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SUMMARY 

The present study has examined the effect of temperature, 

especially the a- Y transformation of iron, on three related 

powder consolidation processes: - a) loose sintering, b) cold 

pressed and sintered, and c) hot pressing. Special attention 

has been paid to the behaviour of iron powders given initial 

preoxidation. treatments in a fluidised bed prior to consolidation. 

The experimental approach has involved characterisation of 

the starting powder using sieve analysis and microscopic methods. 

Properties of final compacts have been evaluated using density 

measurements and mechanical test data. The variation in properties 

along the axis of the hot pressed cylindrical compacts has been 

recorded. In addition to total shrinkage during consolidation,, 

the rate of shrinkage has been measured in the hot pressing 

experiments. Detailed metallographic examination of compacts has 

been undertaken in parallel with the above property measurements 

using optical and electron microscopy and x-ray diffraction studies. 

Complementary studies have been performed on wrought iron 

blanks in order to obtain further information on interfacial 

bonding and effect of temperature on mechanical properties. 

Additional information on the role of surface oxide in sintering 

iron powder has been sought by means of experimonts using iron 

oxide powder. 

This combined approach to the problem has provided important 

new information on interparticle reactions in the consolidation 

of iron powder and, in particular, on the role of mechanical and 

chemical processes occuring in the surface regions of the 

individual particles. 



Evidence is presented which indicates that the dominant 

mechanism during the hot pressing of iron powder is a plastic flow 

process which involves bulk deformation of the powder particles. The 

change in consolidation with temperature has been directly correlated 

with mechanical properties measured on . wrought iron. A ductile 

powder results in rapid interlocking of individual particles which 

reduces particle rearrangement and increases friction losses through 

the compact. The studies on preoxidised powder show that a thin 

surface layer can markedly enhance consolidation during the initial 

- stage of hot pressing.. 

From these results a model is proposed in which the brittle oxide 

layer allows fractures-. of the. powder asperities and subsequent 

Particle rearrangement. Mechanical interlocking and friction losses 

are reduced which results in enhanced load transference through 

the compact. 

Improved compact strength after consolidation of preoxidised 

powder is shown to be possible provided that rapid oxide sintering, 

which causes pore rounding, is followed by reduction of the oxide. 

ti The surface oxide can be progressively removed with temperature by 

gaseous reduction in environments which contain carbon components. 

A range of elemental additions to the iron powder have been 

found to be ineffective in activating the consolidation proceeses 

under the experimental conditions employed in the present study. 

This is accounted for by their failure to effect marked changes 

in the immediate surface regions of the powder particles. 
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1. INTRODUCTION. 

l. I.. Sintering Pjechani6m s 

Powder compacts formed by cold pressing seldom have adequate 

physical properties unless they are heated to. high temperatures 

in. a controlled atmosphere.. This proc os,, which brings about an 

increase in strengths. density and other physical properties,, is 

called sintering. Numerous research papers have been published 

over the years on all aspects of sintering and these are 

excellently reviewed by Thümler, 
, 
(l. ) and more lately by Noon (2) 

Surface free energy provides the driving force for 

sintering,,, which is usually carried out above 0.6Tm; in this 

temperature range atomic. movement is rapid, diffusion processes 

readily occur and material flow is easier. Sintering to high 

density is usually considered to be a three stage process, 

although each stage is not clearly defined and simultaneous 

occurence of two stages is frequently observed. Nevertheless, 

this distinction may be conveniently adopted here. 

A Three Stoge Process. 

a) The initial process involves the development of 

interparticle contacts into interparticle necks which become 

progreszively broader until a grain boundary forms across the 

neck. During this stage the powder compact shows a lack of grain 

growth and little grain, boundary migration. The interparticle 

grain boundary area is small and any grain growth necessitates 

the creation of sieu boundary area. At low temperatures and short 

sintering times the surface free energy is insufficient to bring 

this about (3). The initial sintering stage persists longer in 

loose powder sintering as compared with compacted powder, because 

interparticle contact areas are smaller and particle pore 

junction angles are more acute (4).. 
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b) The second stage of sintering generally begins when 

contact area exceeds 0.2 of the cross-sectional area of the 

particles (4).. Grain boundary and bulk diffusion become active, 

which intensifies neck broadening and allows densification.. A 

regular continuous pore structure is formed and grain growth is 

now found to occur. The work of Kuczynski (5) in this field is 

classical. Using "ball on plate" and "wound wire" models he 

studied the rate of neck growth between particles (Fie. 1.1) 

and formulated equations of the type: - 

Xn F(T)t (1) 
ain ` 

(x. = neck radius,. a= particle diameter,., t= time, n and m 

are constants and T= temperature ).. 

Kuczynski showed that n=2 and ra=1 for a viscous or plastic flow 

mechanism; n=3 an. d m. =l. for an evaporation and condensation 

mechanism; n=5 and m=2 for a lattice diffusion mechanism and n=7 

and m=3 for a surface diffusion mechanism. This is an idealised 

situation however, rarely net with in practice since particles 

are not smoothly rounded.. 

c) The final stage of sintering involves an increase in the 

proportion of closed pores. The isolated pores become increasingly 

spheroidised and larger pores grow at the expense of the smaller 

ones (6).. Densification now proceeds progressively more slowly 

and it is often impossible to decide whether the residual porosity 

is terminal.. 

Material transport during sintering has been shown to occur 

through one or more of the following mechanisms (Fig.. 

1)recovery and recrystallisation, 2) evaporation and condensation(? ), 

3) plastic and viscous flow (8 and 9), 4) surface diffusion (10), 
r 

5) grain boundary diffusion (11), and 6) lattice diffusion(12). 
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Fig. 1.1 Geometry of Sintered Contact 
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Fig.. 1.2 Sintering Mechanisms 
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Recovery and Recrystallisation. 

Recovery and recrystallication processes take place when 

material transport of atoms occurs over very small distances. 

Alone these processes are unlikely to produce densification. 

They are found in powders containing severe lattice distortions 

and are associated with the grain growth taking place in parallel 

with densification. 

Evaporation and Condensation. 

Evaporation and condensation, via the gaseous phase, can 

be the dominating mechanism in come processes ( e. g. sodium` 

chloride sintering and consolidation of snow into ice). The 

vapour pressure (P1) over a small negative radius, such as the 

neck area (r) in Fig. 1.1, is decreased duo to surface energy 

(y) in accordance with the Kelvin equation: - 

RT ln(P1/Po) = Yam 1+ 1 (2) 
d r3 a 

where Po is the equilibrium vapour pressure over a flat surface, 

m. is the molecular weight and d is the density. 

This leads to transport of material, via the gas phase, from 

the powder particle surface to the neck area. Because the 

evaporating area is much larger than that on which condensation 

occurs, the rate limiting step is the condensation process. 

Furthermore, since the material transport to the neck originates 

from other regions on the particle surfaces the processes act 

mainly to spheroidise pores and they contribute little to 

densification. 

Plastic and viscous flow. 

Stresses exist in the contact area between two powder particles 

as a result of the surface curvature (13)r The tensile stress Q, 

which exists across the grain boundary, varies with position 

in such a way that the stress-gradient is a constant 
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function of position, that is, 

V2 Q= Const.. C3) 

where V is the vector differential operator. 

At the neck surface, the stress is:. - 

Qx Y r_ý (4) 

where r is the radius, of the neck and x is the neck raaius. At 

the neck axis, symmetry requires that a is zero. 

Typical values, substituted in. Eqt. 4, indicate that stress 

values at the neck area can reach values of the order of 

100 MIT m72 (2),. comparable with the flow stresses of metals 

at sintering temperatures. Three mechanisms have been proposed: 

a)Nabarro-Herring microcreep(8), b) Viscous Flow (9) and 

c) Creep by dislocation motion (11+). 

Nabarro-Herring (or diffusional creep) proceeds by 

atomic diffusion from regions of high chemical potential to 

regions of lower chemical potential,., that is, from regions 

subjected to compressive stresses to regions subject to 

tensile stresses nearer the surface of the neck. The rate of 

vacancy migration is proportional to the stress as well as 

being a function of the sintering temperature. Viscous flow 

is the main sintering mechanism for polymers and glass powders 

but has been the subject of much controversy in connection 

with metal powders. Lenel (9) showed that stresses were high 

enough so that material transport by slip, controlled by 

dislocation climb, governs initial and intermediate sintering 

kinetics. Brett (15) however, sintered both copper and nickel 

wires with inert markers, which did not move with the flux 

of material to-the pores, indicating that mass transport 

occured by a diffusional rather than a plastic flow mechanism. 

Lenel (16) later showed that silver wire inert markers did 

. ý- 
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move during the first hour of sintering which supports a 

transport mechanism by dislocation motion. At longer sintering 

times, material transport by diffusional flow prevails.. The 

stain rate de/dt due to dislocation creep depends upon the 

shear stressrT according to the power law (14): - 

de/dt =KT n' i5) 

where the exponent, n,, depends on the details of the mechanism 

involved. With metals, creep proceeds by the climb and 

annihilation of dislocations and'the corresponding generation 

of replacement dislocations. Analysis of the process(14) indicates 

a value of n^-14.5, in agreement with experimental obsevations.. 

In dispersion-strengthened alloys at low stress, where creep 

is controlled by dislocation climb past small obstacles of 

a, second phase,, n 1. 

Surface diffusion. 

Surface diffusion ratet are faster than lattice diffusion 

rates due to a lower activation energy and hence surface 

diffusion has a more important role during the initial 

sintering stage and at low temperature.. The driving force is 

the variation in chemical potential of surface atoms brought 

about by variations in surface curvature. The flux of atoms 

over the metal surface (Js) is given by: - 

Jr, = -Ds(Y Q /RT) X gradK (6) 

Here D. is the surface diffusion coefficient, Y is the surface 

energy, ýs -2/3 is the number of atoms per unit area 

of the surface able to migrate, Q the atomic volume and K is 

the surface curvature.. R is the gas constant%T is the temperature. 

The force is largest at sharp changes&in surface profile, such 

as newly formed contact areas, and would therefore be the 

dominant mechanism in loose powder sintering. Ac the neck' 



(6) 

broadens and the pore angle between particles becomes more 

obtuse, surface diffusion becomes less important and other 

diffusion mechanisms take over the major role of material 

transport.. Surface diffusion causes little densification and 

its major effect is in the"rounding off" of the internal and 

external surfaces and pores.. 

Grain Boundary Diffusion.. 

Grain boundary diffusion has often been inferred from 

calculations of activation energies and the constants n and m 

in equation 1. However, it is still not established whether Crain 

boundaries act as actual sinks for absorbing vacancies or 

act merely as channels for vacancy diffusion to the true sinks 

at the free surface. It may be demonstrated (17) that mid- 

points of powder particles can approach only if grain boundaries 

act as true sinks; if particle surfaces alone act as vacancy 

sinks pore rounding is produced rather than densification. 

G ifkinss. %, ihen considering the complexities of a polycrystalline 

aggregate (18), concluded that collapse of vacancy discs at 

grain boundaries only provides limited disposal of vacancies 

unless relaxation of induced stresses at other grain boundaries 

can occur; this may take place by grain boundary sliding and 

could be assisted by a small compressive stress. It is possible 

that during sintering the surface tension of the whole body 

could supply sufficient stress. The shape of the neck surface 

is important since the excess vacancy concentration under a 

curved surface is expresced. by (17); - 

AC = Co 
.Y. 

(7) 

RT .r 

Where AC ic"the change in vacancy concentration,. Co is the 

Vacancy concentration under a flat surface, y is the surface 
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energy,. r is the minimum possible radii»Sof curvature and 0 

is the atomic volume. It thus follows that the vacancy 

concentration gradient is steepest from the surface to the 

centre of the neck, and that the neck grain boundary must 

be the most effective sink.. It is unlikely that this grain 

boundary acts as a diffusion channel to the surface, as' 

otherwise a vacancy circulation would begin and prevent neck 

growth. However, if the neck grain boundary acts as a vacancy 

source and sink it follows that the chemical potential of 

vacancies in the vicinity of the boundary rapidly falls to 

zero. Na driving force there exists for macroscopic flog', of 

vacancies. It has been shown by Herring (19) that it is a net 

displacement of atoms, driven by a stress gradient in the neck, 

that is responsible for neck growth. The reduced vapour pressure 

in equilibrium with the contact neck surfaceHgt.. 2, results in 

a lowering of the chemical potentials of the immediate metal 

atoms. Chemical potential gradients therefore exist within the 

solid metal causing diffusion of atom, - to the neck surface. 

According to Herring (19): - 

JD (ia - ; iv) (8) 
VORT 

where J is the flux of atoms per unit cross-sectional area of 

the diffusion path, D is the mass-transport diffusion coefficient, 

µa is the chemical potential of atoms and )av is the chemical 

potential of vacancies. This equation has been criticized as 

being inapplicable by Dutton and Stevens (20) but later confirmed 

as correct by Herring (21).. In a pure metal the chemical potentials 

of atoms are functions of temperature and preseure so that 

at constant temperature: - 
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pa pä +Q S2 (9) 

where Pä is the chemical potential of unstressed atoms and a 

is the stress acting on the atoms (positive for compressive 

stresses).. 

At the neck grain boundary the local chemical potential of 

vacancies is assumed to be zero and so: - " 

s -D eQ (10) 
kT 

As stated already, these stresses needed: -, to produce the diffusion 

flux arise in the contact neck area as a result of the surface 

curvature. Material is drawn from within the neck itself to 

produce the outward growth of the neck surface and gives 

rise to the approach of the particle mid-points, that is, 
_ 

to 

true densification. 

Lattice Diffusion. 

When the neck curvature (r) is less than an assumed grain 

boundary width (b) it was argued (22) that neck growth proceeds 

entirely by grain boundary diffusion. Gessinger (23) has, 

however, shown that this can never be the case and that. lattice 

diffusion. must be the rate-controlling mechanism. Johnson (24) 

has confirmed that densification can be retarded, but not stopped, 

by insufficient surface or lattice diffusion. 

Lattice-vacancy gradients exist between surfaces having 

different curvatures and between the distorted and the 

undistorted lattice. The course of the diffusion process during 

sintering is governed by the type and geometrical arrangement 

of the vacancy sources and sinks. - 
Acting as sources are smaller 

pores,, concave surfaces and possibly dislocations.. Acting as sinks 

are grain boundaries,, plane or convex surfaces, larger pores 

and again possibly dislocations.. Dislocations,, by climbing, 
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can be effective both as sources and sinks but probably only- 

act as vacancy sinks when they are arranged in the form of 

small-angle grain boundaries.. Individual dislocations possess 

too small a vacancy-absorption capacity to be macroscopically 

effective.. 

Thermally activated processes govern the sintering. 

conditions by affecting the diffusion rates, critical shear 

stresses and vapour pressures.. Crystal. structure is also found to 

be important and comparison of metals with cubic, hexagonal and 

tetragonal lattices shows that the sintering rates decrease with 

decreasing atomic packing, due to the presence of non-metallic 

homopolar bonds in the less closely packed structures. 

Powder Activity. 

Powder activity is composed of lattice and surface 

conti±ibutions ' (25) but separation of the two is difficult. 

Powders with a high surface activity are characterised by 

sharp surface irregularities and high specific surface. Surface 

activity is likely to make the larger contribution to sintering 

at lower temperatures but lattice activity becomes dominant 

as the temperature rises.. Atomic diffusion processes in fine 

materials take place much more readily because many surfaces,. 

grain boundaries and all lattice distortions are present 

within a restricted space.. Fine powders in the pressed state 

have a-very large integral contact area per unit volume, 

provided their surfaces are not too fissured.. 

The crystallite size is important because of its effect 

on grain boundaries. Compacts made from single-crystal 

particles show slight grain growth at high sintering 

tempe'ratures whereas polycrystalline particles show strong 

grain growth tendencies. 
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Non-equilibrium states (excess vacancies,, dislocations etc. ) 

may be introduced into the lattice as a consequence of the method 

of powder production. This excess energy is believed to be 

eliminated during the initial heating period to sintering 

temperature but some results show that cold deformation affects 

the diffusion coefficients even after prolonged anneals. A 

special type of lattice activity. becomes possible with oxide 

compounds as a result of non-stoichiometric states in the cation 

or anion sub-lattice. In uranium dioxide (UO2 + x) for example,, 

excess oxygen is present in the form of mobile interstitial 

atoms and non-stoichiometric material cinters more readily 

than the stoichiometric. oxide (26). Neutron bombardment can also 

promote lattice activity by expelling constituents from their 

regular lattice positions; this produces additional vacancies 

and hence diffusion rates are increased (27).. 

Enhanced Sintering.. 

Cold pressing influences the densifi. cation. properties of 

powders by a) raising contact area,. b) introducing plastic 

deformation, c) cracking surface contaminant layers and d) 

possibly enclosing air pockets.. The oxide layers surrounding 

individual powder particles are found to crack,, not primarily 

as a result of pressure,, but because of the relative movement 

of faces against one another.. Air pockets are important only 

if heating up time is insufficient to allow trapped gases 

to diffuse away.. 

Sintering processes are further affected by foreign atoms 

and constituents either deliberately added or adventitiously 

picked up during powder processing.. Soluble constituents may 

provide solid-solution matrix hardening, while insoluble inclusions 

would inhibit grain growth during sintering.. However, the 
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greatest effect of foreign constituents is likely to be 

experienced when they are incorporated in the surface layers 

of the metal powder.. They can. be soluble or insoluble or they 

may be reducible or unreduciblo during sintering, ddpending 

on the temperature and atmosphere;, for example, constituents 

may be easily absorbed onto surfaces from the atmosphere gases. 

At. a free solid surfac3 the atomic forces are no longer in 

equilibrium and lattice defects such as vacancies,, dislocations 

and impurity atoms are known to increase in number. Since these 

factors influence surface structure, the surface chemical 

state plays a significant role in sintering. Hence, stable 

oxide films (e. g. oxide layers), che; nisorbed gases and non- 

metallic inclusions can each affect plastic flow, surface 

, 
diffusion and evaporation-condensation mechanisms.. 

The effects caused by chemical constituents may be summarized: 

1)Alteratioa of surface and contact conditions. 

2)Modification of activation energies of transport mechanisms.. 

3)Chanre in the number of species capable of migration. 

4)Different types of species may be transported. 

5)Transport path changed.. 

6)Increase in the number of processes occuring. 

1.2. Activated Sintering.. 

The term-activated sintering may be used where the 

sintering rate is enhanced by physical or chemical treatment 

of powder or compact. Most processes rely on. the activation 

of the powder surface to bring abotit an increase in 

densification and other physical properties. Several physical 

and chemical activation processes have been investtigated 

sand these are reviewed by Shaler (28), Fedorchenko (29), 
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'Reshamwala (30) and Earta (31). 

Physical Activation Methods. 

Some methods of physical activation, other than by heat 

energy,. were first recommended by Hedvall (32) and Stone(33) who 

suggested lattice irregularities,. 
_3mperfection 

formation 

and polymorphous transformations should increase atomic 

movement. In support of this view Geguzin (34), Raichenko (35) 

and Pines (36) demonstrated that the removal of distortions in 

powder by annealing resulted in the slowing down of the 

shrinkage process. Examination of the deformed surface layer 

after subjecting the powder to grinding'and subsequent annoaling, 

showed that the depth of the disturbed layer increased while 

at the same time mean dislocation density was reduced.. At a 

lower sintering temperature the rate of densification in the 

initial stages decreases less rapidly than would be expected 

from the temperature dependence of the self diffusion coefficients. 

This may be attributed to the supersaturation of vacancies which 

brings about an increase in true diffusion coefficients. 

Kielyi (37) found after cold compaction that enhanced 

shrinkage occured in the initial period of sintering brittle 

materials but not in more plastic metals. Ile suggested that 

a threshold-creep process took place under the action of 

surface tension forces which exceeded the yield strength of 

the brittle materials;, it occured when the particle size was 

less than a critical value. Naesser'(38) demonstrated that 

mechanical deformation (e. g. rolling or grinding) increased 

subsequent sintering rates; a periodic dependence of the 

activity was found to occur which was interpreted by assuming 

interactions between lattice distortions and recovery during 

deformation. However, the exact mechanism has yet to be explained. 
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Mclaren and Atkinson (39) reported increased densification 

after cold working of powder but'Fedorchenko (40) found no 

such change far deformed iron powder. 

Various workers (40,. 41, and 42) have obtained enhanced 

sintering rates by placing small compressive loads (up to 

3 kN m'2) on the compact during sintering.. A plastic flow 

mechanism was thought to play an important role during the 

first two minutes of sintering under load. Fedorchenko (LEO) 

showed that activation occured only when the compressive load 

was applied during sintering and concluded that surface state 

and applied load were critical. The distinction between cinterinß 

and hot pressing (or pressure sintering) is usually drawn at 

effective pressures of ^'3kN m`2. ITot pressing may be described 

as the compaction of powders at elevattd. temperatures with the 

simultaneous application of pressure. Intensive research 

has been carried out over the last few years and has been 

reviewed by Coble (43), Ratagvist (44) and Sahm (15). 

Densification during hot pressing takes place by a 

combination of mechanisms which are 1isted'here essentially 

in the order in which they may occur during a typical hot 

pressing cycle: - 

a) Particle rearrangement. 

b) Particle fracture.. 
. 

c) Plastic and viscous flow of particles.. 

d). Interparticle diffusional creep. 

Fig-1.3. is a densificatiou plot which shows schematically 

the significance of the different mechanisms during a 

hypothetical hot pressing cycle. 

Particle rearranGement is associated with collapse of 

:! bridges" formed in the powder agglomerate and which 
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encompass unstable voids and also involves the relocation 

of powder particles. This mechanism does not normally result 

in appreciable densification as powder particles usually have 

non-spherical shapes and do not slide over one another easily. 

Under high pressures, especially with relatively brittle 

materials, the local stresses at particle asperities may exceed 

the fracture stress as well as the yield stress and some 

fracture may take place which leads to further densification. 

After achieving a density corresponding to dense random 

packing (N 60; ä theoretical), these two initial deformation 

modes are assumed to be no longer effective. 

Plastic and viscous flow mechanisms both contain pressure 

dependent terns and in normal hot pressing make the more 

significant contribution to overall densification. Viscosity 

characterises both mechanisms which differ only in the 

magnitude of the critical shear stress required to activate 

plastic flow (Fig. 1.4). 

For a viscous body (Newtonian): 

T_ý. s (11) 

T Ehear stress, I= coefficient of viscosity, S= shear 

strain rate. 

For a plastic body (Bingham): 

T tý. s + To for T> To 
. 

°° (12) 
S0 for T< To 

1= coefficient of viscosity (at infinite shear rate), 

To = critical shear stress. 

Viscous flow, which approximates to free flow of fine powder, 

is characterised by a low viscosity and to some extent governs 

rearrangement of powder particles. In coaparison, plastic 

flow (high viscosity) governs the deformation of individual 
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, particles. The effective stress in hot pressing is recognised 

to be different from the mean applied pressure on the porous 

compact since localised stresses can develop which vary both 

with the volume fraction of pores (Vp) and with pore shape. 

The phenomenological model for hot pressing (46) given by 

Uý". e ý. uý Murray et al "freue l: ncl: enzic and_Ehwttlc:, orthc (47' 

equation was expressed for the case where the external pressure 

'a $ outweighs the surface tension term as: 

dt -3 -TI 
1- lnPr 

(13) 

P= porosity, Pr = residual porosity, ii = viscosity, t= time 

If in addition a »> Tc, the residual porosity term is 

eliminated and a simple logarithmic law is obtained: 

In P/Po = -3. Q. t 
4 "T1 

where Po is the initial porosity. 

(11k) 

McClelland (k8) found that the time dependence given by 

eqt. 13 was not followed and therefore modified the equation 

by introducing an effective pressure: 

" 
Qeff Cr i15) 

1-p2/3 
which because of porosity is higher than the pressure applied 

externally. 

- While diffusion is the dominant contribution to densification 

in pressureless sintering, 'diffusion mechanisms in hot pressing are 

only generally significant during the later stages of the 

densification cycle or if the shear stress remains < Tc. Grain 

growth phenomena, as in pressureless sintering, are also governed 

by diffusion. 

The Nabarro-Tierring creep equation (8) 

i= 40. Da. S2 
.c 

/3G2. KT MY 

gives the uniaxial strain rate (E ) caused by lattice 



(16) 

diffusion (D2) under an applied stress (a ), where G denotes 

the grain size. The analogous model for grain boundary 

diffusion (Dg) controlled creep is (49) 

£= 47,5 . Dg. i2 Q, 1'J/G3KT (17) 

where 17 is the boundary width. 

L .... 1 1tJ t- .. During a 1101,. xäcs: 1IIg opel`äLvia i--t11C mass of powder 

and the area is constant.. Thtis (50) :- 

pL = M/A (18) 

in which p= density.. L= length,, M= mass and A= area of die. 

The ratio M/A is constant and 

M/A = pt Lf = po Lo = pL 

where t denotes the theoretical density, f denotes final length , 

subscript zero, initial condition with p and L as continuous 

variablec. 

P/Pt =D= (M/PtL) (19) 

Differentially with respect to time: - 

1= dL = -1 dD =e (20) 
L dt L dt. 

For a porous compact the compressive stress is not equal to the 

applied pressure (Q) but instead is given as vc =a /D. 

Thus: 

dD 
dt = 

for lattice diffusion 

and dD 

dt _ 
for boundary diffusion 

1 D2. Qc0 
G, KT 

.v .ý 4?. D IV 

G5. 

(21) 

(22) 

In order to. incorporate surface energy as part of the 

driving forces for material transport,, the pressure difference 

across the curved interface is added to the effective stress (ac) 

on. the grain boundaries. For the intermediate stage where 

'T, I., ý, 
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pores are approximated to cylinders of radius r, the effective 

driving force is: 

DF = vc *Y /r (23) 

similarly, for the final stage with closed pores of radius r 

DF = ac + 2Y /r (24) 

These driving force values are then substituted for the stress 

(a) in equations 16 and 17. 

Observed rates of compaction during the main shrinkage 

stage of hot pressing are always greater than those predicted 

solely from diffusion rates, which indicates that these rates are 

enhanced under pressure or that other mechanisms are active.. 

Cohen (51) concludes that self-diffusion coefficients can be 

enhanced during plastic deformation where, under steady- 

state conditions, the diffusivity increased with increasing 

strain rate and decreasing temperature due to dislocation 

assisted diffusion along short circuiting paths. However, 

eventually such enhanced diffusion would disappear because 

of the subsequent reduction in dislocation density. Easterling 

(52) showed, by a photoelastic method, that instead of the 

stress distribution being limited to the neck region (as in 

pressureless sintering), practically the whole powder particle 

was under stress during hot pressing. Hence an external pressure 

of > 5kN m-2, as is common practice in hot pressing would 

be sufficient to move dislocations and these in turn would 

be expected to contribute significantly to the sintering 

procecs. Mai (53) in studies of the hot pressing kinetics of 

a 20°%o Cr-8o-% Ni alloy powder concluded that the mechanism of 

densification involved climb and transverse slip of dislocations. 

Eudier (54) obtained increased shrinkage of carbonyl iron 

powder compacts when a magnetic coil surrounded the furnace.. 
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A varying, but not a constant, magnetic field was found to 

enhance the sintering rate. . 

Cyclic sintering around a transformation temperature has 

been claimed to promote shrinkage in metals which show allotropic 

transformations ( 54,55, and 56), but more recent work on titanium, 

cobalt and iron (57) indicated no such improvement in pftopertiea, 

It would appear, therefore, that sintering is promoted only 

where increased atomic mobility, due to lattice distortions, 

overcomes particle contact rupture and pore isolation.. 

Improved densification and strength properties have been 

found in compacts sintered under ultrasonic vibrations (58, 

59 and 60). An increase in. activation energy for sintering 

appeared to be overcome by increased diffusion due to lattice 

strains.. The mode of vibration and amount of input energy were 

believed to exert a strong influence but frequency did not. 

Pokryshev et al (61 and62) found that ultrasonic vibrations 

affected the densification mechanisms during the hot. pressing 

of metal powders by raising the effective stress, accelerating 

creep and temporarily disturbing steady state viscous flow; 

the effectiveness of ultrasonic enhancement decreased with rise 

in temperature. 

Sintering rates have also been enhanced using a combined 

process of pressure and direct resistance heating of the powder 

charge. This process has becono. known as "Spark Sintering" (63). 

The powder is initially lightly compacted (up to 10 MN n-2 ) 

to ensure point contact between particles but leaves voids 

through which an electrical discharge can be developed. Current 

(both AC and DC) is then passed directly through the, powder with 

the simultaneous application of pressure over and above the 

initial. compaction pressure.. Under these conditions, ionisation 
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, occurs at point contacts (spark discharge) and results in rapid 

interparticle diffusion even in the presence of an oxide 

layer (64). Finally when low resistance contacts between particles 

have been established by this means, sintering can be 

continued using resistance heating under precsure. 'Beryllium,. 

ý! ýýM w w+ tc warb cc n.. w"1.3 rcd Utan ,. ý. , --d cc=". -- a_ ., yd.,.. hrv.. .. c On cu.. ccssfülly spar. srte,.. 

All the physical methods of activation are believed to be 

associated with an increased non-equilibrium concentration 

of lattice defects such as vacancies and dislocations which, 

in turn, increases the diffusion process. However, from the 

published data it would appear that physical methods are 

difficult to control and often result in contradictory behaviour 

In contrast, chemical activation methods are found to be 

more predictable, powerful and in many cases more readily 

applied to sintering practice. 

Chemical Activation Methods. 

Metals whose oxides are- stable in commercial hydrogen 

atmospheres show increased sinterability in nascent hydrogen. 

Nascent hydrogen may be produced by decomposition of metal 

hydride (65) and hence, v, hen zirconium hydride powder is sintered, 

zirconium pellets may be produced at a much lower temperature 

than when zirconium metal powder provides the starting material. 

Enhanced compact properties have been reported during 

sintering in atmospheres containing reactive gases by several 

authors (40,66 to 72). Eudier (5I and 72)used a mixture of 

ammonium chloride and ammonium fluoride for activating iron 

powder in a hydrogen atmosphere.. The chloride/fluoride mixture 

breaks down to form compounds with the matrix vwhich,. If liquid 

or gas,. aids mass transfer. The compound is formed at active 

sites, e. g. convex surfaces, edges or corners and is deposited 
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,, at concave surfaces where the surface activity is lower. Thus, 

while pores rapidly spheroidise and impact-tensile strength is 

increased the process does not,. in general, markedly affect 

densification. However,, in the case of liquid formation it is 

possible that surface tension effects may provide extra energy 

for drawing particlcs togcthcr.. McIntyre ('70) shoed* incrcaccd 

densification of tungsten in a hydrogen- 1% hydrogen chloride 

atmosphere which he believed was due tb the deoxygenation 

of tungsten by hydrogen chloride. Similarly Toth and Lockington 

(71) found enhanced sintering of tungsten with bromine in the 

atmosphere which they attributed to increased particle contact 

brought about by a) etching away of surface films, b) enhanced 

surface diffusion rates due to a"purified surface" formed by 

the removal of interstitials or redeposition of tungsten atoms 

and c) increased diffusion rates produced by "loose" mobile 

tungsten atoms. Galmiche (67) sintered stainless steel in 

a fluoridised reducing atmosphere and found enhanced ductility 

and strength which he attributed to the removal of embrittling 

precipitates at the grain boundaries of the metal. 

Naescer-Burmeister (73) produced reactive surface layers on 

powder particles of iron and copper by incorporating chlorides 

and-salts of organic acids but these results showed only slight, 

if any, improvement in mechanical properties. However, 

Reshamwala (74) produced markedly enhanced densification of 

copper powder when compacts were treated either with formic 

acid or with acetic acid vapours. Naesser (73) coated metal 

particles with phosphorus and found that mechanical properties 

were enhanced by 100°%, although ductility remained unchanged 

up to 0.3%P and then steeply declined with increase in 

. 
phosphorus. Similar results were reported by Lindskog (75) 
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: using additions of Ferrophosphorus to iron powder, while Blue (76) 

and Bockstio el (77) showed that sulphur can also activate 

the sintering of iron powder. 

Oxygen has been shown to have a marked effect on the 

sintering of metal powder compacts and the favourable effects 

of some reducible. oxides have been known many years. Oxygen 

may be incorporated into compacts by oxidation of the loose 

powder, by oxidation of the compact during consolidation or 

by impregnation of nitrates and subsequent decomposition. The 

addition of iron oxide up to 0.20% oxygen content was shown to 

be beneficial to iron powder sintering (78). Rutko;, rski (79 and 

80) achieved enhanced properties of both iron and copper powder 

when oxygen was incorporated as oxide ( 4% Cu0 in copper and 

2. k% Fe203 in iron);: however he also reported similar activbting 

effects whether oxygen was incorporated by oxidation of the 

loose powder or by oxide particles. 

Investigations by Magdan2 (81), Ciasing (82), Dienst (83), 

Ramakrishnan (84) and Reshaiwwala (85) indicated that the oxide 

film thickness was the important factor and not total oxygen 

content, and that the best sintered properties were associated 

with a critical film thickness. Fedorchenko (40) and Harrison 

(86) showed densification was enhanced after oxidation of the 

of the pressed iron compact, oxide filch stability and sintering 

atmosphere deciding the activating mechanisms. The foregoing 

results on the effect of oxygen on consolidation may be 

classified into three main categories according to the nature 

of the oxide film: - 

1) Stable oxide films; the sintering rate will be retarded-du© 

to the stabilising effect of the oxide layer. 

2) Oxide film reacts with the metal substrate;, the oxide layer 
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yiill act as a seat of vacancies and provide a vacancy gradient 

with outward diffusion of cations and inward diffusion of anions 

readily occuring. This brings about. dissolution of the oxide layer 

and produces free active migratory metal atoms which promote 

diffusion-. and increase the real. contact area. Thicker oxide 

layers slow down cation- diffusion through the o. -i de layer and 

undissolved oxygen hinders the removal of metal atoms.. 

'3) Oxide layer unstable in the atmosphäre or reduced at sintering 

temperature;, in this case a sinter-promoting effect would be 

expected. For example, the hydrogen atmosphere reduction of 

Oxide coated copper particles results in highly active metallic 

atoms which migrate over the surface and condense near the neck 

area. There will be asimultaneous increase in water vapour 

-content of the atmosphere and this can retard densification 

if it becomes trapped in isolated pores or between the metal/oxide 

interface., Andrievskii (87) reported no effect when sintering 

iron powder in hydrogen with varying amounts of water vapour 

presentybut Dhingra (88) found the addition of 2O7 water vapour 

to a hydrogen atmosphere increased the free sintering energy, 

increased transport rates and stabilised pore movement. Forthcott 

(89) has also reported enhanced sintering of tungsten and 

molybdenum with water vapour in the atmosphere and attributed 

this to the formation of volatile trioxides (1VO3 and MMo03). 

Samsonov (90) has shown that densification during hot 

pressing of refractory metals (Nb, Mo and W) was enhanced by 

the addition of Hf02 and Zr02.. This he attributed to the greater 

viscosity of the oxides, which were contained at boundaries 

between the powder particles and thereby increased the ease of 

interparticle sliding. 

Over the last few years extensive research work has been 
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directed towards studying activation effects achieved by 

additions of very small quantities of alloying element to the 

matrix metal. Extensive work on alloying elements with mutual 

solubility has been carried out by Thümmler (9l), 
-Zaleski 

(92) and 

Fedorchenko(93). The early work of Fedorchenko on nickel, cobalt 

and m; ^gý, nese additions'to iron. indicated an activating effect 

which was dependent upon chemical nature, mobility and mode of 

introduction of the alloying element. He concluded that activation 

was due to the difference in direction of the diffusional fluxes 

between the matrix metal and alloy addition where the partial 

coefficient of diffusion is greater for the addition element 

into the matrix;. diffusion porosity is produced in the addition 

particles which facilitates the propogation of diffusional creep 

and intensifies the densification. Later work-by Fedorchenko (9)+) 

however, demonstrated that activation was linked mainly with the 

presence, generation and interaction of structural defectsin 

both matrix and addition particles. The direction of diffusional 

fluxes was not of major importance and the sintering; process 

could therefore be activated-by metals exhibiting either full or 

limited mutual solubility. Further work on metal chloride 

additions to iron powder (95) also revealed an activating effect 

due, it was suggested= to the increased number of crystalline- 

structural- defects in particle layers close to the surface 

facilitating diffusional creep. Moules (96) has shown. that 

additions of tin (0. l%-0.5;, ) to iron powder produced improvements 

in. mechanical properties but a reactive halide atmosphere 

(N'H4Cl/H2) was necessary.. 

The addition of alloying elements with negligable solubility 

in the matrix (although the matrix may dissolve in the addition) 

has also been extensively studied, particularly on tungsten powder. 
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Vacek (97) reported activation of tungsten sintering by 

addition of nickel, cobalt and iron 'which he attributed to the 

effect of vacancy formation during interdiffusion. Brophy at 

al (98) studied the activation of tungsten by nickel additions 

and found that densification rate was independent of nickel 

content after a critical value corresponding to a monatomic 

layer of the addition element. These workers assumed a"solution 

controlled" process in which tungsten dissolved into the nickel 

layer along the line of maximum chemical activity (grain 

boundary at neck) and then rapidly diffused radially over the 

entire particle surface. Toth (99) obtained similar results 

but his proposed mechanism was different. From observations on 

particle necking and from inert marker experiments he concluded 

that a diffusion controlled process was responsible. He 

envisaged tungsten atoms diffusing from the entire particle surface 

and being transported through the nickel layer to finally 

condense at the neck area. Panichkina (100) showed that the 

activating effect of nickel, was independent of its method of 

introduction and established, by electron probe microanalysis, 

the presence of a tungsten-nickel solid solution along the grain 

boundaries. This was confirmed by Ylässari (101) who found that 

30wt% of tungsten was dissolved in the nickel phase. Kolar (102) 

however, did not find a nickel phase on the majority of grain 

boundaries and the analysis of the small amount of nickel phase 

present showed that it contained only 1.3-2.8wt; % tungsten. The 

largest. activating effect (increase in density) was evidenced 

with fine tungsten powder.. Further work by Panichkina (103) 

found no solid solution formation upon activation of combined 

tungsten-moly. bderium powders with nickel and she suspected therefore, 

that changes in defect structure, this time with dislocations 
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operating was responsible for the activating effect. An 

interpretation of nickel and iron activation on tungsten was 

given by Amato (104) who suggested that both orientated vacancy 

flow generated by the Frenkel-Kirkendall effect (originated by 

widely different iron and nickel-tungsten diffusion coefficients) 

and annihilation of tungsten dislocations by dissolution in the 

activating agent was involved. Nickel is a superior activating 

element to iron because of its lower solubility in tungsten 

(0.3% and 1.0% respectively); this difference would indicate 

different Frenkel-Kirkendall effects and probably less 1; irkendall 

porosity in the case of tungsten sintering activated by nickel. 

Samsono. v reported that an activation effect on tungsten 

sintering was caused by the addition of palladium (105) and nickel 

(106) which he interpreted as follows using a model of stable 

electron configuration (107,108,109 and 110). The essence of 

this model is that valezice electrons of individual atoms, while 

being grouped into the condensed state, are divided into 

localised and non-localised (collective) parts. The localised 

parts of valence' electrons forms a configurational spectrum in 

which maximum statistical weights are possessed by most stable 

configurations. These are responsible for a minimum state of free 

energy. Such states for the transition "d-metals" are d5, d10i 

and dO in the order of descending stability. ýThe energetic 

stability of. the I'd" configurations increases with an increase in 

the principle quantum number of valence electrons. The electronic 

exchange between stable configurations and non-localised ones 

is responsible for the attraction force between the atomic nuclei, 

whereas electron-electron interactions, between non-localised 

electrons are responsible for the repulsion.. Tungsten atoms in 

the W-Pd and W-Ni systems act as electron acceptors and the 
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Pd-Ni atoms act as electron donors; transfer of unlocalised 

electrons from the Pd-Ni atoms to'the \V atoms results in an 

increase of the statistical weight of tungsten atoms having the' 

energetically stable d5 configuration and of Pd-Ni atoms with 

stable dl° configurations. This brings about a decrease in the 

concentration of non-localised electrons and an energetic 

stabilisation of the whole system. The resulting reduction in 

the total energy reserve of the whole system provides the 

driving force for the activating effect. 

Rhead (111) has suggested that the activating effect of 

nickel on tungsten. may be explained by increased surface diffusion 

due to a decrease in the temperature of surface melting. The 

surface mass transport coefficient is proportional to the 

product of the surface energy and the surface self-diffusional 

coefficient and these are both influenced by surface impurities. 

Suitable adsorbing layers may therefore increase the surface 

self-diffusion coefficient of metals by orders of magnitude up to 

104, more than enough to compensate for any opposing effect 

caused by a reduction in surface energy. The impurity element 

which enhances diffusion)%ill be the one forming compounds 

or alloys with a melting point lower than that of the bulk 

substrate. Correlations between self-diffusivities and melting 

points are well known; since melting points are a measure of 

the interatomic binding in the crystalline lattice they are also 

a measure of the activation energy. On this baci; it is possible 

to understand the enhanced sintering rates observed for the 

substate-additive systems W-Ni, Fe-Sn, Ag-S and Cu-Cl etc. 

Scholz (112) reported increasod densification of tantalum 

carbide with only 30 ppa. of iron impurity present, a level which 

amounts to a uniform distribution of iron throughout the bulk 
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of the tantalum carbide of one iron atom on 

(lZa)2. He therefore assumed that. the iron i 

the action of purface tension at the points 

the individual powder particles, leading to 

and slight decrease in powder volume, or. in 

.4 ensi fi ratio:.. 

a surface area of 

oust concentrate under 

of contact between 

eutectic melting 

other words 

Small amounts of silicon have been shown (113) to increase 

densification in hot pressed chromium, niobium, tungsten, iron 

and stainless steel powders. Butcher et al (114-and 115) studied 

the effect of a range of elements on the hot pressing of 

beryllium and proposed that beneficial elements should have 

an inter-atomic distance less than 0.28 nm, a possible valency 

greater than two and a transport mechanism for the redistribution 

of activator around the beryllium particles. Later work on 

silicon-activated hot pressing of beryllium (116) highlighted 

the effect of activation on the surface oxide layer of the 

powder. Dynamic recrystallisation as a result of deformation 

under load was thought to occur, with the ,. formation of a 

new stable grain size which was dependent upon the dissemination 

of oxide Originally present on the particle surfaces. Butcher 

and Scott (117) when investigating silicon. activation. of 

beryllium considered interparticle friction to be important and 

interpreted their results by, assuming a trio-part consolidation 

mechanism In the first stage of compaction the activator 

raust reduce interparticle friction to assist sliding and particle 

rearrangement; this allows transfer of load and hence aids the 

achievement of uniform density through the compact. During the 

second stage the activator must allow interparticle diffusion 

bonding. Attainment of diffusion bonding too quickly would 

prevent optimum positionin of the particles, while too slow 
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diffusion would not allow true sintering'to take place. The 

activator is critical in establishing the correct balance 

between particle sliding and diffusion bonding. 

It may be concluded therefore, that chemical activation 

processes, especially the addition of selected trace elements 

and oxide layers, can readily enhance the sintering of petal 

powder, although no activator is found to be universally 

effective on all metal powders. Much interesting and useful 

experimental information has been accumulated regarding effects 

produced by activating species and a number of different, 

sometimes conflicting, interpretations have been proposed.. 

Indeed nechaniems of conventional sintering are difficult to 

interpret, and the addition of so-called activating species 

only adds to the problem. Furthermore, it must be recognised, 

that activators which increase diffusion bonding and hence 

densification in ordinary sintering will not necessarily producce 

the greatest overall consolidation under hot pressing conditions. 

1.3 Scope of Present Investigations. 

In the present study mechanisms involved in activated hot 

pressing have been investigated in order to establish the important 

parameters in the process. The effect that elemental additions 

have on the surface structure of the powder particles and the 

related chemical properties have been studied, particular 

attention being focused on the relationship between surface 

properties and the micromechanics of interparticle friction 

and diffusion. 

The research has been carried out by using iron powder as 

the base material partly because of interest in the metal but mainly 

because it was believed that the diffusion controlled 
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transformation which occurs within a convenient temperature range 

for sintering, would provide important infarmation on the 

fundamental. mechanisms of powder consolidation. The starting 

powders'have first been characterised. Consolidation processes 

investigated have included, loose sintering, cold press and 

sinter, and hot pressing. Kinetic data,, where appropriate, have 

been recorded during consolidation and both. the mechanical 

properties and structure of the compact have been studied. 

Considerable emphasis has been placed on detailed microotructural 

analysis and this work has been accomplished using X-ray 

diffraction, transmission and reflected electron diffraction, 

transmission and scanning electron microscopy, as well as 

electron probe microanalysis.. Comparison of results from the 

three consolidation processes have provided useful information. 

on the underlying mechanics. The effect of various activators 

on consolidation behaviour and compact characteristics 

has been evaluated. Special attention has been paid. to the 

influence of oxide films and a method for the controlled 

preoxidation of powders is described. Complementary work on 

surface reactions using specimen blanks has been carried out 

which has provided additional information on the effect of 

activators on interface bonding and friction properties. ' 

A range of alloying elements in trace amounts have also 

been added to assess their effect on activated sintering. The 

choice of addition and the reasons for its selection are as 

follows. Silicon, a ferrite stabiliser, was chosen because 

additions of this element have been shown (1.13) to enhance 

the hot pressing of iron powder; values reported in the 

literature (118) show that the diffusion of silicon in iron 

Is 7 and 10 times the self-diffusion of iron in a and Y regions. 
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-respectively. 
Germanium additions were studied to assess the 

effect of a semi-conducting element similar to silicon.. Boron 

was included in the investigation because it is found (119) 

to reduce the grain boundary binding energy in both the a and 

Y-regions and in comparison to pure iron the temperature 

coefficLen ui chic binding energy is positive. Copper was 

incorporated in the test programme to check the effect of the 

copper sheath used as a diffusion barrier between the graphite 

dies and the iron powder; diffusion of copper in iron (118) is 

similar to the self diffusion of iron in both the a and Y 

regions. Indium was studied since its diffusion into iron has 

been shown (120) to produce a well developed dislocation 

network in front of the diffusion layer which may assist some 

of the mechanisms operating.. Manganese was of interest since 

its diffusion in iron is 2 and 2.5 times greater than self- 

diffusion of iron in the a and Y regions and is noted as a 

strong ferrite strengthener.. Nickel is known to retard grain 

growth during sintering (121) but diffusion rates are similar 

to self diffusion rates of iron. Moules has shown the positive 

activating effect of tin powder (96) and so this element, 

together with zinc-, 
_ 

was included to assess the effect of 

high vapour pressure and low melting point materials on. powder 

consolidation. One heavy element, tungsten, was also included 

in the test programme. 

Three compound additions were also investigated. Ammonium 

chloride (122) has been shown beneficial to sintering because 

of its scavenging action on the powder surface but a reactive 

halide atmosphare was also usually necessary. Zinc stearate 

powder is a traditional lubricant in the powder metallurgy 

industry and its properties have been investigated by Mallender 
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(123). Calcium flouride has been. used in. the hot forging 

industry as a solid lubricant (124) and as an anti-friction 

agent in powder materials. 
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2. EXPERIMENTAL DETAILS 

2.1 Materials., 

The iron powder used in the study was a sponge-base 

reduced. type (HC.. 1Q0.. 25) supplied by Höganäs (GB) Ltd.. This 

powder was chosen because of its availability, cheapness and 

because of the interest on a large scale industrial basis. It 

is produced by arranging layers of high grade magnetite 

concentrated fines (70-71w Fe), 
ja"nd 

limestone in ""caggers" on 

railway wagons which are then drawn through a tunnel kiln 

divided into three zones. Here the charge is :- (a) heated to 

a reducing temperature (1000-12000C), (b) reduced for a period 

of several days and (c) finally cooled. The whole process 

lasts 10-12 days.. During the reduction stage the limestone 

reacts with the sulphur in the coke, carbon dioxide is given 

off and an impure sinter cake remains.. This is ground into 

powder, magnetically separated from the non-magnetic inclusions 

and reduced a second time in a mesh belt furnace using hydro on 

as the reducing agent.. The resultant powder is specifically 

used to give high green strength because of being readily 

compressible. 

Additions made to the iron powder in the present study 

were (a) zinc etearate, (b) ammonium chloride, and (c) calcium 

flouride compounds obtained as Analar reagents from B. D. }i Ltd.. 

The zinc stearate was applied in powder form while the ammonium 

chloride and calcium. flouride were first powdered in a pestle 

and mortar to a particle size of < 38im. and then mixed with the 

iron powder.. 

Elemental additions of B; Cu,. Ge, In, Mn, Mo, Ni, Si, Sn, W, Zn of 

nominally 99.. 9, purity were also ground into a fine powder 

( <38pra) before mixing with the iron powder. 
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Complementary surface reaction studies were carried out 

using prepared iron. blanks. Those were made from 8mm. 

diameter "Armco" iron rods (0.02/C)-,, but a core of segregated 

contamination allowed only certain areas to be usefully 

employed.. 

Magnetite powder (Fe3O4) used for parallel sintering 

studies was obtained from B. D. H.. Ltd.. and was of nominal 98% 

purity. 

2.2.. Characterisation of Loose Powder. 

2.2.1. Chemical Analysis. 

The iron powder was analysed using a combination of 

chemical and spectrographic analysis techniques. A small button 

of solid material was produced by compacting 309. of powder 

containing 3% of titanium sponge. The powder compact was then 

melted by an electric arc, in a water cooled copper hearth 

under an argon shield. The button of solid, deo. d. diced (due-to -' 

the_". titaniun förming a slag) metal. was then analysed by normal 

spectrographic techniques.. Carbon and sulphur contents could 

not be determined precisely using spectrographic techniques, 

and since a1u: inium/titanium go into the slag which is formed, 

these elements vere therefox determined by chemical analysis. 

The oxygen content V, aE determined by the , Hydrogen Loss" 

method as laid down by N. P. I. F. Standard 2.61j; 10g. of metal 

powder was heated in hydrogen and allowed to soak for two 

hours at 1150°C. After cooling, the sa:, iple was reweighed 

and the loss in weight recorded. The oxygen content is then 

given by: - 

%ö oxygen = 10 [A-(B+C)J 

0 
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where A= Loss in weight after heating in hydrogen 

B= Loss in weight due to carbon loss 

C= Loss in weight due to- sulphur loss 

2.2.2.. Powder Density, Sieve Analysis and Specific Surface. 

Bulk powder density was determined by flowing 200g. of 

powder into a 32mm. diameter glass measuring cylinder. Apparent 

density was then deduced with the formula: - 

Apparent Dencity = Weight of Powder 
Volume of Powder 

The tap density was measured after 1000 taps on an automatic 

tapping machine and estimated using the formula: - 

Tap Density = 'V! eight of Powder 
Tapped Volume 

Scatter was found to be + 0.03pni3 

Sieving and classifying of the powder was carried out on 

an Endecotts "Endrock" automatic shaker. An initial known 

weight of powder (200G. ) was sieved for one hour in a set 

of 100mu. diameter metric sieves and the weight of each size 

fraction was then determinedi(125). Five mesh sizes were used 

with apertures of 75)im, 63jnm, 53µu, 45}im, and 38pm. 

The specific surface area and flow rate of the initial 

iron powder was taken from data supplied by Höganäs Ltd. 

2.2.3. Powder Surface Studies. 

Transmitted light micrographs were taken on a Reichart 

projection microscope' Me.. F 2.. to establish particle size 

distribution and outline particle shape, This method was_of 

rather limited value and more useful information on surface 

characteristics was obtained using scanning electron microscopy 

with its longer depth of focus, better resolution and higher 

magnification( 126). The principle of the technique is as 
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followsl(127). A beam of electrons is accelerated by voltages 

o. f - 5-3OkV and focused using electromagnetic lenses into a 

small cpot(-r100A.. U. diameter) on the specimen surface. Scanning 

coils fitted into the electron optical column enable the electron 

beam to be scanned in a two, dimensional raster over the specimen 

surface.. The high energy back-scattered electrons and low 

energy secondary electrons are collected by a scintillation 

counter. The signal from the counter is used to modulate the 

brightness of the beam in the cathode-ray tube which is scanning 

synchronously with the electron probe, and hence, an image 

is built up point'-by point on the display screen. Image 

contrast is a function of surface topography, atomic number 

of constituent elements and their secondary emission coefficients., 

Improved contrast and a three-dimensional appearance of the 

image is achieved by tilting the specimen at an angle of 30-450 

to the incident beam.. The resolution,, which depends on probe 

diameter and electron penetration, is of the order of 200A. U. 

at working voltages of 5-20kV. Two models of scanning electron 

microscope have been used in this research, a Cambridge 

Stereoscan S4 and a JEOL. JXA. 50A.. 

For scanning electron microscopy the powder samples were 

sprinkled onto a microscope stub previously coated with 

metallic paint(126) and a thin (, --, lOOA. U. thick) conducting 

metal film(usually Au-L+0'% Pd alloy) was thermally evaporated 

to coat the specimens in order to prevent the preoxidised 

powders from charging up In the electron beam. 

Crystallographic studies of the powder were carried out 

by X-ray powder diffraction(129) using the diffractoneter 

attachment of a Philips 1010 X-ray set. The powder samples 

were sieved to obtain a flat-surfaced compact of very fine 

powder which-(a) produced an adequate number of particles 
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having the correct orientation and (b) reduced the marked 

effect on the relative line intensity caused by surface 

roughness. (A rough surface and high linear absorption 

coefficient will reduce the intensity, of. low angle reflections 

since each projected portion of surface will absorb heflected 

rays. ) Monochromatic CuKa radiation was usea.. `ene X-ray 

counter was set at 2A 00 and driven at a constant angular 

velocity through increasing values of 20, until the whole 

angular range was scanned. The X-ray counts were fed into a 

recorder moving at a constant speed so that distances along 

the chart are proportional to 20 « Measurement of the Bragg 

angle 0 enabled d-spacings to be obtained, viz nX = 2d sin O 

Collated data of calculated d-spacings were then compared with 

A. S. T. M. diffraction data and qualitative analysis of the 

powder achieved. 

Metal specimens strongly absorb X-rays and the intensity of 

the incident beam is reduced to zero in a very short distance 

below the surface. The diffracted beam in a diffractometer 

will therefore originate chiefly in a thin surface layer. 

For instance, if a steel specimen is examined in a diffractometer 

with CuKa radiation, 95% of the information afforded by the 

lowest angle of ferrite (110 line at 20 = 450) applies to a 

depth of 2.5pm. Furthermore,, 50% of that information originates 

in the first 0.5pm of this layer. However, this penetration 

is still two orders of magnitude larger than that obtained 

by electron diffraction (which is described in section 2.9). 

This limits X-ray diffraction studies to thicker surface 

films and was found suitable for examination of the fluid- 

bed preoxidised powders. 
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2.2.4. Powder Interior Studies. 

Sections through. the powder particles were prepared by 

first mixing the powders with thermosetting mounting compound 

and heating the mixture in a metallurgical mounting press.. 

Specimens were then metallographically polished using 

successively finer grades of abrasive down to ljun diamond 

paste and examined by optical microscopy.. Grain size within 

the particles was revealed by etching in 2% Nital.. An attempt 

was made to determine oxide film thickness microscopically 

using a magnification of 1200 times.. The method wars found 

unsuitable even with the thicker oxide film of 1500A. U. It is 

likely that the oxide film is peeled off the surface during 

polishing. 

2.3« Pretreatment of Powder. " 

2.3.1.. Addition t4ixin 
,.. 

A known weight of addition was introduced intoa measured 

quantity (200g. ) of iron powder and mixing accomplished by 

rotating the powder in mild*dteei', Dots (100mm. by 113mm. diameter) 

on a ball mill (40 steel balls of 7 mm. diameter). Initial 

experiments were carried out in order to establish the optimum 

speed and time of mixing for particle homogeneity,, yet 

avoiding the production of a finer size fraction,. Mixing for 

20 minutes at 50 r. p m. was found suitable.. Iron powder 

similarly ball milled without any additions before consolidation 

indicated that this treatment did not produce any mechanical 

activation effect into-the system. The pots and steel balls 

were carefully cleaned between each experiment by ball milling 

a disposable charge of iron powder. 

2.3.2. Ball Milling 

a 

By using (i) a smaller iron powder charge (80g.. ),. (ii) several 
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steel ball diameters (60 of 7mm., 20 of 12mm.. 10 of 17mm.. ) 

and (iii) a slower speed (30 r. p. m.. ) it was found possible 

to reduce the size fraction and increase the apparent density 

of iron powder.. Additions were also added before ball milling 

to assess the combined effect of these two different treatments. 

2.3.3. Vibratory Ball Milling 

Small quantities of iron powder (30g. ) were treated in a 

pharmaceutical type mill using steel ballc(10 of 7mm. ) and 

a mild steel pot (L10mi.. diameter by 70mm. long). The vessel 

was made gas tight by means of an 101 ring seal in order that 

the effect of milling powder in an oxygen atmosphere could 

be studied. 

2.3.4" Fluidised Bed.. 

Preoxidati. on of the iron powder was performed in a fluid 

bed (Fig. 2.1) since this technique was found to give fairly 

uniform thickness of oxide coating on the particles. The 

powder charge (2108. ) was contained in a vertical silica tube 

(32mm. diameter) and supported on a porous silica disc (Grade 

2). Fluidised action was accomplished by flowing gas (2000- 

2800 litres/min. ) through the silica disc into the powder. 

The gas supply was regulated by 'Gap!, rotameters and mixed 

by a "Flostat" gas blender. A small nichrome-wound furnace 

surrounding the vertical tube heated the powder.. Power to, 

the furnace windings was delivered through a variable 

transformer and the furnace temperature controlled by a 

"'West Gardsman" from an indicating thermocouple positioned 

between the vertical tube and the furnace wall. Ground glass 

joints allowed the vertical tube to be removed independently 

of the furnace to facilitate the introduction and removal 

of the powder charge. 
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After charging with powder the system was purged with argon 

and the gas flow gradually reduced as the furnace temperature 

was raised to the oxidation condition. Controlled. oxidation 

was then achieved by mixing a constant flow of oxygen into 

the argon supply. For treatment at 100°C an Ar/10%02 mixture 

was used, while at. 2500C a pure oxygen supply was found most 

suitable for controlling the degree of powder oxidation. Different 

oxide thicknesses were produced by prolonging the time of oxidation 

at temperature. Cooling of the oxidised powder was carried out 

in a flow of argon, 

2.4. Consolidation of Iron Powder. 

Thre. e different methods for consolidation of iron powder 

have been investigated: - loose sintering, cold pressing and 

sintering, and hot pressinG. 

2.4.1. SinterinE of Loose Powder. 

Looce powder cinterinG was performed (a) under controlled 

argon atmosphere and (b) under vacuum (6.? x lo-3 11 m'2) in the 

hot pressing apparatus described in section 2.4.3. 

The inert atmosphere sintering riG consisted of a 'vertically 

mounted mullite tube (36mm. diameter) heated by a nichrome wound 

tube furnace (Fig. 2.2a). Ground Glass joints fixed to the mullite 

tube allowed free movement of the specimens to and from the 

hot-zone. A known weight of powder (129. ) was inserted into 

cylindrical copper-lined graphite dies (8mr. diameter) and tapped 

to a constant height (40=. ). The dies were then lowered, by 

means of a tungsten wire, into. the hot zone where they rested 

on a second mullite tube. The system was purged with gas and 

the specimens heated, sintered and then cooled under a flow of 

argon. Sintering temperatures of 850-1000°C and times at temperature 

Of 30 and 90 Minutes were used. The sintered compacts were removed 
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"from the graphite die and stripped of their copper linings,, 

giving compacts of 8. mm. diameter by 38mm. in length. Volume 

change during sintering at these temperatures (up to 1180°C) was 

found to be too small to allow accurate measurement (130) because 

the sintered density was almost identical to the green density. 

2.4.2. Cold Press and Sinter. 

Cylindrical "green" test pieces were produced by compacting 
Stn91e. acFnc3 mocAe 

a known weight of powder (10S. ) in aýtool-set (19mm. internal 

diameter) equipped with a floating die. The tool-set was placed 

between the compression plattens of an "Avery-Denison" 10 ton 

Universal testing machine and a load of 350 MN m_2 applied, held 

for two "seconds, and removed. Ejection loads were read fron the 

indicating dial gauge. Sintering was subsequently completed 

(a) under controlled argon atmosphere and (b) under vacuum 

(6.7 x 10-3N 2) 
in the hot pressing apparatus described in 2.4.3. 

Inert atmosphere was achieved in a horizontal platinum- 

resistance tube furnace fitted with a mullite tube (36um. diameter). 

Ground glass joints allowed introduction and removal of specimens 

to the hot zones. (Fig. 2.2b). The specimens were heated, sintered, 

and cooled under a flow of argon gas. Sintering temperatures 

of 800-1050°C and a time at temperature of t1.5 minutes was used 

Volume changes during sintering was measured by dimensional 

analysis, 

AV = VI - Vo 

VI = Initial Volume. 

Vo = Volume after Bintering. 

Weight change during sintering was measured on a IMiettler 

single pan balance (1120) which weighed to the fifth part of a 

gramme . 
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2.4.. 3. Hot Pressing. 

The hot pressing and vacuum sintering experiments were 

performed in a vacuum hot press. The general assembly is 

shown in Fig. 2.3. The stainless steel vacuum chamber was 3lOmn" 

by 47Omm. deep and polished internally to minimise degassing. 

Water cooling of the vacuum furnace walle was effected by 

copper pipe brazed to the external surface of the chamber. 

Access to the tool-set was from the chamber top via a stainless 

steel swing-hinged cover. The chamber was evacuated by a two- 

stage pumping system consisting of a 230mm. Balzer oil-diffusion 

pump and backed by a rotary pump (GenevacttKinneylt). Hand-operated 

butterfly valves served to isolate the pumping lines, a 

pneumatically operated valve isolated the chamber in the 

event of a power failure, and a time-delayed air admittance 

valve protected the system against oil suck-back. Two Pirani 

vacuum gauge heads were fitted, one indicating the roughing 

pressure and the second measuring the chamber pressure; a 

Penning gauge head was also fitted to the chamber. 

Electrical power to the furnace element was provided by 

a step-down transformer hand controlled by a two-stage variac.. 

In the initial furnace design the heating elcuient comprised 

a formerless molybdenum single coil, 90=. diameter by 180iam. 

in length, with the turns separated by alumina spacers. 

The construction was expensive, difficult to fabricate, and 

prone to failure because of excessive deflection of the coil. 

A more satisfactory heating element was therefore fabricated 

from O. lm: n.. molybdenum sheet,. The element was supported by 

an alumina tube and attached to the power input terminals 

by twisted strands of nickel wire.. It was designed for removal 

independently of the heat child assembly. The heat shield 
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assembly comprised three polished molybdenum cylinders positioned 

around the furnace heater together with fixed bottom plates and 

removable top shields. 

The hydraulically operated rani applying pressure to the tool 

set acted on a vertically moving upper rod which was spring 

loaded. so that it Moved away from the tool set on removal of 

the pressure (Fig. 2. L. ).. The lower rod was fixed and passed into 

the furnace chamber to support the tool set.. Both rods entered 

the chamber through sealed, water-cooled housings.. The single- 

ended ram had a maximum thrust of 20 tons and an adjustable 

relief valve allowed the load to be set at the required value. 

Hydraulic pressure was indicated on a pressure gauge which 

thereby acted as a load indicator. The hydraulic system was 

tested and calibrated by compacting a known weight of powder 

(200g.. ) in the vacuum hot press and comparing data with a similar 

experiment carried out on an "Avery-Denison" Universal testing 

machine.. The same steel tool set (internal diameter 32=. ) 'was 

used on both machines... Fron the results it was deduced that the 

hot press delivered one ton thrust through the ram Per 0.3451V m72 

of the hydraulic cylinder pressure. The travel of the ram was 

followed by a dial gauge which allowed compaction during hot 

pressing to be monitored. In cone experiments the increase 

in load during the first 30 seconds of hot pressing was monitored 

by placing a load-cell between the ram and upper moving ram.. 

The load-time trace was followed by an ultra-violet , 
light 

recorder. 

A die set to produce cylindrical compacts with a height/ 

diameter ratio (-.. 3: 1) was used so that density variations 

along the axis of the compacts would be accentuated, thereby 

enabling mechanisms of interparticle friction and powder 
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rborientation to be more easily investigated.. A powder column 

32mrs.. diameter by 89mm. in length was used for all pressings 

except those which involved milled powders.. 

The initial set of hot-work steel dies (Fig.. 2.5a. ) were 

found to be unsuitable during the hot testing because of mismatch 

in the mating surfaces which caused the tool set to weld together.. 

A second tool set (Fig. 2.5b.. ) was therefore designed which could 

be easily removed in the event of siezing and which were 

independently removable from the cylindrical heat shields and 

element assembly. The upper rod end was screwed to the vertically 

m°ving"push'rod and the lower die carrier-block-was drilled out, 

allowing it to locate over the second screwed end of the lower 

fixed rod.. A locating peg ensured correct positioning of the die 

on the die carrier block.. The whole assembly had sufficient 

lateral movement to allow correct alignment and mating of the 

punch and rod end surfaces. However this design was still not 

sufficient to prevent welding of nimonic dies and a set of 

graphite dies was constructed.. 

Temperature indication was provided by (a) three platinum/ 
13% 

platinumhodium thermocouples via a direct reading meter and 

(b) three chromel/alumel thermocouples wired to a cold-junction 

compensated potentiometer (Cropico Type P. 6.. ).. All the 

thermocouples were located in alumina tubes positioned between 

the element assembly and the tool set. The placement of thermo- 

couples, with tool set and powder in position, allowed temperature 

profiles in the hot zone to be determined.. Results showed that 

for a hot zone 32mm. in diameter by 90mm. long the variation 

was ' 4°C of the set temperature.. Heating and cooling curves 

for the test temperatures of 600°C- 10000C were determined. 

Times to temperature of (a) 30 minutes at 650°C and (b) 50 
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minutes at. 1000°C were used to avoid the possibility of thermal, 

shock to. the ceramics and overcurrent being drawn on the cold 

non-linear resistance molybdenum element. A period of 3-7 

minutes,, depending on the set temperature, was needed for 

equilisation in temperature between the indicating thermocouple 

and the centre o. f the powder column.. Tu allow complete equilisation, 

the system was held for 30 minutes after attainment of pressing 

temperature by the indicating thermocouple. The effect of precinter 

on hot pressing was examined by using a holding time of 90 minutes 

in some experiments. A special pressing cycle was used in a 

limited number of pressings at 850,900,950, and 1000°C. This 

involved applying the pressure at 700°C and allowing the 

temperature to rise during the first few minutes of the pressing 

cycle. 

Early experiments using a vacuum of 6.7 x 10'3 N n'2 were 

carried out using graphite dies since this material-was xeadily 

available and could be easily machined.. However at high 

temperatures and long treatment times appreciable carbon 

diffusion from the die walls into the iron compact was found to 

occur. This caused pearlito formation. (Fig. 2.6a.. ) in the iron 

powder which considerably strengthened the compact and thereby 

reduced the total compaction which took place. A concentric 

sheath of copper (0.3-rna. thick) was therefore used to shield 

the powder fron the dies and this eliminated carbon contamination 

of the compacts (Fig. 2.6b.. ).. It was noted that some copper 

evaporation occured, especially at higher temperatures, but this 

effect did not appear to cause any change in the consolidation 

process. 

Cold pressed and loose powder sinterings were carried out in 

vacuum (6.? x lo-3 u m-2) by positioning the pressed samples and 
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loose 
powder graphite dies respectively within the hot zone o2 

the furnace.. Similar heating cycles to those for hot-pressings 

were then used.. 

2.5« Physical Properties of Compacts.. 

2.5«l.. Loose Powder Sintering.. 

An effective measurement of compact shrinkage proved impossible. 

However, some indication of interparticle bond strength was 

obtained by sectioning the final compact into cylinders and 

measuring the crush load in a simple upsetting test.. This was 

performed at room temperature on an automatic recording Instron 

testing machine and a load-time curved obtained. Results showed 

more scatter at low temperatures (± 50N at 850°C) than at higher 

temperatures (± 301. at 1000°C). 

2.5.2. Cold Press and Sinter.. 

Dinensional analysis by micrometer was used to determine 

(a) effect of compacting pressure, during sintering, (b) effect 

of temperature on volume change, and (c) effect of preoxidation 

on (a) and (b).. Volume changes were found to be reproducible 

to + 71o. The effect of temperature and preoxidation on' inter- 

particle bond strengths was determined by a room temperature 

radial crush test.. A hole was drilled centrally through the 

compact and the annular ring was then compressed on an automatic 

recording Instron testing machine to give a load-tine curve. A 

131)ý strength parameter (K) can be 'determined from the relationship( 

K= W(D --, T) 

LT- 

where W= crushing load D_ outside diameter 

T = wall thickness of ring L = width of' ring 

Crushing loads were found to be reproducible to ± 80jö. A comparative 

measurement of the compacts ductility and toughnecs was achieved 
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by analysis of the area under. the load-time curve (L32). 

Hardness measurements showed marked scatter because of the 

considerable porosity in the samples (133). A Rockwell B hardness 

was used (although contrary to recognised good practise for 

wrought material due to decreased test sensitivity) with a 

tungsten carbide ball. The bail covers more area,, than a diamond 

indentor and reduces experimental scatter while the tungsten 

carbide material avoids the danger of flattening the indentor. 

2.5.3. Hot Pressing. 

Compacts of 32mm.. diameter by approximately 5Omm.. long viere 

obtained after hot pressing. Measurements of physical properties 

as a function of distance along the compact were obtained by 

drilling a hole through the centre and then parting off a series 

of annular rings approximately 3mm. thick.. This allowed several 

specimens to be analysed from each compact. 

The density of the annular rings was measured by (a) hydrostatic 

weighing and (b) weight and dimensional volume analysis. The 

hydrostatic weighing specimens were coated in clear plastic 

to prevent water entering any large surface pores. Results 

were found reprodue i ble to 'ý" 3%. 

Interparticle bond strengths were obtained by radial crush 

tests on the annular rings as previously described. 

Hardness measurements were also carried out. 

2.6. Chemical Properties of the Compacts. 

The effect of temperature in the loose sintering of preoyidised 

powder was studied by X-ray diffraction.. 

Spectrographic analysis on the annular rings was used to 

establish the presence of elemental powder additions after 

(a) cold pressing and sinter and (b) hot pressing. 
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2.7. Microstructure of Compacts. 

The microstructure of consolidated compacts was examined 

by optical microscopy of metallographically polished specimens. 

Sections were prepared and mechanically polished on successively 

finer grades of abrasive down to ljim. diamond paste. Samples 

were taken from (a) cold press and sinter and (b) hot pressed 

annular rings. Care was taken during mechanical polishing but 

powder removal still occufred on the low density specimens which 

prevented estimation of percentage porosity by optical means. 

Micrographs were taken on a Reichert projection microscope 

(Me. F2. ). 

Compositional analysis of-very small regions on polished 

specimens was achieved by electron probe microanalysis (134 ). 

In this technique a beam of high energy (5--50 key) electrons 

is focused on the region of interest, as in the scanning electron 

microscope described in section 2.2: 3, and the X-rays consequently 

generated within the bombarded regions are collected and analysed. 

The X-ray emission spectrum contains peaks characteristic of the 

elements present. Wavelength determination by a crystal 

spectrometer allows qualitative analysis to be carried out, 

while the intensity of the X-ray line gives a measure of the 

äaount of emitting, le: iont present. The electron probe can be 

made to scan a square raster on the specimen by using deflection 

coils in the probe focusing; system. The signal from the X-ray 

detector in the spectrometer is then fed to a cathode-ray 

tube and used to trigger its synchronously scanning electron 

beam. By this means it is possible to display an image showing 

the distribution of any element, selected by the spectrometer 

setting, in the specimen being scanned. In parallel with the 

X-ray scanning picture, an electron picture fro, a the came area 
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showing atomic number and topographical contrast may be produced. 

Back scattered electrons are used to modulate the intensity 

of the beam in a second display tube;, this device enables the 

specimen surface to be surveyed and particular features selected 

for detailed microanalysis. A number of different models of 

Clcctron rr3bAc microaialy, -: El have bc:: vü -, sod in file wv Id or" 

Cambridge Microscan 1, Cambridge Stereoscan 2 fitted with 

spectrometers and'J. E. O. L. JXA. 50A. 

Fracture surface of the radially crushed specimens was 

examined in the scanning electron microscope, see section 2.2.3.. 

Information was sought using this technique on the nature of the 

bond developed between powder particles during sintering. 

2.8. Mechanical Properties of Iron at Elevated Temperatures. 

Mechanical properties of iron at temperatures employed 

for sintering were examined by (a) simple upsetting tests on 

cylinders and (b) tensile tests on machined samples (3-35 ). 

For'the upsetting tests a small tube furnace was mounted 

vertically on the Instron testing machine previously described 

and mechanically upset between graphite punches (Fig. 2.7a). 

Power to the furnace was controlled by a transformer and temperature 

measured by a chromel/alumel thermocouple wired to a cold-junction 

compensated potentiometer. Armco iron specimens (0.02016C), 8mm. 

diameter by 13mm. long, were placed directly into the hot zone 

and mechanically upset using a load of 1.2; 0 k. N, that is, a load 

which was comparable to that applied to the hot pressed compacts. 

A dummy run with a second thermocouple placed in a drilled hole 

within the sample indicated that a soak of five minutes was 

required to reach the test temperature. Load time curves were 

obtained and dimensional analysis of the specimens allowed 

compression during test to be determined.. 
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Elevated temperature tensile tests were also carried out 

using a modified motorised Hounsfield equipped with a small 

horizontal tube furnace (Fig. 2.7b). Nimonic clamp rings and 

pull-rods positioned the specimens within the hot zone. Specimens, 

which were of Armco iron supplied by Hounsfield Tensometer Ltd., 

were placed in position, heated to temperature and held for five 

minutes. They were then tested to destruction using a strain rate 

Q. 046S-1. Load-extension : curves were obtained and extension -- 

cross sectional area changes were measured. 

2.9 Studies on Prepared Iron Blanks. 

Reactions, which may occur on the surface of the powder either 

during preoxidation or during the actual sintering, would be 

expected to play an important role in the sintering process. 

Controlled oxidation experiments on iron blanks were therefore 

undertaken. The use of flat-specimens greatly facilitated 

analytical work on surface films using techniques such as electron 

diffraction. Data obtained may then be related to chemical reactions 

occuring on metal powder under identical conditions. 

The blanks were prepared by cutting samples from Armco iron 

rod (8mm diameter) and metallographically polishing then down 

to a smooth finish on a diamond wheel surface. After degreasing 

and weighing, the samples were oxidised in two ways: (a) in the 

fluid bed apparatus and (b) in a small muffle furnace. Weight 

change during oxidation was measured on the Mettler balance. 

Surface structure of the blanks was examined by reflection 
' 

electron diffraction using the goniometer diffraction stage 

which fits below the lenses of 3 JEOL JEM6 electron microscope(136 ). 

The electron beam is focused to a fine intense beam and arranged 

to stike the specimen at a glancing angle ("- 10) to its surface. 

Since electrons have a high scattering power, penetration into, 
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the bulk specimen is limited. Diffraction is therefore-only 

recorded from the outermost surface regions of the specimen 

( ýº IOOAU depending upon surface smoothness). Electron 

diffractographs were taken and ring diameters measured 

(a) optically and (b) with a microdensitometer. Bragg's Law, 

nX 2dj, kl Gin A may be used for electron diffraction ac 

follows. For electrons of 100keV. X 0.. 037 and therefore 

diffraction angles will be small (a few degrees); hence 

Sin0 ti Tam0. Nov Tan0 =r and we may write: - 
L 

" dhkl =XL 
r 

Where, dhkl = lattice spacing 

X= wavelen-th of electrons 

r ring diameter 

L camera length 

. 
ýý log dhkl = log XL - log r. 

since log XL is constant, log dhkl o4 -log r. 

Values of 'd' spacings for a range of components which might be 

present in the surface coating were obtained from the A. S. T. M. 

card index and logarithmetically plotted on graph paper. Ring 

diameters from diffracto. raphs were measured and cimilarly 

plotted logarithinetically on paper strips. Comparison was then 

made with the A. S. T. M. data to identify reaction products on 

the metal surface. 

Thicker oxide layers were subsequently stripped from the 

blanks by immersion in an iodine-methanol solution (137 ) and 

studied by transmission selected area electron diffraction in 

an A. E. I. EM 802 electron microscope operating at 1C0kV . 
The transmission electron diffraction patterns were analysed 

as previously described.. 
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Surface morphology of the oxidised blanks was also examined 

optically and by scanning electron microscopy. 

The effect of the hot pressing environment on blanks 

preoxidised in the fluid bed was studied by heating them through 

typical. hot pressing cycles at different temperatures. Weight 

Cltctllbý'=. 111ý'ci6112'etutixLb were cdtte&pttd und su iace layers äiidiji-Gd 

by electron metallography. 

Surface bonding studies using prepared blanks were carried 

out to simulate the situation occuring between particles in the 

hot pressing environment. Pairs of Armco iron rod samples (8mm. 

diameter by 25 mm. long) were ground flat at one end and positioned 

with the prepared surfaces in contact. The sample was then 

subjected to a static load of 100g. and heated to temperatures 

within the range $50-1000°c. The bonding strengths achieved 

were too low for tensile testing and a modified impact test 

was devised. A sample was subjected to an impact load on a small 

plastic testing pendulum type apparatus and a measure of bond 

strength, via impact resistance, was obtained from the dial 

reading. Bond strengths of oxidised blanks were obtained in 

a similar way.. (Because of the blank size these specimens were 

oxidised by air in a muffle furnace at 1+00°C). 

2.10. Studies on Magnetite Powder (Fe304) 

Since an oxide film on the iron powder was found to markedly 

affect consolidation characteristics some sintering experiments 

were carried out on magnetite powder, to obtain complementary 

information on diffusion within the oxide. Sintering was performed 

under vacuum, in the hot press. Graphite dies, with and without 

copper linings were used. Volume changes were measured by 

dimensional analysis to ± 7'%. Sintered samples were ground in a 

pestle and mortar for examination by X-ray diffraction. Cold 
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press/sinter was attempted but the powders' green strength 

was too low to allow successful compaction. 
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3. EXPERIMENTAL RESULTS.. 

3.1 Powder Analysis. 

The chemical composition and physical properties of the as- 

received powder (Häganäs HC 100.25) are shown in. Tables 3.1 

and 3.2 respectively.. Results indicated a low level of elemental 

conLauiinat. iuri (all except. S and Mn were less than 100ppm ) 

and a large specific surface area (0.090 m? gm'1).. 

Certain powder pretreatmenta were found to alter the 

apparent and tap densities (Table 3.3) but only milling had 

a marked effect.. Ball milling for 60 minutes increased the 

apparent density from 2.70 to 3.3014g m-3. Sieve analysis (Fig3.1) 

studies again showed that only milling had a marked effect 

on particle size distribution. Ball milling for 60 minutes 

reduced the average particle size from 66µm to 48µm.. 

Hydrogen-loss measurements (Table 3.4) were used to estimate 

the surface-oxide thickness (138) for powders preoxidised at 

1+00°C in the fluid bed; the results are shown in Fig-3.2 

(Appendix. 
-1).. The maximum oxide thickness studied, after 40 

minutes at 1+00°C, was 200 nm (2000 AU)" Estimates of surface 

oxide thickness on wrought iron blanks were also made fron} data 

of Hussey and Cohen (139) for comparison purposes.. 

X-ray diffraction studies were unable to detect the presence 

of oxide on powder preoxidised in the fluid bed at 2500C for- 

up to 85 minutes even though the surface colour indicated 

oxide thicknesses (140) of up to N 100 n m. (1000AU). X-ray 

diffraction studies of powder preoxidised at 400°C indicated 

the formation of magnetite (Fe30k) after 10 minutes at 

temperature (Fig-3.3. ). Continued preoxidation up to 40 minutes 

at temperature still showed the presence of magnetite;, no 

ether oxide phases of iron were detected. 



ELEMENT % 

C 0.010 

P 0.008 

S 0.011 

Si 0.009 

Mn 0.014 
Al 0.009 

Ti 0.007 

Cr 0.008 

Ni 0.006 

Cu 0.005 

Mo o.. 006 
H2 Loss 0.. 180 

Fe Balance 

Table 3.1 Chemical Composition of As-received Powder 

Apparent Density 2.. 70 Mgm 3 

Tap Density 3.. 29 - ligm7-3 

Specific Surface 0.09 m2g'l 

Flow Rate (Hall) 28.. 5 sec 50g'1 

Table 3.2 Physical Properties of As-received Powder 



Pretreatment 
Apparent 
Density 
(Mgn-3) 

Tap_. x 
Density 
(Mem-3) 

As-received powder 2.70 3. 
"29 

Preoxidised 10 minutes (400°C) 2.76 3.42 

Preoxidised 25 minutes (400°C) 2.79 3.49 

Preoxidised ' 40 minutes (4000C) 2.81 3.52 

Vibratory milled (15 minutes) 2.93 3.62 

Ball milled (30 minutes) 3.24 4.08 

Ball milled (60 minutes) 3.31 4.12 

Ammonium chloride (1000 ppm) 2.. 74 3.34 

Zinc stearate (1000 ppm) 2.. 82 3.44 
Calcium flouride (1000 ppm) 2.72 3.28 

Table 3.3 Effect of Pretreatment on Apparent and Tap Density 

Powder Hydrogen Loss (10.01/) 

As-received 0.18% 

Preoxidiced 10 minutes 1.. 39% 

Preoxidised 25 minutes 2.11% 

Preoxidised 40 minutes 2.50'1 

Table 3.4 'Hydrogen-loss Analysis of Powder 

Pre-oxidised at 4OO0C in the Fluid Bed 
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" Transmitted light micrographs showed the angular nature of 

the as-received powder (Fig. 3_4a) and also revealed the reduction 

in-particle size by 60 minutes ball milling, (Fig. 3.1tb). A 

powder interior section (Fig. 3.4c) showed numerous internal 

voids and etching revealed that most powder particles were 

('. i. -. j. 4d' 

Scanning electron microscopy showed the as-received powder 

(Fig. 3.5a) to- consist of irregular, smooth cornered particles.. 

Numerous internal voids were revealed which probably accounts 

for the low apparent density and large specific surface area of 

the powder. Micrographs of preoxidised powder (up to 40 minutes 

at 400°C) show a similar overall shape (Figs. 3.5b-d) but with 

the oxide conferring a spongy surface coating. Oxidation. also. 

resulted in grain-boundary grooving on individual powder particles. 

3.2 Effect of Temperature on As-received Powder. 

3.2.1 Loose Powder Sintering. 

Upset crushing loads were determined for compacts sintered 

in argon and under vacuum and the data is plotted in Figs. 3.6a 

and 3.6b respectively. Times of 30 and 90 minutes at temperature 

were used. This data shows that an overall increase in bond 

" strength is produced with increasing tezperature, 'bat that s 

marked change in. slope occurs between 9000C and 9500C, that is, 

through the a -Y phase transformation. The major increase in bonding 

was found to occur during the first thirty minutes of sintering.. 

For example, at 950°C in vacuum the extra 60 minutes sintering 

only increases the crushing load from. 1.34 kN to 1.80 kN.. Similar 

trends were found for sintering in both argon and vacuum environments, 
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> 3.2.2. Cold Press and Sinter. 

Green. density was found to increase with increasing 

compacting pressure (Fig-3-7), a trend which is reflected in 

increased ejection loads (Fig-3.8). A compacting pressure of 

35014. t tai2 producing a green density of 6.22 Zig m2 (76% theoret- 

. 1. Cal 
_w 

a' uoc%. 
Lair 

all 
. 

he 
UMýi L7 li lý1A ý+LfV výivt. i. ý+ºVºstU" 

Results for compacts sintered 45 minutes at temperature were 

similar whether in argon or under vacuiim. Volume change during 

sintering (shrinkage) generally increased with temperature 

(Fig. 3.9) except for a slight fall around the temperature of 

the a-Y phase transformation (0.8% to 0.82%). 

Radial crush tests were performed on machined annular rings 

and the load-deflection curves obtained are illustrated in Fig-3.10-- 

The maximum radial crush strength was increased with sintering 

temperature (Fig. 3. lla) and, in contrast to measured volume 

changes (Fig. 3.9), showed a continued rise on. passing 

through the a-Y transformation temperature, (172 MN m2 at 

900 ° to 186 MN m-2 at 950°C). Elongation (Fig. 3. llb) and 

toughness (Fig. 3. llc), as estimated from the load-deflection 

curvet, botIX doubled in value on passing the transfomation 

temperature whereas hardness (Fig. 3. lld) revealed little 

change. 

The microstructure of the samples was first examined by 

reflected light microscopy. Results in Figs. 3.12a-f show 

enhanced grain growth occurred during sintering in the Y-phase 

field (Temp > 910°C) but not at lower temperatures. Similar 

observations have been reported by Forsc (141) after sintering 

of sponge reduced powder. Pores were more rounded in the Y -phase 

sintered samples and in some places appeared to be isolated 

from any grain boundary. 
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Scanning electron micrographs taken from the fracture 

surfaces of the radial crush test specimens are illustrated 

in. Figs 3.13a-f. It can be seen that powder compacts show little 

ductile deformation when cintering was carried out in the range 

800°C-900°C. Some ductile dimple fractures are visible in samples 

which had been sintered in the Y-phase, where higher inLer- 

particle bond strengths and increased radial crush strengths 

were apparent. However the enhanced grain growth observed in 

the reflected light micrographs is not readily discernable 

in the scanning electron micrographs. 

3.2.3 Hot Pressing. 

Hot pressing experiments in vacuum (6. 
-7 x 10-3Hm 2) 

using 

as-received powder were performed at temperatures in the range 

650-1000°C at 50°C intervals. The majority' of the pressings 

employed a presinter holding time of 30 minutes before 

application of pressure. 

The effect of temperature on consolidation under applied 

pressures of 10 MN m2 and 25 MN rä-2 is shown in Figs 3.11}a 

and 3.14b. A marked reduction in consolidation is apparent 

when temperatures above the a -Y transformation (910°C) are 

used, an effect which is clearly revealed in photographs (Fig-3-15) 

of the final compacts. This consolidation data is replotted 

against temperature in Fig 3.16. The large amount of consolidation 

that occurs in the first fifteen seconds of the compaction . 

cycle compared to the remaining period is particularly well 

illustrated. When the ratio:... consolidation in first 15 seconds/ 

total. consolidation) is plotted against teiperature(Fig. 3.17), 

this effect is seen to be more marked for the larger applied 

pressure (25 MN m-2). In comparison jig. 3.18a shows that load 
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Fig. 3.15 Effect of a-Y transformation on 

Consolidation during Hot Pressing 
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