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Figure 5. Microstructure of Al-6%Cu 

composite at the final stage of 

deformation.

Figure 6. Microstructure of Al-3%Cu-

2%TiC composite at the final stage of 

deformation.

Figure 7. Microstructure of Al-3%Cu-

4%TiC composite at the final stage of 

deformation.

Figure 8. Microstructure of Al-6%Cu-

2%TiC composite at the final stage of 

deformation.
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5.2 Densification

Parts produced by the PM technique contains significant volume of pores even after 

sintering. Cold working PM components allows the materials to flow into pores. This 

reduces the bulk volume and subsequently, increases the density.

Densification guarantees higher strength and improved material performances [66]. It 

is reported that secondary deformation process enhances density [3]. Therefore,

densification is a function of induced strain. 

As such, Figure s 12 to 15 are drawn between the relative density, R and axial strain, 

to determine the effects of Cu and TiC addition to Al, lubrication and aspect ratio 

respectively on the densification behavior of PM compacts.

5.2.1. Influence of reinforcements on the densification of Al composites.

Figure 12. Influence of Cu and TiC addition to Al on the relative density, R against  

axial strain, under nil/no lubricant condition during cold upsetting.
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5.2.3. Influence of aspect ratio on the densification of Al composites.

Figure 14. Influence of aspect ratio on the relative density, R against  axial strain, 

during cold deformation.

The effects of aspect ratio are more evident at the end of deformation. The lower aspect 

ratio generally exhibits higher densification. 

The preforms with the lower aspect have a lower pore bed height which closes more 

efficiently. This effective pore closure improves the densification significantly.

Lubrication (graphite and zinc stearate) predominantly facilitates the height strain as 

seen in Figure 14. As such, this allows for greater levels of deformation and 

proportionally should improve the part densification as it will be deformed more.

However, this did not eventuate. 

As such, the study of the prevailing effects of the aspect ratio over lubrication is critical 

and is presented in Figure 15.
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5.4.1.1. Influence of reinforcements on the axial stress parameters affecting the 

formability characteristics of Al composites.

Figure 18. Influence of Cu and TiC on the axial stress, against axial strain, 

under nil/no lubricant condition during cold upsetting.

The axial stress increases as deformation progressed until fracture. However, a rapid

increase in axial stress with respect to axial strain is noted in the beginning of 

deformation until axial strain of about 0.17.

Raj et al. [68] also established that the highest increase in axial stress against axial 

strain is noted during the initial stages of deformation. This is attributed to matrix work 

hardening due to materials internal resistance to deformation. The intermediate stage 

experiences geometric work hardening with negligible increase in matrix work 

hardening before fracture in the final stages of forging.

Furthermore, the characteristic nature of curves follows a similar pattern. However, 

careful observations reveal little effect of composition in the initial phases of forging

as most values correspond as seen in Figure 18 here and in the 41 to 47 in the 

appendix. Moreover, a decrease in axial strain at fracture is noted with the addition of 

Cu; however, this improved slightly with the addition of 4%TiC to Al-Cu matrix.
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5.4.1.2. Influence of lubrication on the axial stress parameters affecting the 

formability characteristics of Al composites.

Figure 19. Influence of lubrication on the on the axial stress, against axial strain, 

during cold upsetting.

The characteristics nature of the curves in Figure 19 generally follow a similar pattern. 

However, the nil lubricated preforms demonstrate greater levels of axial stress against 

axial strain. This is also evident in all the figures pertaining to axial stress, against 

axial strain, given in the appendix in the 41 to 47.

Increasing the frictional constraint at the contact surface of the preforms provides 

resistance to lateral deformation. This allows for greater extent of compressive 

deformation resulting in higher values of stresses noted with the nil lubricated 

preforms. 

The highest value of axial stress attained is for nil lubricated Al-6%Cu followed by 

Al-3%Cu and then pure Al. 

Furthermore, the effect of lubrication is more apparent with the Al-6%Cu composites 

as graphite and zinc stearate lubricated preforms demonstrated the lowest values of 

axial stress respectively. Generally, for all materials as given in Figure 19, the highest 
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axial stress is seen for nil lubricated preforms followed by graphite lubricated preforms 

with the lowest for zinc stearate lubricated preforms.

It is also seen that lubrication facilitated height strain to fracture which is more evident 

for Al and Al-3%Cu as seen in Figure 19. However, this effect is not so evident with 

Al-6%Cu.

5.4.1.3. Effects of aspect ratio on the axial stress parameters affecting the 
formability characteristics of Al composites.

Figure 20. Influence of aspect ratio on the on the axial stress, against axial strain, 

during cold upsetting.

Figure 20 demonstrates the effects of aspect ratio on the relationship between axial 

stress and axial strain. It is established that the effect of aspect ratio is negligible in the 

beginning but significant in the final stages of deformation. 

For majority given axial strain, the lower aspect preforms experienced the higher 

values of axial stress whereby the highest was observed with the Al-6%Cu compacts. 

This has been consistently reflected in the appendix in the 41 to 47. Thus, 

other compacts with the higher aspect ratio can be compressed more be it free from 

cracks.
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5.4.3. Hydrostatic stress, against axial strain, 

As deformation progresses, the hoop and the hydrostatic stresses increases 

proportionally. The hydrostatic stress is also referred to as the mean (average) stress 

experienced by the preform. It is composed of the axial, hoop and the radial stresses 

and its study is necessary. 

in section 5.4.3 are drawn between the hydrostatic stress, 

and the axial strain, .

5.4.3.1. Influence of lubrication and aspect ratio on the hydrostatic stress 

parameters affecting the formability characteristics of Al composites.

Figure 23. Relationship between hydrostatic stress, and the axial strain, of 

sintered Al-6%Cu-2%TiC composite during cold upsetting.

The characteristic nature of curves follows a similar pattern. A significant increase in 

hydrostatic stresses are noted with little increase in axial strain in the initial phases of 

deformation followed by a steady state with a slight increase noted in the last stages 

of deformation. This slight increase noted is just to eliminate the little amount of pores 

left towards the end of deformation. 
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5.5.1. Formability stress index, against the axial strain, 

In this view, the 25, 26 and 27 are drawn between the formability stress index, 

and axial strain, to determine the effects of reinforcement (Cu and TiC), 

lubrication and aspect ratio respectively on the formability behavior of Al PM 

compacts.

5.5.1.1. Influence of reinforcements on the formability characteristics of Al 

composites.

Figure 25. Influence of reinforcements on the formability characteristics during cold 

upsetting.

The formability stress index, increases as deformation progresses until strain 

hardening. The same has been established in the densification mechanism where the 

relative density increased with deformation as highlighted by Abdel-Rahman and El-

Sheikh [8]. 

The formation of curves reveals two stages. The initial stage with greater increase in 

formability stress index against a minor increase in strain. The second phase exhibits

minor increase in formability stress index with respect to greater levels of deformation. 
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5.5.1.2. Influence of lubrication on the formability characteristics of Al 

composites.

Figure 26. Influence of lubrication on the on the formability characteristics against 

axial strain, during cold upsetting.

Figure 26 represents the effects of lubrication on the formability stress index. The 

effects of lubrication are more apparent in the final stages of deformation. However, 

this behavior is generally more obvious with the nil lubricated preforms.

The highest value of the formability stress index was established by nil lubricated pure 

Al but at greater levels of induced strain. 60 to 65 given in the appendix 

also highlight that higher values of the formability stress index is established under the 

nil/ no lubrication condition. 

Employing lubricants such as graphite and zinc stearate addition are seen to enhance 

height strain but reduces the formability stress index.

It is also noted that the addition of Cu to Al has more effect on the formability behavior

than the effect of lubrication. Cu addition to Al fills up the larger sized pores between 

Al particles as the particle size of Cu is three times smaller than the sizes of Al. 

However, the microstructure in Figure 4 and 5 reveal inhomogeneous distribution of
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Cu (reinforcement) in Al (matrix). These are improved to an appreciable extent with 

the addition of TiC the reason being for reduced formability characteristics with the 

addition of Cu.

5.5.1.3. Effect of aspect ratio on the formability characteristics of Al

composites.

Figure 27. Influence of aspect ratio on the on the formability characteristics against 

axial strain, during cold upsetting.

Figure 27 demonstrates the effects of the aspect ratio on the formability characteristics 

against axial strain, of Al composites under the nil/no lubricant conditions during 

cold upsetting. 

The lower aspect ratio preforms attained better values of formability stress index with 

Al and Al-3%Cu but not with Al-6%Cu. 

It is interesting to note that formability stress index values generally stagnate for all 

the preforms with higher aspect ratios (0.9) in the final phases of upsetting. Same can 

It is established that the lateral strain increases appreciably when the aspect ratio is

increased. As such, the formability characteristics reduces as a result.



 



 



 



 



 

 

 

 

 

 

 

 

 

 



 

. 



 



 



 



 



 



 



 



 



 



 



74

Figure 32. Relationship between the relative density, R and axial strain, of Al-

3%Cu-2%TiC composites during cold deformation.

Figure 33. Relationship between the relative density, R and axial strain, of Al-

3%Cu-4%TiC composites during cold deformation.
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Figure 52. Relationship between hoop stress, and the axial strain, of sintered 

Al-3%Cu-4%TiC composite during cold upsetting.

Figure 53. Relationship between hoop stress, and the axial strain, of sintered 

Al-6%Cu-2%TiC composite during cold upsetting.
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Figure 56. Relationship between hydrostatic stress, and the axial strain, of 

sintered Al-6%Cu composite during cold upsetting.

Figure 57. Relationship between hydrostatic stress, and the axial strain, of 

sintered Al-3%Cu-2%TiC composite during cold upsetting.
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Figure 62. Relationship between formability stress index, and the axial strain, 

of sintered Al-3%Cu-2%TiC composite during cold upsetting.

Figure 63. Relationship between formability stress index, and the axial strain, 

of sintered Al-3%Cu-4%TiC composite during cold upsetting.
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Figure 64. Relationship between formability stress index, and the axial strain, 

of sintered Al-6%Cu-2%TiC composite during cold upsetting.

Figure 65. Relationship between formability stress index, and the axial strain, 

of sintered Al-6%Cu-4%TiC composite during cold upsetting.
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Figure 66. Relationship between formability stress index, and the relative 

density, of sintered Al-3%Cu composite during cold upsetting.

Figure 67. Relationship between formability stress index, and the relative 

density, of sintered Al-6%Cu composite during cold upsetting.



 



 

 


