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Abstract
The present research establishes a relationship between density and combined axial and hoop strain experienced by the powder metallurgy (P/M) preforms during processing and an experimental investigation on the cold upsetting of a Cu-7%Al-1.8%Si preform is studied in the present work. Preforms with three different aspect ratios (height-to-diameter ratio), namely, 0.4, 0.6 and 1 were prepared by primary P/M operations followed by furnace cooled. Further these preforms were subjected to secondary operations such as cold upsetting under dry friction condition.  The calculated barrel radius conformed to the experimentally measured barrel radius and a linear behaviour was observed between the measured and calculated radius of curvature of the barrel. Also, a relationship is established between barrelling and density and other influencing physical parameter such as the stress ratios, namely,  and, which were determined using dimensional output and density measurements.
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introduction
Fabrication of P/M parts involves primary deformation processes such as; powder mixing, compacting and sintering [1]. The resulting material contains porosities and becomes brittle as a result, the materials fracture and deforms more easily, hence is not suited to heavy loading applications. Therefore, the preforms are generally further processed by secondary deformation processes which can include powder forging, repressing, and extrusion. These operations simultaneously densify the material to a desired shape and size [2]. Plastic deformation of sintered powder preforms is similar to conventional fully dense materials, but there are additional complications due to the substantial volume fraction of voids in the preform and that these voids must be eliminated during deformation to attain a sound metallurgical structure [3]. Many studies have been conducted on axial compression of solid cylinders of fully dense materials due to their application and significance in metal forming processes (such as upsetting, forging and extrusion) and a comprehensive review can be found in Johnson and Mellor [4]. Certain mechanical manufacturing properties of porous metals such as densification, plastic flow and fracture can be determined by uniaxial compression tests of solid cylinders [5]. The P/M preforms were tested in axial compression which results in heterogeneous deformation causing barrelling of the cylinder as shown in Fig. 1. Friction at the contact surfaces retards the plastic flow of metal resulting in the formation of a conical wedge of relatively undeformed metal. The rest of the cylinder experiences high strain hardening and bulges out as a result of barrelling. The present investigation verifies if the measured radius conforms to the calculated radius based on the assumption that the barrel arc follows a circular geometry [6]. Furthermore, by inducing strain, densification of P/M preforms occurs more readily [7].  Here, both axial and lateral strain, that normally occurs when preform undergoes deformation, has been combined.  The determination of lateral strain is a bit more complex than axial strain; as the former encompasses bulge diameter, and top and bottom contact diameters [7-8].  Cu-7%Al-1.2%Si has been chosen for this investigation due to its appreciable corrosion resistant along with good mechanical strength.  Both these characteristic are acquired in the copper alloy due to the addition of aluminum and zinc respectively [9].  Thus, the present investigation is aimed at establishing a relationship between barrelling and density and other influencing parameters such as stress ratio and combined strain. 

theoretical analysis

Mass Constancy Principle (MCP) is used rather than Volume Constancy Principle (VCP) due to the volume change associated with porosity while deforming P/M preforms. A fully dense solid material obeys the volume constancy principle (VCP) as the material is assumed to be defect free and so its plastic Poisson’s ratio is 0.5 and this can be proven by considering VCP before and after deformation. Thus in the present research MCP has been considered to demonstrate the parameters such as stress ratio, combined strain and also to determine the expression for the circular arc of barreling that follow.


According to MCP, mass original, m and after deformation, m can be given as


m= m			(1)
Knowing, that m=ρV can be substituted into Equation (1), we get




ρV= ρV		(2)
where,  is initial preform density,  is initial preform volume,  is preform density after forging and  is preform volume after forging.
Since preform geometry is cylindrical, Equation (2) becomes






() ρ0D0  h= () ρDfhf	(3)
Where,  is the initial preform diameter,  is the initial preform height,  is the deformed height  and  is the deformed diameter given as:
; and, , where  and  are the top and bottom contact diameters respectively,  is the bulge diameter after deformation and  is the contact diameter of the preform after forging. 
Now substituting for Df in Equation (3), we get,
		(4)
Theoretical density can be brought in Equation (4) and rearranged to density ratio as follows,
		(5)
Now, taking natural logarithm on both sides of Equation (5) leads to obtain following expression,
  (6)
Equation (6) can be simplified into the following form,
			(7)
Where and .



Since the ratio  is taken to be constant, Equation (7) would show an exponential relationship between the density ratio () and the difference between the two strains, namely axial strain, and hoop strain,.

To solve for the various stresses (viz. axial, hoop, hydrostatic and effective stress) experienced by the preforms during deformation, the following derivations are employed [10-11]:


= 			(8)





Where: d and d are the plastic strain increments in the axial and hoop direction respectively; and  is the hoop and the axial stress respectively and is the poisons ratio.
Equation (8) can be simplified as:


=				(9)
where .  Equation (9) can be re-written as:

			(10)



And substituting the values for the axial stress, ; the hoop stress,  can be calculated.
Now, the axial stress is given by Equation (11):


= Load/A			 (11)



Where the A= instantaneous contact surface area given by: A= .
Therefore, the hydrostatic stress,  can be calculated as follows:

; however the preform is cylindrical and is axisymmetric, thus, therefore the above equation can be simplified into the following form, 
					(12)
It has been reported [12-13] that the effective stress can be given by the Equation (13),

		(13)

where is the effective stress.

experimental details






99.70 % pure electrolytic copper powder with less than 150 µm particle size, 99.93% pure atomized aluminium and 99.90 % pure silicon powder with less than 37 µm particle size were mixed to create a powder mix corresponding to Cu-7%Al-1.8%Si. This powder mix was blended in a stainless steel pot using porcelain balls with a ratio of 1:1 by weight for 18 hours to obtain a homogeneous mix. The powder blend was die-compacted using a 0.6MN hydraulic press to yield green compacts with a diameter of 26 mm and heights of 11 mm, 16 mm and 26 mm. The pressure was kept in the range of 280±10 MPa to obtain an initial preform density of 80±1 percent. To protect the green compacts from oxidation during sintering, the entire compact surface was coated with a ceramic coating and this coat was dried for 10 hours at room temperature. Then, these compacts were re-coated in the direction perpendicular to the earlier coating and dried for another 10 hours at room temperature. These ceramic coated compacts were then dried in an electric furnace at 300C for 30 minutes to remove any excess moisture before sintering. The furnace temperature was then raised to 810±10C to allow the compacts to sinter for 100 minutes followed by furnace cooling. The ceramic residues were cleaned and removed from the sintered and furnace cooled preforms and machined to attain the aspect ratios (height-to-diameter ratios) of 0.4, 0.6 and 1. The initial dimensional quantities (height, h and diameter, D) and preform density () were determined for each compact. Each preform was comprehensively deformed between flat dies in incremental loading steps of 0.02 MN using a 60 tonne capacity hydraulic press with an average ram speed of 1.89 mm/s under nil/no lubricant condition. The deformation process was stopped once a visible crack appeared. The height and diameter (contact and bulged) were measured after deformation  using a digital vernier calliper. Archimedes principle was utilized for density measurements. A schematic diagram of the specimen before and after deformation is shown in Fig.1. 

[image: ]

Figure 1.Schematic representation of the preform shape before and after deformation by upset forging.












results and discussion
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Figure 2.Influence of fractional theoretical density on bulging ratio for Cu-7%Al-1.8%Si preforms during cold upsetting.

Figure 2 shows the relationship between the fractional theoretical density and the bulging ratio of the Cu-7%Al-1.8%Si preform with three different aspect ratios (namely, 0.4, 0.6, and 1) during cold upsetting. The characteristic nature of these curves is found to be similar irrespective of aspect ratios and is observed that densification increases with increasing bulge. Though at very initial stage (1-1.07 bulging ratio), the influence of aspect ratios is practically negligible but after 1.07 bulge ratio, the effect of aspect ratio is clearly evident. It can be observed that lowering the aspect ratio promotes density at any value of bulge ratio. This behaviour is due to high pore closure rate that is associated with uniform transmission of load as the effective volume is low for lower aspect ratio.  Almost similar behaviour can be observed with other investigators [7,8]. Figure 2 further reveals that the final stage of densification starts from around 1.14 bulge ratio irrespective of aspect ratios.  It is observed that there is a low densification rate in this stage; however a pronounced bulge ratio can be observed, which indicates that the pores are moving outward along with the particles and emerges as crack, instead of densifying. 

[image: ]

Figure	3.Influence of fractional theoretical density on bulge strain for Cu-7%Al-1.8%Si preforms during cold upsetting.

Figure 3 shows the relationship between the fractional theoretical density and the bulge strain during the cold upset deformation of Cu-7%Al-1.8%Si preform with aspect ratio of 0.4, 0.6, and 1. The characteristic nature of fractional theoretical density against bulge strain follows literally a similar mechanism as that found between density and bulge ratio.  Therefore it can be ascertained further that decreasing the aspect ratio or preform geometry increases the densification pace for any given bulge under nil lubricant condition for the considered copper alloy preforms.  

[image: ]
Figure 4.Variation of the Fractional theoretical density with the combined strain, .
An attempt has been made to relate the fractional theoretical density as a function of combined strain;  in accordance with the theoretically derived relationship in Equation (7). A plot has been constructed between these parameters which are shown in Figure 4.  It is well known that strain induced in the preform is a prominent factor to promote densification in P/M preform [7].  It can be observed that density promoted in the copper alloy preform is in two different stages. In the initial stage (1.00-1.015 combined strain), a very little increase in densification is observed with its slope found to be 0.15. On the other hand, a significant increase in density can be observed in the next stage which is between 1.015 and 1.04 combined strain, and its slope was found to be 9.5.  These two distinct slopes indicate that the copper alloy preform under nil lubricant condition subjected to cold upsetting promotes densification at two different paces. Further interesting characteristics to note is that there exist no influences of the three different aspect ratios.
[image: ]
Figure 5.Variation between the calculated barrel radius and measured barrel radius.

Figure 5 shows that the radius measured during deformation and the radius calculated by assuming a circular geometry is in close conformance to each other.  
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Figure 6(a). Variation of stress ratio   with respect to the bulge strain.

[image: ]

Figure 6(b). Variation of Stress ratio  with respect to the bulge strain.

[image: ]

Figure 6(c). Variation with the stress ratio with respect to the bulge strain.

Figure 6a-c shows the plot drawn between the stress ratios namely,  and    against the bulge strain with aspect ratios of 0.4, 0.6 and 1 for Cu-7%Al-1.8%Si preform during cold upsetting. Figure 6(a) shows the axial stress variation and it is observed that as the bulge strain increases, the axial stress ratio remains constant initially (0-0.5 bulge strain), then decreases exponentially denoting its inability to resist strain. Figure 6(b) has been drawn between the hoop stress ratio against the bulge strain. The hoop stress is the circumferential stress experienced by the cylinder under deformation. The plot illustrates that the hoop stress increases with increase in the bulge strain in accordance to the theoretically derived relationship in Equation (9). Further, it is observed from figure 6 (b) that appreciable increase and differences (values are widespread) in the hoop stress values are noted in the initial stages (0-0.10 bulge strain) but the values are nearly overlapping in the latter stages despite the different aspect ratios. This increase  is a result of the extended stress that is required in the initial stages whereby the initial 0.02MN incremental step loading may not be sufficient for deformation. Figure 6(c) is plotted to show the relationship between the stress ratios (hoop stress to effective stress) against the bulged strain. The effective stress expresses the bulk material property. The interesting observation is that there is a steady increase in stress ratio against bulge strain.  Also, the influence of aspect ratio can be noted which did not seem to be the case literally with other stress ratios. Thus it can be concluded that lowering the aspect ratio improves the distribution of stress as well as promotes densification faster that subsequently enhances the stresses against bulge strain.

conclusion
Sintered copper preforms were investigated to establish a relationship between the effect of barrelling on cold deformation and densification behaviour. The following major conclusions were found:

1. Application of cold forging on sintered preforms under nil lubricant condition leads to non-homogenous deformation resulting in significant barreling; however there is a continuous and gradual raise of densification irrespective of aspect ratios (height-to-diameter ratios) chosen.  Further it is observed that lower aspect ratios demonstrate faster densification and leads to a higher resistance to deformation as compared to higher aspect ratios. 

2. This investigation further reveals that the maximum densification is attained before materials develop cracks in the hoop region for a given bulge strain, which can be utilized in designing process parameter to produce useful products. However, this is limited to dry friction condition.  
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