIJ.I'-T.SGO ' " o .
COARSE 240 20 150 30 - 254 5
FRACTION , -~ T
J.J.M.300 40 30 . 150 30 325'-10
J.J.1.300 120 30 150 ° 30 353 14
. PINE -
FRACTION
JaJ.3.300 120 30 150 30 298 10
WOODALL | ‘ L X
DUCK a1l 40 30 150 30 . 197 11

* TENSILE STRENGTH OF FINISHED STRIP.,




Tahle 16. -

 Adparent Density, Tap Jensity and Floy date

for the As-received Powder and the Seive

Fractions Used in the Prepared of Specirens

(104 - 74um)

PODER APPARENT [ TAP HALL

- DENSITY § DENSITY | FLOY RATE

gfemd g/fend seconds
As-received 4.47 5,02 22,5
~240 + 300/ | 4.24 4.85 22.4
_ (61 - 53um) :

~200 + 2404= | 4.27 4.89 21.4
{74 - 6lmm) |
-150 + 2004 § 4.30 4.92 21.8




. TABIE 17
COMPACTTON COMPACTTON DENSITY
STAGE LOAD e

, (w/om. 2) (g/cc)
AS PRESSED 355 - 7.02
18T COINING 355 T+74
2§D COINING 355 7.87
3RD COINING 355 8.01
ATH COINING 355 8,07
5PH COINING 355 8.14
6TH COINING 355 8.28
7PH COINING 355 8.33

MULTIPLE REPRESSING AND ANNEALTG OF

"AS RECEIVED" ANNEALED POYDERS.



\
‘ ; Table 18.
\ POROSITY AilD GRAINi SIZE CHARACTERISTICS
o sz oo | | S0 | 1 B
[RACTINY CF PORES WITH CHGRD LENGTHS cHORD | BY BY
- LENGTH | QTH DEHISITY
>Juat  >5ur- >T0um >15um >20um >25um >30um wr % -k um
127 | 1 6.83 .27 011 0.05 0,03 0.02 6.2 | 8.4 1.8 | 25
il 1 o5 0.0 009 00 002 000 | 52 | 47 | 122 33
P o12c] v o2 o200 0.03 0.0 0.02 0.0 2.9 } 49 | 104 3
of | 1 w30 210 0.03 0.01 0.00(6) 6.003) | 4.0 | 3.1 3.9 24
sl 1 oo 0.0 0.0 0.00(6) 2.00(3) | 4.0 3.3 § 4.0 29
Toa i1 uso 921 008 0,03 001 0.0 50 {32 | 3.5 30
£ 1 1 o3 031 006 001 0.00(5) 0.00(2) | 4.3 | 3.3 4.5 22

*iupber average

+iean linear intercept

Ay, s e et At 47 [p——




" Table 19.

. Tensile and Fatiqua Preperties of Sinterad Sharritt

. Gordon itickel

SET 1 0,5% Proof | Tensile ‘Elongation |- Reduction Endurance* Endurance. -
Lo Stress Strengtn % : in Area Limit - 4. Ratin
T M /im H/rme, -9 at 10° cydes

wF | 194 18 | 70 10.36
2 90 198 16 10 3 0.37
B I o 161 8 8 ta 037 -
uF 133 267 20 18 121 0.45

41 142 252 20 15 118 0.45
4| 146 259 18 14 18 0,05 .

4D 151 ' 264 20 17 118 0.45

* 1In all series the endurance limit at 107 cyclés was ~2 N/mm2 higher than

that at 108 cycles.

A




Table 20

able 20.

Fatique Data for Sintered Nickel Specimens

Density Porosity* Haximum | Cycles to
g/emd % Stress Failure
' N/mm :
786 1.7 18 3.6 x 104
7.90 1.0 93 1.4 x 106
7.90 0 03 1.5 x 106
7.77 12.5 8 7.9 x 105
7.84 1.7 74 2.9 x 108
7.75 12.7 ;59' >108
7.82 11.9 62 >108

Estimated Endurance Limit at 108 cyclesz70 N/mm2

7.97
7.70
7.79

7.80
7.717

Estimated Endurance Limit at 108 cycles:73 N/mm?

10.2
13.3

12.2 .
12.2

13.2

Sat 1211

108
93
8
77
72

14 x 108

5.4 .x 105

5.0 x 105

1.1 x 106
>108

8.11
| 7.82
8.00
7.96
8.05

7.96

8.00

_Estimated Endurance Limit at 108 cycless59N/mm2

- 8.7
1.9

10.0

10.4

9.3
10.4
10.0

Sat 12C

103

23

93

77

n
62

57

7.1 x 10%
4.0 x 104

1.8 x 105 .-

6.8 x 103

2.0 x 105

1.1 x 108
>108

e g v ot e 1an MR



Density . Porosity HMaxinum Cycles to -

g/emd % Stress Failure
- . _ H/mm2 : o
| . set 4F
8.5 4.05 13 2.6 x 106
8.63 ~  3.04 13 - 1.2x108
8.53 476 124 5.5 x107
8.52 4.27 120 >108

Estimated Endurance Limit at 108 cycles:1213/ma2 |

| © Set 44

8.54 405 170 2.0 x 105
8.57 3.70 155 2.2 x 105
8.55 396 13 1.7 x 108
8.51 4.48 126 6.6 x 106
8.55 3.94 120 2.2.x 107
8.55 3.94 116 >108
855 394 . 93 52 x 107

'Estimated_Endurance Limit at 108 cyclesz118M/mm2 3

Set 4c |
8.62 3.14 154 6.3 x 105 |
8.58 3.60 139 5.3 x 10 |
8.57 370 13 1.8 x 106
8.56 3.8 131 5.5 x107 |
8.58 3,60 1 3.2 x 106 |
8.59 3.49 120 2.6 x10 -f
3.60 3.33 116 >108

- b d = b e e g, gt - ol

Estimated Endurance Limit at 108 cycles+1:8N/mm2




Density Porosityx  Maximum Cycles to
g/cm’® % _ Stress Failure
' S N /mm?2 |
) Set 4D _ _
€53 436 - 134 1.5 x 10%
3.47 483 147 2.3x 105
8.40 5.63 139 1.8x 10
©8.52 427 a: 8.3x 108
8.41 5.5 32 13x 105
861, 32 116 >108
_ Estimated Endu'ra.rl‘r_:f_:lLimi.t at 108 cyclest115u/mm2 " |

»

* Assuming density of pore free nickel is 8.90 g/cm?










