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AB S T R A C T 

The present investigation deals with hot 

upsetting, partially open die forgings and closed 

die forgings of sintered iron, iron-carbon alloys 

(carbon varying from 0.35 to 1.36 %) and 0.45 % 

phosphorus steel powder preforms which were sintered 

at 112000  for a period of one hour. Forging temperature 

was variod in the range of 800--11200C for hot upsetting 

of iron and iron-carbon preforms with varying initial 

aspect ratio (0.57 to 1.17) whereas, iron-phosphorus 

alloy powder preforms were upset forged at 9600C at 

the initial aspect ratio of 0.59. Height strains at 

which fine to heavy cracking at the circumference of 

the forged component occurred were employed in the 

design of partially open and closed dies. 

Partially open (step down cylindrical and hemi- 

spherical) dies were designed with an aim to study 

the characteristics of pore flow. This study has 

helped to understand metal flow, existence of dead 

metal zone (hydrostatic zone) and mechanism by which 

pore closure takes place. Design of closed dies was 

based on introduction of circumferential constraints 

such that the preform experiences these constraints 

after varying degree of deformation under upset forged 

condition. Different height strain values were set 

such that a preform experiences limited degree of upset 



forging condition before being subjected to 

circumferential die constraints. One of the height 

strain was corresponding to a limit of cracking. 

Partially open and closed die forgings were 

performed on sintered preforms (H/D = 1.18) of iron 

and iron—carbon alloys at 1120 °C while 0.45 % 

phosphorus steel preforms (H/D = 1.18) were forged at 

960°C at various density levels. 

Major findings of the present investigation 

are as follows 

(i) Per cent theoretical density with respect 

to height strain expressed in ° fn' terms 
for iron and all other alloys studied 

during hot upsetting at different temperatures 

of forgings and at different initial aspect 

ratio can be expressed by a second order 

polynomial of the form s 

(pf  ) = ao+ ai  Zn(H°) + 
 

PTh 	 t 	t 

where, a0, al  and a2  are temperature and 

material composition dependent constants. 

(ii) Lower initial aspect ratio at all forging 

temperatures studied showed better 

densification as compared to higher initial 

aspect ratio at the same temperature for 

all compositions. 



(iii) Carbon as an alloying additive improves 

densification upto 0.83 % while beyond this 

limit densification drops. 

(iv) Theoretical density could not be achieved 

in hot upsetting. 

(v) -V versus per cent theoretical density 

plots for all pure iron and alloy compositions 

exhibit - three distinct stages : - a sharp 
rise in ,.) with little change in per cent 
theoretical density (87-90 %), a steady state 
region in which an extremely gradual rise 

in' ,,' in the density range of 90 to 96 %, 
whereas, beyond 96 / to as close as 100 % 

density, ~,) fast approaches to 0.5. 

(vi) Linear variation of hardness of forgings is 

' wi th dcnsi ter_ Carbon addition observed Nei ~~L uLl~,~~ „~ - 

improves the hardness. 

(vii) Circumferential cracks are delayed as carbon 

content is increased upto 0.83 % whereas 

further increase in carbon content, 1.36 

circumferential cracks occur quickly. 

(viii) Densificat ion behaviour of iron, iron carbon 

alloys at 1120°C and iron - 0.45 % phosphorus 

at 960°C can be expressed with a dimensionless 

parameter t~ ' by the following general 

expression 



(iv) 

(pf )=c§n 
Th 

where 'C' and 'n' are constants. The die 

used was partially open type (step down 

cylindrical and hemi-spherical cavities). 

(ix) In partially open die forgings, pore shape, 

size and its orientation indicates the mode 

of metal flow at various regions of the 

powder preform. 

(x) Flow of grains, recrystallization and 

shearing of pores exhibit,  combined beneficial 

effect on densification. 

(xi) In partially open die forgings lower order 

of fractional horizontal constraints are 

required compared to vertical fractional 

constraints in order to obtain same level 

of densificat ion. 



(v) 

NOTATIONS 

= length, mm 
e 	= engineering strain 
et 	= true strain 
y 	= shear strain 
E f  . = Deviator component of the strain 

t+ 
E 	= Hydrostatic component of the strain 
et  m  = true mean strain 

6 	= average stress 
= area of the cross section 

and ti z  = shear stress 

61, 62  and o3  = Principal stresses 

S 	= Principal stress tensor 
5' 	= deviator part of the stress tensor 
S t' 	— spherical part of the stress tensor 

• 11912  and 13  are invariants 

G 	= shear modulus 

K 	= bulk modulus 

= Poisson' s patio 
= Poisson's Ratio for porous body 

p 
Ho 	= initial height of the pre-form (mm) 
Do 	= initial diameter of ' the preform (mm) 
Ht 	= forged height of the component (mm) 
Dt 	= forged diameter of the component (mm) 

= Poisson's Ratio 
P f 	= forged density gm/cm 
p fc  = corrected density gm/cm 
FTh = Theoretical density. gm/cm3  

VPN = Ticker's Pyramid Number 
h 	= height unconfined (mm) 



(vi) 

Dt 	= forged diameter (mm) 

hC 	= horizontal surface area of the deformed 
compact which was in contact with the die 
cavity 

v 	= vertical surface area of the deformed compact 
which was in contact with the die cavity 

f he  = fractional horizontal constraint 

fvc  = fractional vertical constraint 

= ratio of the horizontal fractional 
constraint with that of vertical constraint 

fc 	corrected density of the deformed component 

Cl,n 	are constants. 
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C HA P T E R -  1 

INTRODUCTION 

Among the many processes for converting metal 

powders to useful dense products, the hot forging is 

relatively a new process. It offers better 

densification coupled with a large amount of 

deformation in a single operation. Engineering 

components can be made as dense as 100 % through 

sintering followed by hot forging. Parts produced 

by conventional powder metallurgy technique (cold 

compacting and subsequent sintering under protective 

atmosphere) are porous. Inherent porosity is used 

to advantage in the production of filters and 

bearings ;  but it is highly disadvantageous in view 

of the better mechanical properties of structural 

components. 

Powder forging process although had a, wide 

potential for its adoptability in shaping various 

products, the successful implementation of this 

process, however, depends upon many complicated 

factors. Lack of understanding of these ,factors has, 

in the past, given rise to unsuccessful performance 

of the products produced by this process. This has 

resulted in early setbacks in adopting this process 

as an industrial venture. 
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It is well understood that during forging of 

powder preforms, three predominant stages of deformation 

are present, namely, upsetting, plane strain and 

hydrostatic. In these three stages densification as 

well as shape change occurs simultaneously. It has 

been suggested that the mechanical properties of the 

final product depend very much as to how complete 

densification has been achieved vis-a-vis shape change. 

Obviously densification should precede the shape 

change otherwise the final product could remain porous, 

but the extent to which it should precede is not well 

understood. Response of material in the three stages 

of deformation are also not well understood as far as 

densification is concerned. Due to lack of detailed 

information on these parameters, the design of preforms 

and forging dies  are still in rudimentary stage and• 

the only guiding factors for such designs are that 

the final product should be free from mechanical 

defects such as cracks. Literature, however, indicates 

that there still exists immense scope for improvement 

in the product quality by improving these designs. 

The mode of variation of mechanical properties 

with respect to porosity is shown in Fig. 1.1 [1]. 

From this figure, it can be deduced that in order to 

develop high load carrying capacity stressed parts, 

the porosity must be eliminated. Pore elimination 

in powder forging can be brought down to almost zero 

level by means of applying adequate pressure at 



3 

elevated temperatures. Thus, a metallurgically sound 

product can be produced by eliminating pores to 

minimum possible limit. Present investigation, with 

the above in mind, was undertaken to study the 

densification behaviour during hot forging of iron 

and iron based alloys. 

Aim of the present investigation is to study 

in detail the densification aspect during the different 

stage's of deformation and obtain data which could be 

effectively utilized for designing closed dies suitable 

for powder forging. The preform geometry has been 

kept identical whereas die -design has been altered 

to develop different shapes as well as to change the 

magnitude of deformation. The preforms of these dies 

vis-a-vis change in material composition as well as 

other forging parameters have also been studied. 

Subject matter embodied in this thesis has been 

divided into eight chapters. CHAPTER-1, 'introduction' - 

the running chapter. 

CHAPTER - 2 deals with 'literature review'. 

Hot forging process has been described with respect 

to forging parameters, nature of process and. 

densification mechanism. Effect of level of deformation, 

forging temperature, alloy composition and initial 

aspect ratio on Poisson ratio and on densification 

with respect to porous products (in case of hot 

upsetting) of iron and iron based alloy powder sintered 
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preform forgings have been detailed. Effect of 

residual porosity on mechanical properties along with 

microstructural changes, are high-lighted. 

CHPATER - 3 deals in detail with the general 

formulation of the problem with regard to the 

experimental techniques to be persued and selection 

of systems for the present study with the aim of 

their applications. 

CHAPTER - 4 deals with the design considerations 

in powder preform forging. Also, discussed are press 

consideration, upsetting, partially open and closed 

dies. 

CHAPTER - 5 deals with the experimental details 

such asmode of cold compaction sintering, protection 

against oxidation and de carburi zati on, forging, 

dimensional measurements, and hardness evaluations on 

suitably prepared surfaces etc. 

CHAPTER - 6 deals with the experimental results 

which are discussed in the light of densif ication 

versus height strain, height reduction of cracking 

with respect to forging temperature, effect of H/D 

ratios on densification at various temperatures. 

Microstructural observations are correlated with the 

mode of densification. Densification results of 

partially open die forging with various types of 

constraints have been discussed. A. correlation between 

fractional theoretical density and ' ,11  ' has been 
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developed. Microstructural studies were carried out 

to establish the mode of pore closure with and without 

the addition of alloying elements. 

Densification results of closed die forging® 

with changing stages of repressing are presented. 

Alloying additives and their effect on densification 

and soundness of the products were evaluated. Micro-

structures are taken and compared with those of upset 

and partially open die forgings. Evaluation of 

mechanical properties such as tensile strength and 

impact values were carried out. 

CHAPTER - 7 deals with the conclusions of 

the present investigation. 
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CHAPTER-2 

&ITFRATUR. - VIEW_ 

Conversion of metal powder or granules to dense 

products was executed at least 5,000 years ago (metal 

age) when primitive furnaces could not have attained 

the melting and casting temperatures of metals such 

as iron and copper, therefore, definitely powder or 

granules could have been preheated and hammered to 

various- shapes. Famous Iron Pillar of Delhi and large 

Sword of Wieland the Smith well known in German 

mythology were made many centuries ago by combining 

the sintering of iron sponge with a hammering operation 

[2].  Platinum ingots were first produced by Wollaston 

~.n Britain in 1829 by hot pressing [3] and tungsten 
powder was converted into ductile filament in the 
early part of this century by Coolidge, in U.S.A., 

following the above route [3]. However, by employing 

the above technique a successful attempt was made by 

Henry and Cordiano in 1944-45 to produce a product 

of electrolytic iron powder by hot pressing into a 
heated die for a period of 7.5 minutes at 20 KSI. 
Properties reported were for superior to those 
conventionally pressed and sintered specimens [4]. 

Herman Tormyn who produced preforms from crushed 

steel turnings in 1941 [5] and, thereafter, Koehring 
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reported the results of his experimental findings [6] 

and Wassermann independently proposed the process in 

1946 [7]. Though the above technologies were available 

to the industries, but, the present interest in powder 

forging developed much later. The development of 

this interest became obvious when size and density 

limitations of standard sintering technique became 

apparent.[2]. At that time powder metallurgical 

industries had found the new area of expansion, i.e., 

'powder forging' of sintered metal powder preforms 

which has emerged out as the most exciting new field 

within metal working industries. Wide applications of 

forged steel powder preforms emerged from the 

investigations conducted during the past few years [8,9]. 

Further, extensive applications of powder preform 

forging ^.re anticipated, once the designers and 

manufacturers accurately predicted and achieve the 

required properties and attain economic goals [10]. 

Although in due course of time variety of powder 

forging techniques were developed, the predominant 

process utilized was the hot forging of powder metal 

preforms in closed dies, thereby utilizing the combined 

advantages of both powder metallurgy and forging [11]. 

The powder is compacted in 'a preform shape and sintered 

in a controlled atmosphere to produce metallurgical 

bond amongst the powder particles followed by forging 

within a closed die to achieve the final shape of the 
0 
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component aimed through a single stroke of the 

press. 

2.1  DEFINITEON OF POWDER FORGING 

The 'powder forging', 'sinter forging' or 'powder 

preform forging' has been defined differently but, 

P however, conveying the same meaning. The International 

Standards Organization has proposed the definition of 

'powder forging' as 'hot densification by forging of 

an unsintered, presintered or sintered preform made 

from powder with an accompanying significant change 

of shape'. Often the designation 'sinter forging' 

is used if a separate sintering step is carried out. 

In U.S.S.R. the designation dynamic hot pressing of 

powder preforms is used [2]. 

Irrespective of the types of definitions, proposed, 

the common point in all is that improved densification 

coupled with the desired shape is achieved by simultaneous 

application of the temperature and pressure over 

unsintered, presintered or sintered preforms made 

from metal powders. Powder, or preform, forging is 

the consolidation and densification of metal.powders, 

using forging as one of the steps in the process. 

Preform forging combines the advantages of conventional 

powder metallurgy, such as dimensional accuracy and 

minimal material waste, with the high strength of 
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forgings. However, conventional forging requires 

several blows and dies whereas preform forging can 

usually produce a fully formed component with one 

blow only.' 

2.2  NECTSSI TY OF POWDER FORGING 

'Powder forged' components can be produced 

having mechanical and physical properties equivalent 

to conventional wrought steels, together with the 

complexity and dimensional accuracy normally associated 

with sintered parts. 

Powder forging appears to be an attractive 

manufacturing route for many components because of the 

fact that material utilization is better than in 

conventional forging; detail and tolerances obtainable 

can lead to the elimination of much, if not all, finish 

machining; tight weight tolerances are possible in the 

'as forged' condition [12-15]. This process appears 

to be economical on the ground that lower forging 

temperatures are required which results in better 

surface condition ultimately increasing fatigue 

strength [16]. Added to this powder forging requires 

one and two blows instead of three or many more as 

required in the conventional forging of bar stock. 

Single quality of iron powder can be used to make 

carbon steels of any desired composition. Less die 
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wear and simpler die configuration accompanied with 

the properties required could be tailored to the 

application.. These factors directly govern the 

economics of the process, favouring ultimately the 

use of powder forging [lb] . 

Generally powder metallurgy process produces 

finished products more economically than the established 

methods of melting, casting, forging and machining.. 

This led to the emergence of sintered engineering 

components industry, in late thirties of the present 

century. These days, the po«der metallurgy process 

is used to make a great variety of products from 
ferrous and non-ferrous metals and alloys, refractory 

metals, super alloys, and composites. In recent 

times, there has been an increasing tendency to develop 

methods of ore treatment that ' result in the metal 

being produced in the form of powder. Since the 

production of metal powders involve less pollution 

than smelting and casting processes, it is advantageous 

to produce parts through powder metallurgy route. In, 

the production of iron and steel, the increasing 

shortage of metallurgical grade coke and heavy atmospheric 

pollution cause great concern to consider other processes. 

Powder metallurgy saves materials as well as energy by 

not generating scrap. It saves materials and energy 

by recycling scrap of other sources. It does not 

foul the atmosphere, or dump pollutants into the 
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streams. Thus, to produce highly dense products, 

mechanical and physical properties comparable to 

those produced through conventional techniques, powder 

forging is a most viable process. Added to what has 

been stated above powder metallurgy does not require 

highly skilled personnel [3]. 

2.3 MATERIALS FORGED 

Upto 1950 basically powder compacts, pure or 

alloyed, were sintered and used directly without 

forging. Various powder blends were prepared, - compacted 

and sintered to produce porous parts for various 

applications - such as oil impregnated bearings and 

filters [17]. But, at the advent of powder forging, 

and the economic involved into the process, the 

substitution of various parts which were being produced 

by conventional techniques were shifted to powder 

forging. In the process of replacing conventionally 

produced components by P/M technique larger grades of 

powder varieties were tried and used successfully. 

Basically, the types of powders used to produce 

components were iron [18-32], iron based alloy powder 

[18,32,33. -61] 0 iron graphite with end without the 
addition of other alloying elements [62,63], aluminium and 

aluminium based alloy powders [32,64-69], titanium 

and titanium based alloy powders [32,70-801. 0the~^ 
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powders used were refractory powders and their mixes 

p81],super alloy powders [32,35,82-89] and Beryllium 

and its alloys [32,70,90-933 and also the cobalt [94,95] 

and nickel [96] alloys ,were forged through this technique. 

Thus, great variety of motallic and non-metallic powders 

were forged to produce high density, high strength 

products for useful applications. The development of 
CBR1-IIC GUAiD  [97-99] to protect the preform surfaces 
against oxidation and decarburization, during sintering 
stage,led the powder production line to operate smoothly. 

This avoided the complications of explosive sintering 

environments such as hydrogen and cracked ammonia. 

Added to the above advantages, use of ceramic guard is 

economical too. Till date, a large numer of alloy 

compositions of ferrous and non-ferrous and their 

combinations have been forged at elevated temperatures 

through powder metallurgical route. There exists a 

large list consisting of number of alloy compositions, 

standard and non-standard, which were frequently used 

by investigators because they, at their will, could 

blend any alloy mixture, sometimes for academic interest 

only. However, large number of investigators [18-96] 

have tried to forge mostly the conventionally existing 
alloys compositions so that mechanical and physical 
properties of the powder forged product could be 
directly compared.. 



14 

2.4  PROCESS VARIABL  ES 

The process variables[100], in general consist 

of preform shape, preform weight control, preform and 

tooling temperature, materials of toolings and type 

of lubrication. These parameters had definite effects 

on tool life as well as the final properties of the 

components. 

2.4 .1 Preform  Sha.pe 

It is essential to produce preforms of correct 

dimensions to achieve desirable flow of material 

during forging, so as to control the amount of porosity 

in the finished product. 

2.4.2 Preform Weighht Control 

The weight control of the preform is essential 

when forgings are to be executed in closed dies '-to 

obtain reproducible dimensions. This is one of the 

inherent- advantage of powder forging over 

the conventional forging. Accuracy of weight control 

can be maintained as close as ± 0.5 per cent. 
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2.4.3  Preform and Tooling Temperatures 

It is necessary to select the proper preform 

and tooling temperatures so as to obtain the desired 

part with properties comparable to that of the wrought 

products. Appropriate tooling temperature provides 

enhanced life of the toolings. 

When the preform temperature is too low the flow 

of material is restricted resulting in generation of 

shear cracks in the formed product.. Too low a 

temperature of the preform offers more resistance 

against deformation which ultimately leaves behind 

sufficient amount of porosity in the product leading 

to its failure in service. 

Whenever, the difference between tooling 
temperatures is too large, extensive thermal cycling 

of the tool is likely to cause fatigue of the die 

surfaces, resulting in poor lubrication and reduced 

tooling life. Therefore, an optimization of difference 

is warranted between these two temperatures for the 

over all success of the process. 

2.4.4 Materials of Tools  

Normally hot die steels are used whenever high 

temperature deformation of preforms is required. It is 

practical experience that hot die steels be heat 

treated to Re 40-45 for forging purposes.. 
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2.4.5 Zbrication of Dies 

For the appropriate flow of material during 

deformation, it is essential to use proper die 

lubrication. In general, the use of sprayed graphite 

powder over the die surfaces is recommended and sometimes 

graphite paste in acetone or in water is used for the 

purpose of lubricating the dies [101-103] whereas the 

ceramic coatings [97-99] used for protection of preform 

surfaces against oxidation and decarburization, at high 

temperatures acts as self lubricant during deformation 

of powder preforms. [99 ] . 

In addition to the parameters stated above, the 

purity of the powder, sintering atmosphere and its 

control, time of exposure of the hot preform to 

environment (during transfer from the furnace to the 

press), the degree of distribution of inclusions and the 

amount as well as distribution of porosity in the finished 

product affect the properties of the forgings to a 

greater extent. 

2.5 FORGING PARAMETERS 

Forging parameters are basically the forging 

temperature, deformation rate and contact time of the 

work piece with the tools. 	In general, at 

low forging rates, considerably greater portion of the 

surface regions of the forged product does not densify, 

whereas, high deformation rates produce comparatively 

dense products [104]. The difference in densification 
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level achieved in the above case is because of 

different degree of die chilling resulting from wide 

variation in contact times associated with different 

forging procedures.. Whenever chilling is less severe, 

flow of material is more leading to improved 

densification. However, surface porosity basically 

depends upon the tool temperature and lubricant used. 

Forging temperature and relative amount of shear lead 

to the interparticle welding occurring as a result 

of pores elimination. Highly effective inter-particle 

bonding occurs when shear forces are strong enough to 

break residual surface oxide layers [105-.107]. It can 

also be said from the property data which, when equal 

are better than those of wrought materials, are 

indicative of strong inter-particle bonding [108-109]. 

nigh forging temperatures re-close the transient cracks 

lll0]. Thus, an appropriate temperature of forging,. 

adequate die pre-heating and proper lubrication in 

conjunction with optimum strain rate of deformation 

results in improved densification and in turn leads to 

better mechanical properties. 

2.6 MATERIAAL V iRIABLES 

In general, the optimization of the complete 

process requires the characterisation of preform 

material specially the powder characteristics (purity, 
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size and shape), preform properties (porosity, 

uniformity, pore structure and its shape) and forging 

details (die design, lubrication, coating and temperature 

of forging). All these factors either in combination 

or indivisually affect the forgeability of the powder 

preforms [111-112].. 

2.7 DEFORMATION OF POROUS 1'~ATERIALS 

Existence of pores in powder preforms is due 

to the irregular shapes of randomly oriented powder 

particles. This results in reduced area of contact 

during compaction and may cause, localized inter-

locking. The presence of pores in powder preform can 

be attributed to the combined effect of inadequate 

applied pressure, powder size and its distribution., 

PQ,L: U i c,36a ge ome try , t i e V ompac t 1. On 4 e l li3Je rG4t U.J.  

cleanliness of the powder particles and the atmosphere 

under which the compaction has been performed [1001.= 

Depending upon the above conditions the shape, size 

and distribution of pores affect the properties of 

powder compacts (leaving aside the material properties). 

In general, the pores must be closed to achieve 

full density and a sound metallurgical structure. Pores 

are sites of weaknesses where cracks may initiate during 

forging [113-114). 
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In the initial stage of compaction, the 'sizes 

of the pores are comparable with that of the powder 

particles but however, when the compacting pressure 

is increased the sizes of pores start reducing. A 

limit of pressure application is reached where no 

further densification is resulted. During initial 

stage of compaction, the coarser pores are expected to 

be closed in preference to the smaller ones. In this 

process few of them might get closed permanently while 

few may remain stable with respect to the applied 

pressure. This is a stage where pore pressure equals 

the externally applied pressure and consequently 

chances of pore closure further become very remote,. 

because pore olosure is a function of shear stress 

prevailing around [2,100,114--116] it and the magnitude 

of the shear stress at any point inside the compact 

gradually diminishes even when more of the pressure is 

being applied. 

Once the powder preform is subjected to heavy 

forging (upsetting) under the varying conditions of 

temperature and initial preform aspect ratio, fast 

density changes are expected. This is because of the 

fact that extensive heterogeneous deformation occurs 

and the pores are subjected to shear as well as 

compressive forces -- a situation more favourable for. 

pore closure. The pore closure in upsetting is also 

influenced by its position inside the compact e.g., 
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pores situated near the free surfaces of the compact 
might even get opened because of the fact that tensile 

forces start dominating the shear/compressive forces 
during upsetting in this region. 

The presence of pores anywhere in the component 

is aught to be closed up during forging. Irrespective, 

of the mode of forging, pores are generally allowed to 
collapse under shear strain for improved densification 

whereas totally repressing mode will result into fairly 

good amount of porosity inside the repressed component. 

Therefore, for better densification material movement 

is required. 

Since powder preforms have porosity upto a 

level of 30 volume per cent, therefore, during 
deformation of powder preforms, volume changes are 

associated with the mode of deformation. Hence, 
fracture are the major factors yielding, flow and 1rac wu~~ 

considered in evaluating deformation behaviour of 

porous materials. Principal reasons, for deforming 

porous material, are to reduce porosity and provide a 

specific shape. The amount and type of deformation 
affects mechanical properties due to the presence of 

residual porosity [117]. Deformation or flow terminates 

with fracture. 

If the material is continuous, 1'omogeneous, 

isotropic and incompressible, the elastic and plastic 

behaviour of the material can be simplified. Continuously 
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fully dense, fine grain size, cubic lattice materials 

approach these requirements and theoreis have been 

developed for predicting their elastic and plastic 

behaviours as also the yielding. In the elastic 

range, Hookes Law can be applied. Yielding can be 

predicted fairly accurately for any general type of 

loading by the Von Mises Theory [118]. Plastic flow 

behaviour can be predicted by slip line Field Theory 

or by Upper and Lower bonding Theories. In case of 

fully dense materials, yielding and flow are not 

affected by the hydrostatic component of the stress, 

system, because this pressure component of stress is 

responsible for volume changes only and there is no 

volume change in fully dense material. However, porous 

material must yield under the influence of a hydrostatic 

type of loading because a significant inelastic volume 

change can be achieved. Therefore, theories of yielding 

and flow of porous materials must be an extension of 

current classical theories for fully dense material 

[117]. The deformation in materials fully dense or 

porous can be explained either using stress or strain 

tensors. The important types of strain in deformation 

are basically of two types 

(a) normal strain, and 

(b) shear strain. 

Strains are generally defined in the following two 

ways : 
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(a) engineering strain = e, and 

(b) true strain = et  

The engineering strain is defined as the change 

in length per unit original length, 

e= y = y—y °- 	 ..(2.1) 
0 	0 

where: L = deformed length 

-- - 	Lo  = original length of the gauge. 

Engineering strain is applicable for small 

strains (i.e. e K 0.1) ; whereas, for large strains 

like those encountered in plastic flog and metal 

working, the change in length, aL may be very large. 

If the engineering strain is measured at various 

stages of deformation process and then all of the 

individually measured strains added, the sum will not 

equal the value of 'e' calculated from the beginning 

and final values of the gauge length. To Overcome this 

problem a concept of true strain was developed and is 

used in metalworking problems. True strain et  is 
defined as : 

L1-L0 L2 -L1 	Z2 + et = - 	Z -+ 	+ 
o 	l 	2 

az or, et  
or, et  = fn( L ) 

• o 
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Shearing strain, Y , is defined as the change 

in right angle that occurs during deformation. That 

is, if a square grid is scribed on the surface of a 

specimen and if after deformation the angles of the 

grid have changed from 900, then during deformation 

shear occurred. 

The total tensor E may be written in matrix 

form as tensor 

et, 	Yxy/2  Yxz/2 

3  YyX/2  et,Y  

Yzx/2  Yzy/2  et 0z 

Strain, B may be divided into a deviator component 

and a spherical or hydrostatic component. 

E = E + 
Deviator Hydrostatic 

Where 

et ~m 0 0 

F = 0 et  0 

0  et,m 
.1 

et x ~+,,.~e,,t~y~ + et and et ,m - 	_ 3 - 

..(2,4) 

..(2.5) 
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When a load is applied to a body internal 

resistance or stresses 'a' are developed in the body 

that oppose the applied load. If the stresses in the 

body are uniformly distributed over a planar area that 

is perpendicular to the applied load then an equilibrium 

equation ( 	.F = 0) may be written [119] 

P = 	a dA 	 .x(2.6) 

P = Q A 	where : a = average stress 

or 	P = A 	P = applied load 

A = area perpendicular 
to the load. 

The total stress '3' acting on a plane may not 

be perpendicular to the plane usually for convenience 

the total stress is broken into a component perpendicular 

to the plane 'a 	(a tensile or compressive stress) and 

a component in the plane 'ti' (a shear stress) as shown 

in Fig. 2.1.. These components of the stress are broken-

down further into components that are parallel to an 

orthogonal system of loading may be represented by the 

normal and shear components of the stress shown in 

Fig. 2. Figure 2 shows that there are 3 normal 

stresses ( aX, ay, az  ) and 6 shear stress ( tixy, tiyx, 

'rxz2  Tzx' tiyz and 'Zy). However, for isotropic 

polycrystalline cubic materials 

-txy = Tyx 

Txz T  T zz 

T yZ 	T  zy 
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Therefore, only 6 independent stresses have to 

be defined to describe completely the stress system 

az  tixy, tix5  and i 	) . These quantities 

can be expressed as stress tensor 'S' shown below [120 : 

cx 	1rxy 	Txz 

S = 	'yx 	cy 	Tyz 	 ..(2.7) 

zx " zy 	c  z 

Once again it is possible to orient x, y and z 

axes in such a way that all shear stresses are zero. 

The remaining normal stresses are called the 'Principal 

Stresses' and are assigned subscripts of 1,2 and 3 

rather than x, y and z. Thus, the stress tensor for 

the principal stress is given by 

} crl 	0 	0 

S = 	0 	a2  0  

0 0 a3 

where oal ) a2 ) a3 

Now, the total stress S may be separated into two 

parts 
S 	S, + Str 	

..(2.9) 
r 

where S _ deviator stress 
'I 

S _ sphErical part (hydrostatic or pressure part) 

The spherical (pressure) stress tensor is given 

by: 
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' am  0 0 

	

3 ; 0 	am  0 	 ..(2.10) 

0 0 am  

a +c + Q 
where : am  = X^---- 	= mean stress 

This part of the stress causes volume changes 

and contributes to the deformation. The effect of this 

stress on ductility at fracture is shown for several 

materials in Fig. 2.3. It is clear from this figure 

that more negative" the mean stress the greater the 

apparent ductility. 

The sum of the three normal stresses (ax  + ay  + aZ) 
or (al  + a2  + a3) is one of the invarients of stress 

and will therefore have a constant value regardless of 

the orientation of the axes x,y and z axes. There 

are two other important stress invariants that are 

relatively simple expressions in terms of the principal 

stresses. The three invariants are given below : 

I1  = a1+a2+a3  -- ax+ay+az 	 .(2.11) 

12 = ala2  + a2a3  + a3al  

_' aXa  + ayaz + aZc  

ti 2 -ti 2 -ti 2 	 ..(2.12) 

	

xy " 	yz 	zx 

13  = ala2a3  = axayaz  + 2tixy-r Vzti Zx  

	

- axtiyZ ayti Zx- aZtiXy 	..(2.13) 
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These invariants are the coefficients of the 
cubic equation for stress : 

a3 - Ila2 + I2Q - 13 = 0 	 ..(2.14) 

Solving the cubic equation for a gives the 

three principal stresses. Other important aspects of 

the invariants will be discussed while discussing 

flow theoreis for both fully dense and porous powder 
preforms. 

Thus the deviator stress 3 is obtained by 

subtracting the mean stress each of the normal components 

of the total stress 

(a ` 6m ) 	•txy 	~xz 
In 	tiyx 	(ay _ am) 	~yz 	..(2.15) 

'zn 	luxy 	az -°Fm 

therefore, the deviator stress, 3, is responsible for 
flow and plastic deformation of conventionally fully 
dense material. 

The elastic relationship between the stress and 

strain tensors are given by 

3 = 2GE~  

It 
	ti = 2I~T S 	 ..(2.17) 

where: G = shear modulus 
K = bulk modules 

. 



Since the hydrostatic part of the strain is 

associated with the volume 'changes whereas deviator 

part of the strain is associated with the deformation 

of conventionally dense materials, therefore, bydrostetic 

part of the strain is effective while deforming porous 

materials, but, for fully dense materials deviator 

part of the strain is applicable. ?°:jhile explaining 

the plastic deformation of fully dense materials parti-

cular~y,in the case of P/~1 preforms volume changes during 

deformation (density increases) and the hydrostatic 

components of stress (S" ) and strain (T" ) become 

responsible for the flow of porous P/M preforms. 

2.7.1 Elastic Deformation 

2.7.1.1 Fully Dense Material 

For general three dimensional loading the stress-

strain relations for the principal directions are given 

as below 

el = 	C al - 	+ a3) ] 

e2 = 	[ a2-- 	 (a1 +a3)] 

e3 =E[a3 —:L(al +62 )J 

where: E = Young's modulus of elasticity 

V = Poisson's ratio. 

..(2.18) 

.•(2.19) 

.. (2.20) 



For the simple case of uniaxial loading (i.e. 
tension test or compression test) Hooke's Law reduced 
to • 

a 
el = E1 or 	a1 = E e1 	..(2.21) 

2.7.1.2 Porous Material 

The application of Hooke' s laws to porous materials 
requires some modification since the pr~nsence of pores 
reduces the effective cross-sectional area for carrying 

load. The affect of porosity is reflected in an 
apparent modulus of elasticity (Ep) and an apparent 

Poisson's Ratio (J) that is less than the values 
for fully dense material. The values of Ep and p 
are not simple linear functions of the fraction of 
voids indicating that the shape and distribution of 

porosity also has an affect. 

If a simple 'equivalent strain criteria' to a 

porous material in order to determine the modulus of 

elasticity results in the following equation : 

Ep = E 	 ..(2.22) 

However, experimental results yield the following 
empiricil relationship for a variety of ferrous materials 

[121] 

Ep = E(1_fv)3.4  ..(2.23) 



Similarly an empirical relationship for Poisson's 

Ratio of porous iron preforms has been presented as 

shown below [122] : 

Ijp  = 0.5 (1-fv)1.92 	..(2.24) 

where: Ep  = apparent modulus of elasticity 

fv  = volume of fraction of pores 

E = modulus of elasticity for the solid 
material 

p  = Poisson's Ratio for a porous preform. 

Therefore, it is now possible to write the elastic 

relations for porous materials using the appropriate 

elastic constants as shown below : 

For general loading, 

e1  = -1-- [ al  - 	p ( Q2  + Q3 ) ] 	..(2.25) 
p 

For uniaxial loading, 

al  = Ep  el 	 ..(2.26) 

Hence, owing to the stress concentration affect, 

that the voids create, localized plastic deformation may 

occur at low loads or small strains. Furthermore during 

deformation the volume will change and the volume 

fraction of voids will change and therefore Ep  and 1) p  

will change. 
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2.7.2 Y.din~ 

Since metalworking is concerned with plastic 

deformation or yielding, then a 'yield criterion' is 

required as the first step to the development of a 

theory. Yield criteria for fully dense materials 

were developed many years ago by (Tresca (1865) and 

Von Niises (1913) as quoted [123]. Yield theories 

for porous material have also been presented but 

these have been more recent [124-125]. 

2.7.2.1 fully Dense Material 

The principal mechanism of flow in metals is 

by slip, which is a shearing mechanism, it is logical 

that flog occurs when the maximum shearing stress 

peaches a critical value. This is Tresca's pax _mum-

Shear-Stress cirterion. Yielding occurs when : 

ao -<- 01 - 03 	 ..(2.27) 

al - a3 =Tmax 	 „(2.23) 

where: 

ao = yield strength in tension 

al = maximum principal stress 

a3 = minimum principal stress 

ti 	= max. maximum shear stress. 

This yield criterion completely ignores any 

contribution that the intermediate principal stress 

(a2) has on yielding. The Von Mises Distortion Energy 



32 

criterion includes the intermediate principal stress. 

This theory states that only the deviator part of the 

stress (S') is responsible for yielding and therefore 

yielding will occur when the deviator strain energy per 

unit volume reaches a critical value. Yielding occurs 

when 

1101"'-= 1(ol- a2)2 + (a2- a3)2 + (a3- 1)21/2 

••(2.29) 

where: 
co = yield strength in tension or compression 

orl, c'2 and a3 = principal stress. 

It has been reported [120] that the Von Mises 

distortion energy theory fits experimental results better 

than the Tresca maximum - shear theory. Figure 2.4 

shows the plot in support of the above. 

2.7,2,2 Porous Materials 

The Von Mises Criterion for yielding is really 

a 'unction of the second invariant of the stress 
r 

deviator [120], I2 

12 = - x[61-02)2 + (Q2-a3)2 + (a3-a1)2] •.(2.3o) 

Therefore, the Von Mises yield condition may be 

written as 

ao 	(-3 i2)1~2 	 ..(2.31) 
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As stated earlier the hydrostatic part of the 

stress does not affect yielding in completely dense 

materials, but it does affect yielding in P/M preforms. 

Therefore, any yield condition for P/N preforms must 

include some function of the hydrostatic component of 

stress which will be some function of 

Ql  + a2  + a3  = 11  : the first-  invariant of. 
stress 

and also in addition must contain some function of K 

I2, the second invariant of the deviator stress. 

The lViohr-Coulomb yield criterion as mentioned by 

Suh [124] and Kuhn and Downey [125] involve both the 

required invariants, I1  and T2. 

Thus for P/N preforms yielding, is stated as a 

function of Il  and I2  or mathematically as 

Yielding = f (I1, I2 ) 	 ..(2.32) 

But: 
I I  = [3(12-I 2 )]1hf2  and 

therefore 
f 

Yielding = f2(I2,12) 	 ..(2.33) 

It was proposed by Kuhn and Downey that yielding 

for P/N preforms may be expressed as 

Yield function = [-312+(1-2 )- p ) I2,1  2 	..(2.34) 

where e 
I)p  = Poisson's Ratio for porous material.. 
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Poisson's ratio for fully dense materials is 

equal to 0.5 for plastic deformation. This is a 

requirement if volume is to remain constant. In all 

the cases of porous P/4M preforms Poisson's ratio is 

less than 0.5 but increases to a limiting value of 

0.5 as the density approaches to nearly 100 per cent 

[122]. It can be clearly seen that as the density 

increases ( )p —i 0. 5) the hydrostatic component 

part of yielding, i.e., (1-2 )p) I2 contributes less 

and less to yielding. When full density is reached 

( }~,ip = 0.5) the hydrostatic part of yielding vanishes 
r 

and yielding depends only on I2, Von Mises yielding 

criterion applies- to full density materials. 

2.7.-3 Plastic Deformation 

2.7.3.1 Fully Dense Mater ,al 

Under the condition of uniaxial loading the 

plastic deformation for simple tensile type of loading 

of polycrystalline material can be expressed by a 

mathematical expression 

a=Key 

where 
cr - true stress 

K = strength coefficient 

et = true strain 

n = strain hardening exponent. 

..(2.35) 
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A log-log plot of a versus et  (flow curve) will 

give a straight line if the material behaves in 

accordance with the above equation. The value of 'n' 

is equal to the slope of the straight line, while K 

is equal to the value of o when et  = 1. Values of 

'n' and K are given in Table 2.1 for conventional 

wrought materials. The values reDor_ted in Table 2.1 

for 'n' and 'K' are for _room - temperature deformation. 

Increasing the deformation temperature usually decreases 

both 'n' and 'K' provided that a phase transformation, 

precipitation or some other hardening process. does not. 

occur. Ultimately the material approaches a perfectly 

plastic condition (no strain hardening) as the temperatu: 

is increased. 

Table 2.1 : Values of n and K for Metals at 
Room Temperature 

Metal Condition n K, 	use. 

0.05 % C Steel Annealed 0.26-  77. 
SAE 4340 Steel Annealed 0.15 93 
0.6 % C Steel Quenched and 

tempered 100OF 0.10 228 
0.6 % C Steel Quenched and 

tempered 1300°F 0.19 178 
Copper Annealed 0..54 46 
70/30 Brass eknnea.led 0.49 130 
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2.7.3.2 Porous riaterial (Uniaxial Load'n 

Uniaxial compression and plane strain compression 
tests were made on a variety of iron-carbon alloys 

and several low alloy steels [18]. Log-log plots of 

the a vs et data approximated straight line behaviour. 

The values of n (hardening exponent for porous 

material) and Kp (strength coefficient for porous 
material) are given for the iron-carbon alloy preforms 
in Table 2.2 and for the low alloy steel preforms in 
Table 2.3. It can be seen from these data that ' I p 
increases and 'KpI decreases as porosity is increased 

as porosity is increased. Thus the flow characteristics 
of porous preforms can be represented by 

n 
a = Kp etp 

It is interesting to note that in the case of 
fully dense materials n ---~ O as temperature is increased 
(perfectly plastic material, no work hardening). In 
contrast for porous material n does not approach to 
zero as temperature is increased since n is result of 

two factors: 

(1) Porous preforms harden during deformation 
because the metallic matrix strain hardens, 

and 

'(2) Porous pr forms harden during deformation 

because the density is increasing (pore 

volume decreases) and effective load 

carrying cross-section increases. 
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The first factor is sensitive to temperature but the 

second factor is not sensitive to temperature. Therefore, 

there is an effective deformation hardening of porous 

preforms at elevated temperatures. It has been reported 

[126] that when porous iron preforms are deformed at 

2100°F the material behaves in accordance with an 
n 

exponential function (a -- oy = K p etp) . It was 

found in this work that ' np ' was a constant for true 
strains unto e = 0.5. Above et = 0.5, np increased 

with increasing strain. 

2.7.4. Complex Loading 

2.7.4.1 Fully Dense Material 

There are no simple relationships between stress 

and strain for a general or complex type of loading 
during plastic deformation. The two basic approaches 

to the problem for fully dense materials are that 

since the deviator part of the stress is responsible 
for deformation then 

S~ = f(E) 	[ flow theories] 	 ..(2.37) 

or 

S~ = f(E) 	[deformation theories] 	..(2.38) 
where: 

S = devia.toral stress 
E = doviatoral strain 
* ,. 

E = d^viatoral strain rate. 



Development of a flow theory leads to the 

following equations [119-120]. 

gal - a2 - a3 	d et 1 ..(2.39) 
262 - o1 - a3 	d et,2 

2 l- 2 - 3 	det1 	
,. 2.40) 

2 3 - al - a2 	(l et, 2 (  

Using the two above equations with the constancy 

of volume equation of full density materials 

(d et 1 + d et 2 + d et 3) = 0) provides a system of 
~ 	 s 	 s 

differential equations. These equations must be 

integrated along a given stress path or a given strain 

path to obtain in any specific case, a finite stress-

strain relationships during plastic deformation. The 

above equations neglect the elastic range and does 

consider that work-hardening is not there. 

If plastic deformation is small then elastic 

deformations must be considered and then other theories 
must be used [120 ] 

2.7..4.2 Porous Materials 

The basic requirements for deriving the relationship 

between stress and strain for plastic deformation involve: 

(1) establishing a yield criterion 

(2) establishing a flow rule. 
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The above factors apply to both conventional 

full density materials and porous preforms. The 

principal differences of the problem in deforming 

porous materials are 

(1) The hydrostatic or pressure component of 

stress does affect yielding, and 

(2) Volume changes during plastic deformation. 

The yield function of Kuhn and Dowriey as presented 

previously combined with the normality flow rule of 

St. Venant [125] was used to develop the following 

equations for deforming porous preforms : 

(1) For repressing powder preforms 

are  = (1-- )/(1-1)p )2J1/2 c  

(2) For plane strain compression where et Z  = 0 
a 	 ' uc 

ax 	1_ 2 )1T2  

where 
Ere • = stress required for repressing 

ouc = yield stress in uniaxial 
compression 

,Up - Poisson's Ratio 

ax  = axial compressive stress for 
plane strain compression. 

These equations are analogous to those developed 

by using slip-line field theory for fully dense 

materials. The equations may be used to predict flow 

curves for more complex type loadings (i.e. repressing 
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and plane strain compression) from simple uniaxial 

compression flow curves, provided that Poisson's ratio 

as a .function of density is known. 

2.7.5 Deformation and Densification 

The application 6f a compressive type of load to 

a porous P/M preform causes a decrease in volume and 

thus an increase in density. The amount of density 

increase depends on type of loading, magnitude of 

load 6 preform density and the type of material. The 

type of loading is important if maximum efficiency of 

densification is to be achieved. 

2.7.5.1 Pores and Inclusions 

One unique difference in deforming P/N preforms 

is that a large volume of pores are present (upto 30 or 

40 %). Therefore, it is necessary to consider the 

manner in which pores deform during loading. In Fig.2.5(a) 

the shaded area represents a pore in an unloaded body. 

Applying a hydrostatic type load (S ) will cause the 

volume to decrease; however, as shown by Bockstiegel 

the pressure for any practical process and even may be 

infinite, depending on the model that is chosen [127]. 

Although hydrostatic loading(Fjg.2.5b )contributes to 

yielding and densification, a practical deformation 
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process for completely eliminating pores must be one 

where conventional shear or flow type deformation (F } 

occurs. Deforming with shear and hydrostatic loading 

could produce pore closure as illustrated in Figs.2.5(c) 

and 2.5(d). The dramatic effect that the application 

of shear type loading has been demonstrated by Koerner 

[128]. At this stage it is also necessary to consider 

the effect of applied load over the inclusions during 

deformation. An inclusion (shaded area) in an unloaded 

material is shown in Fig. 2.6(a). If the relative 

strength of the inclusion to the matrix is high, the 

inclusion may not deform and cracks or pores may open 

at the matrix/inclusion interface, as illustrated by 

the black regions in Fig. 2.6(b), or the inclusion 

itself may crack without appreciable deformation. A 

high hydrostatic stress (t)  helps to minimize these 

types of cra.cks. If the inclusion is not significantly 

stronger than the matrix, then the inclusion may be 

deformed and elongated in the direction of maximum 

straining. There is a tendency for pores to form at 

the ends of deformed inclusions too (Fig. 2.6(c)). 

Increasing the deformation beyond the point shown in 

'C' may cause the inclusion to fracture and leave pores 

between the fragments (Fig. 2.6(d)). These phenomena 

have been observed in formed preforms [129]. 

It has been reported [126,130,131] that strain 

densification seems to be relatively insensitive to 
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alloy composition 'stress-densification' is sensitive to 

both alloy composition and mode of deformation. Strain 

densification and stress-densification data have been 

presented by other investigators [126, 130, 131]. 

2.7.6 Strain-Change in Volume Calculations 

It has been reported earlier that densification 

is independent of alloy composition and therefore it is 

possible to predict densification from strain measurements. 

The final density of the forged component can 

be calculated from the measurements of three normal 

strains [117]. 

~x 	 rz 
Pf = ~- - = 	e

t,n+ et,y+ et,z 	
..(2.41) 

V'o e 
where 

pf = final or deformed density 

N = mass 

Vo = original volume 

exp = 2.718 

or 
Pf = /pre 

e-- ap 	 ..(2.42) 

where: 

op = (et,x + et►Y + et,Z) 

M  ppre ~ = Preform Density =  
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The above equation is valid for porous materials 

or any material that can experience a volume change 

when deformed. 

2.7.7 Effects of Flow and Residual. Porosity 
on Properties 

The recent studies [132-133] on the effects of 

preform density on impact properties of atomized iron 

preforms indicate the importance of deformation or 

flour during forming process. Some of the results of 

the above work on plane strain deformed and densified 

material indicate that when the formed density reached 

to a level of 7.4 gm/cm3 and 7.6 gm/cm3 or approximately 

5 % and 3.5 % porosity) the impact properties are not 

much affected. However, when the formed density 

~ea.ched'7.7 gm/cm3 (approximately 2 % porosity) there 

is slight improvement in impact strength with a 6.7 gm/cm 3 

preform density. In case of components deformed to a 

density level of 7.8 gm/cm3 i.e. less than 1 % porosity 

maximum properties were obtained with a 6.2 gm/cm3 

preform. Similar trends have been reported for hot 

formed atmoized iron preforms. It has been further 

reported that 'V' notch impact test is most sensitive 

test for assessing the integrity of P/M formed material, 

However, tensile strength and yield strength are much 

less sensitive than the tensile ductility (% elongation 

and reduction in area. But, tensile ductility could be 



misleading also. If a P/1'I formed component is not 

processed properly, it may be possible to achieve all 

tensile properties and yet fall far short in impact 

strength in comparison to conventional wrought material. 

Therefore, in the development of P/M forming material and 

processing techniques, it is important to measure 

impact properties. 

The mechanical properties of P/' M foamed material 

are basically affected by 

(1) Residual porosity 

(2) Inclusions, and 

(3) Flow 

Impact properties are extremely sensitive to 

small amounts of residual porosity. The effect of 

porosity on the impact strength can be seen from the 

values of 25 ft-lbs. for a porosity level of -'---2%  

whereas over 180 ft-lbs for porosity level below 1 %. 

Literature reports [134] that the iron-carbon 

alloys exhibited an increase in tensile strengths but 

a marked decrease in impact resistance. The iron 

samples showed the structures of uniform fine grains 

of ferrite with varying amounts of oxides. The iron-

carbon samples consisted of ferrite grains with both 

pearlite and coarser iron carbides at the grain 

boundaries. 
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The influence of residual porosity on mechanical 

F-^operties which are severly affected are fatigue and 

impact strength [135--1383 and therefore forging to 

full density is the ultimate condition if dynamic 

applications are required. 

The importance of inclusions have been realised 

by number of investigators [139-144] when they observed 

that the properties of the powder forgings have been 

drastically affected. In general, inclusions in any 

form show extremely deterimental effects on impact 

properties. It has been well understood that inclusions 

matrix interfaces are the week spots of any component 

under impact loadings,cracks readily follow these weak 

directions and this is why the presence of inclusions 

in a matrix show poor impact properties as far as 

conventional forging in the transverse direction is 

concerned. However, in the longitudinal loading the 

weak spots may cause the diversion and branching of 

cracks and thus increased impact strength. Powder 

forgings have rather an isometric inclusion distribution 

[145-148] and therefore weak directions are practically 

absent. Thus, dynamic properties lie some where in 

between those measured in the transverse and longitudinal 

direction of conventional forgings [149-151]. The 

implication of this difference between conventional 

and powder forging is that an actual component which 

will have to function under complex stress conditions 



may well give better performance in the powder forged 

condition, in spite of lower longitudinal values of 

test bars. Several investigators seem to support this 

[152-153]. 

Many investigators have reported that powder 

forging of iron and low alloy steels can yield properties 

which are comparable with those of conventionally forged 

materials [154-165]. It can be seen that controlling 

the residual porosity one can alter the mechanical 

properties of the powder forged . products, but eliminating 

the last traces of porosity the process becomes 

uneconomical. Similarly, elimination of inclusions 

becomes further uneconomical and therefore a compromise 

is to be made in between mechanical properties and the 

level of inclusions and porosity of the forged products. 

2.8 PRODUCTS PRODUCED THROUGH POWDER 
METALLURGY ROUTE 

Since it has become possible to achieve forged 

density close to theoretical density, a large number of 

components have been produced through powder metallurgy 

. route and these components succeeded in trial runs. 

Therefore, with the march of time, a great deal of 

research work has been put in for the development of 

components. Impact, fatigue and tensile properties 

of high density carbon and low alloy steels have shown 
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to compare with wrought stools of the same composition. 

' 	Thus, available property combinations place several 

iron base alloys in direct competition with wrought 

products in the automotive industry. Forged plain 

carbon steels and the 4000, 4400, 4600 and 8600 series 

steels have been found suitable for transmission gears, 

drive shaft flanks, connecting rods, side gear and 

pinions, alternator poles and ring gears etc. 

Other components such as bearings [166] brackets 

[167], bushings [168], cams [169], chain saws [170], 

clutch parts [171],  combustion chambers drive trains 

[172), end plates [173], fasteners [174], gears [175), 

guns [176], hubs [177], knobs [178] magnetic parts [179], 

powder hammers [180], pulleys [181], races [182], 

ratchet [183], refrigerators [1843, rotors [1851, 

stockets, spark plug, straps, sprockets, torque converter 

transmission parts [186] and turbine parts. 

The overall analysis of the parts produced through 

powder metallurgy had a variety of applications used 

under static condition of loading or used to bear 

marginal loads on subjected for static and dynamic 

conditions of loading. These conditions require the 

product to be metallurgically sound i.e. free from 

porosity, inclusions etc. This implies that the 

theoretical density achieved must reach as close as to 

theoretical density. Therefore, the soundness of the 

product is to be evaluated on the basis of its density. 
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It has been also shown earlier that densification can 

be obtained either repressing, upsetting, or upset-

repress forgings. During repressing complete 

densification can not be achieved but upsetting too 

does not lead to complete densification -whereas upset-

repress condition brings clown the density as close 

to theoretical density as possible. Literature provides 

enough information on the mode of densification such 

as through upsetting, repressing or upset-repressing 

process, to attain theoretical density is a remote 

possibility, but, however through upset-repressing very 

close to theoretical density can be achieved.[186-190]. 

Seeing, the wider aspects of the applications of 

powder products - the fundamentals of densification 

mechanism, effect of alloying elements on densification 

and various parameters affecting densification have been 

discussed in detail. Since the theoretical principles 

involved in densification during deformation are 

discussed earlier in this chapter therefore, densification 

mechanism has not been described in detail later in 

subsequent chapters. However, .ode of clensification, 

effect die constraints, temperature of forging and 

effect of alloying elements are detailed. 

777  
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Fig.2.1—Total stress S, its normal component a. and 
Its shear component T 11191 
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Fig.2.2—Components of total stress at a point relative 
to an x,y,z orthogonal system (equal stresses 
must_ act on opposite faces of the unit cube for 
equilibrium) 11191 
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Fig.2.5 --Deformation of pores [ 1,127 
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Fig.2.6 —Deformation of inclusions [127,129 



0HAPT.ER-3 

FORMULATION OF THE PROBLEM 

A critical scrutiny of the literature reveals 

that in powder preform forging two routes are followed, 

to densify the sintered preform either by cold forging 

or by hot forging in different shaped dies. The 

basic purpose of forging sintered preforms - following 

either of the routes mentioned above, is to enhance 

mechanical properties of the products. Several (1,191] 

investigations indicate that to achieve mechanical 

properties comparable to wrought products, it is 

essential to achieve the final forged density close 

to theoretical density. Kahlow' s propostal was that 

the effect of deformation in enhancing mechanical 

properties is two-fold 

(1') the deformation flow pattern can alter 

void geometry and lower the critical 

pressure [ 192 ] necessary to initiate 

void closure, and , 

(2) the shear induced during deformation 

causes sliding of the internal void 

surfaces of a. pore which may become 

welded in intimate contact. 



0 

55 

With the above in view Moyer [ 193 3 concluded 

in his investigation that less strain is required 

to achieve full density for preforms having high 

densities and additional work is required to produce 

flow necessary to promote strong bonding at interfaces 

caused by pore closure. In the case of low density 

preforms, most of the work is spent initially on 

closing pores and again additional work is required 

to attain optimum properties. 

3.1 STATEMENT OF THE PROBLDI 

" Densification Behaviour of Iron and Iron 

based Alloy Powder Preforms during Hot 

Forging." 

As the deformation in any metal forming 

operation is never strictly homogeneous, pore closure 

should also be never homogeneous. The pores situated 

along the surfaces of the component will never be 

able to close down either on account of predominance 

of tensile forces (at free surfaces) or of hydrostatic 

forces (at the die confinement) present in the dead 

metal zones. So it is expected that particulate 

structure will be prevalent at the component surfaces 

irrespective of the preform and die designs set for 

any forging operation. In the interior of the 

component and just below the surfaces of the component, 

pore closure kinetics is expected to drastically 
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differ and is dependent upon the preform and the die 

designs. The present investigation is aimed at 

studying in detail these aspects of pore structures 

and their influence on over all properties attained. It is 

needless to point out that while cent percent 

densification is never possible, our endavour for any 

successful forging process should be to destroy the 

earlier particulate structure and build upon new 

refined_ structure at maximum possible areas inside the 

component. In other words interparticle pores should 

be effectively closed down. In addition to die and 

preform design, such kind of pore closure is also 

expected to be dependent upon 

(1) Initial pore geometry 

(2) Composition of the metal/alloy system, and 

(3) Temperature of forging. 

The choice of material and other forging 

parameters have been made keeping these factors in 

mind. The literature does not give elaborate account 

of these parameters with respect to pore closure. 

3.2 SELBCTION AND ALLOY COMPOSITIONS 

Selection of metal/alloy composition for 

studying densification behaviour was not random rather 

it was on the basis of their industrial applications. 

The basic study was planned for iron, iron-carbon and 
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iron-phosphorus systems. The criterion of selection 

was on the basis of the fact that graphite admixed 

iron powder sintered preforms will have irregular 

shaped porosities after sintering. Very few of them 

might acquire partially round surfaces, whereas, iron-
phosphorus alloy powder sintered preforms will have 

more stabilized rounded pores just after the sintering 

operation. 

Following three plain carbon steels were 

planned for the study of densification behaviour :. 

(a) 0.35 % carbon steel 

(b) 0.8 	carbon steel and 

(c) 1.3 % carbon steel. 

The other steel which was also planned to be 

studied at a forging temperature of 9600C had the 

composition of 0.45 % phosphorus and balance being 

iron. 

3.3 	A-plications of Carbon and Phosphorus Steel 

3.3.1 0.35% Carbon Steel 

Properties of steels containing 0.35 % carbon 

are likely to be improved by heat treating and, 

t herefore 9  are best adapted for machine tarts. 
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3.3.2 0.8 °~ Carbon Steel 	 N 

0.8 percent carbon steels are most suitable 

for springs and some wood-working tools. 

The above two steels come in the category of 

medium carbon steels. Steels containing carbon in the 

range of 0.35 to 0.83 percent are the most widely 

used steels for the construction of equipments etc. 

In general, steels containing less than 0.35 percent 

carbon do not harden appreciably by quenching [ l94, 

and, therefore, carbon composition below 0. 35 % were 

not selected. 

3. 3, 3 1. 	Carbon Steel 

Steels containing carbon in the range of 1.2 % 

t -) 1.5 % are basically useful for producing saws, 

files, razors, jewelers' files, balls and races for 

ball bearings. Therefore, a steel of carbon content 

of 1.3 % was also planned to be studied. 

3.3.4 0.4 % Phosphorus Steel 

Phosphorus as alloying element in steels has 

deleterious effect such as decreasing ductility and 

dynamic properties whereas amounts greater than 0.05 %P 

increase strength phosphorus in small amounts dissolves 
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in the ferrite and increases strength and hardness. 

In cast irons phosphorus upto 0.30 % is added 

to improve fluidity. However, some cast irons contain 

as much as 0.90 % of phosphorus which forms, a hard, 

brittle compound, iron phosphide (Fe3P). But through 

the powder metallurgical route even higher amounts 

of phosphorus than 0.90 % could be successfully used 

with beneficial effects in steels [ 194(a), (b)]. Figure 3.1 

shows the phase diagram of Fe-P system, In the 

present investigation Fe -- 0.45 %P steel was used to 

study the forgeability ductility and strength. 

3.4  P0ISS0N RATIO 

Studies conducted by Kuhn et al on cold and hot 

upsetting for various sintered powder preforms showed that 

the variation of Poison ratio with per cent theoretical 

density on a log-log plot was a straight line.Por values c: 
to theoretical density Poisson ratio has been reported 

as 0.5 which is the case for purely dense material. 

However, it has been also reported by them that the 

behaviour. of Poisson ratio with respect to per cent 

theoret teal density for Al 601 .9B alloy forged. at 700°F 

(3730C) is a straight line though the actual points 

do not approximate to a straight line (Fig. 3.2). 

Since Poisson ratio is one of the fundamental tools 



in powder preform design and basically representing the 

ratio of the two true strains namely diameter strain 

and height strain, it needs thorough investigation. 

According to KahloUw and other investigators shear 

strains are necessary for completely closing the pores 

by sliding the pore surfaces and ultimately bringing 

them to intimate contacts. Therefore, in the light 

of this argument, ` needs thorough investigation. 

It is true that vast literature on sintered 

powder preform forging is available but they lack in 

evaluating ",~ values in depth. In the opinion of 

the author the material variables such as composition 

and forging parameters such as level of deformation, 

preform geometry and initial preform density must play 

a role while evaluating Poisson ratio and subsequently 

die design for close die forgings and extrusion 

forging dies. 

3.5 PORE STRUCTURES 

Literature reveals [l30 ] that the forged 

component when examined for metallography exhibits that 

pore size varies within the same component right from 

the centre to the periphery in the increasing order 

of coarseness whereas in the opinion of the author 

there is always a possibility of larger size pores 

being present anywhere in the component. This could 

possibly be because of the fact that, two or more 
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than two pores may coalesce to form larger sized 

pores under the condition of upsetting. During 

shearing action as the metal flows in the diametrical 

direction, kinetics of pore movement are likely to 

be differential in this direction. Hence, conditions 

are likely to be set for pore coalescence. 

It is therefore proposed to investigate the 

problem of densification under upsetting through the 

careful evaluation of Poisson ratio and thorough 

metallographic investigations. 

3.6  EXTRUSION FORGING 

Scanty reports [ 195 j are available in extrusion 

forging of powder preforms (sintered). The mode of 

densification through extrusion forging involves the 

studies of shape, size and orientation of pores in the 

forged product. This type of study through metallographic 

examination is likely to give the extent of 

pore deformation i.e. pore flattening under shear 

strains and structure might reveal the possibility of 

grain flow or grain deformation. With the above in 

view two types of extrusion forging (partially open 

step down cylindrical and partially open hemi-spherical) 

dies were designed. Effect of composition on mode of 

densification and pore closure kinetics were- planned 

to be studied. 
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3.7  CLOSED DIES 

Literature is in plenty [2,1951 on closed die 

forgings of sintered ferrous alloy powder preforms. 

In general cent per cent density is not reported 

possibly due to the fact that repressing develops 

hydrostatic condition where final elimination of pores 

become difficult. Therefore, it was aimed at producing 

products with minimum. possible residual porosities so 

as to obtain products having properties comparable 

to wrought products. 

In the present investigation with the closed 

die forgings repressing action was planned to be . 

introduced at various stages of deformation to find.. 

out if theoretical density of the product could be 

achieved. The effect of composition on the level of 

densification and the effect of height strain at 

which repressing was to be introduced with  respect to 

densification were planned. 	Through the study of 

densification and metallurgical structure, the 

soundness of the product produced through these dies e 

was planed to be examined. 

3.e EXPERIMENTAL APPROACH 

In the light of the above it was approached 

to investigate the following s-- 
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(1) Forging through flat dies in the temperature 

range of 800 - 1120°C for iron, iron-carbon 

and iron-phosphorus sintered -preforms. 

(2) Extrusion forging through partially open 
step-down cylindrical die for iron and 

iron-carbon alloys at 112000 and iron-

phosphorus alloy at 960°C. 

(3) Extrusion forging through partially open 

hemi-spherical die for iron and iron carbon 

alloys at 1120°C and iron-phosphorus alloy 

at 960°C. 

(4) Closed die forgings for iron and iron-carbon 

alloys at 1120°C at varying levels of 

repressing (by changing the final diameter 

of the product) . 

(5) Closed dive forgings for iron-phosphorus 

alloy at 960°C. at varying levels of 

repressing (by changing the final diameter 

of the product). 

(6) Square cross-section bar production for 
mechanical t^sting through upsetting. 

(7) To evaluate cracking behaviour with respect 

to forging temperature for ,iron, iron-carbon 

and iron-phosphorus systems under upset 

forgings through visual observations and 

then quantifying them. 



(8) To evaluate the densification behaviour 

with respect to height strain with process 

parameters such as material variable as 

composition and forging parameter as 

deformation. Thus, density measurements 

for each sintered and forged specimen were 

planned. 

(9) To investigate in detail the microstructural 

changes and change in pore geometry during 

hot upsetting, extrusion forgings and 

closed die forgings for each metal/alloy 

systems. 

(10) To investigate the kinetics of pore 

movement in sintered preforms of iron 

upset forged at 900°C for H/D = 0.97. 

(11) To study the pore shape changes and the 

possible material movement in closing 

down the porosity under shear in partially 

open dies and then to establish the mode 

of densification through these type of die 
forgings. 

(12) To study the effect of additional stroke 

of the• press even though the preform 

acquired the shape of the partially open 

die cavities and attained close to the 

theoretical density. This effect was 

likely to be reflected by hardness 



65 

measurements and therefore, hardness 

values were planned, to be taken for 

each forged component under partially 

open dies (extrusion forging dies). 

(13) Hardness measurements were planned to be 

taken for each deformed preform under any 

of the forging techniques adopted. 

(14) For upset forging, per cent height 

reduction, per cent diameter increase, 

true diameter strain, true height strain, 

Poisson ratio, forged aspect ratio, 

density, fractional density and hardness 

evaluation were planned to be executed. 

(15) In extrusion forging hc, hct' vc' vct' 

fhc' fvc and 	parameters with 

fractional density and hardness were 

planned to be taken. 
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C H A P T E R- 4 

Execution of any type of forging, involves 

basically a forging press and the most suitable set 

of die and punch. To design a suitable die and 

punch, the press details were studied and consequently 

the dimensions of die and punch were decided. Thus 

for 100 tons capacity Friction Screw Press, a set of 

upsetting die and punch with a working area of 

75 x 240 mm2  was designed. 

Results reported by Yoshio et al [196 ] on hot 

upsetting of 0.45 % graphite admixed and those of the 

present investigation, under the similar conditions 

on forging of iron and iron based alloy powder preforms 

on appearance of cracks and their further enhancement 

in size with propogation as a function of forging 

temperature and percent height deform ation,were utilized 

as basic guidelines for introducing varying modes of 

constraints during partially open and closed die forgings. 

This approach was undertaken to achieve complete 

densification at varying degree of constraints. 

4.1 PRESS CONSIDERATION 

Literature [ 10 ] cites various type of presses 

presently in use for powder preform forgings. Since 
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in powder preform forging nearly 98 percent theoretical 

d'„nsity is achieved in a single stroke involving fast 

pore closures and thus the mechanics of metal flow 

is governed by the role played by inherent porosities 

present in the preform. The quality of metallurgical 

bond.depends on time of contact between preform 

surfaces with that of die and punch, temperature and 

pressure. Therefore, it is essential that the working 

stroke be carried out as fast as possible to avoid 

excessive cooling of the surface particles due to 

die chilling, causing thereby poor bond strengths 

and consequently producing a metallurgically unsound 

product. Hence, minimum time of contact between the 

workpiece and die-punch surfaces be permitted. Therefore 

mechanical presses, which are generally fast compared 

to hydraulic forging presses, must be used for hot 

forging [ 10 ;. L ter Lure reports [ 10 ] that 

nearly 6.5 to 12.0 Tons/cm2  pressure is required to 

achieve full density. Therefore, on the basis of 

available data Friction Screw Press of 100 Tons 

capacity was selected for the entire set of hot, 

forging operations. Figure 4.1 shows the schematic 

representation of the forging press. 
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4.2 UPSETTING DIES 

Based on the above Friction Screw Press, a 

set of die and punch of suitable working area was 

designed. Holding devices for the die and punch 

respectively were designed as per provisions available 
with the press. Schematic representation of upsetting 

dies are shown in Fig. 4.2. 

4.3 PARTIALLY OPEN DIES 

Partially open dies were designed with the 

concept that with a gradual increase in constraint 

the forged density is likely to approach theoretical 

density at a much faster rate than what is achieved 

in upsetting. Keeping this in view, varying conditions 

o2 flow; and constraints were introduced by step down 

cylindrical die. Set of experiments are proposed to 
y 

be carried out with this die to evaluate dead metal 

zone, flow of pores and subsequent elimination of 

pores to enhance densification. Hemi-spherical 

partially open die was designed to create hydrostatic 

condition in the hemi-spherical portion of the die, 

whereas in the upper part of the die, a late 

application of diametrical constraint was introduced 

to study if at all theoretical density could be 

achieved under such type of constraints. 
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4.3.1 Ste -Down C lindrical Die 

Step-down cylindrical die was designed to study 

the rate of densifjcation with respect to increasing 

amount of constraint. Criterion for design of such a 

die was that the hot metal (sintered preform at 

suitable temperature) should be allowed to flow 

diametrically at the upper part of the die freely 

while remaining confined along the lower part of the 

die but, however, free to flow downward along the 

vertical axis of the die. In order to meet these 

requirements, a step-down cylindrical die was designed 

having steps along the height of the die leading to 

overall decrease in diameter from 29.8 to 17 mm. 

Figure 4.3 shows the actual die. However, the punch 

used was that of the flat die. 

4.3.2  Partially Open Hemi--Spherical  Die 

Basic fundamental concept introduced by Stassi 

and quoted by Kuhn et al [ 197 ] if there exists only 

hydrostatic conditions during powder preform forging, 

the pore geometry, if spherical in shape, can not be 

closed under the application of the finite amount of 

force. In many cases it is expected that nearly 

spherical pores may not be closed as they require 

infinitely large amount of force. 
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Following equation represents relationship 

between pressure and pore/void geometry based on 

physical model [ 197 ] : 

p = 2 ao  fn(ro/rl) 	.... (4.1) 

where, 

p = applied pressure 

a0  = flow stress of the material 

ro  = outside radius equivalent to mean 

space between pores, and 

ri  = pore . radius. 

As r tends . to zero, p required for densification 

becomes unbounded. With this in view hydrostatic 

condition,through this die,was expected to develop 

and thus the study of confinement on pore closure 

was planned. Figure 4.4 represents the Hemi--spherics:], 

die cavity. 

In a hemi-spherical die gradual increase in 

constraint is offered in a continuous manner and when 

the material completely fills the die cavity it has 

no chance to flow further. At this stage and 

additional pressure applied must result in reduction 

in pore size leading to better densification any 

a sound metallurgical product. But, however, few 

of the pores acquire spherical shape due to prevalent 

hydrostatic condition in which stresses generated' 
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across the pore (spherical shaped) are equal in all 

directions and thereby restricting further densifi cation-. 

4.4 CLOSED DIE 

Literature reveals [130 ] that forgings under 

flat dies involve crack initiation and its propagation 

inside the bulged region of the specimen as the degree 

of deformation is enhanced. This is due to developed 

circumferential tensile stresses. This phenomenon is 

a function of such forging parameters as forging 

temperature, strain rate of deformation, die lubricants 

and the material. In general, the observations of 

others [196 ] and of the present investigation showed 

circumferential cracking after a height reduction of 

50 to 60 percent and there onwards pronounced cracks 

developed at the bulged regions of the deformed samples. 

Therefore, it was decided to introduce circumferential 

confinement at various height reductions, varying from 

30 to 55 percent. The constraint at lower height 

reduction was aimed to produce fast densification whereas 

delayed constraint was introduced to reweld the already 

generated cracks within the bulged regions while 

preform experienced upsetting practic"fly upto this 

level. Figure 4.5(a) represents the closed die cavity 

and Fig. 4.5(b) shows the design of the rings used 

during closed die forgings. 
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Fig.4. a (a) Closed die 
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CHAPTER-5 

EXPERIMENTAL PROCEDURE 

This chapter deals with powder characterization, 

cold compaction,application of ceramic coating, sintering 

and subsequently hot forging of sintered preforms at 

different temperatures in different shaped dies. 

Upsetting experiments were conducted on iron, 

iron-graphite admixed and iron-phosphorus alloy powder 

preforms of different H/D ratios. Optimum forging 

temperature and H/D ratio were selected on the basis of 

upsetting results for subsequent forgings. Kinetics of 

pore closure were studied in the case of iron powder 

preforms (H/D = 0.97) forged at 900°C. Effect of 

graphite addition to iron powder on densification during 

e 	Similar ar s t a i cis were hot upsetting was also evacuated 	S3im ~-~~ ~..~_~.,~ 

conducted for an iron-phosphorus alloy powder. 

5.1 MATERIALS AND THEIR CHARACTERIZATION 

Iron powder, iron powder-graphite admixed and 

iron-phosphorus alloy powder were characterized for flow 

rate, apparent density, compressibility and sieve analysis 

wherever it was feasible. 
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5.1.1 Iron Powder 

Electrolytic iron powder, 99.7 % pure supplied 

by M/s Shudhakar Products, Bombay, India was used. 

Characteristics of this powder evaluated by standard 

procedures [ 198 ] are given in Table 5.1. 

Table 5.1 

Characterization of Iron Powder 

Flow 
Rate 
Sees/ 

24 

Apparent 	 (Sieve Analysis % )_ 
Density j  

1801+1501+1251+106 1+90 1 +63 1 +53 1 +37 1-37 

3.37 	0.00 0.00 2.12 26.94 0.00 25.84 21.66 16.77 6.51 

Compressibility data determined as per specification 

[ 198 ] are given in Appendix A.1 and shown in Fig. 5.1 

which reveals that the powder is highly compressible. 

5.1.2 Iron-Graphite Mixes 

Three different iron-graphite mixes having 0.43, 

1.14 and 1.86 percent graphite respectively were prepared 

using crystalline graphite powder of -300 mesh size. 

Mixing was carried out for a period of 10 hours using 

pot-mill. Samples were taken at one hour interval and 

after subjecting them to standard drying treatments [198 ], 

they were used to evaluate apparent density [198 ] and 

flow rate [198 ]. After having conducted the above 



tests, powder samples were returned to their respective 

pots so as to maintain charge to ball ratio. Observations 

are reported in Appendix 11.2 and plotted in Figs. 5.2 

and 5.3. Results show that mixing for a period of 

6 to 7 hours was appropriate as after this period no 

appreciable change was recorded in flow rate and 

apparent density. 

Since the flow rates were observed to be poor, 

flow data were therefore, obtained using larger orifice 

[ 198 3. 
Compressibility data are given in Appendices A.3, 

A.4 and A.5 and are plotted in Fig. 5.1 which reveals 

that compressibility is not appreciably affected by 

mixing increasing amounts of graphite with  iron powder. 

However, compressibility becomes superior to that of 

iron powder. 

5.1.3  Iron-Phosphorus Alloy Powder 

The phosphorus content of the alloy was analysed, 

following standard procedure [199 ), to be 0.45 percent. 

Flow rate and apparent density of this powder 

along with sieve analysis, are given in Table 5.2 
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Table 5.2 

Characterization of Iron -- 0.45 % P Alloy Powder 

Flow jApparent i  S 	 Sieve Analysis % wt. 
Rate IDensity  
Secs/ 
	s CC 	

x'180 j+150 1+1251+106 +90 +63  
1_
+53 i  +37 [_37 

1  

0.00 0.00 6.47 34.28 0.30 25.85 16.79 11.43 3.99 

Compressibility data are reported in Appendix A.6 

and are plotted in Fig. 5.4 which shows that it is 

appreciably inferior to iron powder. 

5.2 MICRO-STRUCTURES OF IRON AND IRON-PHOSPHORQ 

ALLOY POWDER 

Surface nature of the powder particle and 

internal porosities of iron and 0.45 % P-iron alloy 

were studied prior to their use in the present 

investigation. 

5.2.1 Iron Powder 

Scanning Electron Microscopic examination shows 

the iron powder particle exhibiting plane facets ^osociated 

with small amount of surface porosities, Fig.5(a). This 

is possibly due to the fact that the pulverisation 

treatment after annealing electrolytic' iron powder has 

been carried out. When seen at lower magnification 

particles appear longitudinal in shape with rough surfaces. 



The powder particles wer.=1. mounted using. Lucite 

granules for microstructural examination shows procedure 

described elsewhere [ 17 3 Fig.5.5(b)as per the micro-

photograph of few particles. Majority of the powder 

particles were small but fairly rounded. Few of the 

particles were large and flaky. Finely dispersed 

porosities were observed within the powder particles. 

Figure 5.5(c) is the etched structure of a single big 

particle revealing in it the presence of few grains. 

However, majority of the powder particles did not show 

the presence of grains indicating that the powder size 

was smaller than the grain size in general. 

5.2.2 Iron--Phosphorus Alloy Powder 

Scanning electron microscopic examination shows 

the 0.45 % P-Fe alloy powder particles having surface 

roughness of higher order compared to iron powder 

particles. It appears that at the surface of the 

particles there is a formation of localized dendritic 

structure possibly because of the diffusion alloying 

of phosphorus with iron at the surface (Fig.5.6(a)). 

Figure 5.6(b) shows the magnified view of the above 

powder particles. 

As described in Section 5.2.1 the. sample was 

prepared and examined. Polished and unetched section 

shows reduced amount of internal particle porosities. 



Figure 5.6(c) shows no. of particles taken together. 

Surfaces of these particles are fairly rough. Internal 

particle porosities are of lower order than that of 

iron powder particles. Figure 5.6(d) shows few etched 

particles showing no. of grains within themselves 

indicating that the few powder particles are large 

enough to have two or more than two grains whereas 

majority of the powder particles were smaller in size 

than the, size of the grains., Porosities within the 

particles are explicitely seen. 

5.3 COLD COMPACTION 

The powders were cold compacted in the pressure 

range of 4.5 to 7.5 tons/cni . Compact diameters were 

keptkept constant, 26.8 mm. Height was varired from 15.0 lJ lJ i1N v(.y}a ..~ 

to 33.0 mm to obtain different HID ratios. To maintain 

the density well within + 0.01 gm/CC range, pre-weighed 

powders were compacted at a given pressure for a given 

system. Zinc stearate was applied over the die walls 

for lubrication during compaction. 

5.4 CERL~MI C COATING 

Stalhgaurd PM-2 ceramic coating [ 99 3 was applied 
to all the compacts as per procedure described in 

Appendix D to protect the samples from oxidation during 



sintering and forging operations. The coating was 

first ,tested for high temperature protection upto 

1300°C by micro-examination of the sintered specimens 

and it was observed that the interface of metal/coating 

did not contain any oxidized layer in case of iron 

powder compacts and decarburization to a depth 0.0 to 

2.5 mm in the case of sintered iron-carbon was observed. 

5.5  SINTERING 

Ceramic coated compacts were sintered at 11200C 

for one hour in Kanthal--A1  wound muffle furnace. 

In the case of sintering of iron-graphite 

compacts frequent explosions were observed when they 

were subjected to sintering without preheating. In 

such cases, therefore, an additional step involving 

slow heating upto a temperature of 500°C for a period 

of fifteen minutes was introduced prior to sintering 

at 1120°C. This modification completely eliminated the 

chances of explosion in these compacts. 

5.6  SOAl2 NG TREATMENT 

Soaking treatment was carried out in another 

muffle furnace. The temperature was controlled to 

+ 10°C. All those samples which were forged at 

temperatures lower than 1120°C were transferred after 
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sintering to this furnace. The sintered samples were 

allowed to remain in this furnace till they attained 

uniform temperature prior to forging. The soaking 

temperatures were selected in the range of 800-1000°0. 

Soaking was done for half an hour after attaining the 
° 	given temperature. 

5.7 FRQGING 

Sintered preforms were forged at pre-selected 

temperatures to various deformation levels on a Friction 

Screw Press of 100 ton capacity. Each forged compact 

was immediately transferred to oil bath at room 

temperature to retain the forged structure and to avoid 

any further oxidation. The time taken in the whole 

process of transferring the compact from furnace to the 

forging plateform and after forging, to oil quenching 

bath was well within 3-5 seconds. 

In the case of iron-phosphorus alloy, forging 

was carried out only at 9600C using all sets of dies of 

different shapes. 

Following types of forging experiments were 

carried out : 



5.7.1  Upset Forging 

Hot upsetting was carried out for three different 

H/D ratios namely 0.57, 0.98 and 1.17 for sintered 

iron preforms in the temperature range of 8000  to 

112090 to evaluate densification during forging. 

Similar experiments were carried out for graphite 

admixed iron powder (H/D ratios being 0.57 and 0.98) 

and for iron-phosphorus alloy powder (H/D ratio being 

O.9). Working faces of die were lubricated with 

graphite powder. 

5.7.2 Partially Open Die For in 

Sintered preforms (H/D ratio, 1.16 to 1.18), in 

case of iron and iron-carbon alloys, were forged only 

at 1120°C in partially open dies (details are given in 

Chapter-4). Iron-phosphorus preforms were sintered at 

1120°C for one hour but forged only at 960°C. 

5.7.3  Closed Die Forging 

Closed dies as described in Chapter-4 were chosen 

to forge various iron, iron-carbon sintered alloy at 

1120°C and 0.45 % phosphorus-iron sintered preforms at 

9600C. The aim of the closed dies was to obtain complete 

densification. The HID ratio for these dies were chosen 

in the range of 1.16 to 1.18. 



5.7.4 Upset For in For S_guare Section 

Cylindrical. specimens (H/D ratio 1.16) were 

upset forged from two sides to produce bars of square 

section (14 x 14 x 75) mm3 for making - specimens for 

tensile and impact tests. The temperature during this 

forging dropped from 11200 to 800°C whereas for iron 

phosphorus alloy the higher temperature range was 

restricted to 960°C. 

5.8 RF. IOV1~I, 0 CERAMIC  C COATING 

Residual ceramic coating was removed by grinding. 

The ground specimens were further smoothened using 

emery paper for density and dimensional measurements. 

This procedure of removing ceramic coats was made 

common to all specimens to keep uniformity,. 

5.9 DIMENSIONAL .MEASUREMENTS 

For all upset forged samples cleaned in the 

manner specified in Section 5.9 measurements of 

heights and diameters were made. Minimum of three 

readings were taken for each dimension and were 

averaged. Dimensional measurements were also done 

prior to removal of residual coating. No substantial 

difference was noticed in the dimension in both the 

cases. The difference in the measurements of height 



and diameter in both the cases, i.e., with and without 

coating were of the order of 0.3 to 0.5 mm and 0.15 -  to 

0.20 mm respectively. Thus, dimensions were measured 

on the cleaned specimens for calculating degree of 

deformation diametrical flow, fn (height strain) and 

forged aspect ratio. 

Similarly, dimensional measurements were carried 

out on the specimens of partially open dies and closed 

dies so as to reproduce the geometry of the forged 

specimen in such a way that all the deformation 

parameters could be calculated. 

5.10 DENSITY MEASURIlIIENTS 

Density measurements as per I.S. 4841-1968 [200] 

of the forged component at various deformation levels 

were conducted for all the cleaned specimens. During 

the course of experimentation the room temperature 

varied quite widely, hence temperature corrections were 

incorporated [ 201 ]. 

Key Roy balance having sensitivity of 10-3  gm was 

used. Porous specimens were dipped in liquid paraffin 

wax to prevent the water from entering into the pores. 

Before weighing the specimens, the excess wax was 

removed from the outer surface of the forged specimens. 

However, this treatment could not be given to samples 

which were heavily deformed. 
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5.11 HARDINESS NTASUREMENTS 

Hardness measurements were carried out using 

Vickers Hardness Testing Machine on suitably prepared 

surfaces. 	 e 

10-12 indentations were taken over each sintered/ 

for ed specimens and averaged. 

512 TENSILE TEST 

Basically tensile test specimens were prepared 

from the double sided forged samples as described in 

Section 5.8.4. Minimum of three test samples were used 

to evaluate the tensile properties. It was conducted 

on motorized Monsanto Tensometer, Type 'W at a strain 

rate of 1.6 mra/minute at room temperature. Specimen 

details are described elsewhere [ 202 ] 

i 

5.13  IMPACT TESTS 

Standard Charpy impact specimens [ 203) were 

prepared and they were annealed at 85000  for two hours 

before conducting the actual tests.. These tests were 

conducted on Impact Testing Machine using Charpy impact 

attachments. 

II 
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5.14 CHEMICAL ANALYSIS 

Chemical analysis was performed on sintered 

alloys and their compositions are given in Table 5.3 

Carbon analysis was made on 'Leco' equipment. 

Table 5.,3 

Chemical Analysis For Carbon. 

.per cent 
Graphite 
Admixed 

Analysis of 	Analysis of 
Sintere.d 	Forged 
Alloy 	 Component 

	

0.00 	 0.00 	 0.00 

	

0.43 	 0.35 	 0.35 

	

1.14 	 0.83 	 0.83 

	

1.86 	 1.36 	 1.36 

5..15 METALLOGt PHIL STUDIBS 

Metallographic studies were carried out to study 

the kinetics of pore closure in iron powder preforms 

upset forged at 9000C. Deformed surface. layer deve".oped 

during grinding was removed by deep etching using 5 

nital for a period of 2-3 minutes and then samples were 

repolished gradually and gently to avoid any further 

formation of deformed layer. Finally wheel polishing 

was done on.a sylvet cloth using 3-5 µ alumina dispersed 
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in gate. Polished surface was cleaned by acetone 

and dried. Polished and etched structures were 

recorded using Metavert Incident Light Microscope 

Model No. 2 GA. 
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CHAP T F~ R 6 

R SULTS AND DISCUSSION 

Present chapter deals with the results obtained 

from upset forging, partially open die (step-down 

cylindrical and hemi--spherical) forging and closed 

die forgings of iron, iron-carbon and iron-phosphorus 

powder preforms. These results are basically analysed 

and discussed for densification behaviour with respect 

to suitable parameters. 

Upsetting experiments were carried out for 

sintered preforms of iron and iron-carbon alloys for 

varying H/D ratio in the temperature range of 800-1120°C.. 

However, iron-phosphorus alloy powder preforms 

(sintered), H/D = 0.59 were upset forged at 960°C. 

Densification behaviour was evaluated w. r. t. forging 
parameters, preform geometry and alloy composition 

etc. Cracking behaviour w. r. to temperature of forging 

is also discussed for each type of sintered powder 

preforms.. 

Results of partially open dies are discussed 

in the light of new parameters such as he, het' V0, 

f he' f vc and ( - defined later in this chapter. Mode 

of densification w. r. t. above parameters and their 

geometrical relationships among themselves are high- 

lighted. 



Detailed pore morphology has been conducted. On the 

basis of the above findings pore shape changes leading 

to densification is discussed. 

Closed die forgings were carried out for 

obtaining components in the theoretical density levels. 

Sintered preforms of H/D ratio 1.18 and temperature 

of forging as 11200C were maintained for each type of, 

powder preforms except iron phosphors alloy powder. 

Sintered preforms of phosphorous- iron alloy were forged 

at 96000. Results of these forgings are discussed 

in the light of metallurgical structures. 

Hardness of each forged component under each 

type of forgings were taken and are discussed w.r.t. 

percent theoretical density. 

Wherever possible, empirical relationships were 

developed and compared with the existing relations. 

Mechanical properties such as tensile strength 
and impact strengths were carried out. Results are 

discussed and compared with the results of the other 

workers. 

6.1 UPSETT NG OF IRON. IRON-CARBON AND 
IRON PHOSPHORUS POWDER PREFQENS 

 w 	 wr 

During upset forging of iron, iron carbon and 

iron-phosphorus powder preforms it was noticed that 
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densification is never complete and the pore distribution 

inside the hot forged product always remains 

heterogeneous. Larger pores segregate just near the 

free surfaces of the product and finally give rise 

to crack formation at higher deformations whereas 

smaller pores remain distributed throughout the 

component and their shape, size and size distribution 

is dependent upon forging parameters, alloy composition 

etc. The tendency of crack formation through larger 

pores situated near the free surface is also dependent 

upon the alloy composition. Sintered preforms of 

iron were subjected to detailed study as it forms the 

base of other alloy compositions and thereafter the 

behaviour of other alloys was investigated. In the 

following sections, effect of preform geometry, 

deformation parameters, forging temperature and 

co_1iposi Lion on densification has been described. Also 

described are cracking behaviour, density variations 

inside the forged products, hardness, micro—structural 

changes, kinds of pores, their movement and closure 

during forging. Wherever possible, empirical relationships 

have been developed and compared with those developed 

earlier [ 130]. 

6.1.1 Height Strain Versus Percent 
Theoretical Density 

Figures 6.1(a) and 6.1(b). show the effect of 

height strain on percent theoretical density for 
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sintered iron powder preforms under hot deformation.. 

The increasing strain shows increase in. density and 

for the same strain value increasing temperature of 

forging (in the temperature range of  800-1120°C) 

favours densification. The curves shown in Figs.6.1(a) 

and 6.1(b) corresponding to different forging 

temperatures and different H/D ratios exhibit 

similar trend and can be expressed mathematically 

as a polynomial of second order. 

Increas Lng H/D ratio of the powder preform 

delays densification by shifting these curves to 

higher height strain values and at the same time 

depressing these curves to lower percent theoretical 

densities. However, the nature of these curves do 

remain the same. Figure 6.2 shows the effect of 

H/D ratio on densification for sintered iron preforms 

forged at 8000  and 11200C. It can be observed that 

increasing H/D ratio leads to poorer densification 

at a given temperature and height strain. To compare 

these quantitatively, 99.4 % theoretical density is 

attained at 1120°C at 0.55 height strain value fox-

H/D = 0.57 whereas to attain the same level of densi-

fication for H/D ratios of 0.99 and 1.17 at 11200C, 

it is required to incorporate a strain of the order 

of 0.75 and 1.15 respectively. 

Figures 6.3 and 6.4 show the densification 

plots with respect to height strain for 0.35 % C-Fe 
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whereas Figs. 6.5 and 6.6 represent for 0.83 % C--Fe 

while Fig. 6.7 is for 1.369 C-Fe. Observations of 

these plots reveal that their nature is parabolic. 

Figures 6.3, 6.5 and Figs. 6.4, 6.6 are for H/D ratios 

of 0.57 and 0.99 respectively whereas Fig. 6.7 shows 

both H/D ratios taken together. 

Increasing level of carbon in sintered iron 

based preforms also affects densification. However, 

U.pto 0.83 % carbon the effect is not much predominant, 

but, corresponding to 1.36 % carbon the density values 

are much lower as well as their attainment is at 

fairly high values of strains.. Figure 6.8 shows the 

effect of carbon on these curves drawn for fixed H/D 

ratio (0.57) and temperature (11200). The family of 
curves drawn for various carbon contents, H/D ratios 

and temperatures do not exhibit any noticeable change 

from what has been stated above. Another important 

general observation about carbon steel forgings is 

that although densification is poorer compared to 

that of sintered iron preforms - the level of 

deformation to which these could be deformed without 

cracking increases with increasing carbon content 

upto 0.83 %. This indicates that the forgeability 

improves by carbon addition upto 0.83 % within the 

temperature range of 800-1120°C. 
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Figure 6.9 shows the plot between percent 

theoretical density attained and percent carbon in steels 

for different H/D ratios, namely 0.57 and 0.98 for a 

forging temperature of 1120°C at a height strain of 

0.5. The effect of H/D ratio at higher carbon levels 

on these plots appear to enlarge. 

Figure 6.10 shows the relationship between 

height strain and percentage theoretical density for 

iron - 0.45 % P alloy powder sintered preform (H/D=0.59) 

upset forged at 960°C.  The rate of densification in 

this alloy is of the same order as that of pure iron 

or iron -- 0.35 % carbon steel. However, the alloy 

exhibits comparatively better deformability during 

forging as height strain of the order of 1.1 could 

be incorporated in this alloy without resulting any 

cracking in the forged component. It is therefore, 

mcst ideal alloy to forge amongst the compositions 

studied in the present investigation. 

During upset forging it has been reported [130] 

that densification is never complete. The reasons for 

incomplete densification are presence of the dead 

metal zones inside the component and predominance of 

tensile forces along the free surface of the component. 

As a result, density varies to considerable extent 

inside the forged component. Since similar results 

were obtained in the present investigation also, it 

was decided to quantitatively assess this variation 
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with different levels of hot deformation. The 

components were first sectioned along the forging 

direction and square shaped prisms were cut from 

the different locations across the diameter of the 

component. The density of these prisms were plotted 

against the ratio of distances of the centre of these 

prisms with respect to the centre of the component 

and the radius of the component (r/rmax ). Figure 6.11 

shows the density "variation of these prisms for 

sintered iron components forged at 90000 ( having H/D 

ratio = 0.57 and 0.98 ). Assuming density variation 

with the prisms as negligible (being very small in 

size compared to that of the component), the density 

was observed to be highest near the centre of the 

component and lowest towards the periphery. It was 

also observed that the difference in density levels 

i.zside the component decreases with increasing 

deformation levels. However, the peripheral region 

always remains porous irrespective of amount of 

deformation imparted to the component. It is also 

clear from these results that presence of dead metal 

zones .e!onfined near the centre of top and bottom 

surfaces of the component do not affect the density 

values as effectively as the porosity situated along 

the periphery of the component. At higher deformation 

levels the peripheral porosity leads to initiation of 

cracks. 
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It was. further observed that the deformation 

required to initiate such cracks is a function of 

forging temperature and preform geometry (H/D ratio). 

From Fig. 6.12, it is clear that higher H/D ratio 

shows delayed cracking with respect to percent height 

deformation when compared to lower H/D ratio. However, 

density achieved in case of higher H/D ratio is lower. 

Increasing temperature also delays cracking but its 

dependency on cracking behaviour is not as strong as 

preform geometry. It is therefore imperative to 

employ higher forging temperatures and introduce die 

constraints at suitable level of upsetting to avoid 

these cracks. The data on cracking as illustrated 

above has been employed to design closed forging dies 

used in the present investigation with a view to 

obtain optimum densification and deformation without 

resulting in cracking. 

On comparing the cracking behaviour of carbon 

steels it was noticed that 0.83 percent carbon steel 

specimens resisted cracking to the best possible extent. 

Figure 6.13 shows the comparative pattern of cracking 

of 0.35, 0.83 and 1.36 percent carbon steels samples 

(H/D ratio being 0.57-0.58 and 0.98-0.99). It may also 

be observed that the forging temperature retards 

cracking, however, at higher temperature the curves 

representing cracking behaviour tend to flatten i.e. 

cracks are bound to occur at certain strain value 



- Pr?form density range lies 84-87 % of the 

theoretical value 

- Preform geometry is in the range of 

H/D = 0.57 - 1.17 

- Height strains ( (n(H0/Ht ) ) lie in the 

range of 0 - 1.18 

- Forged samples do not crack. 

Table 6.1 gives the values for ao, al  and a2  
corresponding to different forging temperatures and 

H/D ratios. Here ao  is a constant corresponding to 

initial preform density. a1  and a2  are temperature 

and preform dependent factors. From the table it is 
e 

clear that al  always remains positive, and, therefore 
it contributes toward densification, however a2  is 
negative and its influence leads to consistent values 

of density at high strain values. The values of these 

constants suggest that increasing forging temperature 

favours densification While effect of H/D ratio is not 

well defined through these constants. Tables 6.2, 6.3 

and 6.4 give the values of these constants corresponding 

to different carbon steels. While Table 6.5 shows the 

constants involved in the evaluation of the characteristic 

nature of the density vs height strain for 0.45 %, P-Pe 

alloy powder sintered preform (H/D = 0.59) upset forged 

at 96000.  Here too, the above argument holds good. 
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Table 6.2 

Coefficients of Parabolic Curves of the Foam 
y = ao + alx + a2x2 for 0.35 %S C-steel Sintered 
Preforms during Hot Upsetting. 

H/D - 0.57  H/D = 0.99 
Temperature  - 

o r 	ao 	al 	a2 	ao 	a 	a2 

 

800  0.866  0..321 -0.210 0.851 0.264 -0.132 

 

850  0.866 0.356 -0.257 0.854 0.276 -0.144 

 

900  0.871 0.357 -0.261 0.856 -0.286 -0.156 

 

950  0.870 0.362 -0.263 0.859 0.293 -0.164 - 

 

1000  0.872 0.363 -0.265 0.861 0.304 -0.178 

 

1120  0.875 0.360 -0.265 0.866 0.308 -0.182 

H 
y = ~~) i x = Xn( -2 ) 

PTh 
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Table 6.3 

Coefficients of Parabolic Curves of the Form 
y = ao  + a .1x + a2x2  for 0.83 %C-steel Sintered 
Preforms during Hot Upsetting. 

Temperature 	H/A = 0.57 	HID = 0.988 

0C 	ao 	al 	a2 	a 	a 	a 

800 0.839 0.315 -0.193 0.823 0.277 -0.147 

850 0.844 0.310 -0.190 0.825 0.274 -0.137 

900 0.844 0.328 -0.209 0.825 0.284 -0.143 

950 0.846 0.340 -0.223 0.824 0..307 -0.167 

1000 .  0.848 0.345 -0.227 0.828 0.290 -0.143 

1120 0.852 0.349 -0.231 0.826 0.312 -0.164. 

H 

(oTh 	Ht 
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Tale 6.4 

Coefficients of Parabolic Curves of the Form 
y = a0  + a1x + a2x2  for 1.36 % C-steel Sintered 
Preforms during Hot Upsetting. 

Temperature H/D = 0.57 H/D = 0.988 

oC  a a1  a2 ao aZ a  

800 0.841 0.316 -0.214 0.83. 0.209 -0.092 

850 0.845 0.308 -0.204 0.830 0.226 -0.104 

900 0.844 0.324 -0.221 0.830 0.244 -0.118 

950 0.847 0.325 -0.218 0.835 0.243 -0,121 
1000 0.848 0.338 -0.226 0.833 0.262 -0.131 
1120 0.852 0.332 -0.220 0.834 0.273 -0.140 

H 
y -- ( p ) ': 7 -- f n( 9°  ) Th 	 t 
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Table 6.5 

Coefficients of Parabolic Curve of the 
form : y = ao  + alx + a2x2  for 0.45 %P-Fe 
Alloy Powder Sintered Preform (H/D = 0.59) 
during Hot Upsetting. 

a a, a2  

0.862 0.269 -0.140 

o 
y= t 	) 	s 	x =fn(

Ht  
H ) .PTh  
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Table 6.6 

Variation of a1/a2 with Composition, Forging 
Temperature and H/D Ratio. 

Temp. 	Alloy 	H/D ratio 	_T 
of 	j Composition  

Forging 	0.57 - 0.58 	0.97 - 0.99 
oC 	 %C 	 (al/a2 ) 	 (al/a2 ) 

	

0-.00 	1.60 	2.24 

	

Q3.35 	1.53 	2.00 

 

800  0.83  i.63  1.88 

 

1.36  1.48  2.27 

 

0.00  1.79  1.97 

	

0.35 	1.39 	1.92 

 

900  0.83  1.63  2.00 

	

1.36 	~.. 51 	2.17 

 

0.00  2.26  1.95 

 

0.35  1.39  1.79 

	

950 	0.83  1.53  1.84 

 

1.36  1.49  2.00 

 

0.00  1.55  2.03 

 

0.35  1.37  1.71 

 

1000  0.83  1.52  2.03 

 

1.36  1.50  2.00 

 

0.00  1.22  1.94 

 

0.35  1.36  1.69 

 

1120  0.83  1.51  1.90 

 

1.36  1.51  1.95 
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Table 6.6 shows the variation of ratio al/a2  

i.-ith composition, forging temperature and H/D ratio. 

Higher value of this ratio means better rate of 

densification and hence faster pore closure during 

the range of deformation stated earlier. However, 

this ratio is not the sole factor for predicting final 

density achieved after forging because the final 

density is a function of initial preform density as 

well. It may be pointed out that barring iron 

preforms all other carbon steels preforms exhibit 

characteristic values of this ratio for different 

forging temperatures but the value is higher in 

general for 0.83 % C steel meaning thereby that 0.83 %C 

steel exhibits better densification when compared 

with other compositions. At higher H/D ratio the 

value of al/a2  also increases for all compositions 

and forging temperature. This means that higher H/D 

ratio offers better rate of densification. However, 

the final density values corresponding to higher H/D 

ratio are poor (see Fig. 6.14) ., This appears to be 

so because the initial preform densities are lower 

corresponding to higher H/D ratios._ Similar effect 

of H/D is observed for other carbon steels. Figures 

6.15 to 6.17 show the effect of forging temperatures 

on densification for a fixed amount of height strains 

for different H/D ratios for 0.35, 0.83 and 1,36 

carbon steels respectively. The close observations 

of these plots show that higher H/D ratio for a given 
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amount of fixed deformation always shows lower order 

of densification for each composition. With the above 

in view it is disadvantageous to select higher H/D 

ratio for hot upsetting. 

6. .3 Poisson Ratio 

It has been pointed out earlier [ 130 ] that 

Poisson ratio for porous powder preforms always 

remain lower than 0.5 (a value corresponding to that 

of 100 percent dense metal) during hot/cold 

deformation. This fact is verified in the present 

investigation also. However, till now Poisson ratio 

has so far been understood as material constant 

only but the present investigation provides additional 

information about Poisson ratio. 

Figures 6.18 to 6.20 show the plots of diameter 

strain with respect to height strain for iron powder 

sintered preforms of varying H/D ratios (0.57, 0.97 

and 1.17) deformed under hot upsetting in the 

temperature range of 800-1120°C. Figures 6.21 and 

6.22 show the similar plots for 0.35 %0 steel, Figs. 

6.23 and 6.24 for 0.83 %C steel, Figs. 6.25 and 6.26 

for 1.36 % steel, for H/D ratio of 0.58 and 0.99 

respectively. Figure 6.27 shows the plot for 0.45 % P 

steel for H/D ratio of 0.59. These plots in general 

reveal that they fall below the theoretical line and 

become parallel to this line in the late stage of 
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deformation. This observation predicts that Poisson 

ratio will always remain less than 0.5. 

Figure 6,28 shows the variation of diameter 

strain with height strain for various carbon steels 

and HID. ratio. While plotting this curve it was 

observed that temperature of- forging (within 800_112000) 

has virtually no effect on it. Similarly carbon 

content of the steel also does not show significant 

effect on it but H/D ratio does alter the position of 

the curve. Higher.H/D ratio depresses this curves 

towards lower diameter strains, meaning thereby, 

diametrical spread of preforms having larger H/D 

ratio is of lower order for any given height strain. 

In this figure there is a theoretical line correspond- 

ing to ). }I = 0.5. It appears that the preforms of 

higher H/D ratio tend to deviate more from the 

theoretical behaviour (corresponding to dense metal) 

than those having lower H/D ratio. This observation 

implies that the behaviour of preform is dependent 

upon the number of pores and their modeof change 

during deformation. 

Figure 6.29 shows the comparison of sintered 

iron preforms and Iron - 0.45 %P preforms in regard 
P, 

to these strain variations. It may be seen that 0.45 %P 

steel is relatively closer to the theoretical curve 

indicating thereby that the behaviour of this alloy 

is similar to that of.100 % dense metal as far as 

deformation is concerned. This may be attributed to 
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simultaneous flow of rounded pores And the material. 

In Figs. 6.28 and 6.29 it is further observed 

that the experimental curves become parallel to 

theoretical curve at higher hight strain values. This 

means that after attaining certain level of densification 

the poisson ratio rises towards theoretical value of 

0.5 corresponding to that of 100 % dense metal. 

Figures 6.30 to 6.32, 6.33 to 6.34, 6.35 to 6.36 

and 6.37 to 6.38 are the plots of poisson ratio with 

percent .theoretical density of the forged components 

having different compositions with varying H/D ratios. 

These plots show that temperature has no effect on 

these curves, however to see the effect of H/D ratios 

on j values Figs. 6.39 to 6.43 were drawn (without 

showing actual data points) . It was observed that 

H/D ratio does affect the position of these curves. 

The general pattern of these curves indicate that 

there are three stages of variation of j  with respect 

to density. In the first stage there is rapid rise 
of 	, the second corresponds to steady state rise 
and the third stage again shows rapid rise of 

values. These stages remain consistent with respect 

to density irrespective of composition, temperature 

and H/D ratio. For instance, Stage.-II starts from 

90-92 percent of theoretical density and Stage-III 

starts from 98 percent theoretical density. ?then the 

components approach to theoretical density the Poisson 

ratio tends to attain 0.5 (a value corresponding to 



119 

100 percent dense metal as per theoretical deductions 

[130 1 . Fluctuations of experimental data in Stages-I 

and II are of fairly high order whereas in Stage-III 

the data points are confined close to the curves drawn. 

The three different stages in these curves 

are well defined in case of iron at lower HID ratios 

(see Fig. 6.39) while the first stage in other carbon 

steel compositions is not well defined. Steep rise in 

Poisson ratio in Stages- I and III suggests that 

material movement and pore movement are simultaneously 

of high 	order leading to large geometrical 
variations in the component. The first stage, however, 

is due to the fact that pore movement and pore shape 
change predominates the pore closure. 1thereas, the 
third stage corresponds to the fact that pores, whatever, 

left do not close down and their movement is again of 
the same order as that of remaining material. In 

other words the pores have been stabilized in the 

structure just like a second phase and thus, become 
part and parcel of the structure. In this stage, 

therefore, although the Poisson ratio rises fast but it 
never approaches theoretical value and the density of 

the material also remains lower than theoretical density. 

Stage-II is an actual stage of densification where 

Possion ratio remains somewhat consistent and density 

changes are quite fast. In this st~.ge pores close down 
at a faster rate while there is gradual change in the 
geometry of the component during forging. Summing up 
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0 
	 the three stages - Stage-I could be described as the 

one where pore maintain their separate identity as 

regards material movement. Stage-II where pore 

collapse is faster leading to bettor id justmont bct,rocn 

material and pores. Stage-III corresponds to a stage 

where pore closure is practially not operative and 

it becomes part of the structure itself 

Effect of H/D. ratio and composition of steel 

on Poisson ratio curve is not very significant. Both 

these parameters do not affect the nature of the curve 

as described above, however, these parameters do 

shift the position of curve. Higher H/D ratio in 

general shifts this curve to higher j values. 

Composition of steel upto 0.83 %C does not show any 
0 

significant shift but 1.3 %C steel shows fairly 

significant upward shifting of the curve (compare 

Figs. 6.39, 6.40, 6.41 and 6.42) . Phosphorous. in stool 

again appears to shift this curve very significantly 

(compare Fig. 6.39 and 6.43). 

A mathematical relationship has been worked out 

to relate "I) with percent theoretical density in Stages 

I and II of these curves. It was possible to predict 

the position of this curve from this relationship within 

5 ,/ accuracy. 

Figure 6.32 shows the variation of ,% with 

percent theoretical density for H/D = 1.17 for iron 

powder sintered preform during hot upsetting in the 

temperature range of 800 - 1120°C. The effect of 
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forging temperature is again negligible. The curve 

converges to {11 = 0.5 corresponding to 100 percent 

dense metals/alloys. However at lower values of 

density the fluctuations in j values is fairly 

substantial. The increasing porosity lowers down 7J 

value to very appreciable extent. A empirical 

relationship has been worked out to relate )) with 

percent theoretical density (in the range of 84-100 ) 

which predicts the experimentally obtained values 

within + 5 % accuracy. The relationship is as 

follows s 

°f  2 	pf = ll.78 ( 	} - 19.84 ( 	) + 8.54 
MTh 	 PTh 

This relationship differs from the one proposed by 

Kuhn et al 
pf  2 

0.5 ( PTh 
) 

for hot upsetting of aluminium powder preforms. 

The reason for difference in relationships lies 

with the fact that it is strongly dependent upon H/D 

ratio. In fact H/D ratio in the present case is 

1.17 whereas in the case of Kuhn's investigation it 

was varied in between 0.37 to 0.94. Higher H/D ratio 

shows faster rate of densification in the beginning 

and the later stages show practically steady state 

densification and ultimately the final stages do not 

incorporate much densification but show steep rise in 

).J values. 
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6.1.4 Hardness Versus Per Cent Theoretical. Dente 

Figures 6.44 to 6.46 represents hardness vs 

per cent theoretical density for sintered iron power 

preform during hot upsetting in the temperature range 

of 800-1120°C for three different H/D ratios namely 

0.7, 0.99 and 1.17 respectively. These hardness data 

with respect to per cent theoretical density at 

different temperatures do not show any regular behaviour. 

However, maximum data points can be bound within a band 

of the lower and upper lines. Data points falling far 

away from this region are ignored. However, the last two 

H/D ratios namely 0.99 and 1.17 show the divergence of 

the band. A mean line for hardness vs percent theoretical 

could, however, be drawn passing through the mid region 

the hardness ss ban s This implied that H/D ratio of PLl1T,ile 1],ci.ruitC~a NCJ.11K 	 ~~.__ 

merely contribute towards hardness fluctuations in case 

of iron. 

Figures 6.47 and 6.48 show the plots of hardness 

vs per cent theoretical density for 0.35 % carbon steel 

I 	for two H/D ratios (0.58 and 0.99) . Figure 6.47 exhibits 

linear behaviour at different forging, temperatures. 

All the lines appear to be parallel and spacing may be 

due different quenching conditions after forging. 

However Fig. 6.48 approximates to a single straight 

line corresponding from these curves that quenching 

response of these products is dependent on the pore 

structure because pores are poor conductor of heat. 
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Figure .6.53 shows the plot of hardness versus 

per cent theoretical density of 0.45 %P steel for 

H/D ratio equal to 0.59. This is a straight line 

behaviour indicating that hardness is a linear 

function of per cent theoretical density. At maximum 

theoretical density its hardness is nearly equal to 177 

VFN which is far superior than iron and slightly 

inferior to 0.35 per cent carbon steel. 

l'or carbon steels containing carbon in the 

range of 0.35 to 1.36 per cent, a general conclusion 

would be drawn such as higher H/D ratios are favourable 

for uniform hardness as well as higher values of 

hardness. 

6.1.5 Metallographic Studies 

Structural details of iron, iron-carbon alloys 

and iron-phosphorus alloy are discussed in this 

section. Iron, 0.35 per cent -carbon and 0.45 per cent 

phosphorus steel are discussed in detail whereas 

0.83 and 1.36 per cent carbon steels too are discussed 

in detail but only selective micro-photographs are 

reproduced.. Wherever, necessary inferences are drawn 

from dir :ct micro-structural observations under the 

microscope. 
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6.1.5.1 Iron Powder Sintered Preform Upset 
. Forged at 900°C 

Figure 6.54 represents the pore morphology 

of sintered and sintered deformed products. Deforma-

tion level was varied from 0.0 to 53 per cent. Polished 

unetched pore morphology is qualitatively assessed. 

Thebe structures were taken directly at the centres 

of the specimens. Figure 6.54(a) shows the pore 

morphology of sintered iron-powder preforms. The 

observations shows that the structure retains particulate 

structure. At places large sized coalesced pores 

(dark region) are seen. Figures 6.54(b) and (c) both 

show the pore structures more or less in the same 

deformation level (39.6 and 42 %) . It is noticed 

that pore shape, size and its distribution 1s practically  

uniform. However, ' Fig. 6.54(d) shows finer pore 

morphology associated with few coarser pores e.t places. 
Thus, pore size varies in the decreasing order from 

0.0 to 53 % deformation. Evidence of pore flattening 

in the direction of diametrical flow of metal during 

deformation is also exhibited. 

While scanning each of the sintered and 

sintered deformed iron-powder 'preforms under the. 

microscope, a regular pattern of coarser pores in 

the direction of diametrical flow has been noticed. 

Figure 6.55 shows the plot of per cent height reduction 

with relative position of the coarse pores. This plot 
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clearly demarcates the regions of fine pores, mixtures 

of fine and coarse pores, virtually pore free region 

and extremely coarse pores. These observations show 

that either the pores have moved differentially in the 

direction of the diametrical flow of the material or 

few of the smaller pores have come together and 

coalesced. This plot also depicts the clear cut 

movement of the pores as deformation level is raised. 

Visualizing the individual curves one can assess that 

coarse pores near to the centre of the preform move 

with the faster rate compared to othe__ two locations 

of the coarse pores in the direction of diametrical 

flow of the material. After this practically a stage 

comes when pore movability inside the forged preform 

IS  pr..., -.,: ., 1 1 	 l 	•.~ i + L, h' L~ v' ' ' t n F~ e °r A 	 1 dLac ULVCa•11.y 	n.L.L 	ur 1. U£. •, ~.v."v 	v 	... .... 

deformation. As the deformation is further enhanced 

pore movability is increased. All these observations 

lead to conclusion that there is a pore movability 

inside the deformed preform and their movability rate 

is a function of degree of deformation during hot 

upsetting.. It is also established that four clear cut 

regions inside the forged preform exist and they are 

as follows 

(i) a fine pore region from the centre 

upto the curve no.(l) 

(ii) a region between curves (1) and (2) - 

a mixture of fine and coarse pores 
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(iii) virtually pore free region of extremely 

fine pores in between curves (2) and (3), 

and 

(iv) a region of coarse pores - away from 

curve (3) upto the bulged region. 

One of the most significant observation was that size 

of the coarse pores in region (ii) and (iv) varied in 

the increasing order of size. Table 6.7 shows the 

deformation with respect to relative position of the 

coarse pores in a forged preform : 

Table - 6.7 

Per cent Deformation With Respect to 
the relative position of the coarse 
p v r v 

Percent 
Deformation 

Relative position of the coarse pores 
v 

 
2t deformation  in a given deformation 

max 	max 	 max 

11,15 0.439 0.683 0.779 

26.15 0.658 0.782 0.853 

41.92 0.659 0.784 0.866 

53.08: 0.727 0.831 0.886 

Figures 6.56(a), (b) and (c) show the polished 

and etched structure of sintered iron-powder preform 

at three different locations. Figure 6.56(a) shows 

the particle identity and pore distribution along the 
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particle boundaries. At places coarser pores are 

seen. Figure 6.56(b) shows very low order of porosity 

near free surface, whereas practically at the free 

surface very high order of porosity of larger size are 

seen. The identity of particulate structure is still 

r_oto.inod. ligure 6.56(d) shows the grain structure 

associated with fairly high order of porosity (dark 

regions). Pore flattening in the direction of metal 

flow is not explicitely seen whereas Figs.6.55(e) and (f) 

show the grain structure at 40 and 53 per cent of 

deformation respectively. Directionality of pore 

flattening in the later two cases is lost. White 

region in all the micro-photographs represents the 

typical structure of ferrite, whereas black region 

shows porosity. At the low deformation ( per cent 

height reduction of 11 per cent ) material has undergone 

microstructural changes such as recrystallization with 

substantial decrease in .pores (Fig.6.56(d)). The 

individual sintered particles have undergone 

recrystallization and the internal particle porosity is 
not affected. On further deformation (40 to •53 per cent 

height reduction),, the grain size becomes finer and 

so the pore size. Internal porosities within the grains 

still persists (Figs. 6.56(e) and 6.56(f)). Pore 

shape appears to be rounded at higher deformation. 
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6.1.5.2 0.3%,C Steel Upset Forged at 90000 

Sintered and polisht d specimen of 0.35 % c .rbon 

steel shows irregular shaped but fairly interconnected 

pores all along the interparticle boundaries which 

is in conformity to the expected results. However, 

Fig.6.57(a) shows the etched structure -.t 

250 X (magnified six times) having pearlite end ferrite 

structure associated with porosities. Figure 6.57(b) 

shows the same structure as shown in Fig.6.57(a) taken 

at 500 X (magnified six times). While observing 

the specimen deformed nearly 50 % it is seen that 

pores are more or less very fine in size and uniformly 

distributed. One of the edge shows rounded equal 

sized,randomly distributed pores indicating that the 

'dead metal zone' is practically free of the material 

movement and hence densification. 

Polished and etched specimen shows very fine 

grain structure at the centre (Fig.6.57(c)) and also 

in the vicinity of the centre very fine ferrite-

pearlite struct ure,Fig.6.57(d),is noticed. This 

structure predominantly remains the same while 

scanning the specimen for a long distance in the 
direction of flow of material. Figure 6.57(e) shows 

coarse equiaxed grains with pearlitic structure 

associated with rounded porosity but finer than the 

sintered structure. 
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One of the bulged edges show coarse structure 

whereas the other edge shows fine structure relatively. 

Fairly good amount of pores are present at or near 

the surface. Coarser structures are present with 

coarser pores more in amount and finer structure with 

finer pores. This effect is possibly present, because 

of the fact that differential quenching might bo 
responsible. 

6.1.5.3  Q.83_%  Carbon Steel 

Figure 6.58(a) shows sintered 0.83 %C steel 

under polished condition at the centre of the specimen. 

It can be observed that good number of pores are 

generally rounded. At few places cock-tail appearance 

is also visible. The pore shape, size and its 

distribution is more or less uniform. Porosity in 

comparison to pure iron sintered preform is much 

less here. Particle identity is not noticeable. Pores 

are also finer in size compared to sintered pure iron 

preform. 

Heavily deformed (50 % height reduced) polished 

unetched specimen shows very low order of porosity 

whereas some locallized places show higher concentration 

of pores of larger sizes. However, the micro-photographs 

are not reproduced here. Very fine entectoid structure 

is observed in etched samples. Few places (bright areas) 
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show the presence of cementite though in traces 

noticed under light etched condition.No ceme;itito network 

is seen.Decarburisation appears to be practically nil 

as all across the specimen complete pearlitic 

structure is observed. One of the extreme edges of 

tho bulged portion shows very little decarburisation 

where extremely fine structure is observed. 

The entectrid structure observed above are. 

100 % pearlitic but at places cementite structure 

was also observed which indicates the presence of 

locallized concentration in the form of iron carbides, 

6.1.5, 4  1.36 % CR..rbnri steel 

The sintered 1.36 % steel shows the thin 

-etwork of iron-carbide as compared to the closed 

die forgings. No micro-photographs are reproduced 

here. The deformed specimen (55-58 % height reduced) 

shows porosity of extremely low order whereas polished 

and etched specimen observed under the phase contrast 

shows thick carbide network associated with finer 

network too. Evidence of recrystallization is seen. 

Carbon additions show virtually no or very 

less order of porosity in the heavily deformed 

specimens whereas actual density measurement shows 

poorer densification in case of carbon steels. 
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6.1.5.5  Qy4 P-Fe (Phosjhorous-  Steel 

Sintered specimen shows distributed porosity 

of not very high magnitude. Pores are more or less 

rounded (Fig. 	6.60(a)). 	Pore concentration near the 

outer surface (Fig.6.60(b)) of the bulged region is 

of the higher order than at the centre. 

Polished and lightly etched specimen reveals 

the structure at the centre showing few of developed 

grains which are rounded. 	No pitting is observed 

within the grains indicating that pores are 

practically eliminated from the grains during sintering. 

Whereas at the grain boundaries pitting of high 

magnitude is observed. Grain boundaries are explicitely 
visible. Porosities (black regions) too are observed 

but less in number 	(see Fig. 6.60(c)). Near the 

edge, Fig. 6.60(d) shows coarse porosity and finer 

grains with thick boundaries. 

Specimen having gone a deformation ( % height 

reduction ) of the order of'50-55 per cent shows very 

clearly the pore flattening. Collapsibility of pores 

are explicitely visible. Width of the collapsed 

pores are reduced in the centre of the specimen 

compared to that of close to the free surface. 

Polished and etched specimen shows the tendency 

of grain flow (Fig.6.60(f)) in the direction of the 

diametrical flow of the material. Some: places show 

the development of recrystallized grains Micro--photographs 



133 

have been taken under the phase contrast. Edges show 

lower order of porosity compared to that of pure iron 

and other carbon steels investigated in the present 

study. This is possibly due to the fact that phosphorus 

helps to enhance densification of much faster rate. 

6.2  PARTIALLY OPEN DIES 

Before discussing the results obtained from 

partially open die cavities, the mode of deformation, 

geometry of die cavities, constraint parameters are 

high lighted. New parameters are defined. 

During forging, sintered powder preforms 

show the tendency of assuming the shape of the die 

cavity. Depending upon the load applied during 

forging or in other words depending upon the 

forgod dhinsity, the preform flows into the die  

cavity to the extent of applied load which is distri- 

buted in performing the following ; 

1. Spent in pore closure 

2. Spent in overcoming the frictional 

forces of the die walls 

3. Spent in plastically deforming the 

preform. 

All above mentioned factors ultimately result 

in enhancing the density of the product. 
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In case of the hemi-spherical die cavity 

there is a continuous change in shape of forged 

component and therefore, it is anticipated that the 

pores present in the preform will assume the flow 

pattern as the geometry of the die cavity. On the 

basis of t.,e change of the shape, size and orientation 

of the pore with respect to the densification 

pattern, it is possible to predict the mode of 

flow of metal. 

Once the preform assumes the shape of the 

die cavity and it attains nearly theoretical density it ma 

still not ensure sound metallurgical structure 

resulting in mechanical properties comparable to the 

wrought product/ Q. Therefore, even though preform 

acquired the shape of the die cavity, extra forging 

force (full capacity of the press) has been used and 

a very drastic change in hardness values have been 

obtained. This shows that extra forging force must 

be used for the, following two reasons : 

1. To ensure sound metallurgical bands/sound 

metallurgical structure 

2. To ensure comparable mechanical properties 

with that of wrought products. 

In case of partially open step-down 

cylindrical die cavity, sudden discontinuities are 

introduced in the design of the die cavity. Once 
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the sintered preforms are subjected to deformation 

conditions through this die they experience sudden 

discontinuities after having attained certain density 

levels. Therefore, the mode of densification pattern 

gets affected at each stage of the discontinuity and 

the mode of flow of material and mode of closure 

and flow of pores also change. Such type of study 

is essential once intricate parts are to be produced 

through powder metallurgical routes. 

Parameters used here to express the fractional 

theoretical density were evaluated on the basis of the 

geometry of the die cavity and ultimately the shape, 

the preform acquires at given forged density level. 

Basically two parameters were evaluated on 

the ground that the total surface area in contact 

with the die cavity after forging preform has two 

components - namely horizontal surface area (h0 ,cm2) 

ant- vertical surface area (vc ,cm2) respectively. 

Then the total surface area of the preform which 

comes in contact with the die cavity at the 

maximum forcing load. for a given alloy was resolved 

into horizontal (hcm,cm2) and vertical (vcm,cm2) 

components. The other relevant parameters were 

mathematically defined as follows : 

(he) 	Spontaneous horizontal component 

	

S 	of the surface area _ 
fho "` he 	

_
m 	Maximum horizontal component of 

the surface area at full load 
...(6.4) 
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Therefore, fhe is defined as'the ratio of the 

spontaneous horizontal component of the surface area 
of the forged product in intimate contact with the 
part of the die to the maximum horizontal component 
of the surface area of the preform in intimate contact 
with the die cavity at full load. 

Spontaneous vertical component 
of the surface area in intimate 

(v ) 	contact with the part of the 
f 	,~, c s— die cavity 
vc 	('1c)m Maximum vertical component of 

the surface area of preform in 
contact with the die cavity at 
full to^d 

...(6.5) 

Therefore, f vc is defined as 'the ratio of the 

spontaneous vertical component of the surface area 

of the forged product in intimate contact with the 

part of the die to the maximum vertical component of 

the surface area of the preform in intimate contact 

with the die cavity of full load. 

= 	
= (he)s x 

 ...(66 ) 
f vc 	(hC m 	(°c) 

Therefore, '0 is defined as the fraction of the ratio 
of the horizontal constraint to that of the ratio 
of the vertical constraint. 
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6.2.1 Partially Open Stec-Down Cylindrical 
Die Cavity 

In the light of the parameters defined in 

Section 6.2, the results of forging through partially 

open step-down cylindrical die cavity are discussed. 

Forging results of 	plain carbon steels (containing 

cabon from 0.00 to 1.36 %) at 11200C and 0.45 ,Io 

phosphorus steel at 96000 are tabulated in appendix 

'C' from C.l to 0.5. Effect of horizontal and 

vertical constraints on densification behaviour are 

shown in Figs. 6.61 to 6.65. Observations of these 

plots, in general, show that for achieving the same 

level of densification, it is required to introduce 

more amount of fractional vertical constraint 

as compared to fractional horizontal component of 

the constraint (fhc). Is densification level 

approaches near to theoretical density,'  both horizontal 

and vertical fractional constraints converge to the 

same value indicating that single component is not 

predominant, but, both the components are equally 

responsible for densification. However, at this stage 

the residual pores get stabilized and do not get 

affected by any further,  deformation. Ultimately these 

pores act as sources of stress raiser and become finally 

responsible for poor mechanical properties as compared 

to that of wrought products [ 192]. . 
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Effect of alloy addition on densification, 

through the above components of constraints could be 

quantitatively and qualitatively assessed. For 

instance, to achieve density levels of 95, 97, 98 and 

99 per cent of the theoretical, it is required to 

provide a co..ipromise between f hc  and fvc , which is 

discussed later in this chapter. However, Table ' 6., 8 

shows the effect of alloy addition on density levels 

and fhc  and fvc. Observation of this table reveals 

that for all levels of densification, as the carbon 

content is raised from 0.00 to 1.36 % carbon, fhc 

always increases. However, the similar trend is not 

observed in the values of fvc . For 95 per cent of 

theoretical density it is observed that f is in the 

increasing order as carbon content is varied from 

0.00 to 1.36 %. At other higher density levels 

fluctuations in fvc  are recorded. In case of pure 

iron f is towards the much higher side compared to 

0.35 per cent carbon at density levels of 97 and 98 

per cent, indicating that in these density levels pores 

start showing resistance against closure. Whereas, 

other two compositions i.e. 0.83 and 1.36 % carbon show 

still higher degree of resistance against pore closure. 

The alloy 0.35 per cent carbon steel shows lesser 

resistance in these density levels. Still higher 

order of densification requires higher values of 

vertical constraints associated with higher values 

of horizontal constraints. Therefore, in general, it 
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can be conclusively said that as carbon content was 

raised the values of fhe shot up, indicating that 

higher horizontal constraint is to be introduced to 

impart same level of densification. Hence, alloy 

addition adversely affects densification as far as the 

results, of Above die cavity are concerned with respect 

to fhe * 

Behaviour of fhc and fvc are in the increasing 

order for 0.45 per cent phosphorus in iron (phosphorus-

steel) compared to pure iron. All these observations 

show that the addition of alloying element such as 

carbon and phosphorus in the above type of die forgings 

leave behind the residual porosity, which is generally 

not closed but is of lower order of magnitude compared 

to flat 'Elie 'orrri nrr V V L1. G6 v Die 	v.-~a. aAt, + . 

To explain the densification behaviour and to 

show the combined effect of fhe and fve on densificativn, 

a new parameter, 0 , has been defined such that the 

ratio of fhe to f does not exceed unity. - Figure 6.66 

shows the plot of fractional theoretical density with 

respect to the new parameter 	for the case of 

step-down cylindrical but partially open die cavity. 

It is obvious from the plot that as the value of 0 

is increased, the rate of densification rapidly goes 

up in the case of pure iron and 0.83 %C steel whereas, 

0.35  °% and 1.36 %C steels 'show very rapid increase 

in densifcation with little variation in. the value 
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of ( though it is towards much higher side compared 

-Go pure iron and 0,83 %C steel. This explains that 

the initial pore closure in case of pure iron and 

0.83 % carbon steel is achieved at much lower values 

of 	, whereas the same phenomenon in the case of 

0.35 and 1.36 % carbon steels is exhibited at higher 

values of t ; indicating thereby that higher order 

of resistance is shown by the pores against closure. 

This leads to show that good amount of energy is 

absorbed by the pores before showing any evidence of 

their closure. This is clearly revealed by the fact 

that to achieve the same level of densification, for 

instance, say 93 % of the theoretical one, it is 

required to introduce a constraint of the order of 

0.22 for pure iron and 0.83 % carbon steel, while it 

is 0.47 in case of 0..35 %0 and 1.36 %C steels. 

Ultimately increasing the value of t close to unity, 

no substantial upward trend of the curve is observed, 

in case of 0.35 and 1.36 % steels, in showing 

better densification. Whereas, substantial upward 

trend is noticed for pure iron, 0.83 % and 1.36 

carbon steels while still in the range of theoretical 

density levels. 

Forging of 0.45 % phosphorus steel at 960°C 

in the above die does show the upward trend but even 

after exerting full load of the press full 

theoretical density could not be achieved indicating 
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that phosphorus, as an alloying element in such 

type of die forging, act#s as pore stabilizer rather 

than to assist pore closure. Simple reason could be phos- 

phoa?ous, which during sintering, has the tendency 

to create rounded pores which are energetically 

more stable and hence even in the final stage of 

the deformation do not close down following 

Stassi's relation of a critical pressure [197 3. 

The log-log plot (Fig. 6.67) of per cent 

theoretical density with respect to percent • has 

yielded a single straight line for all alloys 
._,_ the - —YG „-F n 052 _ The generalized studied with ~,~~c o~~,~.~ ~j .....,-_ 

relation has been obtained for step-down cylindrical 

partially open die as follows 

o 	0.052 
(t 	) = 1.009 	..(6.7) 

where, 

?°f - fractional theoretical density, 

and, 	= 	- = ratio of fractional horizontal 
f Ve 	constraint to the fractional vertical 

constraint. 

The above relationship suggests that 

could be a function of applied force which causes 

the metal to flow into the die cavity. Temperature 

of forging does not affect 	appreciably and 

therefore, it can be conclusively established that 
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is a geometrical parameter which could be mildly 

affected by the mode of lubrication of the die. In 

the present investigation die was preheated to a 

temperature of 300 - 3500C and lubricant used was 

graphite powder sprayed over the internal surfaces 

of the die cavity. 

6.2.2 Forgin,~ Through Partially Open 

Hemmi-Spherical Die Cavity 

Results of forging through partially open 

hemi-spherical die cavity are reported in appendix 

►C' (Tables 0.6 to 0.10) for plain carbon (0.00 to 

1.36 % carbon) steels and 0.45 % phosphorus steel. 

Plain carbon steels sintered preforms were forged 

at 11200C whereas 0.45 % phosphorus steel (sintered 

preforms were forged at 96000. 

Fractional theoretical density as a function 

of fhc and fvc are plotted in Figs. 6.68 to 6.72. 

The general observations of these plots reveal that 

the fractional vertical constraint (fv,c ) is of higher 

magnitude than fractional horizontal constraint ( fhe 

except at the final stages of densification where 

individual effects of fhc and fve merge to the final 

density level for all the alloy systems studied. 

From Figs. 6.68 to 6.72, Table 6.9 has been 

derived for a fixed amount of densification against 

fhc and fvc. A close observation of this table shows 
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that 95 % of theoretical density level with the 

increase in carbon content of the steels, values of 

fhe is raised. However, the value of fhc  for 0.45 to 

phosphorus remains same as that of pure iron. At 

higher density levels, value of fhe  rises with, the 

increase .in carbon content, however, exception being 

0.83 %C steel, where the magnitude of fhc  shows a 

decreasing trend. In case of 0.83 % carbon steel,. 

however the value of fhc  remains greater than that 

of pure iron at 96 and 97 % theoretical density levels, 

becomes equal to 98 % density while it falls below the 

fhe  value of pure iron at 98.5 % theoretical density 

level. In general, fhc  values increase with the 

increasing density levels. However, in contrast to 

plain carbon steels, 0.45 % phosphorus steel practically 

shows the same magnitude of f he  upto 98 % theoretical 

uensity level as those obtained for pure iron, while 

at 98.5 % density level a value with decreased magni-

tude of fhc  is obtained in comparison to pure iron. 

All the steels studied in the present investigation 

reveal that magnitude of f increases with the increase 

in the density levels from 96 to 98.5 % theoretical 

density. Practically, all the alloys studied show a 

constant level of fvc  values, whereas in the case of 

0.83 % carbon steel the f values of lower magnitude 

are obtained at all the density levels reported in 

Table (6.9) . 



O Q) 

C A 

OH 
U 

0 .rf 

.p4 
0 
O ) 
H .rI 
H a 

0 

U Q4 
HO 

a ~ 

O\44 
•*-4 $4 
W ca 
Z a 

0 
S4 

H q ~ 
54 

A is 
+3 14 t8 O .0 
U W 

4-1~ 0 • 
~ U 

w p4 (~ 

4- m •b0

i 

b 54 

O ti3 r i 

a, 

a s o 0 0 0 
4 

f't cc 0c N 0~ 
,.0 VIA ON  

O 0 0 O O O 

1r3  co N Wc, '.0 
} N C- 0O CO CO 

• } 
0. 

4-+ O 
. 
O 

. 
O O 

• 
O 

v ~ 

dam- a v dam- & ° 
44 O O O O O 

r•i N Cl) p ' 	- U\ N '.O Ul% W t11 L- 
'p p • 

0a) •4-+ 0 0 o 0 0 

'+ o 
0 K 7 	ur o N u, of P. e~ ~t ~t erg '.a cc 

 • 

1 
0 o f 	o 0 0 0 0 
v , 

~ O 

t ur it to c ^. O 
i rn. U KS d- tt1 N rn 
O V-► O © O O o 

U Cpl a) f11 N N- 
4P 

N r" cc cc  p1 
.1 0 CJ O O o 

H 
O 

P4 
Iy ~.,U0' KS M d ~ti N 

O 4 O O" 0 

145 

d piA 
rn cos rn 



146 

Though the independent effect of f hc and fvc 

over densification has been observed but there is a 

strong need to assess the combined effect of fhe and 
p 

fvc over mode of d.ensification. Hence, the plot of (--) 
Th 

versus 4 are drawn in Fig. 6.73 for all alloy systems. 

The close scrutiny of Fig. 6.73 reveals the fact that 

0.83 % and 1.36 % carbon steels move more or less 

parallel and ultimately converge to a point. Pore 

closure in these two cases show fairly high order 

of resistance before deformation leads to a substantial 

rise in density as compared to iron and 0.35 % carbon 

steel. It seems that in these two systems, pores do 

not show much resistance before initiation of pore 

closure. This is possibly due to the fact that pore 

surfaces were energetically not much stable and more 

rounded pore surfaces were absent. However, still 

higher 	values are reyu~~.' d fCr v.35 	carbon, .steel. 

Further, it is observed that 0.35 °% carbon, pure iron 

and 0.45 %P steels do not approach to the theoretical 

density level inspite of the fact that full load 

of the press has been applied. Even though, higher 

values of } has been incorporated but final density 

level shows flattening behaviour at much. lower values 

than the fractional theoretical density in the case 

of 0.45 % phosphorus alloy during final stage of 

deformation. This effect can be argued on the basis 

of the fact that phosphorus has thn tendency of 

rounding off the pores during sintering stage itself 
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and the pores are energetically more stable. During 

final stage of deformation still energetically 

stable pores do exist and ultimately do not close 

down under the highest feasible shear strain provided 

through this die cavity and consequently, shearing 

surfaces of a pore do not come in intimate contact 

to give rise to a strong metallurgical bond and 

forged density achieved falls far below the theoretical 

density. 

The log-log plot of percent theoretical density 

versus percent values of ( shows a single straight 

line (Fig. 6.74) indicating that alloy composition 

and forging temperature do not play predominant role 

and thus a relationship has been established as below 

for partially open hemi-spherical die cavity forgings : 

( p- 	) =0.719 	0.071 	 ..(6.8) 
PTis 

6.2.3 Geometrical Parameters ad Their Relat ionshi s 

Keeping all other parameters common to both dies 

used above, the comparison of equations 6.7 and 6.8 

shows that they have different values of constants 

which are tabulated below in Table 6.10. 
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Table - 6.10 

Coefficients and Exponents of b 

Type of Die 	Coefficient of 	Exponent of 
Cavity 	Cl 	n 

Partially Open 
Ste-Down Cylindrical 	1.009 	0.052 
Die Cavity ' 

Partially Open 
Henri-Spherical 	0.719 	0.071 
Die Cavity 

Therefore, on the basis of equations 6.7 

and 6.8, the relationship between fractional theoretical 

density and d can be expressed, in a general form, 

as follows : 

( 	) = C, f 
D Th  

Now replacing the values of 	, one obtains the 

following relation from equation (6.9) 

(Pf ) - Cl (ho) 	 ..(6.1"4) 
-PTh 	 vc 

where,  c s 
f he 	hc~` 	and 

_ (vc)s 
PVC 	V

` CtID 
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Therefore, 

(hc )s.(vct )m  
t = 

	

	 ..(6.11) 
(h6t )m  (vc ) s  

The right hand side of the expression (6.11) enclosed 

in square bracket is a dimensionless quantity indicating 

that 	, too, is a dimensionless quantity. Eachh 

quantity in the square bracket, individually represents 

a geometrical quantity, therefore, ( is also influenced 

by the geometry of the die cavity. Further, Figs. 6.67 

and 6.74 support the statement that 4 is a geometrical 

parameter as composition and temperature variation do 

not play any significant role. 

Equation (6.11) involves the spontaneous values 

of horizontal constraint and vertical constraint as 

well as maximum values of horizontal and vertical 

constraints obtained for each alloy composition by 

subjecting atleast one or two preforms to the maximum 

possible deformation to obtain the shape of the die 

cavity' at the full capacity of the press load (100 tons). 

(vct )m  and (hct)m  are obtained from the above 

deformation. Hence, this goes to show that the preform 

design is governed by the final geometry of the 

component. However, geometrical relationships have 

been developed from the data obtained out of the 

results of partially open step-down cylindrical and 

partially open hemi-spherical die cavities. These 
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plots are subsequently shown in Figs. 6.75(a) and 

6.75(b) for v0  versus he  for both dies mentioned above. 
The log-log plot for both the dies 	between v and he  
are shown in Fig. 6.76 and empirical relationships have 

been established which are shown in Table 6.11. 

Table-6.11 

empirical Relations For Different Geometries 
of the Partially Open Dies. 

Type of the 	Relation Between 	Relation Between 
Die Cavity 	v0  and h0 	 fvc  and fho  

vc  = 3.78(hc)0.85 

2.24 
(i) vc  = 0.35(h0 ) 

for 3.7<h < 5.2cm2  
(ii) ve  = 9, 47(hc )0.244 

for 5.2 <he< 16.0cm2  

fvc  = 1.02(fhc )0• 47  

(i) fvc=3.67(fhc )1.48  

0.1 'fho < 0.36 

(ii )fvc=1.Ol(fhc )0.27 

0.36 < fhc  < 1.00 

Partially Open 
Step-Down 
Cylindrical 
Die Cavity 

Partially Open 
Heni-Spherical 
Die Cavity 

Similar relationships have been obtained in 

between fhe  and fvc  from Fig. 6.77 for both dies. These 

relations between vc  and he  and f and f he  deduced 

from Figs. 6.76 and 6.77 for both dies can be safely 

used even in different shaped dies to produce intricate 

shapes of the final products. Thus, r^lations in between 

f  he and fvc  for both dies are also reported in Table 6.11. 
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6.2.4 Hardness Versus Per Cent Theoretical. Density 

In Partially Open Brie Forgings 

Figure 6.78 shows the plots of hardness versus 

per Scent theoretical density for pure iron, iron carbon 

alloys and a iron phosphorus alloy powder preforms 

(sintered) during hot forging through partially open 

dies. The careful examinations of the curves in this 

, plot show the following : 

(1) there is a gradual but linear rise in 

hardness upto a density level of 98.5 per 

cent of theoretical, while 

(2) a sharp linear variation in hardness from 

98.5 per cent theoretical density onwards, 

almost upto 100 per cent density level, for 

all the compositions of study under present 

investigation. 

The rise in hardness and its linearity with 

respect to per cent theoretical density and composition 

is more or less as obtained in the case of upsetting. 

But, sharp rise in hardness values in the later stage of 

densification may be either or all of the following 

reasons : 

(a) Residual stresses, developed during the 

process of forging and subsequently 

quenching, 
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(b) Work-hardening, as the temperature of 

forging drops just at the time of the 

second blow of the punch over the already 

deformed component [second blow does not 

result in substantial rise in densification 

and ultimately may result in work-hardening]. 

(c) Establishment of sound metallurgical bond 

across the shearing surfaces of a pore. 

Thus, abrupt rise in hardness could be possibly attri- 

buted to the existence of residual stresses or to 

work-hardening at high temperatures of forgings but 

their effect may not be so predominant as to have a 

wide variation of hardness at the same density level 

(near to theoretical density) in the range of 195 to 

330 VPN. However, this effect might have taken place 

possibly due to the development of strong metallurgical 

bond across the shearing surfaces of a pore. Thus, 

attaining a product of having properties comparable to 

wrought products. 

It has been observed that density measurement 

and the geometrical measurements of the component do 

not show significant changes in the final stages of 

densification. Therefore sharp rise in hardness values 

in the later stage of porosity elimination (1.5 to 1.0 %). 

does play a predominant role where shearing surfaces of 

a pore come in intimate contact giving rise to a 

strong metallurgical bond/s. The above conclusion, 
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logically derived from the Fig. 6.78 falls in confirmity 

with Kahlow•w' s assumption [ 192 ] and Moyer' s experimental 

results [193).  Now, therefore, in the light of the 

above it can be conclusively established that the sharp 

rise in hardness values; a direct reflection of tensile 

strength which is a function of porosity [ 162 J, could 

be only due to strong metallurgical bond. Thus, for a 

powder product of the same density level, wide difference 

in tensile strength (hardness values) must be associated 

only with the strength of the bond. Hence, higher the 

hardness values higher is the bond strength and 

structurally a sound product. 

6.3 MEl' I,LOGRPHIG STUDIES ON FORGED PRODUCTS 

OBT1s.INED THROUGH  THE PARTIALLY OPE11T DIES 

Me,:a.11ograpbio observations were carried out on 

polished and polished and etched surfaces of forged 

products obtained through partially open die forgings. 

These observations were analysed with the aim of 

determining the mode of pore deformation and its flow 

indicating the characteristic of the metal flow. Polished 

and etched surfaces were examined with the idea of 

determining the mode of grain flow, if any, and also 

recrystallization which may lead to better densification. 

Structures are also discussed in the light of alloy 

composition and their effects on densificatton. With 

the above in mind,, the results of both dies are discussed 
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in subsequent sub-sections. 

6.3.1 Partially Open Hemi-Stiherical Die Forgings .w,wr-rr 	w o■ 	wr 	 ~r w.rw~ 	 r. 

6.3,11 Pure Iron 

T-ihile examining the pore shape changes along 

the vertical axis of the forged component of pure iron, 

it has been observed that in the region well within 

the field of upsetting (region of the rim) where 

predominantly the metal flow was in the horizontal 

direction, the pore flattens in the horizontal direction 

whereas it bends in the vertical direction showing 

the vertex in the direction of the applied load. While 

scanning more or less the centre region of the vertical 

cross-section it has been observed that the pores show 

more or less the tendency of aligning in the direction 

o-' the force and close to the exit point of the metal 

flow these pores appear like fine vertical streaks, 

Fig. 6.79 (a to h). 

Examining the pore structure along the other 

vertical line parallel to the central axis but 12 mm 

away from it exhibits that 

Well within the rim - the magnitude of porosity 

is exceptionally low having flattening in the 

horizontal direction showing a little bend in 

the vertical direction. As one moves further 

downwards, exceptionally high order of 

directionality is acquired by the shearing pore. 
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The bend in these pores is directed towards the 

central vertical axis of the component. Pore 

elongates or in other words flows as the geometry 

of the confinement beneath it. Once again 

close to the exit point of the 'metal flow, the 

pore elongates in the vertical direction. These 

microphotographs are shown in Fig.6. 79 (i) to (f). 

Figure 6.79 [(m) and (n)l shows the polished and 

etched structure on the cross-section at the centre boa- 

tin which reveals no' 	pitting within the grains 

while at the grain boundaries moderate to heavy pitting 
is observed. Fairly quia.xod grains are visible.. 

6.3a.2  0..35 %..Carbon ..Steel 

While scanning the vertical cross-section of 

0.35 % carbon steel under forging conditions of hemi-

spherical partially open die cavity, no orientation in 

porosity was observed. Since, the porosity observed 

was of very low order and entremely small in size the 

orientation of porosity could not be identified. Dead 

metal zone shows high order of porosity indicating poor 

order of densificat ion in this-  region. Micro-structure at 

other places (different than dead metal zones). is of 

pearlite-ferrite type, while, the dead metal zone and the 

region of the rim show the absence of pearlite. At the 
point of the exit of the metal,extensive directionality 

and flattening of the pores are noticed • indicating that 
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pore flattening due to shearing action must have been 

present but the added graphite during blending stage 

must have alloyed with iron at sintering temperature 

and enhenced the rate of densification. Therefore, it 

can be possibly said that alloyed graphite aids to 

densification. Figure 6.80 shows clearly the flow of 
ferrite and pear-lite. 

6.3.,,, 0.8~J Carbon Steel 

Scanning the vertical cross-section of the 

component forged through the partially open hemi-spherical 

die cavity, shows porosity of fairly low order. Pores 

are elongated a little with no defined directionality 

and non-uniform distribution, Fig•, 6.81. 

6.3.1.4 2.36 % Carbon Stegl 

Pore size observed was very very even at 1001. 

Directionality is not observed possibly due to the c~Rtrem- 

1r fine of the pore size. Graphite aids to the 

densification. Edges show the porosity whereas centre 

shows virtually no porosity, Fig. 6.82. 

While comparing effect, of carbon on these forgings 

it can be conclusively established that densification is 

enhanced by the addition of the carbon on the basis of 

already evaluated pore structures. 
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6.3.1.5 0.45 / Phosphorus Steel 

Figures 6.83(a) and (b) show the polished structure 

at the edge as. well as at the centre of the vertical 
cross-section of the component. Edges show thin layer 

of porosity but the nature of the pores are different 

than pure iron. Pores elongate along the curvature of 

the die (Fig. 6.83(a)) . Centre of the specimen shows' 
pin point porosity, rounded in nature but uniformly 
distributed, Fig. 6.83(b). 

Figures 6.83(c) and (d) show the etched structure 

where fine grain boundaries are seen and the grains 

appear to be deformed. However porosities, in fairly 

good amount are also seen. At few places big size 

porosities are observed. This is possible due to the 
fact that etchant reacts much faster at the open 

po~'osities. 

Thus, it can be seen that the mode of the shape 

changes of pores depends on composition of steel and 

also the type of alloying element. Phosphorus as an 

alloying. element shows the tendency of creating rounded 

(smooth) surfaces whereas carbon as an additive does 

not leave behind any rounded pores even near to theoretical 

density. Therefore, obviously final stage of densification 

obtained using carbon as alloying element is better than 

using phosphorus as an alloying element. Following 

Stassi [ 197] concept of pore closure it is difficult 

to obtain 100 % dense product with phosphorus as alloying 



158 

element because of the fact that closure of nearly 

rounded pores require large amount of press load 

which is a major constraint on the presently available 

forging equipments. This effect is in confirmation 

with othey,s [ 10 1. 

6.3. 2  Partially Open Step-Down .Oylindrical 
Die Cavit_„y 	 =_ - 

6.3«2.1 Pure Iron 

Vertical cross-section of the component produced 

through partially open step-down cylindrical die cavity 

has been examined under polished and polished and etched 

conditions. The overall examination of the section 

shows that pores tend to elongate assuming the shape of 

the die geometry. As one reaches to the point of the 

exit of the metal, the pore appears like a vertical 

streak. Once the central vertical axis is examined, 

pores bend downward (concave upward) and at other 

locations they elongate showing directionality towards 

the central axis of the component. Wherever the 

constraint is met to the advancing metal, the reduction' 

shows the clear cut dead metal zones in which practically, 

the densification is either not there or is of very 

low magnitude (Evidently seen in the structure of the 

dead metal zone). However, at transition point, a 

clear cut demarcation pattern is seen between the 

metal which has moved and the metal which has not moved, 
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The metal which has moved shows within it self finer 

streaks of pores, whereas, the pore in larger size is 

seen in the dead metal zone. However, the possibility 

of little movement of metal within the localized region 

of dead rhetal zone is observed which goes in confirmation 

with the findings of other investigators [ 204 ]. Since 

the material movement is evident in dead metal zone it 

is more appropriate to call. it hydrostatic zone. Therefore, 

it is better to identify these regions as regions of 

hydrostatic pressure where overall material movement 

is low. 

Note : Pore morphology is not being presented 
here as it was quite similar to the pore 
morphology obtained for pure iron in the 
case of partially open hemi-spherical die 
cavity forgings (see Fig. 6.79). 

Figure 6.84(a) shows the micro-photograph taken 

from the dead metal zone. Dark region shows substantial 

amount of undeformed pores during hot forging in a 

cylindrical step-down die cavity. No grain flow is seen 

confirming to the concept that in dead metal zone 

practically no flow of material is there and shape of 

pores also do not change substantially indicating that 

dead metal zone virtually remains free of densification 

or at the most very little densification occurs. 

Metallograph (Fig.6.84(b)) is taken off from the 

transition boundary of dead metal zone and the deformed 
region. 	the recrystallization appears to have 
occurred. 
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Moving further across the second confinement in the 

horizontal direction pores appear in the form of streaks 

with coarser grains which goes on refining as centre 

is approached. At the centre virtually porosity free 

micro-structure with recrystallized grains are seen. 

Figures 6.84(c), (d) and (e) show the above observations 

in a sequence. Recrystallized equiaxed grains with 

rounded porosities are also observed close to third 

confinement level slightly away from the dead metal 

zone (Fig.6.84(f) ). fit the top of the first confinement 

pore flattening is larger towards the constraint and 

assumes curvature according to the geometry of the die.. 

With the same field pore flattening is extensive. 

6.3.3.2 	 . 03,E % Carbon Steel Q,5  

While scanning the vertical cross--section of the 

component under polished and etched condition across the 

second stage of confinement following observations 

were recorded 

Figure 6.85(a) was taken slightly away from the 

dead metal, zone i.e. a region where dead metal zone 

diminishes, a clear out evidence of pore flow is noticed. 

Fine grain size, effect of recrystallization appears. 

Figure 6.85(b) shows the microstructure revealing in it 

heavy pore flattening with directionality which 

has been acquired due to the mode of deformation and 
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constraints against metal flow. Here, too, the grain 

elongates and acquires directionality. Therefore, it 

can be concluded that not only pores flow but prevalent 

conditions through the die walls and temperature of 

forging with sprayed graphite as lubricant helps the 

flow of grains. Structure shows large size wider 

streaks as well as small size fine streaks of pores. 

As expected, metallograph (Fig. 6.85(c)) shows half 

region consisting of extensive pore and grain flattening 

while the other half shows no evidence of pore flattening. 

However, grain flattening is present. -Therefore, it 

can be assumed that during the process of pore flattening 

there existed shear stresses of high magnitude which 

stretched the pores to a level where they have completely 

collapsed giving rise, either to a localized elongated or 

fragmented pores of a very low order thus resulting in 

enhanced (1' a sifica...t loll. 

though localized appears. 

Wti4 	n-0 v%^r++mzrt0i-n'I 1 	. + I r..a 
J.J l/y~A.v LVV V1 1. G li J, j v V L..,6i. . ZCLV y VJ.L 

Scanning the specimen still 

further across the second confinement but in the horizontal 

direction, fine recrystallized grains associated with 

occasionally low porosities otherwise for all practical 

purposes no porosity is observed (Fig.6.85(d). Figure 

6.85(e) shows uniform grains which apps^.x to br 

recrystallized ones. Whereas Fig. 6.85(f) shows grain 

coarsening with lower order of porosities. All grains 

appear to be equiaxed showing no evidence of 

r.ec ryst allizat ion. 
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General observation is that wherever 

recrystallization has taken place, the porosity is 

reduced to the 	minimum giving direct evidence to 

support that recrystallization aids to dens-ification. 

Structures observed across the central axis of 

the component of the above cross-section reveal the 

following observations while travelling from top to the 

bottom : 

Figure 6.85(g) shows coirse grained equiazed 

with low porosity while slightly below shows fine 

grained structure with a trace of recrystallization 

showing porosity level approaching to zero indicating 

that shearing stresses prevalent during forging aid to 

densification by. means of closing the pores; Predominantly, 

shear forces act to establish a mechanical bond. On 

further shearing action the collapsing surfaces of a pore 

may lead to a strong metallurgical bond. [i92 by movement 
of material across the shearing surfaces. 

Across the centre line, further down to earlier posi- 

tion of Fig. 6.85(g) shows finer structures than 

earlier one not recorded. This structure is completely 

recrystallized. Further, doim to the earlier structure, 

extremely fine recrystallized structure is seen which 

shows the effect of high order of deformation 

(metallograph not taken). Figure 6.85(h) shows absence 

of grain identity. Pearlite structure is observed 

only when deep etched. While examining the specimen 

at the 'l 5t confinement (Fig. 6.85 (i)) , structure shows 
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elongated bores having well defined directionality. 

This region is confined to a smaller area compared, to 

earlier confinements. 

Now scanning the specimen horizontally at the 

first confinement, Fig. 6.85(j) shows at one side low 

porosity whereas the other side reveals high order 

of porosity. A well defined demarcation between dead 

metal zone and the deformed metal zone could be seen. 

Figure 6.85(k) shows grain flow quite explicitely 

whereas Fig. 6.85(1) reveals coarse structure with 

no sign of recrystallization though the grains are 

equiaxod. 

6.3.2.3 0.83 l Carbon Steel 

This steel specimen was also examined very 

thoroughly as 0.35 % carbon steel, but, only 

1-  
	are taken a 	The representative micro-photographs a.r~v ~1...,.iy~n~ 

behaviour of pores during deformation is more or 

less similar as that in the case of 0.35 % carbon 

steel. 

Figure 6.86(a) shows the structure taken as 

the central axis of the component, but only in the 

dead metal zone fine grain structure with low porosity 

level was observed. Figure 6.86(b) shows still 

finer structure than Fig. 6.86(a). Throughout the 

cross-section nearly 100 % pearlitic structure was 

observed end they were fine. Excess carbon has 
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come -out os cementite network which are also seen 

in the structure. 

6.3.2.4 1.36 % Carbon Steel 

Vertical cross-section of the component (forged 

through the partially open step-down cylindrical die 

cavity) was suitably prepared for metallographic 

examination. The polished and etched section was 

examined under the microscope thoroughly. Behaviour of 

porosity was almost similar as seen in the case of 

0.35 % carbon steel. 

Examination of the structures across the 

horizontal direction of the second stage of confinement, 
reveals the following s 

(1) Figure 687(a) shows  Adevn,rb  ur 
a ! a  d grains 

of ferrite and pearlite. This- has happened 

possibly because of the fact that just 

before forging ceramic coating might have 

been removed whereas in the other specimens 

this was not observed. 

(2) Figure 6.87(b) shows ferritic network. 

Porosity level approaches to zero. 

(3) Figure 6.87(c) shows fragmented fine ferrite 

in amounts ranging from 10 to 20 %,whereas 

rest all is pearlitic in character. 
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(4) Figure 6.87(d) reveals nearly 100 % 

pearlitic structure. 

Combined observations from (1) to (4) shows that heavy 

decarburization has occurred due to possibly spall ing 

off the ceramic coating during sintering. 

(5) Figure 6.87(e) shows coarse cementite network 

with a very fine grain size. This is 

present in half the region whereas the 

other half shows pearlitic ,structure. 

(6) Figure 6.87(f) shows relatively coarse 

grains of cementite with coarse network. 

The grain flow is not visible. 

(7) Figure 6.87(g) reveals coarse grained 

structure. Cementite plates grow into 

the pee,rlito colonies showing the effect 
of heavy deformation. 

(a) Figure 6.87(h) represents thin cementite 

network. Absence of cementite plates 

entering into the grains could be observed. 

(9) Figure 6.87(i) shows the increase in the 

number of cementite plates indicating the 

mode of heavy deformation. 

It has been observed in general, that the 

addition of carbon has reduced the level of porosities 

in the final product. As the addition of carbon was 

raised ;per cent theoretical density obtained was better 
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than the case of a pure iron. Therefore, it can be 

said that addition of carbon enhances the densification 

level. Also, the increase in number of cementite 

plates reflects the level of deformation which ultim 

ultimately results in enhancing the final density 

of the product. 

6.3.2.5 0.45 % Phosphorus Steel 

While examining the polished vertical cross-

section of the component forged through the partially 

open step-down cylindrical die cavity the following 

observations are derived from the micro-photographs 

taken 

(1) Figure 6.88(a) shows the shape and size 

of the pores in the dead metal zone. It 

can be clearly seen that pore collapsibility 

is very fast.. 

(2) Figure 6.88(b) shows explicitely that the 

pores are thicker and larger in volume 

(appears) towards dead octal zone whereas 

in the deformed zone pores are elongated 

in finer streaks (low in volume) showing 

very high order of collapsibility. 

(3) Figure 6.88(c) shows length of tho pores In 

general shortened whereas width has 

slightly increased. 
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(4) Figure 6.88(d) shows that the length of 

the pores, in general, are further 

reduced and width still increased as 

compared to the case in (3) . 

(5) Figure 6.88(e) reveals that the pores 

lack the sense of directionality. 

Observing the polished and etched structure 

through the Fig.6.88 from (f) to (j) it can be clearly 

seen that away from the dead metal zone but well 

within the deformed metal region, the grains flow 

acquiring the shape of the die confinment. Wherever 

the metal experiences high order of deformation the 

grains are reduced in size, but, not much substantial 

difference has been recorded. Grain boundaries are 

very thin. Pores show rounded surfaces than the 

other carbon steels. As micro-structure shows porosity and 

density measurement, too, shows the same order of 

porosity.  

1 

6.3.3 	Qualitative Approach to Metal. Flow 
Through Partially Open Dies 

Qualitative study of pore morphology of 

Figs. 6.79 to - 6.8b reveals that there is a possibility 

of ipcorporating the pore shape changes in both the 

partially open dies (cylindrical step down and hemi-

spherical) . The generel observations show that the 



pores elongate (flow) more close to the die confinement 

leaving aside the region of dead metal zones. Further 

movement inside the component, away from the dead metal 

zone results in reduction-  of pore size which finally 

diminishes to zero around the, centre. Pore diminishes 

to zero under shearing action associated with metal 

flow downward. At the exit of the metal it has been 

observed, in general, that pore shape acquires 

directionality which is parallel to the axis of the 

component. The phenomenon is schematically exhibited 

in Fig. 6.89(a). From this figure the mode of metal 

flow has been derived keeping in view that the velocity 

vectors of metal flow differ at various points of the 

component during impact forging or extrusion forging, 

e.g. metal flow downward vertically in the centre with 

much faster velocity in comparison to the metal close 

to the confinment. Therefore, Fig. 6.89(b) has been 

drawn to depict the velocity vectors of metal flow through 

partially open hems—spherical die cavity. Similarly, 

the schematic representations of pore shape changes 	_ 

and velocity vector, in case of cylindrical step down 

partially open die,are given in Figs. 6.,90(a) and (b). 

Nicrostructural examinations of Fig. 6.79 to 

6.88 also reveal that there exists a zone where metal 

movement is either absent or is to a limited extent. 

Whatever, may be the case, the presence of localized 

metal movement within the dead metal zone must not be 
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ignored and it should be explained only by pressuming 

this dead metal zone as a hydrostatic zone. Therefore, 

the localized movement of metal within the hydrostatic 

zone falls in confirmity with the earlier work [ 204 ] 

on extrusion of aluminium preforms through square 

shaped and wedge shaped dies at different temperatures. 

In the present case, the cross-section of extrusion 

forged product experiences gradual, but, a continuous 

change (hemi-spherical die cavity) whereas step down 

partially open die products experience sudden drastic 

reduction in cross-sectional area leading to extensive 

plastic deformation of material in which strain induced 

recryst al lization at hot forging temperatures occurs 

resulting in enhanced densification. 

6.3.4 	Soundness of Products Produced Through 
Partially Open Dies 

Figure 6.91 shows the photographs of components 

produced through partially open step down cylindrical 

die cavity at 11200C of iron and iron carbon sintered 

alloys. The general observation is that as the amount 

of carbon is increased from 0.00 to 1.36 per cent 

the surface cracks go on increasing, but, however, 

their growth can be checked by providing repressing 

constraints at the free surfssces before they acquire 

dangerous proportions. The forgings of different 

carbon compositions showing fairly good amount of surface 
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cracks (at the free surfaces) show no sign of internal 

cracks. Therefore, if machining allowances are provided 

before hand the forged products could be safely used. 

The. tensile strength of the forgings assessed 

through hardness measurements show its superiority 

ove: the wrought products and even the interior of the 

component showed metallurgically sound structure. 

Figure 6.92 shows the components produced 

through partially open hemi-spherical die cavity at 

1120°C for iron and iron carbon (0.35 to 1.36 %) 

sintered alloys. None of the products of the above 

compositions show substantial cracks at the free 

surfaces revealing the fact that the die geometry, the 

mode of shear strains and compressive strains generated 

at the free surfaces are responsible for the initiation 

of cracks [ 196 T. Therefore, in the light of this 

v 	di nt/ f°r.n `L)/ v~t.„L L4 ~~a. vli .L %J - iilg L, CAIli ►die rGi. VLmilu141L'L' 

for producing industrially applicable components provided 

suitable preform design and corresponding die design 

has been incorporated. 

Figure 6.93 represents the powder products in. 

various shapes produced from 0.45 % phosphorus steel. 

through upsetting, partially open dies and closed dies.. 

By altering die design while maintaining HID ratio of 

the preform, it has been obs, rved that no circumferential 

cracks at the free surfaces are present, indicating 

thereby that 0.45 % phosphorus steel is most suitable 
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for forging in different shaped dies. 

6.4. .,CLOSED DIE FORGINGS 

The degree of non-uniformity of densification 

during upsetting has been used in designing closed dies 

and Lubsequently the forging of the preforms in these 

dies. In general closed die forging processes involve 

upsetting deformations to some extent (so as to permit 

flow of material) followed by repressing after the 

workpiece comes in contact with the die walls. The 

upsetting is very much non uniform and the expanding 

surfaces bulgeout. The bulged surfaces will cool very 

fast when it comes in contact with the die walls. Since 

the bulged surface contains large pores compered to 

any other portion of the compact, it will be difficult 

to eliminate them by the forging pressure, because 

cooling of this region will increase the local flow 

stresses. Therefore, in this region, it is common [ 130] 

to find some residual porosity at the surface of the 

hot forged powder preforms. It is then clear, that 

most of the densification should be achieved during 

the upsetting mode of deformation prior to the repressing 

mode preferably, with well lubricated dies [ 137]. With 

the above in view, the closed dies were designed such 

that the level of upsetting mode of deformation prior 

to repressing mode could be altered in the increasing 

order. 
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6.4.1 Properties of Closed Die Forged Products 

Table 6.12 shows the level of diametrical 

confinement during hot forgings in closed dies with 

respect to material composition, amount of densification 

obtained and hardness compared to various levels of 

upsetting before encountring repressing mode. It shows 

that per cent theoretical density obtained in each 

case of repressing mode, increases. Hardness, too, 

increases, but however at the last stage of repressing 

the overall density drops, whereas hardness has increased. 

This shows that some sort of work hardening might have 

been introduced which is basically called as 'geometrical 

work hardening [ 195], plays e, predominant role during 

extended upsetting. Thus, it can be seen that, in 

general, addition of carbon shows better densification 

at the same level of repressing, while phosphorus steel 

shows poorer densificat ion in the same range of repreesing 

level. The behaviour of 0.45 % phosphorus steel and 

iron are similar. From Table 6.12, it is also seen 

that hardness variation is quite substantial in the 

ramie of density variation (99.3 to 99.8 %) . The higher 

values of hardness possibly reflect the establishment 

of metallurgically sound bond all across the surfaces 

of the shearing pore which have come in intimate contact. 

This is in confirmation with the findings of other 

investigations [ 193]. 
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6.4.2  Mew  raphic Studies 

Ietallographic studies of closed die forgings 

of various alloys have been carried out. Figure 6.94 

shows the grain structure of iron sintered preform 

forged where partial recrystallization is revealed 

indicating better densification in the central region. 

This is in confirmation with others' results [130 ]. 

Figure 6.95 represents the microstructures of 

0.35 % carbon steel sintered preform (H/D = 1.18) 

forged at 112000 through closed dies. It shows 50 

ferrite which more or less confirms the composition 

of this alloy. Porosity is rarely seen in the centre 

of the component indicating that the centre has 

acquired density of the order of 100 %. However, at 

the periphery, diametrically flattened pores with 

higher width oro prosent, which could not be closed 

down during xcpressing. Therefore, overall density of 

the product correr;ponds to the microstructural details. 

Figure 6.96, however, represents similar 

fo,:ging of 0.83% carbon steel showing completely 

eutectoid structure with no cementite network. 

Figure 6.97 shows microstructure of the closed 

die forging of 1.36 % carbon steel revealing in it 

cementite network with fine c^mentite plates entering 

into the network. Scanning the entire cross—section 

it has been observed that no decarburization has occurred 
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but,however, extremely fine but scanty rounded pores 

^.re seen. This structure corresponds to ^- 1.36 % 

carbon steel and also shows the density of the product 

of the order of 100 % dense. 

Figure 6.98 shows the microstructural details 

of the closed die forging of 0.45 % phosphorus steel 

forged at 960°C. Figure 6.98(a) represents the level 

of porosity with well defin^d directionality revealing 

the flattening in the direction of diametrical flow 

of the metal whereas, Fig. 6.98(b) shows the 

etched structure, at the centre, revealing fine grain 

boundaries along with the position of porosity and 

its nature as above. Figure 6.98(c) , however, represents 

etched microstructure near the repressing surface. 

It shows porosities interconnected with the grain 

boundaries. The high order of porosity with fairly 

large amount of  fragmented but rounded pores and 

good amount of open pores indicate$ the typical 

behaviour of 0.45 %% phosphorous forged steel. It 

shows that phosphorus is such an alloying element 

which creates more stabilized pores and these pores 

flow as the metal flows, ultimately contributing to 

lower theoretical density attainment. This goes to 

show that repressing introduced was at a late stage 

of deformation under upsetting mode where cracks have 

started opening out at the repressing surfaces. 
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General observation of nicrostructural details 

c:f all alloys studied in the present investigation in 

closed die forgings show that fairly good number of 

open porosities do exist close to the rr pessing 

surface which indicates that repressing confinment must 

be introduced much earlier to the deforming preform 

before it enters into the cracked region. 

6.5  MECHANICAL PROPERTIES_OF UPSET FORGED SAMPLES  
FORS DARE SECTION BARS 

Mechanical properties of iron and iron based 

alloys powder products (forged) , such as tensile 

strength, yield strength, hardness, per cent elongation, 

per cent area reduction and impact strengths are 

tabulated in Table 6.13. It is seen from the above 

table that tensile h trergt h increases as the carbon 

content is raised and so is the hardness, whereas 

per cent. elongation and per cent area reduction 

decreases. Impact strength of forged and subsequently 

annealed at 800°C for a period of 2 hours, without 
notch are reported in the same Table 6.13. It shows, 
as the carbon content is raised, the impact goes up 

upto carbon limit of 0.83 % whereas it drops a little 

for 1.36 % carbon steel in comparison to 0.83 % carbon 
steel. Phosphorous steel shown fairly lo ̀r impact v^lue.After 

annealing one of the sample containing 1.36 % carbon 

bends like U and still does not fracture and no sign 
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of crack is seen. However, macrophotographs of some 

of the unbroken specimen are shown in Fig. 105. 

Figures 6.99(a) to (e) show the stress versus 

per cent elongation curves (only relative magnitude 

is shown, not the actual units). All the forged 

alloys under tension reach to the limit of their 

elastic strain, show yield point clearly and then 

begin to flow just similar to annealed carbon steels. 

In the present investigation the behaviour of 0.35 % carbon 

steel is quite similar to that reported in literature 

for 0.40 % carbon steel [ 196]. Figure 6.99(f) shows 

the plot of hardness vs tensile strength for all 

steels studied and compared with the plot of the above 

parameters existing in literature. These points are 

well within the neighbourhood of the theoretical line 

[ 134 ]. Figure 6.99(g) depicts Harnness,T.S. vs composition. 

Figure 6.100 shows the scanning electron 

Micrograph of the tensile preform forged to 99.6 

theoretical density. Dimple fracture with large pores 

is visible indicating the characteristic of a ductile 

fracture High order of porosity is observed in the 

micrograph than what it should have been by actual 

density measurements. This is apparent because the 

facture occurs in the weakest part of the sintered 

forged product.. The fracture seems to take place in 

the weakest part of the matrix along the pore before 

a plastic deformation of the matrix develops. 'Dimple 
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Pattern' is normally a manifestation of a ductile 

fracture [ 205 ] . 

Figure 6.101(a) shows the scanning electron 

micrograph of the tensile fracture surface of 0.35 

carbon sintered steel preform forged to a density 

le: el of 99.9 % theoretical, revealing in it the 

presence of collapsed pores having directionality. 

Some of the pores appear as though their existence 

hails from residual porosity. Figure 6.101(b) 

represents another region of the fractured tensile 

surface revealing in it the 'dimple pattern' 

characteristic of ductile fracture along with the 

cleavage. Thus, 0.35 / carbon steel shows the fracture 

behaviour which is governed by the ductile as well 

the cleavage types of fractures. 

Figure 102 represents the scanning electron 

micrograph of the tensile fracture surface of 0.83 % 
carbon sintered forged steel near to theoretical 

density. The observation of the microphotograph 

reveals 'dimple pattern', virtually free from pores 

associated with very fine and uniform grain strcture. 

Occasional porosity is also visible. Thus, this 

structure corresponds to actual theoretical density of 

the component. 

Figure 6.103 represents the scanning electron 

micrograph of the tensile fracture surface of 1.36 % 

carbon sinter forged steel to nearly 99.8 % theoretical 
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density. This figure shows 'dimple shaped fracture' 

ai in Fig. 6,102 with much finer structure associated 

with fine porosity in considerable amount. The 

structure more or less corresponds to the theoretical 

density as reported through measurements following 

wLter immersion technique. 

Figure 6.104 shows the scanning electron 

micrograph of the tensile fracture surface of 0.45 % 

phosphorus sintered steel forged to nearly 99.3 

theoretical density at 960°C. Mode of fracture appears 

to be mixed type involving 'intergranular brittle 

f racture!, dimple structure at localized spots and 

cleavage type fracture associated with river line 

markings on some facets. Quantitative estimation of 

porosity, through the micrograph, is in accordance with 

the theoretical density measured by conventional 

method Archem:'` ian Principle. 

6.6 KINETICS OF PORE CLOSURE 

Average pore diameter were measured for the upset 

forged specimens having 0.00, 39.63, 42.00 and 53.08 

height reductions, which are tabulated in Table 6.15. 
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Table 6.14 

Relative Pore Diameter with Respect to 
Per Cent Deformation. 

Per cent 	Pore size -- Average 
deformation diameter at 100X; 	Relative pore dia. 

enlar ed 6 times 
(in mm) 

	

0.00 	5.50 	 1.00 

	

39.62 	1.95 	 0.36 

	

42.00 	1.70 	 0.31 

	

53.08 	0.83 	 0.15 

Figure 6.106 shows the plot of rel .rive pore dia 

vs per cent deformation in case of upset forging of 

sintered iron powder preform (H/D = 0.99) at 900°C. 

This plot shows that as the height reduction is 

enhanced, pore-size (diameter) reduces. The curve 

can be a guide in , assessing the optimum deformation 

(height-reduction) level required to obtain a completely 

dense product i.e. when pore size is or near to zero. 

For iron powder preform upsetting, as is depicted by 

Fig. 6.54, no pore-flattening occurs even at the 

heighest value of deformation (53.08 %). 

Diameters of 150-175 pores (in 2-3 directions 
for each) were measured and averaged out for 
each deformation. 
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Fig.6.9-Plot of percent theoretical density with respect to per cent carbon 
in the alloy at the height strain of 0.50 at 1120°C 
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Fig. 6.54 Pore Morphology of Iron Powder Sintered 
Preform (H/D T 0.99) Upset Forged At 9000C 

(a) Sintered Pore structure 
at the centre 
100X; enlarged 6 times. 

(b) Pore structure at 
39.62 % height 
rec" ct ion 
100X; enlarged 
6 times. 

(c) Pore structure at. 
42 % height 
reduction 
100 X; enlarged 
6 times.  

(d) Pore structure at 
53 % height 
reduction 
100X; enlarged 
6 times. 
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Fig. 6.56 Etched Structure of Iron Powder Sintered 

Preform (H/D=0.99) Upset Forged at 90000 
Etchant : 2 % nital 

(a) At the centre of 
the sintered 
specimen 

50X; oni rged 
6 times.  

(b) Near the edge of 
the sintered specimen 
50X ; enlarged 
6 tines. 

(c) At the oc ge of the 
sintered specimen 
50X ; enlarged 
6 times. 

(d) At the centre of 
the 11 % height 
reduced specimen 
50X : enlarged 
6 t:.nes. 

(e) At the centre of 
the 39.62 % height 

reduced specimen 
50 X; enlarged 
6 times. 

(f ) At the centre of 
the 53 % height 
reduced specimen 

50X ; enlarged 
6 times. 
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Fig. 6.56 Etched Structure of Iron Powder Sintered 
Preform (H/D=0.99) Upset Forged at 900°C 

T~tchant ; 2 % nital 

(a) At the centre of 
the sintered 
specimen 

50X; cnl^rged 
6 times.  

(b) Near the edge of 
the sintered specimen 
50X ; enlarged 
6 times. 

(c) At the odge of the 
sintered specimen 
50X ; enlarged 
6 times. 

(d) At the centre of 
the 11 % height 
reduced specimen 
50X : enlarged 
6 t "..nes. 

(e) At the centre of 
the 39.62 % height 
reduced specimen 
50 X; enlarged 
6 times. 

(f ) At the centre of 
the 53 % height 
reduced specimen 

50X ; enlarged 
6 times. 
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Fig. 6.58 Morphology of 0.83 % C-Iron Powder Sintered 
Preform (H/D 	0.99) Upset Forged ,t 90000. 

(a) Nearly rounded and 
uniformly distributed 
pores - at the centre 
of the specimen 
(sintered). 
1001 ; enlarged 
6 times.  

(b) Structure at the 
centre showing coarse 
eutectoid with traces 
of cementite. (Height 
reduction nearly 50 %) 
rtchant : 2 % nital. 
500X ; enlarged 
6 tines. 

Fig. 6.59 Etched Structure of 136 / C Iron Powder 
Sintered Prefrom (H/D--0.99) Upset Forged at 9000C 

Etchant : 2 %% nital 

Nearly 56 % Height Reduction Showing Thick Carbide 
Network with Fine Grain Revealing at Places Pearlite 
in Traces. 
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N 

Fig: 6.60 = Morphology - 0.45 % Phosphorus Powder 
Sintered Preform (H/D=0.59) Upset Forged at 96000 

(a) Pore structure at (b) Pore structure at 
the centre of the the edge of the 
sintered specimen specimen (unetched),. 
(unetched). 50X ;enlarged 
50X ; enlarged 6 times. 
6 times. 

(c) structure showing (d) Coarse porosities 
fine grains with and fine grains with 
thin boundaries thick boundaries near 
and marginal the edge. 
porosities at the 100X; enlarged 6 times 
centre of the Etchant : 2 °/, nital. 
sintered specimen. 
100X; enlarged 
6 times. 
Etchant : 2 	, nital. 

(n) Structure shows (f) At the centre - sense 
collapsing pores at of grain flow. Very 
the centre of the thin boundaries. Pore 
specimen height flattening in the 
reduction ---55-57 G. direction of diametrical 
50X; enlarged flow. 
6 times . 100X; enlarged 6 times. 

Etchant 	2 % nital. 
• 
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Fig.6.61-Relationship between percent theoretical density and 
fractional constraints ( Horizontal and vertical) in 
forging sintered iron powder preform ( H ! D =1.18 ) 
through partially open step down cylindrical die 
cavity at 1120°C 
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Fig.6.62-Relationship between per cent theoretical density and 
fractional constraints ( Horizontal and vertical) in forging 
sintered 035°! carbon steel preform ( H! D=1.18) through. 
partially open step- down cylindrical die cavity at 
1120°  C 
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Fig.6.63-Relationship between per cent theoretical density and 
fractional constraints (Horizontal and vertical) in forging 
sintered 0.83 °I° carbon steel preform (H/ D = 1 18) through 
partially open step down cylindrical die cavity at 1120°C 
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Fig. 6.79 - Pore Morphology Iron Powder Sintered 
Preform (H/D=1.18) Forged Through Hemi--Spherical 
Die Cavity at 1120°C 

(a) Pore flattening 

in the horizontal 
direction. 
50X; enlarged 
6 times.  

(b) Pore flattening 

in the horizontal 
direction with a 
little bend. 
50X; enlarged 
6 times. 

(c) Pore, flattening 	(c1) Certre from the top - 
but bending visible. 	Bending of pores in 

50X; enlarged 	the upward direction. 
6 times. 	50X; enlarged 6 times. 

(e) Pores - showing the 

tendency to flow 

downward. 
50X; enlarged 
6 times. 

(g) Pore direction 
becomes vertical. 
50X ; enlarged 
6 times. 

(f) Pore - Direction 
completely changed. 

50X ; enlarged 

6 times. 
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Fig. 6.79 - Pore M^rphology - Iron Powder Sintered 
Preform (H/D = 1.18) Forged Through the Hemi-Spherical 
Die Cavity at 11200C 

(h)  

(i)  

Flattened pores 	(i) 
direction is in-
clined a little to 
the central axis of 
the component. 
50X;enlarged 6 tines, 
Angle of porosity 	(k) 
changes inclination 
towards the central 
axis. 
50X ; 'enlarged 
6 times.  

Porosity exceptionally 
low but flattening in 
the horizontal direction. 
501 ; enlarged 6 times. 

Pores showing well 
defined directionality. 
50X ; cnlo.rgQd 6 times. 

(K) 

(n) 

Porosity changes 	(m) 
direction-takes 
the bond as the die 
geometry. 
50X ; enlarged 
6 times. 

Grain flow explicitely 
visible. 
10OX;.enlarged 6 times 

Etchant : 2 nital. 

Grain flow visible. 
50X; enlarged 6 times. 
Etchant : 2 % nital. 
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Fig. 6.80- Showing Flow of Pearlite and Ferrite 
In 0.35 % Carbon Steel Sintered Powder Preform 
(H/D = 1.18), Forged Through the Hemi-Spherical 
Die Cavity at 1120°C. 

Fig. 6.81 - Pore Morphology - 0.83 % Carbon Steel 
Sintered Powder Preform (H/D = 1.18), Forged Through 
the Hemi-Spherical Die Cavity at 1120°C. At the 
Centre of the Specimen 10OX ; enlarged 6 times. 

Fig. 6.82 - 1.36 % Carbon Steel Sintered Powder 
Preform (H/D = 1.18),, Forged Through the Hemi-
Spherical Die Cavity at 1120°C. At the Centre of 
the Specimen 100X; enlarged 6 tires. 
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Fig. 6.83 - Microstructure - 0.45 % Phosphorous 
Sintered Powder Preform (H/D=1.18) Forged Through 
Hemi-Spherical Die Cavity at 960oC 

(a) Porosity at the 
edge - thin 
layer different 
than pure iron. 
100X; enlarged 
6 times. '. 

(b) Pin point porosity 
at the centre of 
the specimen. 
1.00 X ; enlarged 
6 times. 

(c) Deformed grain 
boundaries, fine 
in nature with 
localized large 
size pores. 
100 X; enlarged 
6 times. 
Etchant : 1 , nital.  

(d) Deformed fine grain 
boundaries. Large 
site pores are 
scanty. 
10OX ; enlarged 
6 times. 
Etchant : 1 % vital. 
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Fig. 6.84 - Microstructures Showing Different 
Nature at Different Location of the Forged Component 
of Pure Iron Through Partially Open Step Down 
Cylindrical Die Cavity at 11200C 

Etchant : 2 % nital. 

(a) Microstructure in 
dead metal zone dark 
region - showing 

undeformed pores and 

absence of grain flow. 

100X; enlarged 6 times. 

(b) Microstructure showing 
the transition bounc!.ary 
of DMZ and the deformed 

region sense of 

recrystallization. 

100X; enlarged 6 times. 

(c) Microstructure shows 	(d) Medium size grains 
pores in the form of 	pores still in the 
streaks associated with 	form of streaks. 

coarse grains. 	100 X; enlarged 

100X ; enlarged 
	

6 times. 
6 times. 

(e) Recrystallized fine 
grains with low order 

of porosity. 
100X; enlarged 
6 times. 

(g) Extensive pore 

flattening close to 
the first confinement. 
100X; enlarged 

6 times. 

(f) Close to third 

eonfinment rounded 
pores with recrystallize 

equiaxecl. grains. 

100X; enlarged 6 times. 
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Fig. 6.85 - Mierostructure Revealing Different led a of 

Pore Flattening and Grain Deformation at Different 
Loations of a Component Forged Through Partially 
Open Step Down Cylindrical Die Cavity at 1120°C 

Etchant : 2 % nital 

(a) Heavy pore flattening 
with fine grain size 
showing effect of 
recrystallization. 
100X ; enlarged 
6 times. 

(c) Microstructure showing 
half region consisting 
of extensive pore and 
grain flattening. Other 
half showing no evidence 
of pore flattening but 
grain flattening is 
visible. 
100 X ; enlarged 
6 times.  

(b) Heavy pore flattening 
with directionality. 
Grain elongation is 
cl^arly seen. 

100X ; enlarged 
6 times. 

(d) Fine recrystallized 
• grains with practically 

no porosity. 
100X ; enlarged 
6 times. 

(e) Uniform, recrystallized 
grains with little 
porosity. 
100X; enlarged 
6 times.  

(f) Grain coarsening 
associated with low 
order of porosity. 
100 X ; enlarged 
6 times. 
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Fig. 6.85 -- Microstructure Revealing Different Modes 
of Pore Flattening and Grain Deformation at Different 
Locations of a Component Forged Through Partially Open 

Step Down Cylindrical Die Cavity at 112000 
Etchant : 2 % nital 

(g) Completely recrystallized (h) 
structure with a fine 

gr-.in size. 
100X ; enlarged 6 times. 

(i) Elongated pores with 	(j) 

well defined directionality 

10OX ; enlarged. 

Pearlitic structure 
is seen with no sign 

of grain identity 

100X; enlarged 

6 times. 

One side showing 

low ardor of porosity 
compared to other 
side. 
10OX ; enlarged 
6 times. 

(k) Shows grain flow 
	(1) Equiaxed grains are 

explicitely. 	 seen. 
10OX ; enlarged 	 10OX ; enlarged 
6 times. 	 6 times. 
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Fig. 6.86 - Microstructures of 0.83 % Carbon Steel 
Sintered Preform Deformed at 1120°C Through Partially 
Open Step Down Cylindrical Die Cavity 

Etchant : 2 % nital 

(a) Fine grain structure with low level of 
porosity. Completely pearlitic structure 
is seen. 

100X ; enlarged 6 times. 

(b) Finer grain structure than 6.86(a) with 
scanty porosity. Completely po.rlitic 
structure showing evidence of cementite 
network. 
10OX ; enlarged 6 times. 



Fig. 6.86 
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Fig. 6.87 - MicrostructurecsTaken on the Second Stage 
of Confinement in a Component (1.36 % Carbon Steel) 
Forged Through the Partially Open Step Down Cylindrical 
Die at 1120°C 

Etchant : 2 % nital 

(a) Shows decarburized 	(b) Ferrite network 
structure. 	with low  

100: ; enlarged 	100X ; en] 
6 times. 	6 times. 

(c) Fragmented ferrite 	(d) Completely pearlitic 
15 - 20 % rest 	structure. 
being pearlitic 	 100X ; enlarged 
structure. 	 6 times. 
10OX ; enlarged 
6 times. 

(e) Coarse cementite network 
with a very fine grain 
size. Other half shows 
pearlitic structure. 
100X ; enlarged 

6 times. 
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Fig. 6.87 - Microstructure Taken at the Second 
Stage of Confinement in a Component (1.36 % 
Carbon Steel) Forged Through Partially Open Step 
Down Cylindrical Die • Cavity at 1120°C 

' t chant : 2 % vital 

(f) Coarse grains of 
cementite with 
coarse network. 
10OX ; enlarged 
6 times. 

(g) Coarse grained 
structure - 
cementite plates 
entering into 
the grains. 
100 	; enlarged 
6 times. 

(h) Shows thin network 
	

(i) Shows increase in 
of cementite 	 the cementite 
100X; enlarged 	 plates. 
6 times. 
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Fig. 6.88 - Microstructures Showing Pore Morphology 
and StructuralDetails at Different Vocations of the 
Specimen.Prepared from the Component Forged Through 
Partially Open Step Down Cylindrical Die Cavity at 
1120°C for 0.45 % Phosphorus Steel 

(a) Pore morphology in 	(b) 
the dead metal zone. 
10OX ; enlarged 
6 times. 

Pores showing very 
high order of 
collapsibility. 
100 X ; enlarged 
6 times. 

(c) Reduced size - of the 
pore in length and 
slight increase in 
width. 
100X ; enlarged 

6 times. 

(e) Pores lack the sense 
of directionality. 
10OX ; enlarged 
6 times.  

(d) Length of the pore 
still reduced compared 
to (c) and width 
further increased. 
10O ; enlarged 
6 times. 



 .  

(b) 

FIG. 6.88 
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Fig. 6.88 — Microstructures shoring Pore Morphology 
and Structu_ra? Details at Different Locations of the 
Specimen Prepared from the Component Forged Through 
Partially Open Step Down Cylindrical Die Cavity at 
11200C for 0.45 % Phosphorus Steel 

Et chant. : 2 % nital 

(f) Pore flow and grain 	(g) Pore collapsibility 
flow is clearly seen, 	is seen explicitely. 
10OX ; enlarged 	10OX ; enlarged 
6 times. 	6 times.. 

(h) Thin grain boundaries 

pore collapsibility in 

a different form than 

(f) and (g). 
100X -; enlarged 

6 times.  

(i) Pore size extensively 

reduced and its amount 

too, is reduced. 

10OX ; enlarged 
6 times. 

(j) Shows heavily deformed 

porosity. Very thin, but, 
explicit grain boundaries. 
100 X ; enlarged 6 times. 
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Fig.6.89(a)-Pore shape changes 	Fig.6.89(b)-Qualitative flow of metal 
schematic representation 	derived from mode of shearing 

as obtained from metalto- 	pore 
graphic structures 

Q Hydrostatic zone 
or 

Dead metnt zone 

Fig.6.90 (a )-Pore shape change-schematic 
representation as obtained 
from metaltographic structures 

[3 Hydrostatic zone 
or 

Dead metal zone 

Fig.6.90(b)-Qualitative flow of metal 
derived from mode of 
shearing pore. 



274 

Fig. 6.91 - Shows the Components Produced Through 
Partially Open Step Down Cylindrical Die Cavity at 
11200C of Iron and Iron Carbon Alloys 

(a) Iron powder sintered forged component show 
circumferential cracks as superficial. 

(b) 0.35 % carbon steel shows heavy to moderate 

circumferential cracking. 

(c) 0.83 % carbon steel shows moderate surface 

cracks. 



F 1G. 6.91 

Ii  
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(d) 	1.36 % carbon steel shows medium to moderate 

level surface cracks. 

Fig. 6.92 - Showing Components Produced Through 
Partially Open Hemi-Spherical Die Cavity at 1120°C 
of Iron and Iron Carbon ,Alloys 

(a) Superficial circumferential cracks - sintered 
iron powder preform forging. 

(b) Circumferential cracks are only superficial - 
sintered 0.35 % carbon alloy preform forged. 



FIG. 6.92 (b) 
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(c) 0.83 % carbon steel shoes only superficial 
circumferential cracks in the last deformation. 

(d) 1.36 % carbon steel shows medium to moderate 
circumferential cracks. 

Fig. 6.93 - Forged Powder Products in Various 
'hapes of 0.45 % i'hc sphorus Steel at 9600C 



Cc) 

FIG.6.92 (c ) 

. FIG.6.92 (d) 

FIG.6.93 
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Fig. 6.94 - Microstructure Showing Iron Grains with 
the Mode of Pore Deformation Through Closed Die 
Forging at 1120°C. 

100X ; enlarged 6 times. 
Etchant : 2 % nital. 

Fig. 6.95 - Microstructure Showing 50 % Coarse 
Pearlito and 	' 50 % Ferrite. Forged Component 
Through Closed Die at 1120°C of 0.35' Carbon Steel. 

10OX ; enlarged 6 tines. 

Etchant : 2 % nital. 

Fig. 6.96 - ^Microstruture Showing Very Fine outectoid 
Structure of 0.83 `. Carbon Steel Forged Through Closed 
Die at 1120°C 

500XX ; enlarged 6 times. 
Etchant : 2 % nital. 

Fig. 6.97 - Microstructure Taken at the Centre of 
the Polished and Etched Specimen of 1.36 % Carbon 
Forged Through Closed Die at 1120°C. 

Etchant ; 2 % nital. 

(a) Cementite network and cementite plates are seen. 
10OX ; enlarged 6 times. 

(b) Sane as in (a) . 
500X ; enlarged 6 times. 



FIG. 6.95 

FIG. 6.96 

jo  ,q3c• : 

FIG. 6.97 
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Fig. 6.98 - M icrostruct ural Details of Closed Die 
Forging of 0.45 % Phosphorus Steel at 9600C. 

Et chant : 2 % nit al 

(a) Pore morphology at the centre showing pore 
flattening in the diametrical direction. 
10OX ; enlarged 6 times. 

(b) Polished and etched structure at the centre. 
Revealing fine grain bound ,ties and associated 
with pore orientation. 
100X ; enlarged 6 times. 

(c) Polished and etched microstructure near to 
repressing point showing in it porosities inter-
connected with grain boundaries. 
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F ig.6.99 (f) -.Plot of tensile. strength vs. 
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Fig.6.99(g)-Plot of hardness and tensile strength against composition 
of 90° turned upset forging 
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Fig. 6.100 - Scanning Electron Micrograph of 
Tensile Fracture Surface of Forged Sintered Iron. 

Fig. 6.101(a) - Scanning Electron Micrograph of 

Tensile Fracture Surface of Forged Sintered 0.35 % 
Carbon Steel. 

Fig. 6.101(b) - Scanning Electron. Micrograph of 
Tensile Fracture Surface of Forged Sintered 0.35 
Carbon Steel. 

Fig. 6.102 r- Scanning Electron Micrograph of 
Tensile Fracture Surface of Forged Sintered 0.83 

Carbon Steel. 

rge 6.103 - Scanning Electron Micrograph of 

Tensile Fracture Surface of Forged Sintered 1.36 % 

Carbon Steel. 

Pig. 6.104 - Scanning Electron Micrograph of 
Tensile Fracture Surface of Forged Sintered 0.45 %% 

Phosphorus Steel. 



FIG. 6.101(a) FIG. 6.100 

I 

:. 	joO 	 r/,6ci () 
FIG. 6.101(b) 	 FIG.6.102 

~IrA 6. Io/(b) 	 fl G, !02 

FIG, 6.103 	 FIG. 6.104 

FIG.1o3 	 F!~i ic4 

11% 



FIG. 6.105 

1.3%C-Fe 	Iron 
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Fig.6.106-Plot of relative pore size with respect to per cent 
deformation for iron powder sintered preform(H/D=0.99 ) 
during hot upsetting at 900°C 

284 



C H A P T R- 7 

CONCLUSIONS 

The main conclusions, emerging out of the 

present investigation, are given below : 

(1) Per cent theoretical density with respect 

to height strain for sintered preforms 

of iron and iron based alloy powders 

during upsetting at different temperatures 

and H/D ratios, can be related and 

expressed by a second order polynomial 

as follows 

(pT ) - al  + a2 /(n( H ) + a3( fn  H ) 
2  

where al, a2  and a3  are temperature, 

composition and preform geometry (initial 

H/D ratio) dependent constants. 

(2) Lower initial H/D ratio, at any forging 

temperature, shows better densification 

as compared to higher H/D ratio for all 

compositions of steel studied. 

(3) Addition of carbon (upto 0.35 %) as an 

alloying element enhanced densification 

whereas higher carbon contents (0.83 and 

1.3 % carbon) show poor level of 

dens if icat ion. 



(4) 100 % dense product can not be produced by 

hot upsetting irrespective of the alloy 

composition, H/D ratio and temperature of 

forging employed. 

(5) Diameter strain versus height strain plots 

for powder preform upset forging always 

falls below the theoretical line for all 

temperatures of forging and all H/D ratios 

studied. Composition does not alter the 

position of the curve whereas H/D ratio 

does it. Higher H/D ratio tends to deviate 

more from the theoretical line than that 

of lower H/D ratios. 

(6) Poisson ratio versus percent theoretical 

density can be expressed in the form of a 

second order polynomial for H/D = 1.17 for 

pure iron as 

-Pf 
= a1 	a2( 

.P Th 

pf 	2 
)+a( 'Th) 

(7) Effect of alloying and H/D ratio on poisson 

ratio with respect to per cent theoretical 

density is not very significant. Both these 

parameters do not alter the nature of the 

curve but, however, shift the position of 

the curve. Higher H/D ratio shifts the 

curve to higher 	) values. Carbon upto 

0.83 % does not show any significant shift 
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but 1.3 %C shows fairly pronounced upward 

shifting of the curve. 

(8) Variation in -J with respect to per cent 

theoretical density shows three distinct 

stages, namely, (a) sharp rise in the density 

range of 87 to 90 % theoretical, (b) nearly 

steady state in the range 90 to 96 and, 

(c) again a sharp rise from 96 onwards to 

nearly 100 % theoretical density. 

(9) Hardness of forged components at various 

levels can be expressed as a linear function. 

Temperature of forging has a moderate effect -

over hardness values. Addition of carbon 

as an alloying element shows improved hardness 

values with respect to per cent theoretical 

density. However, in case of lower H/D 

ratio, temperature of forging shows distinct 

effect as it shifts the curves upward compared 

to that of lower temperature of forging. 

Whereas, at higher H/D ratio the above 

effect diminishes. 

(10) Circumferential cracks are delayed during 

hot upsetting, as carbon addition is enhanced 

upto 0.83 % carbon, whereas 1.36 % carbon 

shows cracks limit much earlier than 0.83 

carbon steel. 



(11) 0.83 % carbon and 0.45 % phosphorus steels 

show better forgeability. 

(12) Upsetting results of phosphorus steel shows 

more or less an ideal behaviour. Poission 

ratio plot with respect to per cent 

theoretical density approximates to the 

theoretical value at higher level of 

deformation. 

(13) Densification behaviour of iron, iron carbon 

and iron phosphorus system at their 

respective temperatures of forging (1120°C 

and 960°C respectively) can be expressed 

with a dimensionless geometrical parameter 

0 in case of partially open dies is as 

follows : 

( i ) _ 
C Ỳ  

PTh 

(14) Hardness variation with respect to per cent 

theoretical density is initially gradual 

upto 98.5 % and this is followed by sudden 

rise upto 100 % theoretical density in case 

of partially open dies confirming the 

formation of metallurgically sound product. 

(15) Effect of forging parameters on microstructural 

features of the forged products and the 

sintered preforms have also been linked with 



the bulk parameters such as level of 

deformation, 

(16) Pore shape, size, and its orientation have 

been linked with respect to deformation 

level in case of upsetting. 

(17) Pore shape, size and its orientation in the 

forged products at various points in partially 

open die forging have been determined to 

establish the mode of metal flow. 

(18) Products produced through closed die forgings 

shoved hardness values comparable with that 

of the wrought products. 

(19) Microstructural details of the closed die 

forgings showed the evidence of pore closure 

by flattening of the pores. 100 % theoretical 

density could not be achieved in closed die 

forgings. 

(20) Flow of grains, recrystallization and 

shearing of pores exhibit combined beneficial 

effect on densification. 

(21) In partially open die forgings lower order 

of fractional horizontal constraints are 

required compared to vertical fractional 

constraints in order to obtain same level 
of densification. 
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APPENDIX - D 

PROCEDURE OF CERANIIC COATING 

Basic purpose of applying ceramic coating over 

the entire surface of the compact was to ensure against 

oxidation and decarburization during sintering and 

upto transferring it to the forging press. 

5 gins of STAHLGUiRD-IM2 was thoroughly mixed 

in 16 ml. of aqueous solution [99] in a plastic bottle 

by a wooden stirrer. Slurry, so prepared was applied 

over the entire surface of the compacts and then 

coating was allowed to dry under room temperature 

conditions for a period of six hours. After this, 

compacts were re-coated using the same slurry in the 

direction perpendicular to the previous coating. Final 

coatings were dried again under the similar conditions 

for a period of twelve hours. 
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APPENDIX 'E' 

MODEL CALCULATIONS FOR UPSET FORGING r 	r i 	r~ r.r 	r ■ 

Initial height of the preform and diameter were 

taken as 15 and 26.40 mm respectively. After having 

deformed the sintered sample at 80000 of forging 

temperature, the following measurements were taken 

(1) Forged height, Ht, (ayerage height) 

(2) 'Forged diameter, Dt (average dia) 

(3) Mass of the Machined preform 

(4) Volume of the preform by water imersion 

technique. 

The following other parameters were calculated: 

(1) per cent height reduction 

(2) per cent diameter increase 
[Degree of diametrical flow] 

(3) true diameter strain 

(4) true height strain 

(5) Poisson's Ratio, 

(6) forged aspect ratio, Ht/Dt 

(7) the relative density., 

(8) forged density, and 

(9) the hardness, VPN 

Measured Parameters 

Ho = 15.00 mm 

Do = 26.40 mm 
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Ht = 10.5 0 mm 

Dt =28.85 mm 

Above values are average of 3 to 4 observations 

in different directions. 

Calculated _truant ities 

(1) Per cent Height Reductions, (AH) x 100 
0 

5 00_„ 10x50 x 100 15.00 

= 30% 

(2) Per cent Diametrical Deformation 

100 x (4D) 	85 - 
 26'~ x 100 =  Do `6.40 

= 9.28% 

(3) True Height Strain 

_ in(H0 ) = 1n(55) = 0.357 
t 

(4) True Diameter Strain 

1n(—)= 1n(26 0) 0 

0,089 

(5) Poisson's Ratio = ln(Dt ) / ln(Ho ) 
o 	t 

0.089  
= .357 = 0.249 0 
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(6) 	Final Aspect Ratio = (Dt ) = 28.85 - 0.36. 
t 

Density was calculated using Archeme than 

principle and relative density was calculated assuming 
theoretical density to be 7.85 gm/CC. 

Evaluation of Coefficients of Second 
OrderPolynomial 

Observations of all the plots corresponding. 

to theoretical density vs height strain (expressed in 

in terms) appear to be parabolic in nature for all 

temperatures of upset forging. Therefore, the curves 

drawn using least square method were evaluated for 

parabolic behaviour as follows : 

=a +a., 	
H 	H 

{MTh 	
ln(u ) + a2[ln(H ) 2  

t 	t 

The values of constants were chosen in a manner so that 

p 	ln(p Th) - 

f  
ao- al  in( 	) 

t 

V  

- a2[1n(H  )] }  
t 

is minimum. 

Differentiating (2) partially with respect to 

ao, al, a2  respectively, the following necessary 

conditions were obtained 
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C , 	 H 
pTh 

 
- ao - at in(2) - a2 1n ( H ) } ] 	0 t  t 

r 

	

in (H
t 	?Th 

-:a° - a In( °) -  

	

(C ln(H°)]2{in(_ —)_ a_ a in(2) - a2 In H° 	=0 

	

Ht 	;PTh ° 1 Ht 	Ht 

Therefore the normal equations are : 

	

- na - [.; ln(H) t 	in() ? ], a , 0 .(.3) . . 
P Th 	 t 	t 

1n()}{ 
pTh 	H f 	 ] a k  In(x°) 	ln(H°). ,. a H ~ 	 o H 	H l t 	 t 	 t 	t 

-[ ln() 	ln(H° ) 	in(r) } ]a2= 0 

	

t 	t 	t 

..(E.4) 
H 

[ 	In N° J 4in()  	) a 
T 	 H 	c 

 

z  t  ~ h  t  t 

- In(Ht) In(Ht)ft In(Ht) ai 

i 	H 	H 
Ji1` ln(~° ) 	ln(H° )L]a = 0 

	

t 	t 	t 	t ..(E.5) 
The solutions of the above equations i.e.. E.3 to 

E.5 provides the most suitable values of a°, al and a2, 
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Therefore, y = 0.96414 + 0.015357 X -'0.0025714 X2 

= 0.96414 + 0.015357(10x-4)-0.0025714(10x-4)2 

= 0.86156 + 0.35928.x - 0.25714x2 

which gives for equation 

y = ao + ax + a2x2, ao = 0.86156, a1=0.35928, a2=0.25714. 

The ne-an square error (a2 ) is estimated as 

• 6 
a2 = [dd]/(n-3) _ 

5.8x  1.4625 x 10-6. 

If the standard errors of a0, al and a2 be denoted by 

• a1 and a2 respectively, then we have 

a 2 
0 

28 0; 
0 1961 

Therefore, 

2 	2 al a2 
7 	28 	7 	0 ; - 

	

28 19 ~ 0 	281 

2 	2 	2 ao a1 a2 
•112 = 12 - 4 

2 a 
7 	0. 	28 
0 28 0 

28 0 196 

1.4625 x l0-6 

Therefore, ao = + 6.982x10-4, al = + 2.285x10-4, 

a2 = 1.319x10 4 

Hence, 

y =(0.86156 + 6.982x10-4) + (0.35928 + 2.285x10-4)x 

-(0.25714 + 1.319 x 10-4)x2.. 



Model Calculations In Partially _Open Step-Down 
Cylindrical Die Cavity Forgings 

Diameters of the step down cylindrical die cavity 

in order of decreasiig magnitude is given as below 

Dl 	= 29.80 mm 

D2 	= 26.60 mra 

D3 	= 19.80 mm, and 

1D4 	= 17.20 mm 

Step depths are as follows : 

2.5 mm, 7.5 ram and 12.5 ram 

Therefore, 

,nD1  = 	9.362 cm 

nD2  = 	8.357 cm 

TcD3  = 	6.220 cm 

-nD4  = 	5.341 cm 

o r, itDlhl  = 2.340 cr 2; 

itD2h2  = 4.178 cm2; 

icD3h3  = 3.110 cm2; 

nD4h4  = 4.112 cm2; 

hi  = 2.50 mm 

h2  = 5.00 mm 

h3 = 5.00 mm 

h4  = 6.8 mm. 

The total vertical constraint is assumed to be 

the total vertical surface area coming in contact l4ith 

the die and similarly the total horizontal area is 

evaluated on the basis of the horizontal surface area of 

deforming preform with that of the die. cavity. 

Therefore, the total vertical constraint 

ve  = 13.741 cm2 
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Horizontal constraint, 

h = [(4.76)2--(1.72. )2] x 4 = 15.53 cm2 

These constrain were calculated at the full load of 

the press (100 ton capacity Friction Screw Press).  

Therefore, fractional vertical and horizontal 

constraints are calculated as follows 
v 

fve =  

h 

fhe = he = 1.00 
C 

Hence, 	= (v--c)/(he) = 1.00. vc he 

In another case where deformation was done to a lower 

order, there the values of ve and he were 10.964 and 

10.804 cn2 respectively. Therefore, 

f vc = 
10.64c 

2 
_ 0.788 , and 

13.741 cn 

10..80A  ~~. file = 	= v. oyn 

Therefore, 	= f f he = O0.798 	0.872 ve 	0.798 

The theoretical density of each forged component was 

calculated following Archemedian Principle. Per cent 

theoretical density was plotted against the parameter 

Similarly the values of t with respect to density 

achieved were calculated for partially open hemi-spherical 

die cavity. 
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