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SUMMARY 

The main factors controlling the mechanical properties and 

dimensional stability of sintered iron base alloys are discussed 

in detail in the literature review of this thesis. From this, 

the need to examine in detail the iron-carbon-copper-nickel system 

is established. In order to clarify the industrial aspects of 

the project, the review also contains a description of the basic 

stages in the ferrous powder metallurgy process, and is concluded 

with a cost analysis containing a detailed breakdown of the costs 

involved in producing a component by the powder metallurgy route 

and by machining from bar stock. 

The experimental werk was planned statistically, using a 

factorial design. The object was to determine the significance 

of the effect of alloy composition and as-pressed density on the 

strength and dimensional stability of sintered iron-carbon- 

copper-nickel alloys, prepared from pre-mixed elemental powders. 

The magnitude of the significant effects has also been determined 

using multiple regression analysis. 

The importance of as-pressed density in determining mech- 

anical properties, is confirmed. A number of main effects and 

interactions between variables, particularly between alloying 

elements, appear to have a significant effect on strength and 

dimensional stability during sintering. The multiple regression 

equations obtained are complex since they contain a number of 

interaction terms and the magnitud: of the effect of each vari- 

able, particularly alloying elements, is highly dependent on the



levels of the other veriables. A second regression analysis 

was made using the results obtained from alloys of "commercial 

significance’. Thus, the highly alloyed materials were excluded 

on the basis of poor properties and expense. 

Mechanisms involved in strengthening and dimensional control 

are briefly discussed to illustrate that there is some agreement 

between the effects observed from this investigation and those 

proposed in published literature.



INTRODUCTION 

The powder metallurgy process is by no means a new technique 

and early examples of its use date back to the Egyptians who pro- 

duced iron implements by reducing iron ore with charcoal and forg- 

ing the resultant sponge iron to the desired shape. Cne of the 

most outstanding examples of the early use of powder metallurgy 

is the famous Dehli pillar in India. This piller weighs approxi- 

mately six and a half tons ard was made in 300 BC by joining 

several blocks of reduced iron ore. 

As high grade iron and other metallic ores were discovered 

in large quantities, extraction, melting and casting techniques 

were developed. In tre early 19th Century, many metallic ele- 

ments could be extracted in the powder form by chemical neans, 

and there was considerable interest in the consolidation of these 

powders, especially those which could not be melted. Thus, the 

real foundation of the powder metallurgy industry was the work of 

Viollaston | in Ingland and Sobolevskie in Russia who, in the early 

19th Century, produced platinum ingots from platinum powder. 

This was followed in the 1920's by the work of Coolidge® who pro- 

duced ductile tungsten wire for incandescent light bulb filaments 

by sintering tungsten briquettes and repeatedly hot working the 

metal until it was sufficiently ductile to be drawn at relatively 

low temperatures. 

Following these early uses, the renge of applications grew 

such that prior to World War II powder metallurgy techniques were 

applied to the production of:



4. sintered refractory carbide dies used mainly for 

the drawing of tungsten wire, which soon devel- 

oped into the production of cemented tungsten 

carbide for cutting tools, rock drills, etc. 

ii copper-graphite bushes for electric dynamos and 

motors 

4ii self-lubricating bronze and iron bearings 

iv porous metal filters 

v small engineering components 

Throughout this period, the emphasis was on the production of 

sophisticated multiphase systems which were difficult to produce by 

other techniques rathe: than the mass production of components from 

relatively simple metallic systems. 

Since the war, there has been a major development in the use 

of powder metallurgy techniques for the manufacture of engineering 

components for it was soon realised thet certain shapes could be 

produced more efficiently and cheaply by powder metallurgy tech- 

niques than by the conventional casting, forging and machining 

route. Traditionally, powder metallurgy parts were simply space 

fillers since there was a lack of confidence in components which 

contained pores and generally had a much lower strength and duc- 

tility than similar wrought or cast components. However, this 

lack of confidence was overcome by assessing the performance of 

sintered perts on the basis of service and simulated service tests 

rather than the interpretation of mechanical property test results.



Increased confidence in the use of sintered components, com- 

bined with a greater appreciation of the advantages of the powder 

metallurgy process, has produced a rapid expansion of the component 

industry. The most significant growth has been in the field of 

iron base components and Figure 1 shows the growth of this industry 

and the annual production of iron powder in the USA since 1950. 

No detailed information concerning the volume of the UK iron 

powder parts industry has bean published, and both component manu- 

facturers and the British Metal Sintering Asseciation are extcemely 

reluctant to provide any useful statistics. However, several 

estimates have been reported and it appears that the UK production 

01 sintered parts is three to eight years behind that of America.’ 

A detailed quantitative analysis of the UK industry has been pre- 

sented by Derry and teak! who claim that the UK consumption of 

iron powder parts is six years behind that of the USA. However, 

this analysis is based on extremely limited information concerning 

the UK position in 1965 and comparisons between the two industries 

are based on per capita consumption and estimated consumption by 

the motor industry. The main reasons suggested for this esti- 

mated lag are a greater appreciation, in the USA, of the economic 

advantages of the powder metallurgy technique, particularly with 

regard to labour utilisation, and the availability of larger 

presses. The component industry accounts for the majority of 

iron powder consumption and its share of the total US iron powder 

market has grown from 59% in 1962 to > 70% in 1969, the remain- 

der being used in magnetic and electronic appliances, welding 

electrodes, etc.
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The largest consumer of powder metallurgy parts is the motor 

industry which accounted for ~60% of the total US component pro- 

duction in 1965. However, due to the increasing use of sintered 

components in other industries, eg business machines, domestic 

appliances, ete (see Table 1), the motor industry's share of the 

US powder metallurgy parts market decreased to w45% in 197 2 

Although the British industry is lagging behind the Americans, 

the British car manufacturers are well aware of the availability 

of sintered parts, as shown in the BLMC 1100 which weighs ~16 cwt 

and contains 11 lb of sintered parts, viz: 14 1lb/ton of car, com- 

pared with an average Amevican car of almost twice this weight 

containing ~16 1b of sintered parts, viz: ~“10 lb/ton of sane 

  

  

  

  

Table 1 

Applications of Powder Metallurgy Parts in the usa? 

Application 1965 1970 

Motor industry 60%" Lo 

Appliances 16% 18%. 

Farm and garden, hardware, tools 10% 17%. 

Business machines 6% 8% 

Hobby and sport 5% 6% 

Others bt 6% 

Ratio of ferrous to non ferrous 723 632 

{       
 



Originally, powder metallurgy components were limited to 

~sh lb in weight with a maximum cross-sectional area of “2 sqein, 

compared with component weights of 10-50 1b and cross-sectional 

areas up to 50 sqein which are achievable today. The major reason 

for this size limitation was the limited loading capacity of early 

presses which had a load range of 5-50 tons compared with modern 

‘press capacities of thousands of tons. In fact, many early com- 

ponents were compacted on pharmaceutical tableting presses. A 

further consideration was the inferior compressibility of early 

powders arising from the presence of impurities, but improved 

production techniques have resulted in purer, higher quality, 

higher compressibility powders. 

Although advances in alloying techniques and alloy powder 

production have enabled material costr, for specified mechanical 

properties, to be reduced, material costs still form a major pro- 

portion of the final cost of large sintered parts, thus reducing 

the effect of the advantages of the process, and hence the powder 

metallurgy route is usually used to produce large numbers of parts 

weighing only a tew ounces. However, the technique is extremely 

competitive in the production of large complex parts which are 

difficult to produce conventionally and it can also offer con- 

siderable cost savings in situations where extensive machining 

operations, used in more conventional techniques, can be reduced 

or completely eliminated. 

The development of larger loading capacity presses and 

improvements in the purity and compressibility of iro: powder 

have been accompanied by improvements in sintering furnace design



and operation, and in the production and control of protective 

atmospheres. Such developments, combined with improvements in 

the design and operation and manufacture of tools for the compaction 

of metal powders, have enabled powder metallurgy techniques to be 

extended to the large scale production of relatively complex shaped 

components (Figure 2). 

The performance of modern components compares favourably in 

many applications with those made from wrought material, whereas 

the properties of early components tended to te inferior. This 

improvement is a result of: 

a improvements in alloying and heat-treatment techniques 

b the use of new alloying elements 

ce improved iron powder purity 

d attainmeut of higher densities 

Today, it is even possible to produce certain materials by spec- 

jalised powder metallurgy techniques which have superior mechani- 

cal properties to those of the wrought material and strengths of 

the order of 100 tsi (1544 MN /m@) can be achieved in sintered alloy 

steels. High levels of ductility and toughness can also now be 

achieved and hence old ideas of completely brittle and fragile 

powder metallurgy materials are no longer valid. 

These improvements in mechanical properties have also been 

accompanied by improvements in the control of the dimensions of 

sintered parts and the dimensional accuracy of modern components 

is comparable, and in many cases superior, to that of parts pro- 

duced by other precision forming techniques, eg precision casting,



Typical Powder Metallurgy Parts 

 



machining, cold forging, precision stamping, etc. Tolerances of 

+.001 in/in (+.02 mm/mmn) can be readily maintained and even closer 

control is possible in certain specific dimensions. Unlike some 

other forming techniques, eg cold forging, precision casting, this 

close control of dimensions can be achieved during the production 

of complex shapes, some of which cannot be produced by any other 

technique, without any significant decrease in the production rate. 

The possibility of varying the density of powder metallurgy 

parts provides engineers, designers, ete with an additional and 

unique material property. Porosity, via density, can be closely 

controlled and hence parts such as counter balance and governor 

weights, where controlled weight/density ratio is essential, can 

be easily produced. The damping characteristics of a material 

can also be controlled by controlling porosity. The pores dampen 

mechanical vibration and can in some cases, due to surface bedding- 

in effects when parts are put into service, improve mechanical 

fatigue strength and wear resistance. Improved damping character- 

istics can also lead to a reduction in the noise level of consumer 

goods, such as typewriters. The presence of porosity also enables 

parts to be impregnated with a suitable lubricant and hence the 

application of the powder metallurgy technique in the production 

of sely-lubricating bearing. Medivm strength structural compon- 

ents can also be oil impregnated and hence provide an additional 

self-lubricating property. However, the most obvious effect of 

porosity is that it reduces the weight of the component, giving 

advantage to sintered parts in applications where there are weight 

limitations. Reductions in component weight also increase its 

specific strength, ie strength/weight ratio, and reduce material 

costs.



As far as the future of the powder metallurgy industry is 

concerned, a major increase in the demand for sintered components 

for use in cars and consumer products is expected within the next 

few years. The main reasons for this are that engineers are 

becoming more iamiliar with the use of sintered components and, 

as labour costs rise and become a orestey consideration in the 

total cost, the advantages of powder metallurgy techniques become 

more obvious. 

At the present time, the main areas of expansion appear to be 

in the manufacture of components which are relatively large, geo- 

netrically complex and of high strength. The strength of sintered 

parts can be increased by increasing density, alloying and heat 

treatment. In the past, high densities have been achieved by 

infiltration or repressing after sint-ring but since both of these 

techniques ere expensive, several alternative techniques have 

recently been investigated. Of these, the process of "sinter 

forging", which can produce forged components weighing 10-15 1b 

and of almost 100% density, appears to have the greatest potential. 

It has been suggested that this technique may eventually replace 

conventional drop forging but at least one industrial source, Viz? 

GKN, estimates that at the most only ae15% of the drop forging 

industry will be replaced. At the present time, the technique 

is only at the development stage and a number of economic and tech- 

nical factors have yet to be overcome before the technique is in 

extensive use, viz: 

a The only suitable powder currently available is 4‘. O. Smith 

4600 which is expensive and hence the use of alternative



powders is being investigated. The majority of cost 

analyses that have been carried out are based on a pre- 

@icted reduction in powder price derived from an assumed 

increase in demand. However, there are as yet no firm 

predictions of when this reduction will be forthcoming. 

b Aveilable powder metallurgy equipment, viz: compacting 

presses and tools, sintering furnaces, etc, are in 

relative short supply and it is doubtful, particularly 

in the UK, that present facilities could cope with a 

sadden large increase in demand. 

c Die wear remains the largest unknown feature and is con- 

sidered to be one vf the major factors restricting the 

expansion of the process. 

ad Large amounts of capital are at present invested in con- 

ventional forging equipment and manufacturers are unlikely 

to be enthusiastic about investing large amounts of money 

in a process that could make their present equipment 

obsolete. 

The use of powder metallurgy techniques in the fabrication of 

exotic materials, eg refractory metals, which are difficult to 

fabricate conventionally, shculd expand and as metal powders are 

the end point of some non-ferrous extraction techniques, consider- 

able interest is being shown in the direct fabrication of such 

powders by rolling and extrusion with the intermediate melting 

process being omitted. A powder rolling technique is already in 

use for manufacturing nickel strip directly from nickel powder



10 

extracted from sulphide ore conceltrates. There is also consider- 

able development work being carried out to evaluate the use of 

metal powders for the production of mild steel and stainless steel 

strip. 

The introduction o* sinter forging and powder rolling are 

expected to produce a major increase in the demand for iron pow- 

der and this, in turn, may lead to a reduction in its price, which 

has remained relatively stable for the last fifteen years. How: 

ever, at present, iron powder production is approximately three 

times greater than demand and this serious over capacity must be 

taken up before any price reductions are possible. The possible 

effect of a reduced iron powder cost has been quantitatively ass- 

essed by Zapf? who claims that a reduction to 3.1p/lb (7.5d/1b) 

would enable 20,000 tons of screw machined parts to be replaced 

by sintered varts. He also claims that a further reduction to 

2.9p/1lb (6.9a/1b) would enable malleable irons to be replaced, 

and a third reduction to 2.4p/lb (5.75d/1b) would enable 60,000 tons 

of grey iron castings for the motor industry to be replaced. When 

the price of iron powder is reduced, the production of alloy steel 

structural parts by powder metallurgy will become even more attrac~ 

tive. 

The development of steels for powder metallurgy components has 

generally been limited to manufacturers simply aiming to meet and 

maintain customer specifications. Much of this work has tended 

to be "ad hoc'' and very few comprehensive investigations have been 

carried out. The assessinent of the large number of variables 

within the powder metallurgy process and the determination of



At 

the significance and magnitude of the effect of these variables 

sheng 

on mechanical and dimensional stability would involve a large 

amount of classical experimentation. It is even questionable 

whether all the information required concerning all combinations 

of variables cuuld be obtained. However, it has been shown that 

a statistical approach to this type of problem can provide a reli- 

able assessment of all factors using the minimum amount of prac- 

tical work. The main part of this thesis describes the use of a 

statistically designed experiment, viz: factorial design, to 

determine the significance of the effect of alloy composition and 

as-pressed density on the strength and dimensional stability of 

sintered iron-carbon-copper-nickel alloys prepared from pre-mixed 

elemental powders. The magnitude of the significant effects is 

also assessed using multiple regression analysis.
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THE FERROUS POWDER METALLURGY PROCESS 

The conventional form of the ferrous powder metallurgy pro- 

cess, together with some of the more common secondary operations, 

is outlined in a flow diagram (Figure 3). The four basic stages 

are: 

261 

20161 

Cele 

Celie 

1 Powder production 

2 Fowder blending 

3 Powder compaction 

4 Sintering 

Powder Production 

Iron Powder Production 

Several techniques are used for the production of 

iron powder and these are described in detail in var- 

ious peblacationac’y eos! Some of the properties, 

costs, applications, etc, of various commercial iron 

powders are compared in Table 2. 

Alloy Powders 

fithough the majority of iron base alloy components 

are produced from pre-mixed elemental powders, several 

other alloying techniques are available and Table 3 

compares their use with that of pre-mixed powders. 

Future Developments in 
Powder Production 

Iron powders are economically produced by a number of 

different routes. & high level of control is achievable



FIG3 THE POWDER METALLURGY 

  

  
  

  

  

  

    
  

  
  

  
   

  

PROCESS 

METAL POWDER BLENDING fac 
ADDITIONS 

if 

CONVENTIONAL OTHER COMPACTING 
COMPACTING METHODS 

i : , | Sati haa OR, 

SINTERING | 
ISOSTATIC   

  

PRESS 
ern   

HIGH ENERGY or HIGH 
VELOCITY FORMING 

      
INFILTRATE 

  

  PRESSURELESS MOLD 

REPRESS | pepress- or GRAVITY SINTER 
  OR SIZE RESINTER   SLIP CAST EXTRUDE 

mere         

  

HOT OR COLD FORGE 
OR REFORM 

  

              

  

        
  

  

  

  

SINTERING 

& 
hoi wy. J 

SECONDARY OPERATIONS (IF DESIRED) 

HEAT TREAT PLATE GRIND DRILL MACHINE ea 

OL OR PLASTIC [IMPREGNATE STEAM TREAT OR FORGE 

TAP TUMBLE RUST PROOF     
      
      



Table 2 

Iron Powders 

  

  

  

  

    

: Cost 
Powder Particle : Size Range P/lb Major Manufacturers Powder Properties Applications Characteristics 

New Pence 

Oxide Spongy, irregular 100 mesh 3.8 Hoganas - carbon Good green strength, good | Widely used in UK and USA for components 
Reduced reduction compressibility Cheaper variety used for welding. 

300 mesh 6.3 Pyron - hydrogen Poor compressibility, Not widely used in UK - requires cheap 
reduction shows no expansion when source of hydrogen. Mainly used as 

used to produce Fe/Cu additive to aid control of dimensions 
alloys during sintering. 

Atomised Irregular spheres. 400 mesh 3.8 Hoganas Generally purer than Shares world market with oxide reduced 
Range of sizes, thus 300 mesh 44.6 Quebec Metal Powders oxide reduced powders for component production. 
screening is essential Mannesmann Pulvermatall Suitable for powder rolling. 
and yield is below 100% A. ©. Smith Corporation 

Electro- Dendritic 100 mesh 9.5 George Cohen Pure. Can be pressed to | Production of high density powder 
lytic 300 mesh 14.2 high densities with mag- metallurgy components. Magnetic 

netic properties almost components. 
equivalent to Armco iron 

Carbonyl Uniform spheres Approximately 37.45 International Nickel Pure. Poor flow pro- As an addition to other powders to 
s 5 mesh perties due to fine improve strength and dimensional     narrow range       particle size. Highly 

reactive, hence requires 
lower sintering temp- 
eratures.   stability. Production of magnetic 

dust cores, special alloys and control- 
led thermal expansion alloys. Mainly 
used in research work. 

   



  

Table 3 

Iron Base Alloy Pewders 

  

Alloy Powder 
Powder Production and 

Alloying Technique 
Advantages Disadvantages Applications 

  

  

  

    

Premixed elemental “lemental powders, ie iron and a Good compressibility a Alloying elements limited to C, Production of powder metallurgy 

powders alloying elements, are mixed to- b Liquid phase sintering when Cu and Ni. Elements such as components 

gether, in the desired propor- using Cu Mn, Cr have stable oxides which 

tions, prior to compaction and c Cheaper than 2 and 4 can't be reduced during conven- 

sintering. Alloying occurs by ad Flexible - changes in compo- tional sintering 

diffusion during sintering. sition can be effected without b Inhomogeneous structures, 

powder supply or storage especially when using Ni 

problems 

Pre-alloyed powders | Powders produced by atomisation a Produced homogeneous structures | a Poor compressibility due to Hard facing alloys. Limited use 

of liquid metal containing b Can use elements such as Cr, Mn solid solution hardening during | in component production which 

required alloying elements except atomisation could expand due to introduction 

carbon. Powder is pressed and b Expensive of "sinter forging" process. 

sintered in the normal manner. ec Limited alloy composition range | Future use in powder rolling to 

d Increased die wear produce stainless steel strip 
and other alloy steel strip. 

Partially pre- Mixture of iron powder and alloy- a Good compressibility due tc a Limited alloy composition range | Technique patented by Hogenas.°? 

alloyed powders ing elements or compound contain- limited alloying Potential large scale used in 

ing alloying elements (except b Competitive price component industry since good 

carbon) are heated in a reducing ce Can use Mn and Cr mechanical properties and good 

atmosphere. Diffusion occurs to d More homogeneous structures dimensional stability can be 

a limited and controlled extent. than 1 achieved. Fossible use in 

Resultant powder is then pressed sinter forging. 

and sintered and further alloying 
occurs during sintering. 

Master alloy Non ferrous alloying elements, a Improved compressibility com- a Limited alloy composition range | Used for component production by 

except C, are produced as a pre- pared with 2. some UK manufacturers, Possible 

alloyed powder. Process then b Can use Mn and Cr future use in sinter forging. 

proceeds as for 1. c Competitive price with 1         
  

  

 



gh 

in most of the techniques, thus ensuring consistent 

powder oroperties. However, as the industry expands, 

there is an increasing demand for powders with compres- 

sibilities and purities equivalent to electrolytic 

powder but at a lower cost. Once such powders are 

available, the production of larger components should 

become economically viable and tool wear should be 

considerably reduced. 

In the field of medium strength alloy components, the 

use of pre-mixed elemental powders should continue to 

expand, since apart from producing specified compres- 

sibilities, manufacturers are tooled up for these 

powders and are familiar with their use. Cne of the 

major problems encountered when using pre-mixed pow- 

ders is the control of dimensions during sintering 

and very careful balancing of alloying elements 

required to minimise dimensional change and optimise 

control. 

Hoganas AB, Sweden, have developed partially pre- 

alloyed powders which have not only been designed to 

produce little or no dimensional change during sinter- 

ing, but also overcome the problem of poor compres- 

sibility encountered when using homogeneous pre-alloyed 

powders. 

The use of homogeneous pre~-alloyed powders is at pre- 

sent extremely limited in the component industry due 

to their poor compressibility and the fact that ade-
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quate strength can be produced using elemental powders. 

However, where specialised properties such as corro- 

sion resistance, wear resistance, etc, are required, 

homogeneity is essential and hence the necessity for 

pre-alloyed powders. The major future outlet for 

pre-alloyed powders appears to be in the sinter forg- 

ing process, but it has been dou that very pure 

powders low in oxygen and nitrogen are essential in 

order to attain the required properties, and hence 

new atomisation techniques are being developed to 

meet these requirements. 

Powder Properties 

Several comprehensive reviews of metal powder proper- 

BeIuOA) ond 4 beter Alecia ties have been published 

sion of some of the more important properties is given 

below: 

a Apparent Density 

The apparent density of a metal powder refers to 

the weight per unit volume of loose powder. It 26 

usually expressed in gram/cc and is determined by 

allowing powder to flow into a container of known vol- 

ume and weighing the powder required to fill the con- 

tainer. The fmerican Metal Powders Industries Feder- 

ation, MFIF, have published a series of standard tests 

and their particular standard regarding apparent den- 

sity (MP1 bus) ® involves the use of apparatus shown 

in Figure 4, together with a standard density cup with 

a capacity of 25 cc.



Figure 4 

Apparatus used for Determining the Apparent Density 

and Flow Rate of Metal Powders 

 



15 

For commercially available powders, apparent den- 

sity is generally in the range 20-50% of the theoretical 

density of the solid material. Its value is controlled 

by other powder properties, such as: 

a the density of the powder particles 

b particle size, shape, size distribution 

and surface area 

ce the manner in which the particles are 

packed in the container 

fpparent density is an important powder property 

since it ultimately determines the size of compacting 

tools and the magnitude of the press motions required 

to form powder compacts. It is also an important 

consideration in the choice and design of equipment 

used to transport the loose metal powder. 

For the production of high strength structural 

components, it is generally advantageous to use powders 

with a high apparent density, eg electrolytic (Table 4) 

that produce high green densities. This concept can 

be expressed in terms of the ‘compression ratio', viz 

final density/apparent density, and in practice a low 

compression ratio is desirable since it: 

a reduces the size of the die cavity and 

tooling 

b reduces press motions 

ce permits faster filling of the die and 

hence higher production rates
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b Flowability (Flow Rate) 

The flowability or flow rate of a metal powder 

is usually quoted as the time taken, in seconds, for 

a giver mess of powder to flow through a standard 

orifice. The MPIF standard relating to flow rate is 

MP 43-45° and the equipment used is identical to that 

used for determining apparent density. A standard 

weight of 50 gm of dry powder, weighed to the nearest 

-1 gm, is recommended. 

The significant factor controlling flowability 

is particle size, the smaller the particles the slower 

the flow rate. Metal powder must have adequate flow- 

ability to ensure uniform filling of intricate die 

configurations and to maintain a uniform density dis- 

tribution through the component. 

ad Compressibility 

The compressibility of a metal powder is defined 

as the amount by which powder will densify on the 

application of pressure. One technique of measuring 

compressibility is to determine the green density | 

produced at a given compacting load (BS 3029) but a 

more useful method is to produce a green density- 

compacting load curve (Figure 2. A number of fac- 

tors control compressibility, eg particle size, shape, 

size distribution, chemical composition, plasticity, 

presence of surface films, and in practice a high 

compressibility is desirable since:
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a lower compacting loads are required to 

achieve a given green density, thus 

reducing power consumption and in some 

cases even reducing the size of com- 

pacting press required 

b die life can be improved due to the use 

of lower compacting and stripping 

loads 

c larger components can be produced on a 

given press 

d Green Strength 

Green strength, which is the strength of the 

pressed component, is usually assessed by a transverse 

rupture test (MP 1 13-51 ne and is directly related 

to the as-pressed density of the component. A high 

green strength is desirable to aid ejection of complex 

components containing thin sections and to minimise 

damage of components during handling prior to sintering. 

e Dimensional Change During Sintering 

This can be assessed by comparing the dimensions 

of a standard test piece before and after sintering 

(MP 1 13-51 78 However, this will only give a gen- 

eral indication of dimensional change since the shape 

and size of the part, as well as the composition, den- 

sity and sintering conditions used, have a major effect
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on dimensional change. Hence, a better indication of 

dimensional change during sintering can be established 

by using the actual component instead of a standard 

test piece. 

Dimensional changes during sintering can be allo- 

wed for in the design of the compacting tools but 

close control of the size of the sintered component 

is only possible if such changes are small, viz +1%. 

In order to minimise dimensional change during sinter- 

ing close control of all sintering variables, viz 

sintering time, temperature and atmosphere composition 

is essential, together with close control of alloy 

composition and a minimal density variation within 

the as pressed components. 

f Consistency 

Although consistency is not a specific powder 

property when compared with those discussed above, it 

is of paramount importance to the manufacturers of 

powder metallurgy parts. Variations in the consist- 

ency of powder properties can lead to variations in 

mechanical and physical properties and dimensional 

accuracy, thus resulting in extensive rejection of 

the finished components. Detailed investigations 

have been carried out in America, Germany and Britain 

to establish standard iietal powder testing procedures. 

The American and German standards are compared in the 

Hoganas Hendbook™ and the relevant British Standards 

are BS 3209 and \2590.
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From the above discussion, it can be seen that the 

powder properties reviewed are themselves controlled 

to a large extent by the basic characteristics of the 

powder, ie particle shzpe, size, size sistribution, 

etc. These in turn are dependent on the powder pro- 

duction process used (Table 4) and any subsequent 

mechanical treatment, eg grinding, crushing, etc, 

applied to the powder. Hence, good quality control 

during powder manufacture is essential and detailed 

powder property specifications are required, together 

with stringent testing procedures. 

2.2 Powder Blending 

The main object of the mixing or blending process is to: 

a re-mix vowders which may have segregated after 

transportation 

b produce a homogeneous mixture of metal powder 

and a suitable lubricant 

c produce a homogeneous mixture of elemental 

powders used in the production of alloy 

components 

The most widely used mixers in the powder metallurgy industry 

are double cone mixers, Figure 6. The British Metal Sinter- 

ing Association “ (BMSA) has published a critical review of 

mixing equipment and recent developments in the mixing pro- 

3 

cess and equipment have been reviewed by Scarlett 7



EIG6 DIAGRAM OF A DOUBLE 
CONE BLENDER ~ 

; Qx\S 

ee 
ra (i i a | 

Sed 

WU 
  

         



20 

The determination of optimum mixing time requires careful 

investigation since simply extending it in the hope that this 

will increase homogeneity can result in: 

i work hardening of the particles, thus decreasing 

compressibility 

ii alteration of particle shape, size and size 

distribution resulting in changes in bulk 

properties such as flow rate and apparent 

density, Figure 7 

iii admixed lubricants becoming soft and gummy, 

resulting in agglomeration of powder 

particles 

At the present time, the only satisfactory technique for 

determining when a suitable mix has been obtained is to mea- 

sure properties such as flow rate and apparent density after 

mixing and to assess the performance of the powder mix during 

pressing and sintering. 

Mixing is clearly a very important stage, especially in the 

production of alloy components from elemental powders where 

homogeneity is a significant consideration. However, little 

is known about the fundasentals of the process and its import- 

ance is o/ten overlooked until problems arise at a later stage 

in production.
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Lowder Compaction 

A variety of techniques can be used to compact metal powders 

and these are outlined in Figure 3. However, many of these 

processes have a very limited application in the component 

industry and the majority of powder metallurgy parts are 

produced by cold die compaction. Die compaction readily 

lends itself to automation and mass production and is often 

referred to as ‘'‘the conventional technique’. 

Sete Die-compaction techniques 

The process of die compaction is discontinuous and 

allows pressure to be applied in a vertical direction 

through punches to the powder mass which is contained 

in a rigid die. To overcome the magnitude of den- 

sity variations in thicker parts, pressure is applied 

to opposite faces of the powder bed. This is usually 

achieved using a fixed die and applying pressure from 

both ends, ie via top and bottom punches, or by using 

a die supported on springs so that when pressure is 

applied to the top punch the die also moves downwards, 

ie ‘floating die compaction". Compacting pressures 

used in industry vary between approximately 20 and 

50 tsi (309-722 MN/m=), depending upon the density 

and strength level required. A variety of component 

shapes can be produced using various compaction tech- 

niques and these are described in detail in several 

9 

rublacatione ee A brief summary of a selection of 

die compacting techniques and their applications is 

given in Table 5.
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In Continental Burope, the majority of the components 

are produced using simple presses and a floating die 

system with various punch, die and core-rod movements 

built into a complex tool set. The parts are ejected 

by continuation of the downward motion used to provide 

the compacting load until the part is fully withdrawn 

from the die. This withdrawal system is not widely 

used in the USA, the majority of American components 

being produced on complex double action presses where 

parts are ejected by independent bottom punch motions. 

A number of advantages are sistued” for the withdrawal 

type of tooling and these are summarised below: 

a structural parts having three or more 

different levels in the pressing dir- 

ection can be compacted to a high 

density 

b superior dimensional accuracy in the 

pressing direction can be obtained 

using simple mechanical or hydraulic 

presses than can be obtained with 

similar double acting tools or more 

complex presses 

¢ more rigid and shorter punches can be 

used 

No detailed information concerning the relative appli- 

cation of these tooling systems in the UK component
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industry is available but it appears that the withdrawal 

system is generally favoured for producing large multi- 

level parts requiring the use of large loading capacity 

presses. 

Densification, bonding, 
friction and lubrication 

The processes involved in densification and bonding 

during die compaction are described in detail in 

several publications’??? 10919 The various stages of 

densification during die compaction can be summarised 

under the following general headings: 

a Densification during filling 

b Densification during bulk powder movement 

c Densification due to deformation and fracture 

Stages a and b occur during die filling and the. initial 

application of the load. Interparticle friction is 

overcome under light loads and the particles re-arrange 

themselves to reduce void space until particle locking 

occurs. During stage c sufficient pressure is devel- 

oped at interparticle contacts to break through very 

thin surface oxide films and hence produce cold welds. 

These welds, together with some mechanical interlocking, 

account for the strength of the as pressed component, 

ie its green strength. 

Friction forces between the particles and, in particular, 

between the mass of the powder and the die wall, inhibit 

movement of particles and hence the transmission of pres- 

sure through the powder mass. This, in turn, gives rise
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to density variations within the compact, Figure 8, 

which, if large, can produce startling shape changes 

during sintering, Figure 9. Such density variations 

can be reduced by using a lubricant, and two lubrica- 

tion techniques are available: 

i Admixed lubrication which involves pre- 

mixing the iron powder with the desired 

lubricant prior to compaction 

ii Die-wall lubrication which involves the 

introduction of a lubricant on to the 

die wall before the powder is poured in 

Several investigators have shown that die-wall lub- 

rication is superior in minimising the compacting 

pressure required to produce a specified green density. 

However, at the present time, the technique cannot be 

applied to modern high output presses and hence admixed 

lubrication is widely employed. The most commonly 

used lubricants are paraffin wax, stearic acid and 

various metallic stearates and they are usually in the 

proportion of “1% by weight. 

Elastic recovery 

After the release of the compacting load, elastic 

stresses developed in the compacting direction are, to 

some extent, relieved Lut those normal to the pressing 

direction are not since the component is constrained 

in the die. During the ejection cycle, a stage is 

reached where part of the component is free from the
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die and part is still constrained. The free portion 

expands slightly, due to the release of elastic stress, 

and if the strength of the powder is insufficient to 

withstand this stress release, horizontal laminations 

appear. 

This type of defect can be reduced by a slight radius 

on the upper rim of the die and/or tapering the die. 

However, such precautions are useless unless the com- 

ponent has a sufficiently high green strength. 

2.4 Sintering 

2.4.1 Objects of sintering 

a Consolidation of bonds and densification 

The main object of sintering is to consolidate 

the interparticle bonds produced during pressing and 

thus improve the mechanical properties to a suffi- 

cient level to meet the service requirements of the 

part. This is achieved by heating the components 

for a specified time at a temperature below the melt- 

ing point of at least one major constituent. In the 

case of iron and iron base components, sintering can 

be carried out at temperatures up to 1300°C, but in 

practice, adequate strength can usually be produced 

by sintering at 1120-1150°C for about 30-45 minutes. 

The reason for using this lower sintering temperature 

and a short sintering time are basically economic and 

this temperature (1120-1150°C) is the limit of most
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continuous mesh belt furnaces. Higher temperatures 

necessitate the use of more complex and more expensive 

furnaces, viz walking beam (Section 2.4.5). 

b Formation of alloys 

When a mixture of elemental powders is used, 

alloying also occurs during sintering and in certain 

cases, eg iron-copper, a liquid phase is produced, 

thus accelerating alloying and densification. How- 

ever, using commercial sintering conditions, the 

extent of the interdiffusion is very limited except 

for elements with high diffusion rates such as car- 

bon in iron. When producing iron base alloys con- 

taining varying amounts of carbon, a protective 

atmosphere whose composition, viz carbon potential, 

can be adjusted to maintain specified levels of car- 

bon in the components, is essential. 

The sintering process 

A number of distinct stages which occur during the 

sintering process have been identified and these are 

described in detail in several publicationas? oft 1) 1017 

A brief summary of some of the more important stages 

is given below: 

a Removal of lubricants (dewaxing) 

It has already been pointed out that admixed lub- 

rication is widely used in the compaction of metal 

powders and before sintering can occur, this lubricant
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must be removed. Dewaxing is achieved by slowly 

heating the components to approximately 400-500°C, 

thus volatising the lubricant. If the components 

are heated too rapidly during dewaxing, sudden volat-~ 

ilisation occurs, resulting in severe blistering of 

the components. Dewaxing can be carried out either 

in a batch furnace prior to sintering or in a lower 

temperature zone of the sintering furnace, referred 

to as the dewaxing zone. The latter is generally 

employed in large continuous furnaces but the presence 

of lubricant vapour presents some major problems since 

it may: 

i attack exposed heating elements 

ii react with complex protective atmospheres, 

eg endogas, thus presenting problems in 

controlling atmosphere composition 

iii attack welded joints in muffle furnaces 

In order to minimise such effects, entry ends of fur- 

naces are usually raised to produce a natural draught 

from exit to entry, thus sweeping out most of the 

lubricant va»your. 

b Initial increezse in particle bonding 

As the temperature increases, bonding occurs at 

areas of intimate cont-ict on powder particles and the 

small cold welded areas produced during compaction, 

slowly grow. For these processes to occur, surface



oxide films must be removed, and hence the use of a 

reducing atmosphere in the manufacture of iron base 

components. Local diffusion processes are induced 

at these small welded contacts since they are areas 

of high energy resulting from cold working during 

compaction. 

This stage usually occurs in commercial sinter- 

ing furnaces as the components are being heated to a 

specific sintering temperature and since relatively 

small amounts of material are involved no changes in 

dimensions or significant increases in strength occur. 

However, this initial production of necks results in 

a rapid increase in electrical conductivity, Figure 10, 

and represents an important change in the material 

Since this bonding imparts a high degree of coherency 

to the material. 

c Pore rounding and rapid neck growth 

\s the sintering temperature is further increased, 

the rate of neck growth increases rapidly, thus in- 

creasing mechanical strength, Figure 10. The pores 

gradually change to a regular shape and after pro- 

longed sintering become spherical. There is a gen- 

eral reduction in pore size and to some extent a 

decrease in their number. However, the majority of 

the porosity remains i:terconnected, thus providing 

escape routes for entrapped gases and gases produced 

by metal/protective atmosphere reaction. 4s the
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density approaches 90% theoretical the relative pro- 

portion of closed pores increases rapidly, leading to 

the final stage of sintering, Figure 11. 

Although a reduction in dimensions, ie shrinkage, 

is usually associated with a reduction in pore size, 

large density changes are not generally produced since 

weight loss due to the reduction of oxides also occurs. 

As far as practical sintering is concerned, this 

is the most important stage, since alloying of pre- 

mixed alloying elements occurs, together with rapid 

increases in mechanical strength. In practice, the 

majority of commercial sintering operations are term- 

inated at the end of this stage. 

From this brief discussion, it can be seen that sin- 

tering involves a gradual change in the shape and the 

size of pores. The driving force for this change is 

the excess internal energy of the system above equi- 

librium requirements for a specified temperature. 

Energies contributing to this driving force include: 

excess grain boundary energy, excess lattice energy 

and the surface energy of the pores. Swall irregular 

shaped particles have a large excess energy, ie driv- 

ing force, resulting in a rapid increase in strength 

with increasing sintering temperature, Figure 10. 

However, extremely fine powders have a limited appli- 

cation in the production of components since they are 

expensive to produce and have poor flowability.
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The rate of increase in mechanical properties gradu- 

ally falls off with increasing temperature, ie follows 

an exponential function, and this is a result of a 

decrease in internal energy and hence driving force as 

the sintering process proceeds. The elimination of 

all porosity is highly desirable but is very rarely 

attempted since extremely high temperatures and long 

sintering times are required. 

Material transport mechanisms 
and quantitative analyses 

The process of sintering involves a gradual change in 

the shape and size of pores and a general reduction 

in their size and number. This requires the trans- 

port of material and several mechanisms have been 

proposed: 

a Diffusion mechanisms: 

a Surface diffusion 

b Volume (bulk or lattice) diffusion 

c Grain boundary diffusion 

b Plastic flow mechanisms which result from 

the presence of surface tension forces 

and the increased plasticity of metals 

at elevated temperatures 

ce Condensation and evaporation. Although 

this has bee. suggested as a material 

transport mechanism, it is unlikely to 

be of significant importance in the
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production of ferrous base materials 

where all the elements have relati- 

vely low vapour pressures at normal 

sintering temperatures. 

Many attempts heve been made to predict and demonstrate 

the influence of the above mechanisms on the various 

stages of sintering and many differing views are held. 

Several quantitative theories have been produced and 

an extremely comprehensive review of these has been 

published by Thummler and Thommas.’ The majority of 

this theoretical work has been carried out using model 

idealised systems, ie spheres, wires, etc, and a large 

number of practical aspects, such as particle size and 

shape variation, deformation during compaction, shape 

and 
Ete. size orientation of pores, surface contamination, 

etc, have been ignored. As a result of this, such 

theories, whilst providing a deeper insight into the 

process of sintering, do not have eny specific prac- 

tical applications. 

Control of dimensions during sintering 

A major consideration in the production of sintered 

components is the control of dimensions and one of the 

advantages of the powder metallurgy process is the 

production of components within close dimensional tol- 

erances, +.0005 in/in (.01 mn/rmm) « It has been 

pointed out that a shrinkage is usually associated 

with sintering, ie pore shrinkage and elimination,
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but this can only be generally applied to single com- 

ponent systems. The introduction of alloying elements, 

when producing components from pre-mixed elemental pow- 

ders, can have a significant effect on dimensional 

change and the general effects of additions of some 

of the more common alloying elements to iron are listed 

below: 

a Carbon - reduces shrinkage 

b Copper - promotes expansion 

ce lhickel - promotes shrinkage 

By careful control and “balancing'’ of alloying elements, 

close control of dimensions is possible. 

A second major consideration in the control of dimen- 

sions is the as-pressed density. The shrinkage pro- 

duced in the sintering of pure iron is inversely pro- 

portional to the as-pressed density since there is a 

reduction in the sintering driving force as density 

increases. Hence, density variations must be avoided, 

especially in multi-height components and in practice 

are usually limited to approximately +1% in the as-— 

pressed component. 

Sintering furnaces 

a Basic requirements 

The basic requirements of a sintering furnace 

are that it should heat the compact at a controlled 

rate to a specified temperature which is maintained 

for a specified time. A protective atmosphere,



  

Table 6 

Comparison of Continuous and Batch Sintering Furnaces 

  

Continuous Furnaces 

  

Mesh Belt Roller Hearth Pusher (Walking beam) 
Batch Furnaces 

  

  

The "green" components are either 
loaded directly onto the mesh belt or 
loaded into trays which are then placed 
on the belt. The endless mesh belt is 
usually made of a heat resisting alloy, 
eg 80% Ni, 20% Cr, and its speed can be 
closely controlled, thus regulating the 
speed at which compacts pass through 
the various zones of the furnace. 

Maximum operating temperature - 1150°C 

Maximum loading capacity - 
10 lb/ft 

Widely used for sintering iron, iron- 
carbon, iron copper and iron copper 
carbon alloys.   

Green components are loaded in trays 
which are conveyed through the furnace 
by a series of driven rolls. Loading 
capacity is 4-7 times greater than 
mesh belt but the system is less reli- 
able and being more complex requires 
more maintenance, etc. 

Maximum operating temperature - 2 
approx 1150°C 

Applications are similar to those of 
mesh belt furnace.   

Components are loaded into ceramic or 
heat resistant trays and are mechan- 
ically pushed through the furnace. 
This system is less reliable and more 
complex than mesh belts. 

Maximum operating temperature - 2 
approx 2000°C 

Applications are mainly high temper- 
ature sintering of Fe-Ni and Fe-Ni-C 
alloys.   

Furnace charge is staionary and hence 
there are no problems in conveying the 
furnace charge. Close control of 
heating and cooling rates is difficult 
and this introduces problems in the 
close control of dimensions. 

Maximum operating temperature - - 
approx 3000 °C 

Furnace through put is slow compared 
with continuous furnaces and hence its 
limited use in the manufacture of sin- 
tered components. The main applic- 
ations in the powder metallurgy indus- 
try are in the sintering of large 
parts, eg brake drums. 
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generally reducing, is also required for the pro- 

duction of iron base components. In modern plants, 

sophisticated instrumentation is required in order 

to achieve the close control of sintering time, 

temperature and atmosphere composition necessary for 

the manufacture of components within close dimen- 

sional specifications. 

b Comparison of continuous and batch furnaces 

Several types of sintering furnaces are avail- 

able = the construction and factors involving the 

final choice for specific applications have been 

reviewed in several wublicskiums ? A brief com- 

parison of continuous and batch furnaces is given 

in Table 6. 

Sintering Atmospheres 

A wide variety of protective atmospheres can be used 

for sintering iron and iron base components and the 

costs and applications of a number of these are out- 

lined in Table 7. 

The most widely used atmospheres in the commercial 

sintering of iron and iron base materials are: 

a Endothermic Gas 

b Exothermic Gas 

c Cracked Ammonia



a indothermic Gas 

The products of combustion resulting from the 

burning of a hydrocarbon gas, eg natural gas, propane, 

and air in such a proportion that external heat is 

required to maintain the combustion reaction are known 

as endothermic gas. In the endothermic range, 

Figure 12, there is a significant increase in dew- 

point with increasing air/natural gas ratio, which is 

useful in controlling the carbon potential of the 

atmosphere since the higher the water vapour and car- 

bon dioxide content the lower the carbon potential. 

This control of carbon potential is vital in sintering 

iron base components containing varying amounts of 

carbon and accounts for the wide use of endothermic 

gas in sintering such alloys. 

b Exothermic Gas 

The products of combustion resulting from the 

burning of a hydrocarbon gas and air in such propor- 

tions that heat is produced are known as exothermic 

Zase The richest exothermic gas is produced at air/ 

natural gas ratios of w6:1, Figure 12, and its com- 

position is such that it is generally reducing and 

can hence be used for sintering iron and iron copper 

components. However, its carbon dioxide content 

makes it unsuitable for sintering iren base compon- 

ents containing carbon.



  

Table 7 

Applications and Cost of Various Protective Furnece Atmospheres 

(Powder Metallurgy Equipment Nanasl) 

  

Sintering Applications Cther Applications 
  

  

  

  

  

    

os é ae Cost* 
Atmosphere 7 Stecls Sica Carburising | Heat Treatment {| Infiltration £/1000 cuft 

Fe Fe-C Fe~Cu-C Fe-Cu = ant ie (Ref ‘ iis otet 

red cere Tee one Fe Fe-C Fe-Cu Fe Fe-C 

HYDRCGEN 

Unpurified “> + oo ©.30. = _ 5.00 

HYDROGEN-~NITROGEN MIXTURES 

1 Dissociated Ammonia Dry + + Nickel Steels + 0.60 - 1.80 

2 Burned Dissociated Ammonia 

Rich Saturated - - - 0.40 - 1430 

3 Direct Catalytic Conversion << 

of Ammonia and Air. Rich . . 0.39 130 

REFORMED HYDROCARBON GASES 

1 Exothermic Rich + + + 0.04 

2 Furified Exothermic 

a Rich + + + + 0.06 

b Medium Rich + + + ” + ‘ + 0.06 
3 Endothermic Gas : 

a Rich Dry + + ~ + + + 0.08 

b Rich Fairly Dry + + + — + + + + 0.08 

ce Medium Rich Saturated + + 0.07 

d Lean Saturated - 0.07 

ARGON 30.00 ~— 35.00 

HELIUM 35.00 —- 42.00 

VACUUM “s                           

* Costs only include materials consumed, eg power, gas, water, etc 

Methane added 
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a 

c Cracked Ammonia 

Cracked ammonia contains 75% hydrogen and 25% 

nitrogen and it is produced by dissociating ammonia 

over a heated catalyst (sponge iron at 520-550°C or 

nickel impregnated pellets). Its applications tend 

to overlap those of hydrogen and it is mainly used in 

the ferrous powder metallurgy industry for sintering 

iron nickel and iron nickel carbon alloysat temper- 

atures of 1250-1350°C. Although some decarburisation 

problems arise when sintering alloys containing carbon, 

these can be reduced by refrigerating and/or chemi- 

cally drying the gas before introduction into the 

Sintering furnace.
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THE MECHANICAL PROPERTIES OF IRON BASE 
PO\.DER MET: LLURGY MaTERTALS 

Tensile strength and elongation of sintered iron base alloys 

are widely reported in published literature and are used extensively 

in mechanical property specifications in the commercial production 

of sintered iron base components. Other mechanical pronerties are 

not extensively reviewed in published literature, but some limited 

fatigue data for a number of iron base alloys is reported. 

The range of mechanical properties, viz tensile strength, 

percentage elongation and fatigue strength, reported in the liter- 

ature reviewed are in histogram form Figures 13, 14, 15. 

respectively. Three main factors control the mechanical properties 

of iron base powder metallurgy components, viz 

Density 

Alloy additions 

Heat treatment of alloy components 

Separate sections of this review deal with each factor. 

3.1 Density 

3.1.1 Effect of Density on Mechanical Properties 

a Strength 

The strength of any sintered component depends upon 

the strength of the individual particles and also on 

the strength, size and number of inter-particle bonds, 

the former is governed vy alloying and the latter by 

the chemistry and density of the system. Figure 16
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shows how the strength of iron and iron base powder 

metallurgy components increases with increasing density. 

b Ductility 

The effect of density on the ductility of iron 

and iron base powder metallurgy components is shown in 

Figure 17. The ductility of pure iron is signifi- 

cantly improved by increasing density, whereas that of 

alloy steel components is only slightly improved by 

increased density. 

ce Fatigue Strength 

The limited information available concerning the 

fatigue properties of sintered iron and iron base alloys 

indicates that fatigue strength increases with increas- 

ing density (Figure 18). 

Techniques Available for Increasing Density 

a Improvements in Conventional 
Pressing Techniques 

i Development of Larger Loading 
Capacity Presses 

The green density of as-pressed components is 

governed by the load applied, the pressing character- 

istics of the powder and the lubrication system used. 

Hence, as the loading capacity of presses increases, 

the size and green density within other limits also 

increases. At the present time, presses of 100-400 

tons are readily available and 1,500 ton presses are
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being manufactured. Some industry sources estimate a 

practical limit of ~ 2,000 ‘eae for automatic mechani- 

cal presses, although one press of 2,800 tons is in 

operation in the USA. The major limitations in the 

applicetion of such presses are the high capital invest- 

ment required and the need to fully utilise the press. 

For instance, a 200 ton Cincinnati press costs 

~ £60,000 and users in the UK are finding great diffi- 

culty in obtaining sufficient parts to fill the press. 

ii Developments in Die Wall Lubrication 

Two lubrication techniques can be used during 

die compaction of metal powders: 

- admixed lubrication, ie lubricant intimately 

mixed with the powder prior to compaction 

- die wall lubrication 

The results of several idctactticons” have shown that 

die wall lubrication is superior to admixed lubrication 

in minimising the pressure required to achieve a given 

green density. Higher densities are achievable since 

there is no lubricant trapped between the powder parti- 

cles hindering the collapse of pores as the pressing 

load increases. The absence of lubricant within the 

compact has a further advantage in that no dewaxing 

treatment is required. 

At the present time, die wall lubrication is 

not widely used in the powder metallurgy industry, 

since no suitable lubricant injection system for use



on modern presses with high production rates has yet 

been developed. 

b Isostatic Pressing 

Isostatic compaction is being applied to powder 

metallurgy and the process is based on the principle 

that when a pressure is applied to a fluid it propa- 

gates equally in all directions, thus producing a 

uniform isostropic force. 

i Cold Isostatic Pressing 

Cold isostatic pressing is usually carried 

out at room temperature using a liquid as the pressure 

transport medium. High uniform densities are produced 

and this in turn results in: 

a reduction in subsequent sintering time and/or 

temperature to produce specific mechanical 

properties 

uniform and controlled shrinkage which in turn 

reduces waste and final machining 

The main disadvantages of the process are: 

low production rates compared with conventional 

techniques 

poor control of dimensions arising from problems 

in packing the powder to a uniform density



ho 

- the flexible rubber moulds used are not suffi- 

ciently rigid to maintain accurate shapes 

whilst being filled with powder 

It appears that, as far as powder metallurgy is con- 

cerned, the major application of cold isostatic press- 

ing will be in the preparation of dense slugs for 

further oleate, particularly in the manufacture of 

extrusion billets of refractory metals. 

ii Hot Isostatic Pressing 

The technique of hot isostatic pressing 

involves the application of pressure through a gaseous 

medium (usually argon or helium) at a temperature high 

enough to cause sintering. Hence sintering and com- 

paction occur simultaneously. The pressure and temper- 

ature can be varied according to the powder used and the 

desired final properties. The process avoids some of 

the limitations of hot die compaction, eg long time 

cycle, expensive die materials, size limitations, etc, 

but there are a number of preliminary operations, eg 

enclosure of powder in a suitable container, which makes 

the process slow and expensive. At the present time, 

the technique has not been fully developed, but it 

appears thet the major application will be in the field 

of refractory metals and ceramic materials.



c High Inergy Rate Forming Techniques 

High energy rate forming techniques are being used 

to a limited extent in closed die powder compaction and 

a number of methods are used to produce the energies 

required, eg pneumatic mechanical (eg Dynapak), explo- 

Sive and spark discharge. The velocities of moving 

rams range from 107 -~2x 40° fps and the pressures 

6 
generated during compaction range from 40° = 19x 10 

psi. The major limitations of the techniques are: 

- excessive punch and die wear due to high 

relative velocities and pressures 

- relatively poor dimensional control 

- low production rates 

- the techniques are very dangerous and require 

extensive safety precautions 

Hence, the technicues are not generally applied to 

materials which can be fabricated by conventional pow- 

der metallurgy techniques. 

i Dynapak 1? 

General Dynamics (USA) have recently developed 

the Dynapak machine. It is claimed that this machine 

produces high green densities and that parts with a 

surface area of four square inches can be produced at 

the rate of 25/30 per minute. <A further advantage 

claimed is the ability of this machine to compact
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materials such as chips and coarse powders which are 

considered uncompressible by conventional techniques. 

fn example of the capabilities of this process is its 

ability to compress a 13'' diameter disc of iron weigh- 

ing 20 lb to a density of 7.2 gm/cc using approximately 

200 x 40° ft.lb of kinetic energy. A 7,000 ton press 

would be required to produce these properties by con- 

ventional compaction. 

ii Explosive Compaction”? 

The process of explosive compaction is very 

simple and requires a small capital outlay compared 

with that required for more conventional techniques. 

Metal powders are sealed in mild steel containers and 

then wrapped in sheet explosive. On detonation, pres- 

sures of up to 5 x 10° psi and lasting only a few micro- 

seconds are generated, thus making the process signi- 

ficantly different from conventional techniques. The 

generation of pressures of this magnitude result in 

complete densification of some materials and there is 

almost no limitation to the size and weight of compon- 

ents that can be produced. A further advantage of the 

process is that no sintering is required. 

This technique has been used for making bil- 

lets and other simple shapes and also for the compaction 

of superalloy and refractory metal powders which are 

difficult to cold press.



ok 

iii Spark Sintering |? 

The process of spark sintering involves the 

application of a high energy spark discharge to a loose 

mass of powder. The powder is contained in an anodic 

graphite mould and the spark, which lasts for 

~1 microsecond, is struck between this and a graphite 

cathcde. During the discharge, ionisation occurs, 

removing oxide films and other surface contaminants 

and fusion occurs between adjacent particles. The 

discharge is followed by a resistive heating cycle and 

compaction takes place at elevated temperatures using 

a static load of -“14,000 psi. The operating cycle 

lasts approximately twelve to fifteen seconds and con- 

trollable densities between 65-99% theoretical are 

claimed. 

At the present time, the technique is applied 

to materials which are difficult to fabricate by con- 

ventional powder metallurgy techniques, ie cold press 

and sinter, such as aluminium, tungsten carbide, 

refractory metals, etc. 

ad Forged Powder Preforms 

This technique involves the hot forging of pre- 

forms, prepared by conventional powder metallurgy 

techniques, in a fully closed die system and is often 

referred to as ‘‘Sinter Forging'', '‘Powder Metallurgy 

Forging!’ end “Powder Forging". The process produces 

high densities approaching 100% theoretical and hence
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a corresponding high level of mechanical properties 

(Figure 19). Apart from increasing density, the tech- 

nique has many other advantages over conventional closed 

die forging, eg 

increased material utilisation 

- reduced machining 

- close weight control 

- superior surface finish 

- superior dimensional accuracy 

The Haller Corporation (USA) has developed a 

sinter forging process known as ure“ | and densities 

approaching 100;) theoretical are claimed, together with 

tensile strengths of up to 300 x 40° psi with an elon- 

gation of 12%. However, no details of alloy systems 

used to achieve these properties are reported. 

e Vibratory Compaction” 

Vibratory compaction is very similar to conventional 

die compection and simply involves the simultaneous 

application of pressure and vibration to a loose mass 

of powder within a rigid die. Although the technique 

produces higher densities for a given compacting load 

than static die compaction, additional fatigue problems 

arise which may result in a signifivant decrease in tool 

and machine life. A further problem at the present 

time is the application of the system to commercial 

tools and presses and it appears that the main appli-
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cations of the technique will be in fabrication of mat- 

erials difficult to press by conventional techniques. 

f Use of High Compressibility Powders 

The density of powder metallurgy compacts is gov- 

erned to a large extent by the characteristics of the 

powders used. One of the most significant properties 

of a metal powder is its compressibility which is defi- 

ned as the amount by which a mass of powder can be com- 

pressed or increased in density. 

The compressibility of a metal powder is enhanced 

by the following: 

- the ability of the powder to deform plastically. 

This is reduced by the presence of impurities. 

- a high internal porosity or a low apparent den- 

sity, although due to its purity and therefore 

ability to deform plastically, electrolytic 

iron powder is an exception. 

- awide range of particle size. 

£ comparison of the green densities produced by 

various iron powders pressed at 40 tsi is given in 

Table 8. 

Electrolytic iron powder is expensive (4 times 

the cost of sponge iron) and users of iron powders have 

tended to use mixtures of sponge and electrolytic to 

reduce costs. However, a number of powder manufacturers



Table 8 
Green Densities of Various Iron belee 

  

  

  

Hydrogen 

Carbonyl | Sponge | Electrolytic Reduced 
Mill Scale 

Density 6.38 

        
  

are now attempting to produce powders with compressibil- 

ities similar to that of electrolytic powder but at a 

reduced cost. 

g Control of Sintering Time and Temperature 

During sintering, densification is achieved by 

increasing the size of interparticle bonds produced 

during compaction, ie elimination of porosity. This 

involves material transport and several mechanisms have 

/ 

been suggested: 

Diffusion mechanisms - surface diffusion, grain 

bouncary diffusion and volume (bulk) diffusion 

- Plastic flow mechanisns 

Condensation and evaporation 

All these processes are time and temperature dependent 

and hence the controlling effect of sintering time and 

temperature on the final density, Figure 20. However, 

it is very difficult to achieve complete densification 

during sintering since there is a decrease in driving
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force as the pores shrink end high densities are only 

achievable by using extreme sintering conditions, ie 

high sintering temperatures and long sintering times. 

This is uneconomical and in most systems adequate mech- 

anical properties can be produced using sintering tem- 

peratures of 4120-1150°C and sintering times of 30-45 

minutes. This temperature range is, in fact, the 

limit of most continuous mesh belt furnaces and higher 

temperatures involve the use of slower, more expensive 

conveyor systens, together with more expensive furnaces. 

h Infiltration 

The most widely used material for infiltration of 

iron base powder metallurgy components is a copper 

base alloy since: 

copper is molten at normal sintering temperatures 

ie 1120-1150°C 

copper has a limited solubility in iron 

no high melting point phases are produced between 

molten copper and iron 

its surface oxide is easily reduced under the 

conditions used to produce iron base components 

Hence, at normal sintering temperatures, there is no 

hindrance to the flow of the molten copper alloy
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The process involves conveying iron base components, 

which may or may not have been previously sintered, 

through a sintering furnace in contact with a copper 

base infiltrant material. The most widely used infil- 

trant is a Cu 5% Fe 5% Mn alloy which has been shown to 

+ 
prevent excessive erosion. The furnace temperature 

is such that the infiltrant melts and is drawn into the 

pores by capillary action. The original iron base 

skeleton must contain interconnecting porosity to 

ensure good penetration, and high densities, 2g 7.5- 

7.6 gm/ec are achieved since the liquid copper simply 

fills up the pores. Some alloying also occurs and 

this can produce improved mechanical properties. 

Infiltration has, however, some disadvantages: 

- two heating operations are required 

- «20 copper is generally used, thus increasing 

the cost and decreasing the control of 

dimensions 

- three pressing operations are often required to 

press the skeleton, the infiltrant and to 

repress (size) the final component 

The technique is rapidly losing ground as a production 

process and is usually limited to applications where 

high strength and ductility are required and where 

manufacturers do not wish to use sintering temperatures 
£ 

greater than ~1150°C.



i Repressing and Witenes (Double Pressing) 

This technique involves pre-heating the green 

components below normal sintering temperatures, fol- 

lowed by repressing and sintering at conventional tem 

peratures (1120-1150°C). The pre-heating treatment 

removes any lubricant present, thus enabling densifi- 

caticn during the second pressing operation. Further 

densification is then achieved during final sintering. 

Examples of increases in density and hence mechanical 

properties produced using this technique are given in 

Table 9. 

Llthough this technique provides useful increases 

in density, it increases the cost of the components, 

since two compaction and two heat treatments are 

required. 

j Repressing 

The density of powder metaliurgy components can be 

increased by repressing after sintering. However, 2 

second die set is required and large compacting loads 

may be necessary when repressing strong alloy steel 

components. In practice, repressing is usually used 

as a final sizing operation where changes in dimensions 

and hence density are relatively small.
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Deedee 

élloying Techniques 

A variety of technicues are available for producing 

iron base alloy components and these are reviewed in 

Table 3. At the present time, the majority of alloy 

components are produced using pre-mixed elemental pow- 

ders since pre-alloyed powders generally have inferior 

compressibilities and are only available in a limited 

composition range. Most of the published mechanical 

property data has been obtained using pre-mixed ele- 

mental powders. 

Alloy Systems 

a Iron-Carbon 

i As sintered mechanical properties 

hechani cal Strength 
The relationship between mechanical strength 

and combined carbon for solid steel and sintered steels 

is shown in Figures 21 and 22 respectively. In the 

case of sintered steels, the sudden fall off in strength 

at .9% combined carbon is mainly due to the formation 

of intergranular cementite. 

ductility 

The increase in strength of sintered steels 

with increasing carbon content is usually at the expense 

of ductility, Table 19,
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Table 10 

2 
Strength and Ductility of Sintered Iron-Carbon Compacts @ 

  

  

, . 7. 
4 C Density ULS. x 107 pst % Elongation 

em/cc (MN /m?) 

oO 6.78 26.4 (182) 20.0 

a2 6.80 28.9 (199) | 12.8 

5 6.78 50.1 (345) 5.0             
Fatigue Strength 
The limited fatigue data available showing the 

effect of increased carbon content on fatigue strength 

is shown in Figure 18. This data indicates that 

increased carbon content improves fatigue strength at 

a variety of density levels. 

ii Alloying Mechanisms and 
Dimensional Stability 

Alloying occurs during sintering by diffu- 

sion of carbon, from the various sources used, eg hydro- 

carbon atmosphere, solid carburising agent or premixed- 

graphite, into the iron lattice. The rate and extent 

of such carbon diffusion is dependent upon carbon con- 

centration gradients, sintering time and temperature 

and hence the controlling effect of these parameters 

on mechanical properties, Figure 23.
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26 
Fig 23 Sintering Time v Transverse Rupture Strength. 
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Strengthening is achieved by the production 

of iron carbide (cementite) which appears in the form 

of pearlite in components which have been slowly cooled 

to room temperature. At sintering temperatures below 

~w1000°C very little increase in strength is achieved, 

Figure 24, since the rate of carbon diffusion and hence 

the formation of cementite is very slow. However, 

above a critical sintering temperature of ~~ 1000°C 

rapid carbon diffusion results in increase in strength. 

At higher sintering temperatures, further increases in 

strength occur due to the conventional stages of sinter- 

ing, ie spheroidisation and shrinkage of pores. 

The dimensional stability of iron-carbon com- 

pacts depends not only on sintering time and temper- 

ature, Figure 25, but also on the type of iron and 

graphite powder used. In general, iron-carbon alloys 

show an expansion during sintering due to carbon diffu- 

Sing into an interotial position in the iron lattice. 

However, porosity is created by carbon diffusion and 

since this increases the total porosity, increased 

shrinkage due to pore spheroidisation and elimination 

may be produced. This increase tends to counteract 

some of the expansion due to Peel carbon and 

accounts for the reduced expansion at higher sintering 

temperatures and longer sintering times.
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Fige 25 Growth of iron-1.5% graphite compacta 
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b Iron-copper and Iron-copper-carbon 

i As sintered mechanical properties 

Mechanical Strength 
Figure 26 summarises the results reported 

by Krante> and shows that the tensile strength of 

iron-copper alloys increases with increasing copper 

content up to ~5% Cu. Beyond this level the stren- 

gth is dependent on density and independent of copper 

content. Cther investigators have reported similar 

effects at copper contents ranging from ho25¢, 

The presence of carbon produces an expected 

increase in tensile strength of iron-copper alloys, 

Figure 27, and a maximum is produced at 5% copper. 

Ductility 
The elongation of sintered iron-copper 

alloys falls rapidly with increasing copper content, 

up to ~ 5; copper and beyond this level it increases 

slightly, Figure 28, The presence of carbon reduces 

the ductility of iron-copper compacts and there is 

little change in elongation with increasing copper 

content, Figure 27. 

Petigie ouncogre 
Fatigue data for sintered iron-copper and 

iron-copper-carbon alloys is very limited and no 

detailed information ccncerning the direct effect of 

copper was found in the literature reviewed. However,
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on 

since up to ~5% copper, with and without graphite 

additions, produces increased tensile strength, cor- 

responding increases in fatigue strength should also 

be produced. 

Figures 29 and 30 show S/N curves for sintered 

steels produced by infiltration and pre-mixed ele- 

mental powders respectively. 

ii Alloying Mechanisms and 
Dimensional Stability 

The sintering of iron copper alloys involves 

the following: 

a solid bonding of iron to iron 

b solid bonding of copper to iron 

c melting of copper 

ad diffusion of copper 

e solution and re-precipitation of 
iron in liquid copper 

The instance at which each of these mech- 

anisms occur and the extent of their occurance is 

extremely complex. at normal sintering temperatures 

copper is molten and diffuses rapidly into the iron 

particles. Iron is also soluble in molten copper 

end some iron dissolves and is re-precipitated. 

The solubility limit of copper in iron is 

about 8% at normal sintering temperatures, viz 1120°C,
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but this decreases rapidly to <.1$° at room temper- 

ature, resulting in the production of a fully dis- 

persed copper precipitate. The faster the cooling, 

the finer this precipitate. 

Iron-copper alloys undergo considerable 

expansion during sintering due to the expansion of 

the iron lattice by the diffusion of copper. This 

expansion has been shown to be of maximum at 8% cop- 

per which is the approximate solubility limit of cop- 

per in austenite at 1120°C, Figure 31. However, iron 

powders are now available which do not show large 

expansion when used with pre-mixed eeciers eg hydrogen 

reduced (Pyron) iron powder, but as yet no explanation 

for this behaviour has been reported. 

The presence of carbon markedly reduces the 

expansion described above and promotes strength incre- 

ases due to the formation of cementite. The exact 

mechanism of growth inhibition is not fully understood 

but it has been suggested that carbon atoms segregate 

at grain boundaries, thus retarding copper diffusion: 

It has also been suggested that the liquid iron-copper- 

carbon ternery eutectic formed during sintering increa- 

ses the amount of liquid phase present and thus causes 

the sintered iron skeleton to yield under residual sur- 

8,9 
face tension and hence undergo a sudden shrinkage.
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Although the possible production of en iron- 

copper-carbon ternary eutectic has been suggested in 

several publications, no direct metallographic evid- 

ence has been reported in vublished literature. 

ec Iron-Nickel and Iron-Nickel-Carbon 

i As sintered mechanical properties 

liechanical Strength 
The tensile strength of sintered iron- 

nickel compacts increases with increasing nickel con- 

tent in the range 0-7)’ nickel, Figure 32. Although 

sintered nickel steels are usually used in the quenched 

and tempered condition in order to obtain maximum 

benefit from the alloy content, increases in as sin- 

tered strength are produced with increasing nickel 

0 Ly . 
content (range,~7/)) and increasing carbon content up 

to .&, Figures 33 and 34 respectively. 

past ree : 
The elongation of sintered iron-nickel 

alloys is a maximum at 2% nickel, Figure 32. The 

presence of carbon reduces ductility at all levels 

of nickel and removes the maximum observed in simple 

iron-nickel alloys, Figures 33 and 34, 

Fatigue Strength 

No fatigue data was found in the literature 

reviewed for sintered iron-nickel alloys. However, 

since fatigue strength generally increases with



Fig. 35 Effect of increased mickel content on mechanical 

properties of sintered iron-nickel - .5% carbon 
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increasing tensile strength, the fatigue strength of 

as sintered iron-nickel alloys should increase with 

increasing nickel content. 

The fatigue properties of sintered iron- 

nickel-carbon alloys have been examined in detail and 

Figures 33 and 34 respectively indicate that fatigue 

strength increases with increasing nickel and carbon 

content. 

The relationship between the fatigue strength 

and tensile strength of sintered nickel steels (ie 

fatigue ratio) is shown in Figure 35 and is the same 

as that produced for sintered iron ie vet. The 

results used to obtain this curve indicate that the 

fatigue ratio is independent of alloy content, heat 

treatment and density. 

ii Alloying Mechanism and 
Dimensional Stability 

Alloying in both systems is achieved by 

solid state diffusion. It has been suggested that 

due to the mechanism outlined below nickel activates 

sintering and thus produces increased strength. It 

is also possible that solution of the nickel leads to 

a solution strengthened structure producing an addi- 

tion of increase in strength. However, the rate of 

diffusion of nickel in‘ o iron is very slow and fine 

powders (average) particle size ~w 5) together with
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Fig 35 Relationship between fatigue strength and tensile 

strength of sintered iron-nickel-carbon alloys | 
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a high sintering time (1-2 hours) are required. 

Carbon enhances strength as in plain carbon steels. 

During sintering iron-nickel alloys undergo 

excessive shrinkage and the extent of shrinkage is 

mainly dependent on the nickel content, Figure 36, 

although sintering time and temperature have a con- 

trolling effect. Attempts have been made to explain 

the mechanism by which such shrinkage occurs, and it 

has been suggested that it is a result of diffusion 

porosity, created by nickel diffusing into iron, being 

ae 
eliminated during sintering. The effect of carbon 

on such shrinkage in iron-nickel alloys is not well 

established and it has been reported independently 

2g 
that carbon additions both reduce and increase 

shrinkage.” 

ad Iron-Nickel-Copper and 
Iron-Nickel-Copper-~Carbon 

i As sintered mechanical properties 

Mechanical Strength and Dustility 
  

The tensile strength and elongations of var- 

ious iron-copper-nickel alloys with and without gra- 

phite addition are shown in Figure 37. The strength- 

ening effect of copper and nickel is claimed to be 

more than additive but the presence of copper impairs 

ductility, eg 5% Cu - 2.5% Ni and 5% Ni - 2.5% Cu have 

similar tensile strengths but the higher nickel alloy 

has a superior ductility, ie 3.4% compared with 2.2%.
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The addition of carbon to these alloys produces an 

expected increase in tensile strength but at the 

expense of ductility. 

No fatigue data was found in the literature 

reviewed for these alloys but since the presence of 

such alloying elements increases tensile strength, 

fatigue strength should increase accordingly. 

ii Alloying Mechanisms and 
Dimensional Stability 

Alloying occurs by diffusion and without 

carbon additions strengthening is achieved by the 

production of a solution hardened structure. Carbon 

further increases strength due to the production of 

cementite. Alloying is enhanced by the presence of 

liquid copper and good mechanical properties can be 

produced by sintering at 4120-1150°C for 30 minutes. 

Iron-nickel-copper-carbon alloys show a wide 

range of dimensional change during sintering and this 

can vary, depending on the alloy composition and sin- 

tering conditions used, from an expansion to a shrink- 

age. By careful control of alloy composition and 

sintering conditions, it is possible to produce com- 

pacts which show no dimensional change during sinter- 

ing. It has been suggested that in such systems, the 

expansion due to copper is simply balanced by the
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shrinkage due to near” but no attempts have been 

made to predict or investigate the precise mechanisms 

involved. 

e Jron-Copper-Tin 

i As Sintered Mechanical Properties 

Figures 38, 39 and 40 summarise the results 

of the limited work that hes been carried out to 

investigate the factors controlling the mechanical 

properties of sintered iron-copper-tin alloys. The 

results obtained by pike Figure 38, indicate a 

maximum strength et a copper-tin ratio of 60:40 and 

a total alloy content of 5%. The results obtained 

by Kothari?” Figure 39, indicate maximum strength 

at an alloy content of 10) using a 9:1 Cu:Sn ratio, 

Figure 39 also shows that superior properties are 

produced at this alloy level when using elemental 

copper and tin compared with a pre-alloyed bronze 

powder. 

ii Alloying and Strengthening Mechanism 

Published venulte’™ indicate that strength- 

ening in this system is achieved at low sintering 

temperatures ~1000°C and short Sintering times 

010 minutes. The mechanisms involved are not fully 

understood but it has been suggested that the pre- 

sence of tin, in solid solution in iron, influences 

surface energy end hence the rate of self-diffusion
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of. iron. 

The limited information concerning dimen- 

sional change indicates an initiel expansion which 

decreases with increasing sintering time. The 

expansion of Fe/Cu/Sn is due to solution of Cu/Sn 

and the reduction in expansion at extended sintering 

time is due to increased shrinkage due to normal pore 

size reduction contracting the solution expansion 

effect. 

f Systems Containing Manganese 

Although manganese is widely used in the pro- 

duction of solid low alloy steels, its use in the 

manufacture of sintered alloy steels has not been 

widely reported and only two systers are reported 

in detail: 

i Iron-copper-manganese~carbon, produced 

using pre-mixed elemental powders 

ii Iron-nickel-manganese-carbon, produced 

using a partially pre-alloyed powder 

i Iron-copper-manganese-carbon 

The limited mechanical property data 

available for this sys:em is summarised in Table 11 

below.
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Table 11 

Tensile Strength of Various Fe-Cu-Mn-C Alloys 

  

  

Composition (weight 9%) rear “a aa ) 

Cu Mn Peete 

ALY 2.4 04 4 ae ns es 

> 28 Oe 2 hac (332) 

ek ee oa te on 

Ky 204 216 ot ae halk 5)         

Compacts sintered at 4150°C for 30 minutes 

Production Technique and 
ie Strengthening Mechanism 
  

Manganese is not normally used in the form 

of a pre-mixed elemental powder since it has a high 

affinity for oxygen resulting in a viscous, stable, 

oxide film which prevents diffusion of manganese into 

iron. The oxide film is stable even when sintering 

is carried out above the fusion point of manganese. 

However, it has been elained” that if a fluxing agent 

such as a borate or boric acid is mixed with the ele-_ 

mental powders, this oxide film is stripped off at 

conventional sintering temperatures, thus facilitating 

diffusion. Strengthening is achieved in the as- 

Sintered condition by tae production of a solution 

strengthened structure containing cementite in the 

form of pearlite. 
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No information concerning the dimensional 

stability of this system was reported in the patent 

specification. 

ii Iron-Nickel-Manganese-Carbon 

As Sintered Mechanical Properties 
  

This system has been prepared using a parti- 

ally pre-alloyed powder, ie Hoganas - Ancoloy SD - 

1.25% Mn .5% Ni, mixed with the desired quantity of 

graphite prior to pressing and sintering. Limited 

mechanical property data has been published, and 

this is summarised in Figure 41 which shows tensile 

strength and elongation as a function of combined 

carbon content. 

Alloying Mechanism and 

Dimensional Stability 

Alloying occurs by diffusion and strengthen- 

ing is mainly due to the presence of carbon, although 

some increeses are produced by the presence of nickel 

and manganese in solid solution in the iron. Since 

manganese produces a slight expansion during sinter- 

ing, nickel is added in such a proportion that no 

dimensional change occurs during sintering under 

specified conditions.
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g Systems Containing Molybdenum 

i As Sintered Mechanical Properties 

Several molybdenum bearing systems have 

been reported and the limited mechanical property data 

availeble is shown in Tables 12 and 13 below. These 

systems can be prepared using homogeneous or partially 

pre-alloyed powders, but the homogeneous pre-alloyed 

powder has a poor compressibility and produces infer- 

ior fatigue properties. 

Table 12 

Strength and Ductility of Molybdenum Bearing Systems 
  

  

  

  

Produced Using Homogeneous Pre-Alloyed Powas?” 

Sintered fe 2 - 
Composition Density ne) aionee tho 

ehi/oc psi m % 

Fe - .605C ~ 6.5 71 (487.5) 5 
2.ORNi - .50%/Mo 6.8 80 (550.0) 9 

Fe ~ .607-C - 2%Cu - 6.5 75 (515.0) 4 
o507/Ni = .80; Mo 6.8 85 (584.0) 6           
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Table 13 

Comparison of Mechanical Properties of Molybdenum 

Bearing Systems Produced Using Homogeneous Pre-Alloyed 
  

  

  

  

Powder and Partially Pre~Alloyed Powder” 

Partially Homogeneous 
Pre-Alloyed Pre-Alloyed 

Powder Powder 

Composition Cu 1.069% Cu 1.51% 
Ni 1.76% Ni 1.87% 

Mo 053% Mo «72% 
Cc 051% C 053% 

Density gm/cc 7017 7-15 

UTS x 107 psi, 110 412 
(MN/m*~) (756) (770) 

s’ Elongation 2.6 104 

Fatigue limit. x 10° psi 22 18 
(MN/m“) (137.5) (123.8) 

Compressibility at 
60,000 psi compacting 6.6 6.0 
load (gm/ce)           

ii Alloying and Strengthening Mechanisms 

Alloying is achieved by diffusion and the 

major strengthening element is carbon. The maximum 

benefit from the alloying elements is obtained in the 

quenched and tempered condition and molybdenum is use- 

ful in reducing the susceptibility to temper embrittle- 

38 and hence promotes ductility at high strengtn ment 

levels. When used in a homogeneous pre-alloyed powder 

molybdenum enhances the diffusica of carbon.” No 

information concerning the general effects of molybdenum 

on dimensional stability was reported in the literature 

reviewed.
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h Iron-Phosphorus 

The use of sintered iron-phosphorus alloys is not 

widespread since extensive shrinkage occurs during 

sintering due to the formation of a low melting point 

iron-phosphorus eutectic. However, a technique has 

recently been patented” which claims tensile strengths 

of ~ 56 x 40° psi (385 MN/m=) with low shrinkage from 

an iron-phosphorus system. These properties are 

echieved by using a mixture of low phosphorus iron 

powder, ie <.03% P and a high phosphorus iron powder, 

ie up to 3{) phosphorus. It has been suggested that 

the low shrinkage during sintering arises from the 

fact that no eutectic is formed and the phosphorus 

simply diffuses into the iron producing a solution 

strengthened structure. 

3.5 Heat Treatment 

Sintered steels have a similar potenticel for heat treat- 

ment as solid steels and there are basically two types of 

treatment that can be carried out: 

Sy 

a Case hardening 

b Through hardening 

Case Hardening 

The object of case hardening is to increase surface 

hardness and wear resistance whilst retaining to a 

large extent as sintered mechanical properties.
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This can be achieved by increasing the case carbon 

content to ~.8%, ie case carburising, or by intro- 

ducing both carbon and nitrogen into surface layers, 

ie carbonitriding. 

Case carburising of sintered parts presents many pro- 

blems in the control of case depths. At densities 

below ~6.4 gm/cc virtually no control is achievable 

and complete throvgh hardening occurs. Between 6.4- 

7.0 gm/cc case depth is highly dependent upon density 

and it does not become completely independent until 

density levels of 7.0-7.2 gm/cc are achieved. 

Through Hardening 

The object of through hardening is not only to increase 

wear resistance but also to increase the strength of 

the whole section. Two basic through hardening tech- 

nigues can be applied to iron base powder metallurgy 

components: 

a quench hardening of carbon bearing systems 

b precipitation hardening of iron-copper alloys 

a Quench Hardening 

i Problems associated with the 

porous nature of sintered steels 

Quench hardening of sintered steels is 

carried out in a similar manner to that applied to 

solid steels, ie auste:.itisation, quench and temper. 

However, their porous nature introduces some problems:
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Serene rene cnee ey 
Sintered steels have a much lower thermal 

conductivity than solid steels and hence in plain 

carbon steels severe quenching agents are required 

to achieve the critical cooling velocities necessary 

for the production of martensite. However, sintered 

steels also have a poor thermal shock resistance pre- 

venting the use of severe quenching agents and in 

practice plain carbon sintered steels can only be 

produced with a fine pearlitic as quenched structure. 

However, martersitic structures can be obtained in 

sintered steels by using elloying elements such as 

manganese and nickel which reduce the critical cool- 

ing velocity required for martensite formation, thus 

enabling quenching oils to be used. 

Retention of Quenching Media 
  

Since sintered steels are porous, they 

retain some of the quenchant used and hence compon- 

ents quenched in corrosive media require careful 

washing and drying. In this respect, the use of 

quenching oil can be advantageous since it can sim- 

ultaneously serve as a corrosion protection treatment. 

However, Oil absorption can present problems if com- 

ponents require tempering after quenching.
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ii Effect on Mechanical Properties 

In general, through hardening increases 

tensile strength and fatigue strength at the expense 

of ductility, Figures 42 and 43, but final mechanical 

properties are dependent upon tempering temperatures, 

Figure 44, 

b Precipitetion Hardening of 
Iron-Copper Alloys 

i Hardening Technique 

The solubility of copper in @iron falls 

from ro1.4% at 850°C to ~.3 at room temperature, 

Figure 45, resulting in the precipitation of an iron/ 

copper solid solution, ie ¢ which can, if its precipi- 

tation is closely controlled, improve strength. For 

maximum strengthening, alloys are quenched from 

~ 980°C, producing a supersaturated solid solution 

and then reheated, ie aged, under controlled conditions 

thus producing a fine grain boundary precipitate. 

ii Effect on Mechanical Properties 

Precipitation hardening of iron-copper 

alloys has been examined by Harrison and Sixoh and 

Figures 46 and 47 show optimum copper content of 

3~4°’ and an optimum ageing temperature of ~ 500°C. 

Figure 48 summarises the results published in the 

Hoganas Handbook and tiey indicate maximum strength- 

ening at 5% copper.



tuoqred 
%9° 

-
{
a
y
o
T
U
 

A
Y
G
r
q
r
e
s
a
u
B
z
u
e
m
 

Y
G
2
°
T
-
U
o
s
y
 

2
0
/
a
n
2
 

4°9 
A
z
t
s
u
a
g
 

W
o
g
r
e
d
 

A
T
°
-
a
n
p
u
o
m
y
s
 

x
e
[
-
u
o
l
s
y
 

a
0
/
s
u
2
 

6°¢ 
A
y
t
s
u
e
g
 

uogres 
XYST°-wMFeOTyO 

G
e
T
-
U
o
s
y
 

o
o
/
a
m
3
 

2°¢ 
A
y
t
s
u
a
q
 

uogreds 
g{-azaddoo 

Ye-u04T 

2
3
/
e
u
8
 

g°9q 
A
z
T
s
u
e
q
 

u
e
a
x
z
o
 

¥
{
-
a
z
a
d
d
o
o
 

¢Yye~uody 

o
o
/
s
m
3
 

2°¢ 
A
y
z
s
u
e
q
 

w
o
q
r
e
s
 

x
9
°
O
 

m
e
m
u
e
p
g
h
T
o
w
 
A
G
°
~
T
e
N
o
t
y
 

YG° T
-
w
o
r
y
 

2
o
/
s
e
i
 

g°g 
A
q
t
s
u
e
q
 

w
o
q
r
e
d
 

¥
9
°
O
 

e
m
m
m
u
a
p
g
h
{
T
o
m
 

¥G7°-TeR_oFU 
S
*
T
-
u
o
s
y
 

2
0
/
m
a
8
 

{°d 
fz 

{sUeq 

uogseo 
xt{-rteddoo 

xyoOz-uo0Iy 
20/sm8 

9°9 

k£ypsueq: 
uoqgreo 

y
{
~
s
e
d
d
e
o
 

w
,
-
u
o
s
y
 

2
9
/
s
u
d
 

2°9=-9°S 

k
y
t
s
u
a
g
 

woqrteo 
x
{
-
a
t
e
d
d
o
o
 

%/~-douy 

9
9
/
s
u
z
 

(<T 

(cE 

(ot 

(6 (8 

(2 

(9 

(S 

(4 

CtZ 
Saysueq 

wogred 
FT-Uost 

x6 
(€ 

20/su2 

org 
ARysueq 

wogrTed 
Fl-UOlLt 

x
6
 
(2 

o
o
/
a
m
s
 

¢°9 

- 
T°9 

A
z
f
e
u
e
g
 

w
o
g
s
s
d
 

Y
[
-
u
o
l
y
 

46 (
T
 

gaegsaa 
Kotty 

 
 

pazeery 
eazy 

p
a
.
7
2
i
1
u
T
s
 

o
w
 

R
R
S
 
o
a
 

we3efke 
LolTy 

 
 

   

  

  

cue 
tote 

cor 
e
e
 

A
e
 

S
h
 

G
g
 

0 
6 

FO) 

o
F
 

wot} 
~Bv8u0Ty 

"
a
e
 

Hse 
ee 

A
r
e
 

O02 

3 

gs 
: 

se 
\ 

rOS 
“aT 

é 

/ 
' 

00% 

= 
. 

° 
4 

: 
jis 

n 
on 

/ 
a
o
 

/ 
\ 

al 
= 

‘4 
YLogg 

/ 
xX 

4.009 

| 
V 

ee 
a 

we 

-OO0T 

POO? 

q
3
2
u
e
7
3
8
 

iE 

e[tsuey, 
Get 

i 
rOOOT 

OST 
 
 g[993s pezeyuts 

Jo. 
AATTTIONP 

  

woTynsuoTy %



% 
El
on
ga
ti
on
 

  

700, 

600) 

Ay 

500. 

+ 400. 

#300) 
242 

a 
61 200) 
bp 

7 

1004 

Q! Q)   

Fig. 4% Effect of heat treatment on mechanical 

properties of sintered iron-nickel-carbon 

  
    

Carbon content - 0.5% 

Heat treatment - quench from 920°C 

temper 30 mins. at 250 C 

alloys”! 

1004 

8a] : 

604 

A 
Ay 

\ 

aio 

2 
S 

DP 

2a 

6 oe 
0 2 i 8 

% Nickel 

~_. AS Sintered U.T.S. 

ie d U.T.S. ; o- Heat treated U.T Deunity 666 gns/co 

@-© As sintered fatigue strength 

@--© Heat treated fatigue strength 

&—~ As sintered elongation 

4&--& Heat treated elongation



Fig. Li Effect of tempering temperature on 

mechanical properties of oil quenched 

iron-4% nickel-O.4% carbon alloye” 1 
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Fig. 45 Iron rich end of iron-copper equilibrium 
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3.4 Summary 

a The mechanical strength, ductility and fatigue strength 

of iron base powder metallurgy components increase with 

increasing density. 

b A variety of techniques can be used for increasing den- 

sity but many are limited to materials which are diffi- 

cult to compact conventionally. Techniques such as 

double pressing, repressing end infiltration are useful 

but they are expensive and at the present time there is 

a large demand within the component industry for cheaper 

high compressibility powders. 

c A number of techniques are available for producing iron 

base alloy components but the majority are produced 

using pre-mixed elemental powders. 

d The introduction of alloying elements generally increases 

tensile strength and fatigue strength at the expense of 

ductility. The main strengthening element is carbon 

and this, together with copper and nickel, is the most 

widely used alloying element. 

e The addition of alloying elements has a significant 

effect on the dimensional stability of iron base com- 

ponents during sintering. In the iron-nickel copper- 

carbon system it is possible, by careful control of the 

alloy content, to produce expansion, shrinkage or no 

dimensional change during sintering.
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Sintered steels have a similar potential for heat treat- 

ment as solid steels but their porous nature presents 

some problems. As in solid steels, nickel and mangan- 

ese are widely used to increase hardenability.
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4 COST ANALYSIS 
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4.2 

443 

Introduction 

Developments in powder metallurgy technology outlined in 

Section 1 of this thesis, have resulted in direct competition 

between sintered components and components produced by more 

conventional techniques, eg precision casting, machining, 

forging, etc. In some limited applications, sintered com- 

ponents also compete with plastic parts. A detailed 

technico-economic comparison between the powder metallurgy 

process end other numerous competitive processes would 

require a relatively lengthy review which would be inappro- 

priate in this thesis. However, many of the major advan- 

tages of the powder metallurgy process can be outlined by 

considering a cost comparison such as the one presented in 

this section. 

Component ® 

Details of the component, e latch plate bush, are given in 

Figures 49, 50. Originally, the bush wes machined from 

mild steel bar stock on a capstan lathe and hence costs 

involved using this technique are compared with those 

incurred by using the powder metallurgy route. 

Machining Cost 

A breakdown of the estimated costs for producing the bush 

by machining from mild steel bar stock a given in Table 14



Figure 59 

Latch Plate Bush 

  

Figure 50 

Dimensions of Latch Plate Bush 
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Table 14 

Machining Costs 

  

Cost 

(p each) . s 

1 Materials padres 710) 

2 Labour 4.711 
3 FPower 2100 

4 Depreciation 2510 
5 Overheads 5.889 
6 Tools - 106 

13.486 

Total cost per piece - 1325p 

The basic assumptions used in calculating these costs are 

outlined below: 

4 

ze 

Batch size - 25 000 

Total weight of bar stock required for each part - 

222 gm 

Labour cost - 90p/hour (including 14% allowance for 

national insurance, holiday pay, etc) 

Raw material - 12" diameter black bar @ £81/ton 

Capital cost of equipment (Ward Capstan Lathe) - 
£2803.55 depreciated at 63% pa 

Fower rating - 5.5 hp 

Tools - Parting off tools £0.75 each 2090 parts/tool 
Turning tool £1.25 each 25 x 10° parts/tool 
Drills £0.5 each 800 parts/tool 

1 shift system - 1920 hours/year 

Overheads - 125% of direct labour 

A detailed breakdown of the various operations and times 

involved in machining is given in Table 15.
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Table 15 

Breakdown of Machining Operations 

(Works Study Department - Stanton & Staveley) 

  

  

  

  

  

Operation rpm teed ba 
/rev (Minutes) 

Release collet 02 

Bar to stop 09 

Close collet 02 

Index turret for R/bcx -O4 

Turn 1g" diameter 450 2010 256 

Index turret + change speed -08 

Centre drill 209 

Index turret for drill O04 

Drill 57/64" dia hole $" deep 250 -007 056 

Turn 17'' dia change speed ADO ~010 029 

Index tool post 204 

Clear shoulder 150 Hand e  a0e 

Part of bush (rear tool post) 150 005 oS 

Face bar for next bush 150 Hand be 

Actual time 2.61 

Contingencies eee 

Total Time 3.132 

Setting up for machining 40,000           
  

4.4 Powder Metallurgy Costs 

The estimated costs involved in producing the bush as a 

sintered component are outlined in Table 16,
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Table 16 

Sintering Costs 

  

Cost 

(p each) 

1 Materials go02 

2 Labour - 187 
3 Depreciation 2159 
4 Power 2038 
5 Overheads Ee 
6 Tools Sho 

: ae meu} 

1.40. /-2 

Total cost per piece - 1.8p 

Since these costs heve been calculated using a system developed 

for a production unit, a detailed breakdown of the costing 

procedure used cannot be presented. However, some limited 

information is given below: 

a Batch size - 25 000 

b Material - iron, 1): C 

c Density - ~6.4 gm/cc 

a Compacting press - Stokes 100 ton 280G 

e Compacting rate - 1000/hour 

f Sintering - 18" furnace using endothermic 

atmosphere 

g Tool cost - ~ £540 and tool life - ~100 x 40° parts 

h One shift system
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4.5 Discussion of Costs 

a Materials 

Although the basic cost of the iron powder mix used in 

the sintering process is considerably greater than that of 

mild steel bar stock, viz 5.28 p/lb compared with 3.62 p/lb, 

the actual material cost per component is much lower. This 

is a result of 

i a high material utilisation in the powder 

metallurgy route, ie #/95% compared with 

~ 28% by machining 

ii a density of ~ 82% theoretical in the 

sintered component, reducing the weight 

of material required and hence the material 

cost 

The powder mix used in producing this part as a sintered 

component, viz Fe/19C at - density of 6.4 gm/cc, produces a 

UTS of ~14 tsi (216 MN/m@) , which is more than adequate for 

the prevailing service conditions. However, if a strength 

equivalent to that of mild steel is required, a more expen- 

sive powder mix, eg Fe 5%Cu 19C, is required, resulting in 

a material cost/component of av.695p. Even greater strengths 

~ 38 tsi (586 MN/m@) , require the use of a partially pre- 

alloyed powder, resulting in a material cost/component of 

w.912p. However, all these costs are considerably less 

than that incurred during machining from mild steel bar 

stock.
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b Labour 

The production of the bush by the powder metallurgy 

route involves the use of highly sophisticated, automated 

equipment which produces parts more rapidly than the machin- 

ing set up chosen, viz 1000/hour compared with 19/hour, and 

does not require the constant manning of the machining set 

up. The nett result is a much lower labour cost/unit cost 

via the powder metallurgy route which in the comparison 

outlined amounts to a reduction of 4.524p/piece. 

ec Depreciation and Power 

Although the total capital investment and power consump- 

tion is much greater using the powder metallurgy route, 

depreciation and power costs per unit cost are considerably 

less than those incurred during machining. This reduced 

cost is again directly related to the superior production 

rates of the powder metallurgy process. 

d Overheads 

Since the machining route has a high direct labour 

content and a low production rate, overhead costs/unit cost 

are considerably greater than those incurred using the pow- 

ceter metallurgy route. 

e Tools 

Powder metallurgy compacting tools are expensive since 

they are made to extremely close tolerances, viz +.0001" 

(+.003 mm), but relatively good tool lives result in tool
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costs/unit cost being a minor consideration provided orders 

are large enough to cover the life of the tool. In the 

cost comparison, it was assumed that orders were sufficient 

to cover a conservative tool life of 100 x 10° parts, but 

this could possibly be extended to 250 - 300 x 10° by 

regrinding punch faces which, provided orders are large 

enough to cover this extra tool life, would bring the tool 

cost/unit cost, via the powder metallurgy route, to the same 

order as thet incurred during machining. 

Summary 

In this cost analysis, the reduced manufacturing costs by the 

powder metallurgy route are a direct result of high production 

rates, minimum labour content and good material utilisation. 

The compurison also shows how the apparent disadvantage of 

a high raw material cost is greatly reduced by a material 

utilisation approaching 95%. 

The high cost of powder metallurgy tools can be off-set by 

good tool lives, but production orders must be large enough 

to cover this life so thet tool costs/unit cost can be kept 

to a minimum. In order to minimise tool changes and hence 

reduce press "down time'', production batches below ~10 - 

eo = 407 parts per annum are not usually eonsidered economi- 

cally viable. However, much depends on the shape, size and 

properties required from the final part and in many cases, 

especially those where extensive machining required during 

production by more conventional routes can be eliminated, 

smaller runs can be economically viable.
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The limitations imposed by the powder metallurgy process on 

component shape are not highlighted in the cost comparison. 

Features such as undercuts, reverse tapers, threads, holes 

normal to the pressing direction, etc, cannot be produced 

directly during powder compaction and if required the com- 

ponents must be machined after sintering. Although this 

increases production costs, in many cases the savings pro- 

duced using the powder metallurgy route more than compensate 

for this extra cost.
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5 EXPERIMENTAL WCRK 

5e1 Introduction 

The main considerations in the production of sintered 

materials, excluding cost, are the achievement of a speci- 

fied level of mechanical and physical properties, tensile 

strength in particular, whilst maintaining a minimum and 

known dimensional change during sintering. It has already 

been shown that the factors which have a significant effect 

on mechanical strength are: 

i density 

ii alloy composition 

iii heat treatment 

and of these, i and ii also have a significant effect on 

dimensional change during sintering under specified sinter- 

ing conditions, viz time, temperature and atmosphere. 

Hence, the variables chosen for analysis in this study are 

alloy composition and density and the parameters to be 

measured are mechanical strength and dimensional change 

during sintering. Although heat treatment has a major 

beneficial effect on mechanical strength, it has not been 

included since: 

a For economic reasons, the majority of sintered 

materials are used in the as-sintered condition
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b The porous neture of sintered materials presents 

some major problems in maintaining close 

dimensional tolerances and avoiding distor~ 

tion during thermal treatments, and thus in 

practice heat treatment is usually avoided 

whenever possible 

The majority of iron base alloys are produced from pre-mixed 

elemental powders and the most widely used alloying elements 

are carbon, copper and nickel. The qualitative dependence 

of the mechanical strength and dimensional stability on 

each of these alloying elements and the as-pressed density, 

when using relatively simple systems, viz Fe/C Fe/Cu, 

Fe/Cu/C, Fe/Ni and Fe/Ni/C, has been reasonably well rep- 

orted in published literature. However, few attempts have 

been made to quentitatively analyse the effect of alloy 

composition and density on mechenical strength and dimen- 

sional stability. Hence, the object of this investigation 

is to examine the effect of varying density and alloy com- 

position in the iron-copper-nickel-carbon system and to: 

i Establish which variabies end combinations of 

variables have a significant effect on mech- 

anical strength and dimensional change during 

sintering, and 

ii Produce a quantitative assessment of the magni- 

tude of these significant effects



biz Experimental Design 

a Comparison of Statistical (eg Factorial 
and Classical Experimentation 

Statistically designed experiments are gradually becom- 

ing more widely used in technological research, particularly 

in multi-factor (variable) systems. One of the most useful 

techniques is the factorial design, and a brief comparison 

of this technique and the classical type of experimentation 

is given below: 

i Classical Experimentation 

The traditional or classical method of investigat- 

ing the effect of a number of factors on one or more measur- 

able properties is to vary one factor at a time whilst hold- 

ing the remainder constant. Although this is useful in 

indicating the general effects of each variable, it can be 

extremely time consuming and costly, since a large number of 

experiments are usually required when dealing with a number 

of factors, eg in an investigation involving n factors at 

x levels, a @ toval of x" experiments are required to cover 

all combinations, whereas in one involving n + 1 factors, a 

total of x" * 2 experinents are required. A further dis- 

advantage is that there is no indication of what happens 

when more than one factor at a time varies, which is usually 

the case in most industrial situations, nor is there any 

assessment of interactions between factors.
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ii Factorial Experimentation 

This ‘technique involves allowing all factors to 

vary simultaneously in a planned and controlled manner. 

The main advantages of the factorial system are: 

- the maximum amount of information arises 

from the minimum number of experiments, 

- detailed information is obtained about 

interactions between the factors 

These advantages are better outlined by considering 

the following hypothetical experiment which is based on the 

examples reviewed by vote and Browilee = Consider a 

system in which we wish to investigate the effect of varying 

three factors, A, B, and C, from one level, Aas Bra Cry rto a 

second level, A B Coy on = dependent variable x. 
ee 

Classical experimentation involves initially a 

control experiment using level A, B, C, producing a value 

of x denoted by (A, B, C,)x. This is then followed by 

increasing A to A, keeping B and C constant, resulting in 

(A, B, C,)x. Factor B is then incressed to B,, keeping A 

end C constant, resulting in (A, B C,)x, and finolly fac- 
ze 

tor C is increased to C,, keeping A and B constant, result- >* 

ing in (A, Be C..)x. Hence, the effect of increasing each 

voricble can be denoted as shown below: 

1 effect of increasing A (A, B, C,)x - (A, B, C,)x 

2 effect of increasing B C,)x - (A, B, C,)x (A, B, 

(A, B, C..)x ps (A, B, C,)x 3 effect of increasing C
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Clearly, these experiments must be repeated at least once in 

order to obtain a reliable estimate of experimental error. 

Without this, it is not possible to say whether the effect is 

real or simply due to errors in sampling, measurement, etc. 

Hence, a minimum of eight experiments is required and to 

obtain the main effects the mean of two observations is com- 

pared with the mean of two other observations. No infor- 

mation concerning interactions between factors is available 

and hence it is not possible to predict any difference in 

increasing one factor at different levels of the other two 

factors. 

A factorially designed investigation of the above 

situation involves carrying out eight separate experiments 

in order to cover all possible combinations of A, B, and C, 

resulting in eight values of x as shown below: 

Experiment Factors (Variable) Result 

A B C 

4 A, B, C, X, 

2 A, B, C, X5 

: he *s 
4 A, B, C, x), 

5 A, B, C, 5 

6 Ay B, Cc, X¢ 

y A, Bo C., % 

8 A, B, C., Xe 

The main effects are then given by the following: 

i Main effect of increasing A = 

(x, + x, + X¢ + %g) - (x, + Xs + X, + x) 

Ly Lh
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ii main effect of increasing B = 

(x, +X, : x + Xe) “ (x, + X5 + Xe + Xe) 

i 

iii main effect of increasing C = 

(x 
5 
+Xg +X + xg) - (x, + X5 + Xz 

T i; 
Ee x),) 

From this, it can be seen that the main effects, viz effect 

of increasing A, B, and C, are obtained by comparing the 

average of four experiments with the average of four other 

experiments. In the classical design, these effects were 

obtained by comparing the average of two experiments with 

the average of two other experiments. Hence, the factorial 

is twice as accurate as the classical. In order to obtain 

the same level of accuracy in the classical design, sixteen 

separate experiments are required, viz twice as many as in 

the factorial. 

It is quite . possible that the effect of varying 

one of the factors, eg A at the low levels of B and C, is 

different from the effect of varying A at the high levels of 

B and C. Such an effect is known as an interaction and can 

be readily detected and assessed using the factorial approach, 

Table 17. However, interactions are rarely discovered using 

the classical approach unless a large number of experiments 

is used, and ever. then it is possible thet some interactions 

may be missed.



Table 17 

Two Factor Interactions 

  

  

  

  

  

  

Interaction Result 

1 Interaction between A and B Level of B 

B, B, 

Level of A A, X, + Xs Xz + x5 

2 2 

A, X5 + Xe Xp + Xg 

2 2 

2 Interection between A and C Level of C 

C, C, 

Level of A A, X, + Xs Xx. Xp 

A xo x X, +X 
2 2 7 6 8 

2         
The statistical significance of the main effects 

and interactions deduced from the factorial design can be 

readily established using either simple or discriminating 

significance tests. The use of duplicated factorial experi- 

ments considerably increases the accuracy of the results 

which often outweighs the disadvantage of increased experi- 

mentation, particularly when there is little or no published 

information concerning the system under investigation. 

Although the analysis of the hypothetical experi- 

ment outlined earlier is relatively simple, a complete analysis 

of all main effects and interactions of even a simple factorial 

design such as this is time consuming. Hence, the analysis
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of factorial experiments is usually carried out using a com- 

puter which is essential when dealing with complex systems, 

viz more factors and/or more levels. 

b Application of Factorial Design 
to Experimental Objectives 

The system chosen for investigation involves varying 

four factors: 

i as pressed density 

44 2 C 

434° % Cu 

iv % Ni 

and measuring the resultant mechanical strength and dimen- 

sional change during sintering. The limited published 

information concerning this system indicates that inter- 

action between these factors could have a significant effect 

on mechanical strength and dimensional stability, and hence 

the necessity for a factorial design. The range of alloy 

additions chosen, viz: 

% Cu 2 5 8 

% Ni 2 5 8 

are designed to cover the range of alloy additions used 

commercially, and the three levels are used in order to 

detect any nonlinearity. The three levels of density 

chosen, viz 80%, 84% and 88% of the theoretical wrought 

density, cover the general density range employed in the



88 

production of sintered components using a basic sponge iron 

powder, viz Hoganas NC 100 24. Hence the system consists 

of a full factorial examination of four factors et three 

levels, resulting in the necessity for zt viz 81 experiments. 

Accuracy can be further increased by carrying out a complete 

duplicate, which is necessary since little published infor- 

mation is available, thus increasing the totai number of 

experiments to 162. 

The majority of factorial experiments discussed in pub- 

lished literature involve the use of a varying number of 

factors at two levels only and the presence of a third level 

greatly increases the complexity of the analysis. Although 

text books outline the deduction of both the magnitude and 

significance of the results from factorial designs for vari- 

ables at two levels, no details of the analysis of variables 

at three levels is given, and computer programmes readily 

available are only designed to carry out an analysis of 

significance, usually an enalysis of variance. Hence, this 

investigation consists of a duplicated factorial design of 

four factors at three levels from which the magnitude of main 

effects and interactiois shown to be significant, using an 

F test, are deduced using multiple-regression analysis.
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5.3 Design of Test Piece 

Dott 

The dimensions of the test piece used to determine mechanical 

strength and dimensional change during sintering are shown in 

Figure 51. This is not a standard test piece suitable for 

the determination of UTS and would require extensive and 

costly machining in order to produce a suitable shape. 

However, mechanical strength in terms of transverse rupture 

strength, was considered to be more meaningful in this type 

of project, and can be quickly and easily determined using 2 

three point bend test. Transverse rupture strength is 

widely used in the mechanical property specifications of 

sintered meterials, a factor which also influenced the choice. 

The determination of dimensional change simply involves 

measuring thickness, width and length, using a micrometer. 

Experimental Procedure 

a Powders Used 

The iron powder used, Hoganas NC 100 24, is one of the 

most widely used powders for producing sintered, iron base, 

alloys from pre-mixed elemental powders. The type of cop~ 

per, nickel and graphite powder used is listed below: 

Copper - 100 mesh electrolytic - 

supplied by Berk Limited 

Nickel - Carbonyl type 123 - 

supplied by International Nickel 

Graphite - OA Grade - 

supplied by IT. S. Wilson & Co.



FIG.S| DIMENSIONS OF TEST PIECE 
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b Blending 
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The powders were mixed for 4O minutes in batches of 

14 kg to the desired compression, which is given in Table 18 

The container used was a glass jar attached to the driving 

shaft of a double cone blender, One per cent by weight of 

zinc stearate (Fissons technical grade) was added to all 

powder mixes. 

Table 18 

Composition of Powder Mixes 

  

  

        

or Composition a Composition 

4 Fe .3%C 2%Cu 2¢Ni 15 Fe .96C 5iCu SHéNi 

2 Fe .6%C 2%Cu 24Ni 16 Fe .3%C 8%Cu 5fNi 

3 Fe .9¢C 2Cu 2%Ni 17 Fe .6%C 8%Cu SNi 
4 Fe .3%C 5%Cu 2X¢Ni 18 Fe .9%C 8%Cu SXNL 
5 Fe .6%C 5¥Cu 2%Ni 19 Fe .34C 2%Cu 8X%Ni 
6 Fe .96C 5%Cu 22.Ni 20 Fe .6%C 2%Cu 8%Ni 
7 Fe .3%C0 8.Cu 20Ni 21 Fe .9%C 2%Cu 89Ni 

8 Fe .6%C 8%Cu QuNi 22 Fe .3%4C 5%Cu 8%Ni 

9 Fe 09.0 & Cu 2XNi 23 Fe .6%C 5%Cu 8/Ni 

10 Fe .3%C 2%Cu SUNL 24 Fe .9%C 5%Cu 8#Ni 

11 Fe .6%C 2°°Cu 5S¢Ni 25 Fe .3%C 8%Cu 8/Ni 

12 Fe .9/C 2%Cu 5X%Ni 26 Fe .6%C 8%Cu 8%Ni 

43 Fe .3¢C 5%Cu S#Ni 27 Fe .96C 8%Cu 87/Ni 
44 Fe .6%C 5%Cu S¢Ni 
  

c¢ Compaction 

Five test pieces, g'' thick, were compacted at each of the 

desired levels, viz 80%, 84% and 88% theoretical, from each of 

the above powder mixes using a Stokes 

Figure 5e. 

100 ton 280G press, 

From each batch of five test pieces, two were 

measured, viz thickness h, breadth b, length 1, and numbered 

prior to sintering. A green density check was carried out 

using one further test piece leaving two spares in case of 

damage prior to sintering. 

 



Figure 52 

Compaction of Test Pieces on 

Stokes 280 G Press 

 



ad Sintering 

The test pieces were sintered in an FED 6" continuous 

mesh belt furnace for half an hour at 1120°C using endothermic 

atmosphere, Since three different carbon levels were used, 

sintering was carried out in three batches and the dew-point 

of the endothermic atmosphere was adjusted to provide a carbon 

potential equivalent to each carbon level, viz: 

o3%C - dew point required - +10 to +16°C 

~64C - dew point required - Oto +4°% 

-#C - dew point required -7 to -5°C 

After sintering, all the test pieces were measured and 

the percentage change in dimensions was calculated. A check 

was also made on the carbon content of selected samples from 

each of the three batches. 

e Mechanical Testing 

All the sintered test pieces were subjected to a three 

point bend test using two supports 14" (37.5 mm) apart, and a 

centrally applied load provided by an Avery testing machine. 

The load at fracture was recorded and the transverse rupture 

strengths were calculated using the dimensions determined in 

d in the following formula: 

cs ee ens 
Meese sees ss 

bh 

where: P load at fracture 

L = distance between supports 

b = width of test piece 

h = thickness of test piece
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f Computer Anelysis 

The analysis of variance of the mechanical strengths and 

dimensional changes determined as described in e, was carried 

out at Aston University in Birmingham using the Stats Package 

programme on an ICL 1900 computer. The mechanical pro- 

perty and dimensional change data were then prepared for 

multiple regression analysis and the magnitude of the signi- 

ficant effects and interactions was determined, together with 

e 2 2 2 

equare effects, viz (density), (carvon)”, (copper)~, (nickel) 

et 99% significance and 5% significance levels. 

g Metallography 

Sections of test pieces from each alloy system and at 

each density level were prepared for conventional optical 

metallography. Preparation of these samples was difficult 

since their porous nature resulted in retention of the polish- 

ing lubricant and the etchant. Hence, thorough degreasing 

after polishing was required, together with extreme care dur- 

ing etching. All the samples were etched in Picral. 

Selected samples, viz the highest strength system and 

those showing unusual microstructures, were examined on a 

Stereoscan scanning electron microscope, where an attempt was 

made to produce photographs showing both the fracture surface 

and the adjacent microstructure. This involved fracturing a 

polished and etched sample across the etched face and mount- 

ing, prior to examination, so that. the electron beam was 

incident on both the polished and fractured surface.
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These selected samples were also examined on a Microscan 

microprobe analyser, and X-ray patterns showing the distri- 

bution of copper and nickel in rendomly selected areas were 

produced. 

Experimental Results 

a Strength and dimensional change data 

Full details of all transverse rupture strengths and 

dimensional changes determined during the investigation, are 

given in Table 19. 

b Computer analysis of mechanical strength 

and dimensional change data 

  

  

  

  

i Analysis of variance 

Table 20 shows the results of the analysis of 

variance. 

Table 20 

Analysis of Variance 

Variance Ratio 

Effect for each Dependent Variable 

TRS % L % 28 CY 

Nickel 116.1 37.8 99.3 49.6 
Copper 179.8 | 1655.4] 2681.1] 1075.7 

Density 407.5 8.5 97.8 Lo.4 
Nickel x Copper 78.8 68.0} 11741 54.1 
Nickel x Carbon 28.1 11.4 7.9 6.5 
Nickel x Density - 3.9 446 ~- 
Copper x Carbon 24.3 21.4 67.0 28.4 
Copper x Density 485 - 4.2 - 
Carbon x Density - ~ 4.5 * 

Nickel x Copper x Carbon 414 9.1 6.9 4.9             
  

All ratios are significant at 5% and 1% significance levels



Table 19 

Experimentally Determined Transverse Rupture Strength and Dimensional Change 

  

  

  

                  

Eta: we treneverse Dimensional Change 
reen Density - pture Streng 

neers. es (% theoretical) ae a | et ag ° | % OH | & LNB & ZL 

1 4A 80 3 2 2 ies as 0 O 4.13 |. | +3 Ae 443 

“ae 8k 3 2 2 ee ee 0 0 6.17; | 4097 ee 4h 

a. a 88 s 2 2 (eee) (ebay O 0 4.17 | | +647 at 40 

ae 80 6 2 2 ee uae $40 4440 #03 | | 405 2 + 

SSA 84 6 2 é es os -.10 0 4,07 0 ieee oo 445 

- oh 88 6 2 2 one be te 0 -.10 +40 Sane tbo te 

ao. 9) 80 9 2 2 os (ES) 26 0 35) | ee os oa 

a 84 9 2 2 an eae 6 2.56 +205 0 poe ats 

s. OF 88 9 2 2 (8055 (801) 6,26 0 4.08 ae $611 +614 

10 108 80 2 5 2 ae os 41.58  +1.58 41.20 41.36 Mae 44.22 

(148 8h 5 5 2 Pa as 41.70 +1450 41.33 41.38 41.29. 41.37 

12.124 88 3 5 2 (nas taloy 41.78 +198 #1046 41,53 42.17 42.16 

i a 80 6 5 2 (aes eas +1046 41.29 *006 | | 98 +1.01 +.91 

1414 By 6 5 2 mes iat) +1.60 41.80 +.93  +1,01 $1.13 41 

15. 15A 88 6 5 2 a ans #1679 #1..10 +016 | let 2 41007 41 

16 164 80 9 5 Z ant eats 41.80 +270 ea9 | | ohe +611 +409 

17 «7A 8h 9 5 2 oa oa ¥i90- “eda we? || +48 15 ee 

18 184 88 9 5 2 ae ee #269. 4480 +72 | 095 #:79 #475 
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19 

20 

a4 

ne. 

23 

24 

25 

26 

27 

28 

29 

BO 

34 

52 

33 

34 

35 

36 

37 

38 

a 

494 

20A 

21A 

22A 

23A 

24A 

25h 

26A 

27h 

28A 

29A 

30A 

31A 

32h 

33h. 

34A 

35h 

36A 

374 

38A 

39A   

80 

84 

88 

80 

84 

88 

80 

84 

88 

80 

84 

88 

80 

84 

88 

80 

84 

88 

80 

84 

88   ee)       

74.5 
(514) 

98.2 
(676) 

474.9 
(732) 

86.6 
(597) 

108.9 
(750) 

123.1 
(849) 

7923 
(546) 

98.9 
(681 

123.5 
(851) 

67.9 
(468) 

OD. 
(656) 

11461 
(766) 

7769 
(536) 

99-1 
(684) 

123.0 
(849) 

78 4 
(540 

98.8 
(682) 

126.1 
(870) 

69.7 
(480) 

93.5 
(644) 

107 «2 

(739) 

78.2 
(539) 

100.5 
(601) 

112.2 
(704) 

85.5 
(589) 
106.8 
(737) 

124.0 

(855) 

7962 
(546) 

96.8 
(668) 

116.0 

(800) 

For’ 
(504) 

92.6 
(628) 

106.6 
(76) 

74.6 

(514) 

96.1 
(663) 

124.0 
(855) 

89.5 
(616) 

108.5 
(748 ) 

924.1 
(856) 

73-0 
(503) 

94.3 
(650) 

10064 

(745)   

+2.78 

+2.69 

+2.59 

+1.69 

+1277 

+1.79 

+.60 

+80 

+60 

-.40 

~.40 

-.20 

+1539 

+1.39 

+1278 

+2.88 

+2.69 

+2.68 

+1.89 

+1.88 

+148 

+1.00 

+.69 

+.60 

+210 

-.30 

-.20 

+1.09 

+1259 

+1.78   

+1.99 

+2.06 

+2.04 

+1.20 

+1233 

+1.65 

+.17 

+.62 

+270 

-.13 

-.03 

+217 

-27 

+.03 

-.27 

~.17 

+.93 

+1201 

+1.30 

+2.13 

egy 1b, 

+2.06 

+1.20 

+1226 

+1269 

+235 

+.58 

+.70 

-.27 

-.17 

~.05 

+293 

+093 

+1016   

+2.01 

+2.01 

+2.01 

+4415 

+1.26 

aD 

+.20 

+461 

+.68 

205 +
 

=25 

5? 

+291 

+.96 

+1.01 

+1298 

+2.01 

+2.01 

+1215 

+1.30 

+1655 

+.22 

+041 

+.71 

s 295 
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ko 

4 

ke 

43 

ud 

45 

46 

47 

48 

4g 

50 

ST 

52 

53 

5h 

55 

56 

5? 

58 

59 

60 

LOA 

AaA 

Hon 

AA 

bha 

LSA 

LEA 

Lon 

48A 

Lo’ 

50A 

51A 

52h 

53A 

54h 

5A 

56A 

527A 

58A 

59h 

60A   

80 

84 

88 

80 

84 

88 

80 

84 

88 

80 

84 

88 

80 

84 

88 

80 

84 

88 

80 

Bh 

88         

67.6 
(466) 

86.1 
(594) 

9735 
(674) 

70.0 
(482) 

89.4 
(616) 

96.1 

(663) 

59.4 
(409) 

83.2 
(572) 

96.9 
(667) 

S257 
(363) 

65.5 
(451) 

66.0 

(454) 

ho. 
(293) 
56.8 

(392) 

65.5 
(451) 

76.7 
(524) 

105.5 

(713) 

124.3 

(856) 

87.5 
(602) 

108.0 
(744) 

127.0 
(875) 

67.4 
(464) 

83.5 
(576) 

102.5 
(706) 

69.7 
(480) 

91.3 
(629) 

eer 
(674) 

57 «1 
(393) 

89.7 
(618) 

96.9 
(667) 

48.9 
(337) 

63.5 
(437) 

66.8 

(461) 

47 
(317) 

55.2 
(380) 

68.6 
(472) 

81.7 
(570) 

103.5 
(713) 

125.2 
(862) 

86.1 
(594) 

414.2 

(766) 

130.8 
(902)   

+1229 

+1219 

1599 

+1.59 

+1,00 

+1239 

+4415 

+3257 

+3.87 

+2.78 

tT: 42.80 

+2.98 

+239 

+244 

+2259 

+.10 

~~ 30 

-.10 

-.30 

-.30 

+1239 

+1219 

+1259 

+89 

-.10 

~°39 

~.40 

~.50   

+53 

+295 

+1.08 

+227 

+263 

+292 

+272 

+2299 

+2.96 

e510 

+2216 

+2.37 

+1226 

+1.50 

+184 

a, 

-.20 

47 

- 33 

-.15 

+.56 

+.81 

+2.92 

+2.92 

+2.96 

+2.05 

+2216 

+2251 

+1.36 

+146 

+2.20 

~.47 

~.32 

-.20   

+.63 

+.80 

+.99 

+, 30 

+.64 

oot 

+2.72 

+2279 

+2.89 

+2.00 

+2.06 

+253 

+1ec7 

+149 

+1270 

~291 

-.20 

~.06 

~ 251 

a 14 

+261 

+.85 

+.96 

+039 

+264 

+291 

+2.61 

+274 

+2.89 

+1.95 

+2.05 

+2433 

+1624 

+146 

+1267 

-.51 

-.19 

~ 06 

~ 42 

-.31 

~~}? 19 

  
 



Table 19 (Continuetion 3) 

  

  

61 

62 

63 

64 

65 

66 

67 

68 

70 

Cl 

72 

74 

79 

76 

a 

78 

79 

80 

81 

614. 

624. 

63A 

648. 

654 

664A. 

674. 

68A 

69A 

704 

71h 

Pek 

73h 

Phe 

79h 

761. 

774 

784 

794 

804 

SIA   

80 

84 

88 

80 

84 

88 

80 

84 

88 

80 

84 

88 

80 

88 

80 

84 

88   
“9 

e WN 
o AN
 

“9   
hM
 

  

8 

76.5 
(526) 

102.8 

(707) 

19767 
(811) 

67.9 
(467) 

96.0 
(661) 

AG. 4 

(814) 

- 6701 
(463) 

89.0 

(613) 

95.1 
(656) 

72.9 
(502) 

80.4 
(554) 

91.2 
(628) 

65.5 
(452) 

O11 

(558) 

91.7 
(633) 

45.6 

(314) 

59.8 
(413) 

64.4 

(444) 

4h 6 
(308 ) 

52.0 
(359) 

59.8 
(413)   

79.3 
(546) 

102.8 

(707) 

121.3 
(936) 

69.4 
(497) 

96.2 

(662) 

4 15%C 

(794) 

70.8 
(488) 

84.0 
(579) 

95.6 
(659) 

66.9 
(461) 

86.4 
(596) 

95.6 
(659) 

63.5 
(438 ) 

78.0 
(537) 

50.0 
(650) 

47.6 
(426) 

53.8 
(372) 

64,4 
(444) 

43.6 
(300) 

47.7 
(329) 

63.6 
(438)   

-.28 

-.80 

-.40 

+79 

+.80 

+1.00 

+.60 

+1.20 

+1.19 

+40 

+1.10 

+2270 

+2.70 

+3.26 

+2.69 

+2.60 

+3219 

+2.69 

+2.90 

+3.29 

+1.10 

+1.00 

+71.20 

+1.10 

+.80 

+1.69 

+3.10 

+2.97 

+2.89 

+2.60 

+3029 

+240   

+253 

+75 

+,86 

+.27 

+.48 

+73 

+.03, 

+043 

+1.87 

+2.03 

+2.40 

+1.46 

+1.66 

+216 

+295 

+1.43 

+1.89 

+.09 

+033 

+1.87 

+2.03 

42.40 

+1246 

+1473 

+2.19 

+.93 

41.355 

+1288   

+.68 

+2.06 

+1.40 

+1.20 

+2.05 

+
 Oo
 

o
o
 

+1.35 

+1.814 

+1.93 

+2.06 

+1.38 

+1.64 

+2.03 

   



ai 

Si 

Multiple Regression Analysis 

Final multiple regression equations at 5% significance 

level are given below: 

3 

at 

¥ 

TRS = - 397.2 + 5.51 (density) + 37.20 (% Cu) + 45.55 

(, CF) + 184 (9 N47) - 1.49 (% Cu x % Ni) - 5.64 

(6 Cx Ni) - 5.80 (% Cux% C) - .26 (Density 

x % Cu) - .84 (% Cue) 

Multiple correlation coefficient = .959 

Residual error = 6.63 

= 50.4 + 1.002 (% C) + .596 (% Cu) + .066 (% Ni x 

% Cux % C) + .003 (% Ni x Density) + .007 

(Density) wo O37 (% Ni?) ~ 566 (% C x % Cu) - 

146 (9 C x % Ni) - 1.246 (Density) 

Multiple correlation coefficient = .969 

Residual error = .315 

% &B = - 1.074 + .009 (Density x % C) + .006 (Density x 

of QL 

% Cu) + 2003 (Density x % Ni) + .035 (% Ni x % Cu 

x %C) = .032 x (% Ni)© ~ .420 (% Cu x % C) - .087 

(% C x % Ni) ) 

Multiple ccrrelation coefficient = .970 

Residual error = .223 

= = 2.218 + .0003 (Density”) + .4199 (% Cu) + 21205 

(% Ni) + .0312 (% Ni x% Cu x% C) - .0265 (% Na) 

=~ 03533 (% Cu x % C) 

Multiple correlation coefficient = .957 

Residuel error = 255 

* 1.2. Fo-39



95 

A graphical representation (based on these equat- 

ions) showing the effect of varying density, % copper, % car- 

bon and $ nickel on the four parameters measured, viz TRS, 

% 2H, % 2B and % “aL is given on Figures 53 - 68. 

Maximum and minimum points predicted by squared relationships 

were calculated by differentiating partially with respect to 

each specific variable and equating to zero. This value of 

the independent variable was then substituted in the relevant 

equation and maximum or minimum values of the dependent vari- 

able were calculated, 

c Metallography 

i Optical Metallography 

Table 21 summarises the microstructure of the sam- 

ples exanined and the corresponding photomicrographs at 84% 

theoretical density level are shown in Figures 69 - 99. 

There was no significant variation in microstructure with 

varying density apart from reduced porosity. 

ii Stereoscan Examination 

Figures 100 - 103 show the fracture surface and 

adjacent microstructure of the four samples containing trans- 

formation products, and Figure 104 shows a similar view of 

the system showing the highest experimentally determined 

transverse rupture strength, viz Fe .9%C 5%Cu 2éNi, 88% 

density.
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Table 21 

Microstructures 

  

Composition Structure 
  

  

 36C 2%Cu 2éNi 
06%C 2%Cu 26NL 

~9%C 2%Cu 26Ni 

0 36C 5%Ca 26Ni 

6%C 5%Cu 2XNi 

~9%C 5%Cu 26Ni 

~36C 8%Cu 2éNi 
6%C 8%Cu 2kNi 

~9%6C 8%Cu 24Ni 

0 26C 2%Cu SHNi 
26%C 2%Cu SNA 

SKC 26Cu SNA 

0 BHC 5Cu SKNL 
06%C 5%6Cu SNS 

9%C 5%Cu SpNi 

0 2C 8%Cu S*Ni 

6%C B%Cu SNL 

9%C 8%Cu SVNi 

o3%C 266Cu 8)Ni 
~6%C 2%Cu 84Ni 

FC 2%Cu BXNAL 

o3C 5%Cu SKNi 
0660 5%Cu SeNi 

KC HCu BNL 

0 3%C 8%Cu BNL 
6%C B%Cu BYNL 

HC 8%Cu BNL   

Ferrite + pearlite 

Pearlite + some retained austenite 

Ferrite + pearlite 
Very slight undissolved Cu 

Ferrite + pearlite 

Pearlite + retained austenite* 

Ferrite, pearlite + some undissolved Cu 

Pearlite, retained austenite, 
undissolved Cu 

Ferrite + pearlite 

Pearlite + retained austenite 

Ferrite + pearlite 

Pearlite, retained austenite 

Ferrite + pearlite - very slight 
undissolved Cu 

Ferrite + pearlite 

Pearlite, retained austenite, undissol- 
ved Cu*, large needles of either bainite 
or martensite 

Ferrite + pearlite 

Pearlite, retained austenite*, asicular 
baiaite or martensite 

Ferrite + pearlite 

Pearlite, retained austenite*, asicular 
bainite or martensite 

Ferrite + pearlite 

Pearlite, retained austenite*, some 
undissolved Cu, asicular bainite, or 
martensite 
  

* Samples examined on Stereoscan and Microprobe Analyser 

 



Figure 69 

(Mag 180 x 4) 

  

Figure 70 

3EC_57Cu_2HNi 

(Mag 180 x 4) 

 



Figure 71 
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KC 2Cn_ BENG 
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Figure 83 

Figure 84 

(Mag 180 x 4)  
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FC 26Cu_26Ni 
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Figure 93 
GC _8iCu_SANL 

(Mag 420 x 4) 

  
   
  

Figure 94 

4 2B 2 Cu SRNL SN 

(Mag 180 x 4)
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Figure 99 

| 950 B%Cu 885Cu_SKNL 

(Mag 420 x 4) 

  

Figure 100 

KC 8Cu_8e'Ni 

(Stereoscan x. 810) 

 



Figure 101 

2980 876Cu SANS 
(Stereoscan x 870) 

  

Figure 102 

AIC _59:Cu_ BNI 

(Stereoscan x 930) 

 



Figure 103 
GC _2%Cu_8HNi 

(Stereoscan x 930) 

  

Figure 104 

KC _596Cu_SPNG 
(Stereoscan x 700) 
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Figure 106 
F5C_5Cu_QKNi 

. i X-ray x (Ni X 380)  



  

    Figure 107 
296 BiCu_ BNA 
(Cu Xeray x 614+) 

Figure 108 

AKC 8 Cu_BNG 

(Ni X-ray x 614)
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eFC _B6Cu_SENL 

(Cu X-ray x 614) 
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Figure 113 

2G 25 Cu_8/Ni 

(Cu X-ray x 380) 

  

Figure 114 

~4C_2%Cu_ S%Ni 

(Ni X-ray x 380)    
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iii Microprobe Analysis 

Xeray photographs showing the distribution of cop- 

per and nickel in a rendomly selected area from each of the 

five systems above are shown in Figures 105 ~ 114. 

Discussion 

a Combination of Factorial and 
__Multiple Regression Techniques 

In the final regression equations, it can be seen that 

some of the effects shown to be significant by the analysis 

of variance are not included, and there are a number of pos- 

sible explanations for this: 

i There is built into the regression programme a 

significance test which eliminates effects which 

do not significantly enhance the explanation of variation 

predicted by the presence of terms already in the equation. 

In the analysis of variance, each main effect and inter- 

action is examined in isolation and not in combination with 

the other effects. 

ii It was considered necessary to include additional 

squered effects in the regression analysis since 

published literature indicates some non-linear effects. 

The inclusion of some of these squared terms in the final 

equations may have resulted in the elimination of other 

effects. These squared terms were not included in the 

factorial analysis since they would have significantly 

increased the complexity of the design and the analysis, 

particularly when dealing with interactions.



b Analysis of Transverse 
Rupture Strength 

i Factors Affecting Strength 

The strength of any sintered material depends on 

two major factors: 

- the number and area of interparticle bonds which 

are in turn dependent upon particle character- 

istics (size and shape), density and the 

chemistry of the system 

- the strength of the individual particles them- 

selves which is largely governed by the pres- 

ence of alloying elements 

ii Effect of Density 

The sintered strength regression equation predicts 

a linear increase in TRS with increasing "as pressed" density, 

and strengthening appears to be a result of increased bond 

area since microexamination of the sintered structure indi- 

cates an overall seduction in porosity at increasing levels 

of "as pressed'' density. This increased bond area at higher 

density levels is primarily produced during compaction as a 

result of the increased extent of cold welding at point con- 

tacts between powder particles. 

The graphical representation shown in Figures 53 - 

56 indicate less pronounced strengthening with increosing 

density levels at high alloy contents. This is a result of 

the incre:.sed effect of the various alloy interactions as the 

alloy content increases, which could be detrimental.
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iii Effect of Alloying Elements 

Limited published information concerning the sinter- 

ing of iron-conper alloys suggests thet strengthening is a 

result of two mechanisms: 

the production of a solution strengthened structure 

due to copper diffusion into the iron particles 

enhancement of sintering by tae presence of liquid 

copper/iron alloy 

The limited copper X-ray photographs obtained using 

the microprobe analyser indicate some solution of copper in 

the systems examined and micro-examination of the simplest 

system, viz Fe 2/Ni .3%C at 2%5Cu and 5%Cu levels indicates 

the absence of free undissolved copper. Although solution 

strengthening is reported as a possible strengthening mech- 

anism, its extent depends on the rate of cooling, since under 

equilibrium conditions only ~.1% copper is soluble in iron 

at room temperature, dissolved copper being precipitated as 

the temperature falls. It is claimed that this precipitated 

copper stains brown whzn nital is used as an etchent but 

since all the samples examined contained carbon and hence 

pearlite, it is impossible to detect this precipitated copper 

metallographically. 

Sintering was carried out at 1120°C, ie above the 

melting point of copper, and hence liquid copper, or liquid 

copper with dissolved iron, must obviously be present at 

some stage during sintering and the presence of smooth rounded
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interfaces in the Stereoscan photographs, particularly at 

high copper levels, Figure 101, is a clear indication of the 

action of a liquid phase. It is difficult to quantify 

seperately the enhancement of strength due to copper aiffu- 

sion and the presence of a liquid phase since diffusion is 

greatly accelerated when liquid copper is present. 

Nickel 

The mechanisms involved when sintering iron-nickel 

alloys have been exanined in detail by Fedorchenko aud Ivanova’= 

who propose an activated sintering mechenism resulting in 

increased strength. This proposed mechanism was developed 

by considering the predominant direction of diffusion flow, 

ie Kirkendal effect, when sintering iron-nickel alloys. 

The partial diffusion coefficient of nickel into iron is 

greater than that of iron into nickel and hence on the sur- 

face of the nickel a thin layer of diffusion porosity is 

created. This facilitates creep during sintering, produces 

rapid densification, ie shrinkage, with a resultant increase 

in strength. Although a simple iron-nickel system was not 

analysed, metallographic examination of the Fe 2%Cu .3%C 

system at 2%Ni, 5SXNi and 8%Ni. seems to indicate a reduction 

in the number and size of pores, particularly at 8%Ni and 

examination of dimensional change data indicates a corres- 

pondingly large shrinkage at 8% nickel. The relevant curve 

in Figure 56 also shows a corresponding increase in trans- 

verse rupture strength.
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A solution hardening mechanism is not considered 

in published literature but in view of the limited nickel 

diffusion indicated by the X ray photographs it would seem a 

probable mechanism. 

During the sintering of iron-carbon alloys, carbon 

diffuses rapidly into the iron lattice, resulting, on cooling, 

in the production of pearlite in the particles and inter- 

particles bonds and an increase in strength. Maximum 

strengthening occurs at ~.9%C, ie eutetoid composition, and 

beyond this level the strength decreases due to the production 

of an intergranular carbide network. Although a simple iron 

carbon system was not analysed, micro-examination of the Fe 

2oCu 2ZNi system indicates increased pearlite as the carbon 

content increases from .3% - .9% and the relevant curve in 

Figure 55 shows a corresponding increase in TRS. 

iv Effect of Interactions 

The inclusion of a number of negative and hence 

weakening effects in the regression equation, viz (copper)* 

nickel x copper, nickel x carbon, copper x carbon, density x 

copper, indicates a highly complex situation when consider- 

ing the variation of all four variables simultaneously over 

the range examinec. The graphical representation of the 

equation shows clearly the dependence of the effect of each 

variable, particularly the effect of alloying elements, on 

the levels of the other variables. Although it is diffi- 

cult to discuss each of these terms in isolation, some
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limited discussion is possible. 

(Copper) and 
Copper x Density 

The weakening effect of copper at high concentra- 

tions and hence the inclusion of a negative (copper)* effect 

has been related to the production of excess undissolved 

copper which forms weak areas throughout the structure. 

Although a simple iron copper system was not examined . metal- 

lographic examination of the Fe 24Ni .3%C system at 2%Cu, 

54Cu and 8Cu, showed the presence of undissolved copper at 

the 8% level only and the relevant curve in Figure 54 indi- 

cates a maximum strength at ~/6.5% copper. The production 

of weak areas of undissolved copper can also be related to 

the inclusion of a negative density x copper interaction 

since at high density diffusion is accelerated due to the 

closer physical proximity of the iron and copper particles 

and is less reliant on concentration gradients for diffusion. 

Hence, a Similar uegative effect arising from high copper 

can be produced using a lower copper level combined with a 

high density. 

(Copper)* is only a mathmatical method of indicat- 

ing non-linearity in linear multiple regression analysis and 

such a term is difficult to discuss in physical terms. 

Clearly, the situation when using copper additions is extre- 

mely complex with a number of different effects occurring at 

various stages during sintering and where the overall effect 

is summarised mathmatically by the copper, (copper)* and 

copper density interaction terms.
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The inclusion of a negative copper x carbon inter- 

action can be related to published work which suggests that 

carbon reduces the rate of copper diffusion? | resulting in 

less solution herdening end more undissolved copper. Micro~ 

examination of Fe 24Ni 8%Cu at .3%C, .68C and .9%C, viz 

Figures 71, 80, 89, indicate an increase in undissolved 

copper as carbon increases and the production of a maximum 

strength in the .9¢C alloy at 4.2% copper shows reasonable 

agreement with published work which indicates a maximum 

strength at «5% Cu in an iron 1% C alloy. 

Both nickel and carbon are austenite stabilisers and 

the presence of a negative nickel x carbon interaction is pro- 

bably due to the production of areas of weak retained austen- 

ite. Nickel is also slow to diffuse into iron at the sinter- 

ing temperature used, viz 1120°c, and hence local nickel rich 

areas may be produced, resulting not only in the retention of 

austenite but also the production of brittle transformation 

products on air cooling. The photomicrograph of the iron 

2% Cu & Ni .9%6C alloy indicates the presence of both retained 

aastenite and asicular transformation products. 

Copper. >. Bicked, 
The photomicrograph of the iron 8%Cu 89Ni .3C 

alloy, Figure 77, indicatesthe presence of both retained 

austenite and undissolved copper, which weaken the structure 

and probably account for the negative copper x nickel inter- 

action.



Although the above discussion accounts to @ certain 

extent for the inclusion of the negative effects in the regres- 

sion equation, it is clear that the magnitude of these effects 

and hence the resultant strength, is highly dependent on the 

specific levels of the alloying elements used. A most signi- 

ficant effect shown clearly in all the graphs is the detri- 

mental effect of high copper, high carbon, high nickel combi- 

nations. A number of mechanisms appear to be involved and 

micro examination indicates the presence of undissolved cop- 

per, retained austenite and asicular transformation products. 

However, more detailed examination probably on the micro- 

probe analyser is required before specific mechanisms can be 

identified. 

c Analysis of Dimensional Change 

The dimensional change of iron base alloys during sin- 

tering under specified conditions, ie time, temperature and 

atmosphere, is governed to a large extent by three major 

factors: 

i the effect of alloying elements diffusing 

into the iz:‘on lattice 

ii the effect of interactions between alloying 

elements 

iii the reduction of porosity
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i Effect of Density 

It is well established in published literature that, 

for a simple iron system, the effect of increasing density on 

dimensional change during sintering is to reduce shrinkage, 

since there is a reduction in free pore surface area as the 

“as pressed" density increases. The situation is more com- 

plex in the systems examined since they contain alloying ele- 

ments, some of which have a significant interaction with den- 

sity. However, to a certain extent, the predicted results 

shown graphically in Figures 57, 61, 65 agree with the estab- 

lished mechanisms in that in systems which show shrinkage 

during sintering, viz low copper/high nickel, there is a 

reduction in shrinkage as density increases. These graphs 

also indicate that in systems showing expansion, ie 5%Cu and 

8%Cu, there is an increase in expansion as density increases. 

Although a minimum point is shown in Figureg65, it is not very 

pronounced and the overcll effect of density.is as described 

cbove. It is difficult to account for this minimum other 

than by rel ting its occurrence to the presence of a variety 

of alloying elements. 

ii Effect of Alloying Elements 

The general effect of increasing the copper content 

of sintered iron base materials is to promote expansion as a 

result of copper diffusing into the iron lattice producing a 

substitutional solid solution of increased lattice parameter. 

This expansion is counteracted to a limited extent by the 

solution of iron in liquid copper and its subsequent repreci- 

pitation.
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Although a simple iron-copper system was not ana-- 

lysed, the graphical representation of all three dimensional 

change equations indicates increased expansion with increas- 

ing copper content and the limited microprobe analysis and 

optical metallography indicates copper solution. 

Carbon 
During the sintering of a plain iron-carbon system 

carbon diffuses into an interstial position in the iron lat- 

tice, producing expansion which is a maximum at .8%C, ie 

eutectoid content. 

The predicted effect of increased carbor on all 

three dimensions measured is to reduce expansion in systems 

showing expansion and to increase shrinkage in systems show- 

ing shrinkage. This apparent disagreement with published 

literature is due to the presence of copper and nickel and 

the inclusion of a negative copper x carbon and copper x 

nickel interactions, the magnitude of which are clearly 

greatest at high elloy contents. The possible mechanisms 

involved are discussed in iii below. 

Nickel 
It is widely reported in published literature that 

the addition of nickel to iron base sintered materials res- 

ults in shrinkage during sintering. Although a simple iron- 

nickel system was not examined, the increase in shrinkage 

with increasing nickel content shown by the iron-nickel 

2cCu .3%C system appears to confirm this shrinkage effect.



106 

Detailed work carried out by Fedorchenko and Ivanova indi- 

cates that the mechanism involved is one of activated 

sintering (see 5.6,b,iii, Nickel). Although some of the 

optical metallography indicates reduced porosity in the iron. 

BUNGE 2¢Cu 23% alloy compared with the iron 2éNi aCu .3%C 

system, there is no direct evicence to identify the detailed 

mechanisms involved. A positive nickel effect is included 

in equation 4 and its presence may be related to the limited 

bulk diffusion of nickel resulting in the production of an 

iron-nickel solid solution and hence expansion of the iron 

lattice. This, to a limited extent, counteracts some of the 

shrinkage produced by the proposed activated sintering mech- 

anism, but since bulk diffusion of nickel at the sintering 

temperature used, viz 4120°C is very slow, the magnitude of 

this proposed mechanism is likely to be small. 

iii Effect of Interactions 

The three dimensional change equations indicate a 

complex situation in which interactions between the four vari- 

ables examined have a predominant effect. It is difficult 

to discuss each interaction from every equation in isolation 

but as with the analysis of the strength equation a limited 

@iscussion is possible and some comparison with published 

work can be made.
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The graphical representation of all three dimen- 

sional change equations indicates a marked reduction in the 

expansion produced by copper additions as the carbon content 

increases, thus accounting for the negative coefficient allo- 

cated to the copper x carbon interaction. Two mechanisms 

are proposed in published literature to explain this effect: 

- reduced copper diffusion due to carbon segregation 

28 
to the grain boundaries 

- the production of an iron-copper-carbon ternary 

eutectic which increases the amount of liquid 

phase present resulting in yielding of the 

sintered iron skeleton under residual surface 

8,9,10 
tension, and hence producing a sudden shrinkage 199 

The limited metallography carried out in this 

investigation confirms reduced copper diffusion as the car- 

bon content increases, see photomicrographs, Figures 71, 80, 89. 

However, there is no significant evidence of carbon segre- 

gation at grain boundaries and there is no evidence of an 

iron-copper-carbon ternary eutectic in any of the alloys 

examined. 

Nickel x Carbon 
Since it has been established that carbon reduces 

the extent of diffusion of copper, it appears likely that 

the bulk diffusion of nickel may also be reduced by the pre- 

sence of carbon, thus inhibiting the formation of an iron-
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nickel solid solution. This would in turn reduce any expan- 

sion and hence account for the negative coefficient allocated 

to the nickel x carbon interaction. 

Density x Carbon, Density x 
Nickel, Density x Copper 

The mechanisms by which each of the individual alloy- 

ing elements, viz carbon, copper and nickel, can produce 

expansion during sintering have already been reviewed. 

Increasing density increases the physical proximity of the 

iron particles and the alloying elements, thus increasing the 

size of the iron/alloying element bond. This accelerates 

the rate of alloy diffusion which becomes less reliant on 

concentration gradients and accounts for the positive 

coefficient ellocated to each of the interactions. 

Nickel_x Copper _x Carbon 
It is difficult to predict a possible mechanism to 

account for the positive coefficient allocated to this com- 

plex three factor interaction in all three dimensional change 

equations other than by relating it to a combined solid solu- 

tion effect due to the diffusion of all three elements. 

However, the coefficient is small and hence the effect of 

this interaction is relatively small and is outweighed by the 

majority of the other factors in the equations.
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iv Effect of Nickel on Copper Expansion 

It has been suggested in published literature that 

the expansion resulting from the presence of copper can be 

reduced by the addition of nickel” ond from Figures 60, 64, 68, 

it can be seen that this is the case in a number of the alloys 

examined. However, in some alloys, viz iron-nickel 5¢Cu 

~9C, iron-nickel 8)\Cu .6%C, iron-nickel 8%Cu .9%C, there is 

a marked increase in expansion with increasing nickel until 

a critical nickel level is reached. The limited X-ray 

photographs indicate a slight increase in the diffusion of 

nickel at high copper levels, thus producing more extensive 

solution and hence expansion, until some critical nickel con- 

tent is reached, at which point shrinkage due to the acti- 

vated sintering mechanism proposed for nickel additions is 

predominent. 

v Fractography 

The stereoscan examination indicates that the pre- 

dominant fracture path is across the pores, thus supporting 

the major strengthening effect predicted for increased den- 

sity. There is also some indication that the fracture 

passes around the pearlite areas. In the high copper alloys 

examined the presence of some rounded edges associated with 

the fracture indicates the presence of a liquid phase at some 

stage during sintering. However, the systems are clearly 

complex and more detailed examination of each system is 

required in order to positively identify the fracture pro- 

cesses involved.



a Optimum Combination of Strength 
and Dimensional Change 
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Although the experiment was not designed to predict a 

system producing the optimum combination of strength and 

dimensional change, it is possible to select such a system 

from those examined by simple inspection of the predicted 

‘results. 

The strength equation 1 predicts a similar maximum 

etrength in a number of alloys and these are listed below, 

together with the relevant predicted dimensional change. 

  

  

  

  

  

  

        

Predicted Predicted 

Alloy System han Dimensional Change 

(MN/n*) h B 1 

1 Fe .9/C 2%Cu 2uNi 126.6 

88): density (872) +211 +015 +217 

2 Fe .9%c 56Cu QUNi 427 «3 
88% density (876) +072 | +67 | +62 

3 Fe .34C 2uCu 8XNi 42765 
889; density (876) -.31 -.29 aan 

4 Fe .6.0 2-Cu 8Ni 123.3 
88% density (850) ~.38 =o 35 -.30 

5 Fe .9%C 2%Cu 8XNi 126.8 

88% density (872) ~S fF e441 wad?     
  

Of the systems examined, the best combination of high 

strength and minimum dimersional change is the iron .9'C 2/Cu 

24Ni system at 88% theoretical density. The predicted dimen- 

sional changes are equivalent to .0011 infin, .0015 in/in and 

0017 infin for aH, 4\B and Al respectively and hence do 

not present any serious problems in controlling close dimen- 

sional tolerances. 
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This system has a further advantage of a lower cost tnan 

the other four since the expensive alloying elements, ie nic- 

kel and copper, are at their low levels. 

From the results obtained in this investigation, it is 

clear that a large number of alloys would not be suitable for 

practical use because of either their low strength and/or 

excessive dimensional change during sintering. The results 

also indicate similar levels of strength in systems contain- 

ing 8%Ni 2%Cu and those containing 2%Ni and up to 5#Cu. 

Nickel is approximately twice as expensive as copper and 

hence from an economic viewpoint nickel content should be 

kept to a minimum. 

Taking all this into account, it appears that the most 

likely system to be used in practice is the Fe 2~Ni Cu C 

system and the following equations were obtained using the 

first 36 observations. 

TRS = = 317.45 + 4.94 (density) + +.64 (%Ni x %C) + 

1.41 (%Cu x %C) - 3.10 (YNi) 

Residual Error = 8.52 

Multiple Corvelation Coefficient = .906 

Oh = = .602 + .571 (%C) + .550 (%Cu) - .409 (%Cu x XC) 

- .099 (Ni) 

Residuai Error = .273 

Multiple Correlation Coefficient = .961
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Geb = -0228 + 401 (%Cu) + .041 (Density x % C) - 

3.107 (%C) = 2314 (SSCu x %C) =~ .097 (XN) 

Residual Error = .158 

Multiple Correlation Coefficient = .977 

%ds1l = = 2.327 + .030 (density) + .353 (%Cu) - .273 

(%C x XCu) - 2121 (%Ni) 

Fesidual Error = .227 

Multiple Correlation Coefficient = .951 

The equations ere much simpler than those obtained using 

all the data but they clearly only relate to the Fe 2“Ni, Cu, 

C system ct 80%, 84% and 88% theoretical density. The num- 

ber of terms is reduced since complex squered terms and three 

foctor interections were omitted, the rest of the terms being 

rejceted by the built-in significance testing «t the oe 

Significance level. 

5.7 Conclusions 

a Density has the largest effect on strength of the four 

variables examined. The mechanism involved is one of 

increased area of bonding and an increase in the number of 

interparticle bonds as the density increases. 

b Reported strengthening mechanisms for the addition of 

each of the alloying elements are confirmed, ie 

i copper enhances strength by a solution harden- 

ing mechanism and increased sintering rate due 

to the presence of a liquid phase
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ii carbon enhances strength by the production of 

pearlite in slow cooled structures 

iii nickel enhances strength by inter-diffusion 

during sintering, resulting in rapid elimin- 

etion of porosity and hence growth of. inter- 

particle bonds 

c A number of interactions between the four variables 

have a significant effect on strength, particularly 

interactions betweer the alloying elements used, viz copper, 

nickel and carbon, and hence the magnitude of the effect of 

each alloying element is highly dependent on the levels of 

the other elements. 

ad Although increase in alloying elements initially 

improves strength, the combination of high levels of 

copper, nickel and carbon results in a drematic decrease in 

strength. 

e Dimensional change is highly dependent upon interactions 

and hence the magnitude of the effect of each of the 

variables examined is dependent upon the levels of the other 

variables. However, a number of general conclusions can be 

made: 

i increased density reduces shrinkage in alloys 

showing shrinkage and increases expansion in 

- alloys showing expansion 

ii increased carbon promotes shrinkage in the 

alloys examined
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iii increased copper promotes expansion 

iv increased nickel at low levels of copper 

promotes shrinkage which is counteracted at 

medium and high levels of copper 

f Of the twenty-seven alloys examined, the cptimum combin- 

ation of high strength and minimum dimensional change 

during sintering is produced in the iron 2/Cu 2%Ni .9%%C system 

at 88% theoretical density. This system also has a low cost 

which is only slightly above the minimum cost alloy, viz 

Fe 2%Cu 24Ni .3KC. 

g The limited fractography indicates the main fracture 

path is across the pores. 

h The use of a statistical approach to the experimental 

work has offered much clearer interpretation of results 

than would be possible by a classical approach. This is 

particularly so in regard to the effect of factor interactions. 

Recommendatiors for Future Work 

a The preliminary analysis outlined in this experiment 

provides a qualitative assessment of optimum conditions, 

ie maximum strength and minimum dimensional change during 

sintering. However, quantitative statistical techniques are 

available for determining optimum conditions, eg hill climb- 

ing, and this appears to be a logical eontinuation of the 

analysis of the experimental results.
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b The experimental work indicates thet although nickel is 

slow to diffuse at 1120°C, it has a strengthening effect 

almost equivalent to that of copper. Systems containing 

nickel are usually sintered at ~/1250°C in order to improve 

nickel diffusion and hence a better assessment of the effect 

of nickel on strength and dimensionsl stability could pro- 

bably be obtsined by repeating the experiment using: a 

sintering temperature of nw1250°C. 

c The mechanisms involved in the sintering of iron-copper 

alloys are reasonably well established, but those in- 

volved when sintering iron-nickel alloys are not. Hence, 

a detailed examination of these mechanisms is required, 

preferably using industrial systems. 

dad Properties such as fatigue strength and fracture tough- 

ness of sintered materials are not widely reported in 

published litereture and since sintered components are being 

used increasingly in more highly stressed situations, a 

detailed analysis of factors affecting these properties would 

be beneficial. 

e A number of iron rowders are available which, manufac- 

turers claim, have the property of reducing expansion 

when used in the production of sintered iron base alloys 

containing copper. Since copper is widely used in the pro- 

duction of sintered iron base materials, a detailed assess- 

ment of these powders would be useful and an assessment of 

the mechanisms of growth inhibition could greatly improve 

the control of dimensions during sintering.
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