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ABSTRACT 

 A complete experimental investigation on the workability behavior of graphite – titanium carbide in 

magnesium metal matrix of powder metallurgy preforms was performed. Cold upsetting of aforesaid composites 

with different aspect ratios namely 0.3, 0.6 and 0.9 was carried out with graphite lubricant and the formability 

behavior of the preforms under triaxial stress-state condition was determined. A new formability strain parameter 

was proposed, evaluated and compared with formability stress parameter for all the above said preforms. The 

characteristics of various stress and strain ratio parameters with respect to relative density were also analyzed and 

presented for comparison. 

INTRODUCTION  

 Ferrous powder metallurgy (P/M) processing is a net or near net-shaped production technology, which in 

many instances eliminates the need for secondary machining operations. Ferrous P/M offers a wide range of 

engineered materials for structural applications and satisfies close dimensional tolerance requirements for parts 

with complex geometries. The vast application of ferrous powder materials such as   automotive   applications,   

household appliances, hardware, industrial motors/controls and hydraulics, recreation and tools, stipulates the 

increase of interest to analysis of powder metals behavior under the forming processes. Powder preform forging 

involves the fabrication of a preform by the conventional P/M processing technique, followed by the conventional 

forging of the preform to its final shape with substantial densification. 

 Workability is a term used to assess the ability of a material to hold up the induced internal stresses of 

forming prior to the splitting of material occurs. It is a complicated technological concept that depends not only on 

the material but also the various process parameters such as stress, strain rate, temperature and friction. Workability 

criterion of P/M compacts was   discussed by Abdel- Ragman and El-Sheikh. They investigated the effect of 

relative density on the forming limit of P/M compacts in upsetting. They also proposed a workability factor (b) for 

describing the effect of the mean stress and the effective stress with the help of two theories and the effect of 

relative density was discussed. Wifi, developed a computer aided workability evaluation system and coupled to an 

elasto-plastic large strain finite element package to check for ductile fracture in bulk formed work pieces using 

different workability criteria. The fracture of cylindrical specimen with longitudinal surface notch compression test 

was   experimentally studied by Petruska and Janicek and it evaluates the ability of various ductile fracture criteria 

of different geometry and end conditions to predict the failure initiation. An experimental and theoretical research 

work was carried out by Gouveia et al. with test samples of various geometry for the determination of critical 

damage at fracture under several loading conditions. The reduction in porosity during forging results in the 

decrease of preform volume. The yielding of porous materials thus does not   follow the laws of volume constancy 

and the material parameters undergo a variation along with a change in porosity. Narayanasamy and Ponalagusamy 

developed a mathematical theory of plasticity for compressible powder metallurgy materials. Sljapic et al. 

investigated the appearance of fracture in the cold forming of brass during axisymmetric and non-axisymmetric 

conditions. Bao established a relationship between the stress triaxiality and equivalent strain to crack formation. 

Further, it was observed that the equivalent strain and the stress triaxiality were the important parameters which 

governed the crack formation. The secondary effects are   induced primarily by the stress and strain ratio 

parameters. 

 In the present work, a complete experimental investigation on the workability behavior of Graphite and 

Titanium carbide in magnesium metal matrix powder metallurgy preforms was   performed. Preforms with different 

aspect   ratios namely 0.3, 0.6 and 0.9 were subjected to cold deformation with graphite lubricant and their 

formability behavior under triaxial stress state condition was determined. The variation of a newly proposed 

formability strain parameter with respect to relative density was evaluated. The formability strain parameter was   

compared with the formability stress parameter for the two different powder metallurgy steel grade preforms of 

Graphite and Titanium carbide in magnesium metal matrix. Also the characteristics of various stress and strain ratio 

parameters such as  

 
With respect to relative density were analyzed and presented. 

EXPERIMENTAL DETAILS 
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Specimen preparation: Atomized iron powder of 150 lm was procured and analyzed for its purity. The same was 

found to be 99.7% and 0.3% insoluble impurities. 

 

Fig.1.Shows the SEM photograph of iron powder 

Were blended on a pot mill to obtain a homogeneous powder blend. The characterization of iron powder and the 

powder blend corresponding to Graphite and Titanium carbide composition was studied by determining the flow 

rate, the apparent density, the tap density and the particle size distribution. Fig. 1 shows the SEM photograph of 

iron powder. A sieve analysis is made to determine the particle size as stated in Table 1. Green compacts of the 

powder blend with initial pre- form density of 84% of the theoretical density are prepared on a 1.0 MN capacity 

hydraulic press using suitable punch and die setup. Table 2 shows the characteristics of Graphite and titanium 

carbide powder compacts. An indigenously developed ceramic coating was applied on the free surfaces of the 

compacts and dried under room-temperature conditions for a period of 9 h. A second coating was applied at a 

direction of 90 to the direction of first coating and allowed to dry for a further period of 9 h under the same 

conditions as stated above. The ceramic-coated compacts were sintered in an electric muffle furnace in the 

temperature range of 1120 ± 10 C for a period of 100 min and ultimately cooled to room temperature in the furnace 

itself. The ceramic coatings are machined off and further machining is carried out to such dimensions, so that to 

obtain preforms with initial aspect ratios 0.3, 0.6 and 0.9. 

DEFORMATION TEST 

 Initial dimensions of the specimen such as initial diameter (D0), initial height (h0) and the initial preform 

relative density (q0) were measured and recorded. The deformation of the preform was carried out between two 

flat, mirror finished open dies on a hydraulic press of 1.0 MN capacity. Each compact was subjected to the 

incremental compressive loads of 0.05 MN and the upsetting was carried. 

 
 

 Figure.2.Upset forging test preforms before and 

after deformation 

 Out until the appearance of first visible crack on the free surface. During the cold compression test, graphite 

lubricant was applied on both of the die contact surfaces, which ensured the absolute minimum friction condition, 

resulting in quite homogeneous deformation. After each interval of loading dimensional changes in the specimen 

such as height after deformation (hf), top contact diameter (DTC), bottom Contact diameter (DBC), bulged 

diameter (DB)   and density of the preform (QF) were measured.  The density of forged preforms was determined 

using the Archimedes Principle. The above measurements were made before and after deformation as illustrated in 

Fig. 2. 

THEORETICAL DISCUSSION                                    

 The following are the mathematical expressions proposed and used for the determination of various upsetting 

parameters under triaxial stress state condition:  

Stress 

The   state of stress in a triaxial stress condition is given by Narayanasamy et al.as follows: 

 
From   Eq. (1),  for  the  known values of  Poisson’s ratio  (a),  relative density (R) and   axial  stress (σz),  the   

Hoop  stress  component (rh) can  be determined as given below: 
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In Eq. (2), the relative density (R) plays a major role in finding the hoop stress component (σθ). 

The hydrostatic stress is given by 

 
Since σr= σθ in case of triaxial stress condition, the above equation becomes as follows: 

 
The effective stress can be determined from the following expression in terms of cylindrical coordinates as 

explained elsewhere: 

  
Since σθ = σr (for axisymmetric upset forging condition) 

  
Eq.  (6)  Can be rearranged as below for the determination of the effective stress, reff 

 
Stress formability parameter  

     As   an   evidence  of  experimental  investigation   implying the importance of the spherical component of the 

stress state on fracture, Vujovic  and Shabaik proposed a parameter called a form- ability stress index ‘β’ is given 

by 

 

 
Strain 

The axial true strain (εz) is expressed as given below: 

 
The hoop strain (εθ) can be determined by the following expression: 

  
The mean strain (εm) is given by 

 

 

 
Strain formability parameter: Like the stress formability parameter given in Eq. (8), the strain formability 

parameter is given by 

 
RESULTS AND DISCUSSION 

  Figs.  3a–3c have been plotted between the formability stress (or) strain parameters and the relative density 

for two different powder metallurgy steels namely AISI 9840 and AISI 9845 for three different aspect ratios 

namely 0.3, 0.6 and 0.9.  As observed in these figures, the formability strain parameter found to be greater than 

formability stress parameter for any given value of relative density. The nature of both plots is found to be same. 
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As the aspect ratio increases, the difference between for any given value of relative formability strain parameter 

and formability stress parameter increases with increasing relative density.  For   aspect ratio of   0.9,   the 

formability strain parameter is found to be different for two different steels com- pared with lower aspect ratios.              

 

  
Fig.  3a. The  variation of formability parameters with 

respect to the relative density for  aspect ratio 0.3. 

Fig.  3b. The  variation of formability parameters with 

respect to the relative density for  aspect ratio 0.6. 

                                                                                                       

  

Fig.  3c.   the variation of formability parameters with respect to 

the relative density for   aspect ratio 0.9. 

Fig.   4a. The variation of stress ratio parameter (σz/σeff) and 

strain ratio parameter (εz/εeff) with respect to the relative density 

for aspect ratio 0.3. 

Figs. 4a–4c has been plotted between the stress ratio parame- ter σz/σeff or strain ratio εz/εeff and the relative density 

for the two different PM steels for three different aspect ratios namely 0.3, 0.6 and 0.9.  The nature of plots in all 

cases is found to be same. The stress ratio parameter is found to have lower value compared to strain ratio 

parameter. 

 
 

Fig.   4b. The variation of stress ratio parameter (σz/σeff) and 

strain ratio parameter (εz/εeff) with respect to the relative 

density for aspect ratio 0.6. 

Fig.   4c.   The variation of stress ratio parameter (σz/σeff) 

and strain ratio parameter (εz/εeff) with respect to the relative 

density for aspect ratio 0.9. 

 Figs. 5a–5c have been plotted between the stress ratio parame- ter σz/σeff or strain ratio εz/εeff and the relative 

density for the two different PM steels for three different aspect ratios namely 0.3, 0.6 And 0.9. The stress ratio 

parameter is found to have lower value compared to strain ratio parameter. As the aspect ratio in- creases, the 

difference between stress and strain plots increases. 

  

Fig.   5a. The  variation of stress ratio parameter (σz/σeff) 

and strain ratio parameter (εz/εeff) with respect to the 

relative density for aspect ratio 0.3. 

Fig.   5b.The variation of stress ratio parameter (σz/σeff) 

and strain ratio parameter (εz/εeff) with respect to the 

relative density for aspect ratio 0.6. 
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Fig.   5c.   The variation of stress ratio parameter (σz/σeff) and 

strain ratio parameter (εz/εeff) with respect to the relative density 

for aspect ratio 0.9. 

Fig.  6a. the variation of stress ratio parameter (σθ / σz) and 

strain ratio parameter (εθ/εz) with respect to the relative density 

for aspect ratio 0.3. 

 The reason is that lateral strain is more for larger aspect ratios compared to stress values. The nature of plots 

in all cases is found to be same. The stress ratio parameter is found to be lower value compared to strain ratio 

parameter. Figs. 6a–6c have been plotted between the stress ratio parame- ter  σθ / σz strain ratio εθ/εz  and the 

relative density for the two different PM steels for three different aspect ratios namely 0.3, 0.6  and 0.9.  As the 

aspect ratio increases, the difference between the stress ratio parameter and strain ratio parameter decreases. This is 

due to the reason that more lateral strain is experienced in the larger aspect ratio compared to lower aspect ratios. 

The nature of the plots in all cases is found to be same. The stress ratio parameter is found to be higher value 

compared to strain ratio parameter in all the cases. 

  

Fig.   6b. The variation of stress ratio parameter (σθ / σz) 

and strain ratio parameter (εθ/εz) with respect to the 

relative density for aspect ratio 0.6 

Fig 6c.   The variation of stress ratio parameter (σθ/σeff) 

and strain ratio parameter (εθ/εz) with respect to the 

relative density for  aspect ratio 0.9. 

Figs. 7a–7c have been plotted between the stress ratio parame- ter σz/σm  or strain ratio εz/εm  and the relative 

density for two different PM steels for three different aspect ratios namely 0.3, 0.6 and 0.9. As the aspect ratio 

increases, the difference between stress ratio parameter and strain ratio parameter is found to be less. 

  

Fig.   7a. the variation of stress ratio parameter (σz/σm) 

and strain ratio parameter (εz/εm) with respect to the 

relative density for aspect ratio 0.3. 

Fig.   7b. the variation of stress ratio parameter (σz/σm) 

and strain ratio parameter (εz/εm)) with respect to the 

relative density for aspect ratio 0.6. 

 

           The reason is that the mean strain value is found to be higher in the case of larger aspect ratio. The nature of 

plots in all cases is found to be same. The stress ratio parameter is found to be lower value compared to strain ratio 

parameter in all the cases. Figs. 8a–8c have been plotted between the stress ratio parame- ter σz/σm   or  strain ratio   

  
Fig.   7c.   the variation of stress ratio parameter (σz/σm) and 

strain ratio parameter (εz/εm)) with respect to the relative 

density for aspect ratio 0.9. 

Fig.   8a. The variation of stress ratio parameter (σz/σm) and 

strain ratio parameter (εz/εm) with respect to the relative 

density for aspect ratio 0.3. 
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εz/εm and the relative density for two different PM steels for three different aspect ratios namely 0.3, 0.6 And 0.9.  

As the aspect ratio increases, the difference between stress ratio parameter and strain ratio parameter is found to be 

less.  The reason is that the mean strain value is found to be higher in the case of larger aspect ratio. The nature of 

plots in all cases is found to be same. The stress ratio parameter is found to be lower value compared to strain ratio 

parameter in all the cases. The effect of composition on formability stress is found to be same when compared to 

strain plots. 

 
 

 
Fig  8b. The  variation of stress ratio parameter  (rh/rm)  

and strain ratio parameter (eh/em) with respect to the 

relative density for  aspect ratio 0.6. 

Fig.  8c   the variation of stress ratio parameter (σz/σm) 

and strain ratio parameter (εz/εm) with respect to the 

relative density for aspect ratio 0.9. 

CONCLUSIONS 

 The following conclusions can be drawn from the above results and discussion: In most of the cases, the 

strain parameters were found to have higher value compared to stress parameters. As the aspect ratio varies, the 

difference between two steels is evident in the case of strain plots, compared to stress plots. Further, the strain 

measurements were accurate and these plots represent values close to actual one because in the case  of stress plots, 

stresses are determined by approximate plasticity theory. 

REFERENCES 

Abdel-Rahman M, El-Sheikh MN.  Workability in forging of powder metallurgy compacts. J Mater Process 

Technol, 54(1-4), 1995, 97–102. 

Bao Yingbin. Dependence of ductile cracks formation in tensile tests on stress triaxiality stress and strain ratios. 

Eng Fract Mech, 72, 2005, 505–22. 

Doraivelu SM, Gegel HL, Gunasekera JS, Malas JC, Morgan JT, Thomas Jr JF. New Yield function for 

compressible P/M materials, Int J Mech Sci, 26(9–10), 1984, 527–35. 

German RM. Powder metallurgy of iron and steel. New York: Wiley; 1998. P.276–9. 

Gouveia BPPA, Rodrigues JMC, Martins PAF, Ductile fracture in metalworking: Experimental and theoretical 

research. J Mater Process Technol, 101(1), 2000, 52–63. 

James WB, West GT, Ferrous powder metallurgy materials. In:  Powder metal technologies and applications. ASM 

handbook, ASM International, 07, 2002, 751–68. 

Moyer KH, Measuring density of P/M materials with improved precision. Int J Powder Met Powder Technol, 15, 

1979, 33–42. 

Narayanasamy R, Pandey KS, A study on   the barreling of   sintered iron preforms during hot upset forging. J  

Mater Process Technol, 100(1–3), 2000, 87–94. 

Narayanasamy R, Ponalagusamy R, Subramanian KR. Generalized yield criteria of   porous sintered powder 

metallurgy metals,   J Mater Process Technol, 110(2), 2001, 182–5. 

Narayanasamy R, Ramesh T, Pandey KS, Some aspects on workability of aluminium–iron powder metallurgy 

composite during cold upsetting.  Mater Sci Eng, 391(1–2), 2005, 418–26. 

http://www.jchps.com/

