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Abstract 

Complete experimental investigation on the workability behaviour of sintered plain carbon steel 

cylindrical preforms with carbon contents of 0%, 0.35%, 0.75% and 1.1%, under cold upsetting, 

have been studied in order to understand the influence of carbon content on the workability 

process. The abovementioned powder metallurgy sintered preforms with constant initial theoretical 

density of 84% and aspect ratio of 0.4 were prepared using a suitable die–set assembly on a 1 MN 

capacity hydraulic press and sintered for 90 minutes at 1200 oC. Each sintered preform was cold 

upset under nil/no frictional constraint. Under triaxial stress state condition densification, axial 

stress, hoop stress, hydrostatic stress, effective stress and formability stress index against axial 

strain relationship was established and presented in this work. Further, attained density is 

considered to establish formability stress index and various stress ratio parameters behaviour.  

 

Keywords: Workability; Stress ratio parameter; Formability stress index. 
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1. Introduction 

Powder metallurgy (P/M) process is a near-net or net-shape production 

technology and is attractive as it blends cost and material saving advantage 

compared to other conventional manufacturing processes. The distinctive features 

obtained by P/M processes are cost reduction, improvement in performance, tailor 

made design, greater accuracy, high precision, better surface finish, and 

homogeneity of structure and the production of unique materials [1, 2]. Some 

typical applications of P/M parts are parts with porosity such as filters, 

permanently lubricating bearings, in which air pores in P/M part are filled with oil 

via secondary process of impregnation, parts of certain metals or metal alloys that 

are difficult to fabricate by other methods and parts of materials with special and 

unique properties. Preforms are prepared in various steps that involve powder 

mixing, compacting and sintering known as primary deformation processes. A 

known limitation of this route is the residual porosity left in preforms after the 

sintering process. A secondary deformation process is used in order to enhance 

the properties of sintered powder materials. Secondary processes such as pressing 

or repressing, powder extrusion, powder rolling, and infiltration can be used to 

improve the mechanical properties of parts produced through conventional 

powder metallurgy route [3-5]. The workability or formability of the P/M material 

plays a major role in determining if the P/M material will be formed successfully 

or fracture initiates in the forming process. Workability is a measure of the extent 

of deformation that a material can withstand due to the induced internal stresses of 

forming prior to fracture and is not only dependent on the material but also on 

several forming parameters such as stress and strain rate, friction, temperature, etc 

[6-8]. 
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Several constitutive equations have been proposed and studied to understand the 

constitutive behaviour of materials during forming operations [9-12]. Later Abdel-

Rahman and El-Sheikh [7], investigating the effect of relative density on the 

forming limit of P/M materials also proposed the stress formability criteria (β) for 

describing the effect of mean stress and the effective stress by employing theories 

proposed by Kuhn-Downey [13] and Whang-Kobayashi [4]. It has been reported 

[14, 15] that different fracture mechanisms are present depending on the amount 

of triaxiality and the equivalent strain and stress triaxiality were important 

parameters that govern the crack formation.  Deformation control to avoid fracture 

can be established by careful selection of process parameters, the factors being die 

shaping, lubrication, preform shape, preform dimensions and density. Geometrical 

design of the preform in metal forging of complex parts has great effects on the 

forging load and plays a key role in improving product quality such as ensuring 

defect-free product and proper metal flow. The formability limit of powder 

metallurgy material is usually determined by visible crack initiation on the free 

surface. By careful selection of process parameter and deformation process, 

densification can be enhanced and crack appearance on the deforming preforms 

can be avoided by increasing the compressive level of stresses on the material 

[16-18]. Lubrication also plays an important role in metal flow particularly in cold 

upsetting as it affects the densification and forming limit mechanisms. A good 

lubrication improves the quality of products through the reduction of defects and 

improvement in the dimensional accuracy and surface finish [19-21]. 

Narayanasamy et al. [22] had presented the microstructure of pure iron, Fe-0.4%C 

and Fe-0.8%C and showed that as the smaller carbon particle size increases in the 

preform the pore size reduces. Further, they reported better densification for 

carbon steels compared to pure iron. Thus, the present investigation is aimed to 
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establish the workability behaviour under triaxial stress state condition of powder 

metallurgy preforms of pure iron, Fe-0.35%C, Fe-0.75%C and Fe-1.1%C 

experimentally under nil/no lubricant condition and constant aspect ratio of 0.4. It 

was also desired to establish the technical relationship that exists between the 

characteristics of axial stress, hoop stress, hydrostatic stress, effective stress and 

formability stress index with respect to true height strain and densification. 

Further, the technical relationship was established which exists between stress 

ratio parameters namely ( effσσ θ / ), ( effm σσ / ) and ( effz σσ / ) with respect to 

percent fractional theoretical density and axial strain.  

  

2. Experimental details 

2.1 Materials and characterization 

Atomized iron powder of less than or equal to 150 µm size and graphite powder 

of 2-3 µm size were used in the present investigation. Analysis indicated that the 

purity of iron was 99.7 percent and the rest were insoluble impurities. The 

characteristic (apparent density, flow rate and particle size distribution) of iron 

powder, Fe-0.35%C, Fe-0.75%C and Fe-1.1%C blends are shown in Tables 1 and 

2. 
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Table 1: Characterization of iron powder  

 

Si. No. Property Iron Fe-0.35%C 

Blend 

Fe-0.75%C 

Blend 

Fe-1.1%C 

Blend 

1. Apparent Density (g/cc) 3.38 3.37 3.29 3.21 

2. Flow rate, (s/50g) by Hall Flow 

Meter 

26.3 28.1 25.3 24.8 

3. Compressibility (g/cc) at pressure 

of 430±10MPa 

6.46 6.26 6.41 6.35 

   

 

Table 2: Sieve size analysis of iron powder. 

 

Sieve size (µm) 

 
150 +125 +100 +75 +63 +45 -45 

Wt % Ret. 10.60 24.54 15.46 19.90 11.10 8.40 10.00 

 

2.2 Blending, compaction and sintering 

A powder mix corresponding to Fe-0%C, Fe-0.35%C, Fe-0.75%C and Fe-1.1%C 

was taken in a stainless steel pot with the powder mixed to porcelain balls (10 mm 

– 15 mm diameter) with a ratio of 1:1 by weight. The pot containing the blended 

powder was subjected to the blending operation by securely tightening and then 

fixing it to the pot mill. The mill was operated for 20 hours to obtain a 

homogenous mix. Green compacts of 28 mm diameter with 12 mm of length were 

prepared. The powder blend was compacted on a 1.0 MN hydraulic press using a 

suitable die, a punch and a bottom insert in the pressure range of 430 ± 10 MPa to 

obtain an initial theoretical density of 0.84 ± 0.01. In order to avoid oxidation 

during sintering and cooling, the entire surface of the compacts were indigenously 

formed ceramic coated. These ceramic coated compacts were heated in the 



7 

electric muffle furnace with temperature of 1200 0C ± 10 0C. At this temperature 

the compacts were sintered for 90 minutes followed by furnace cooling. 

 2.3 Cold deformation 

Sintered and furnace cooled preforms were machined to such a dimension so as to 

provide height–to–diameter ratio of 0.40. The initial dimensions of the cylindrical 

preforms were measured, recorded, and used to calculate the initial density. Each 

specimen was compressively deformed between a flat die-set in the incremental 

loading step of 0.05 MN using 1 MN capacity hydraulic press under friction 

condition, which included dry, unlubricated dies called nil/no lubricant condition. 

The deformation process was stopped once a visible crack appeared at the free 

surface. Dimensional measurements such as deformed height, deformed diameters 

(including bulged and contact) were carried out after every step of deformation 

using digital vernier caliper and the density measurements being carried out using 

Archimedes principle. Experimental results were used to calculate the axial stress, 

hoop stress, hydrostatic stress, effective stress, various stress ratio parameters 

namely ( effσσ θ / ), ( effm σσ / ) and ( effz σσ / ), true height strain, percentage 

theoretical density and formability stress index. 

 

3. Theoretical analysis 

The plastic deformation behaviour of porous metals is influenced by the internal 

pores and the analysis of porous metals requires an appropriate yield criterion 

which should take the pore effect into account. Many researchers over the years 

have analyzed several different yield criteria for sintered powder materials which 

are based on experimental and theoretical analysis [9, 23-24]. A typical theorem is 
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that the plastic deformation occurs when the elasticity strain energy reaches a 

critical value. The formulation can be written as  

2
0

22
1

/
2 YYBJAJ δ==+        (1) 

where A, B, δ are yield criterion parameters and are functions of relative density, 

J1 is the first invariant of the stress tensor, /
2J   is the second invariant of the stress 

deviator and Y0 and Y are yield strength of a solid and partially dense material 

having relative density R, respectively [24]. The parameters J1 and /
2J  in the 

cylindrical coordinate system where the axis represents radial, circular and axial 

direction can be expressed as follows 

( ) ( ) ( )[ ]222/
2 6

1
rzzrJ σσσσσσ θθ −+−+−=     (2) 

zrJ σσσ θ ++=1         (3) 

Here for axisymmetric forging, θσσ =r , /
2J  and 2

1J  can be written as 

( )zzJ σσσσ θθ 422
6

1 22/
2 −+=        (4) 

zzJ σσσσ θθ 44 222
1 ++=        (5) 

Substituting Eq. (4) and Eq. (5) into Eq. (1) gives 

( ) ( ) 2
0

2222 44422
6

YB
A

zzzz δσσσσσσσσ θθθθ =+++−+    (6) 

 Qin and Hua [9] have investigated and presented the values for yield criterion 

parameters based on plastic Poisson’s ratio, relative density and flow stress of the 

matrix material and several yield criterions for sintered powder material were also 

compared with each other. The following yield criteria parameters are chosen in 

this research as ,2 2RA +=  ,3/)1( 2RB −=  .)]1/()[( 2
00 RRR −−=δ  Eq. (6) can 

now be written as  
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Eq. (7) gives the expression for effective stress in terms of cylindrical coordinates.  

According to Narayansamy et al. [6], the state of stress in a triaxial stress 

condition is given by 

)2()2(
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Using Eq. (8) for the values of Poisson’s ratio (α ), relative density (R) and axial 

stress ( zσ ) the hoop stress (θσ ) under triaxial stress state condition can be 

determined as given below: 

zRR

R σ
α

ασ θ 
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       (9) 

where, 
zd

d

ε
εα θ=  

The stress formability factor [7] is given as  

eff

m

J

J

σ
σβ 3

)3( 5.0/
2

1 == ,         (10) 

where, 
3

2

3
zzr

m

σσσσσσ θθ +
=

++
= , is the hydrostatic stress.  

The stress formability factor as expressed in Eq. (10) is used to describe the effect 

of mean stress and the effective stress on the forming limit of P/M compacts in 

upsetting.  

 

4. Results and discussion 

Figures 1 and 2 show the variation of formability stress index against true height 

strain and relative density, respectively. The initial theoretical density, aspect ratio 
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and frictional constraints are kept constant at 84 percent, 0.4 and nil/no lubricant 

respectively. Consequently, the effect of carbon content on the formability of 

selected plain carbon steel is investigated here. It is seen for all preforms that axial 

strain and percent theoretical density increases with increasing value of 

formability stress index, however, the formability stress index decreases with 

decreasing carbon content in the preform for a given true height strain (Fig. 1). 

The formability stress index value for Fe-1.1%C takes a significantly high value 

in comparison to other preforms where the final formability stress index achieved 

are almost same, however, this occurred at different fracture strain values. From 

Fig. 2 it is evident that the effect of carbon content on formability stress index is 

literally nil, however, an enhanced formability stress index value is obtained for 

Fe-1.1%C deformed under nil/no lubricant condition.  

 

Fig. 1: Relationship between formability stress index and true height strain. 
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Fig. 2: Relationship between formability stress index and fractional theoretical density. 

 

Fig. 3 is plotted to show the relationship between fractional theoretical density 

and true height strain for plain carbon steel preforms cold deformed with 0.4 

aspect ratio. The percentage of carbon content in the preform varied from 0 to 1.1 

percent. Further, the effect of carbon content on the densification behaviour is 

discussed here. Up to 0.4 true height strain the densification rate is highest in pure 

iron preform and the densification rate decreases with increasing carbon content in 

the preform. Further, after 0.4 true height strain the densification rate in Fe-1.1%C 

preform is found to be the highest, however, the densification rate reduces with 

reducing carbon content in the preform. Apart from iron-to-iron bonding the 

carbon particles diffuse into the ferrous matrix during the sintering process. 

Further, another important factor affecting the properties of the sintered steel 

preform is the combination of carbon with iron particles. The above phenomenon 

together with shrinkage during sintering process affects the pore size in the plain 

carbon steel preforms studied during this research and as the carbon content 

increases the pore size in the preforms reduces which are difficult to deform than 

larger size pores, hence, the densification rate is enhanced for pure iron during 
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initial stages of deformation as larger pores are more easily collapsed and closed. 

Further, as the lateral deformation is more pronounced the larger pores present in 

pure iron are more elongated in the direction of metal flow than the smaller pores 

present in the iron carbon alloy preforms. Hence, the pores present in iron carbon 

alloy are more effectively closed and maybe the reason for higher densification 

rate for 1.1 percent carbon preform after 0.4 true height strain.  

 

Fig. 3: Relationship between fractional theoretical density and true height strain. 

 

Fig. 4 is plotted to show the relationship between axial stress and true height 

strain for plain carbon steel preforms cold deformed with 0.4 aspect ratio. The 

percentage of carbon content in the preform varied from 0 to 1.1 percent. For any 

given true height strain the flow stress increases with the increasing percentage of 

carbon content in the preform. It is clearly evident that the stress values after 0.2 

true height strain are higher for Fe-1.1%C in comparison to other preforms, hence, 

it can be said that increasing the carbon content in the preform has enhanced the 

stress values for further deformation. Also, the lateral deformation is found to be 

lower for high carbon content preform which may be one of the reasons for higher 
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stress value for 1.1 percent carbon preform. Further, a steep rise in the stress 

values for pure iron is observed during the final stages of deformation indicating 

that strain hardening is faster and higher in pure iron preform. Fig. 5 is plotted to 

show the relationship between hydrostatic, axial and hoop stresses against true 

height strain for pure iron preform. The difference between hydrostatic stress, 

hoop stress and axial stress is literally nil against true height strain, and hence, the 

behaviour is similar to that discussed earlier between axial stress and true height 

strain.   

 

Fig. 4: Variation of axial stress against true height strain. 
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Fig. 5: Variation of hydrostatic, hoop and axial stresses against true height strain. 

 

Fig. 6 is plotted to show the relationship between effective stress and true height 

strain for plain carbon steel preforms cold deformed with 0.4 aspect ratio. The 

percentage of carbon content in the preform varied from 0 to 1.1 percent. It can be 

seen that the effective stress increases rapidly for low true height strain values 

followed by gradual decrease upto a height strain of approximately 0.5 and 

thereafter remains almost constant until fracture. For any given true height strain 

the effective stress is found to be the highest in 1.1 percent carbon preform, 

however, after 0.5 true height strain the difference in the effective stress values are 

literally nil.  
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Fig. 6: Variation of effective stress against true height strain 

 

Fig. 7 shows the relationship of stress ratio parameter, effz σσ /  against relative 

density under the influence of carbon content in the preforms. The aspect ratio is 

kept constant at 0.4. The characteristics nature of the curves plotted are similar 

and as the densification increases the stress ratio parameter, effz σσ / , also 

increases. As seen from Fig. 7 the effect of carbon content on the stress ratio 

parameter, effz σσ / , is literally nil, however, an improved final value of effz σσ /  

is observed for Fe-1.1%C preform under nil/no lubricant condition. Fig. 8 is 

plotted to show the relationship between several stress ratio parameters namely, 

effσσ θ / , effm σσ /  and effz σσ /  against relative density. It is seen that the 

difference between the above mentioned stress ratio parameters plotted against 

relative density is literally nil, and hence, the behaviour is similar to that discussed 

earlier between effz σσ /  and relative density. 
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Fig. 7: Variation of stress ratio parameter, effz σσ /  against relative density. 
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Fig. 8: Variation of stress ratio parameter ( effσσ θ / ), ( effm σσ / ) and ( effz σσ / ) against 

relative density. 

 

Fig. 9 shows the relationship of stress ratio parameter, effz σσ /  against true height 

strain under the influence of carbon content. The aspect ratio is kept constant at 

0.4 and the preforms are cold upset forged under nil/no lubricant condition. For all 

preforms with different carbon content, the axial strain increases as increasing 

value of stress ratio parameter, effz σσ / . It is seen that the stress ratio 
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parameter, effz σσ /  values decrease with decreasing carbon content in the preform 

for a given true height strain value. For Fe-1.1%C, the stress ratio 

parameter, effz σσ /  takes a very high value at the fracture strain. The above 

findings of higher stress ratio parameter, effz σσ /  value for Fe-1.1%C preform is 

due to the closure of very fine pores. Further, for pure iron, Fe-0.35%C and Fe-

0.75%C the final stress ratio parameter, effz σσ /  achieved is almost the same, 

however at different strain values. Fig. 10 is plotted to show the relationship 

between several stress ratio parameters namely, effσσ θ / , effm σσ /  and effz σσ /  

against axial strain. It is seen that the difference between the above mentioned 

stress ratio parameters plotted against axial strain is literally nil, and hence, the 

behaviour is similar to that of discussed earlier between effz σσ /  and axial strain. 

 

Fig. 9: Variation of stress ratio parameter, effz σσ /  against axial strain. 
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Fig. 10: Variation of stress ratio parameter ( effσσ θ / ), ( effm σσ / ) and ( effz σσ / ) against axial 

strain. 

 

5. Conclusions 

From the present investigation it is seen that different percentages of carbon 

content in the powder metallurgy preforms have significant implications on the 

workability behaviour and the major conclusions have been drawn that are as 

follows: 

• Increasing the carbon content in iron increases the overall densification 

and the amount of densification at any given axial strain, further it is 

evident that other workability parameters like formability stress index, 

axial, hoop, hydrostatic and effective stresses are enhanced with the 

enhancing level of carbon content.  

• The difference observed between axial stress, hydrostatic stress and hoop 

stress against axial strain is literally nil irrespective of the compositions.  

Also the effect of stress ratio parameters ( effσσ θ / , effm σσ /  and effz σσ / ) 
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against induced strain and promoted densification is practically negligible 

for all the concerned preforms.    
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Notation 

C Carbon 

Fe Iron 

θε  True hoop strain 

zε  True axial strain 

R Relative density 

Ro Initial relative density 

zσ  Axial stress 

θσ  Hoop stress 

rσ  Radial stress 

effσ  Effective stress 

 


