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ABSTRACT  
 

This paper is focused on examining the parametric effects on backward cup extrusion of aluminum billet. Four pa-

rameters including Temperature, Punch displacement, Billet radius and Time were considered in the course of the 

study. It was observed that the higher the percentage reduction in area, the higher the temperature increase during 

the extrusion process. The effect of an increasing billet length showed a corresponding increase in the extrusion 

pressure, whereas, the extrusion pressure increased as extrusion ratio increase. Extrusion speed varied directly with 

metal temperature and pressure developed within the container. However, the extrusion force depended on the flow 

stress of the billet material, extrusion ratio, friction condition between the billet and container, friction condition of 

the die material interface, initial billet temperature and the extrusion speed. Hence, this study becomes essential for 

the selection of the right parameters for optimal extrusion process of metals. 
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INTRODUCTION 
 

Aluminium is one of the most widely extruded metals with a near perfect malleable property that makes it suitable 

for extrusion processes. Compared to other metals, aluminium’s coefficient of linear expansivity is relatively large 

and can easily be worked in hot or cold conditions using most machining techniques such as cutting, punching, 

bending, etc [3, 11]. The term extrusion is applicable to a wide range of manufacturing route where material is con-

fined in a container and external force is applied to compress the material through an orifice to obtain the shape re-

quired. Extrusion is oftentimes classified as direct or forward extrusion, indirect or backward extrusion, hot and cold 

extrusions, vertical and horizontal extrusion. Forward extrusion applies the principles of forcing a metal to flow in 

the direction of the same ram used in applying pressure.  

 

In other words, the ram maintains a close fitting with the die cavity to prevent displacement of the extruding materi-

al, by so doing, the die head is held stationary and a moving ram forces the metal through it. However, backward 

extrusion which is the primary focus in this study is the opposite of forward extrusion in which the ram carries the 

die and exerts pressure on to the stationary billet which in turn causes it to flow in the opposite direction to the ram 

[6]. There may be variation to how the principles take place, but in every case the billet maintains a stationary posi-

tion in relation to the container, thereby maintain the possible lowest friction loss.  However, process parameters 

have may have negative effects on the extrudate if they are not determined accurately. For example, Saha [12] found 

out that die process parameters which may result in negative effects on the quality of extrudate includes extrusion 

ratio, capacity of the extrusion press, billet shape ratio etc. Hu et al [8] carried out a finite element simulation on 

extrusion improvement processes and found out that hyperbolic curved die can result in improved uniformity of 

metal flow, parabolic curve can equally result in continuous cracks on the surface of extruded materials [7]. Accord-

ing to Muraiet al [9], forward and backward lengths can be determined from the height, flow stress as well as the 

billet dimeter. Moreover, the flow and displacement of punch as a result of deformation from the extrusion process 

depends upon the maximum pressure, die geometry, billet characteristics etc. [5, 10]. Extrusion process is common-

ly used to produce shapes like rod, bar, tube, pipe, hollow and solid profiles such as mullions, gutters, H and I beam, 

Tees etc. but the extrusion parameters such as the billet temperature, extrusion speed, container and die including the 

extrusion ratio and configuration of the die determines the material hardness or softness during the extrusion process 

[4, 13]. From the aforementioned points, influence of process parameter plays a major role in the outcome of the 
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final extruded object, and that necessitated the investigation on some parameters (Temperature, Punch displacement, 

Billet radius and Time) and their effects on extrusion process and the final extruded shape in this study. 
 

METHODOLOGY 
 

During extrusion process, the punch is assumed to be approaching the work piece in the stationary bottom die with a 

steady velocity of unity. After contact with the work piece, material will be displaced backwards at the clearance 

between the punch cap and the outer die surface. This is the only option of flow for the deforming material since the 

tooling arrangement does not permit any forward extrusion of the material. Therefore, the material in the container 

remains rigid throughout the deformation process. Extrusion press of 500 KN capacity was used in the experimental 

set up. Ground nut oil lubricant was applied on the die orifice to ensure that the extrusion force is reduced and tool-

ing was carried out. Sample of the billet was placed at the die orifice and the punch was fixed to the punch plate to 

support the punch in position. As shown (in Fig. 1) in the cross sectional view of the extrusion process, the ram ex-

erts pressure on the dummy block which gradually pushes the billet until it enters the container. Under pressure the 

billet is crushed against the die, becoming shorter and wider until it has full contact with the container walls, thereby 

producing soft but solid metal through the die opening as shown in Fig 2. The die assembly is coupled using a set of 

fixtures to ensure that a good die position is maintained. The press ram was applied slowly on the punch plate and 

deformations where observed simultaneously on the billet within the die orifice, while taking note of the rate at 

which deformation load took place. The punch displacements were verified @ speed 3mm/s, 6mm/s and 9mm/s for 

zones 1, 2, 3 and 4 and @ speed 3.5mm/s, 7.5mm/s and 12.5mm/s for zones 1, 2, 3 and 4 respectively. An ejector 

punch was used to ensure easy removal of the product as soon as the punch is withdrawn from the billet.  
 

In Fig. 2, DC is the equivalent diameter of the billet (container bore diameter) filled in the container after upsetting, 

DE is the equivalent diameter of extrudate, α is the semi dead-metal zone angle, σ is the flow stress of the material. 

 

                   
 
 

Fig. 1 Cross sectional view of the extrusion process 

 

                              
Fig. 2 Geometry of Billet to be crushed in the Container 

 

THEORETICAL ANALYSIS 
 

From the first law of thermodynamics, if an amount of heat energy (dQ) flows into a system then its energy must 

appear as increased internal energy (dU) for the system and the work done by the system on its surroundings. It is 
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pertinent to state here that this internal energy change depends on the initial and final states and not upon the path 

taken that is 

dQ = dU+dW             [ Where dQ = 
 kAdT

𝐿
 and W = fd]          (1) 

If work is done on the billet by the force of the punch, and heat is generated and dissipated, 

Then                                     dU = dQ – (-W) = dQ + dW 

 

Therefore,                           dU = 
 kAdT

𝐿
 + fd                                                                                                           (2) 

where, 

 k is constant = thermal conductivity of billet material (Aluminum), 

dt = temperature increment of 5oC from initial room temperature of 250c and  

A = area of the billet, which can be varied with an increasing or decreasing radius of the billet 

 L= the height of the billet which decreases as the extrusion progresses, 

dw = change in work done on the billet by the punch 

 d = distance travelled by the punch.  

 F = the force or load of the extrusion expressed from the deformation power  

(force = power/velocity and the punch is assumed to descend with steady velocity of unity) 
 

The relationship in equation (2) relates the deformation power in form of work to the heat transfer Q. 
 

Considering the heat flow in radial (x- Ø) direction plane, 

Heat in Flux Q ’r = -k(rd Ø.dz) 
dr

dt
.dr Ξ > -KAdt      (3) 

Heat efflux Q ’(r+dr) = Q ’r +
dr

d
( Q r)dr       (4) 

Condition Requirement 

I = z, j=r, 𝑇𝑖𝑗= Temperature at the various grid point or zone, 

There, 𝑇1,2 = Temperature at the zone 1 and 2 interface. 
 

Boundary Conditions 

𝑇12= 𝑇13 = 0,  𝑇23 = 𝑇14, 𝑇24 = 𝑇34  = 0, 𝑇25  = 0, 𝑇35  = 0,  𝑇45 = 0 

0 ≤ zj ≤ vzt at r= r0  at zone 1 & 2 interface, 0 ≤ rj ≤ r0, 1 + 0 ≤ zj ≤ 1 + 0 - v2t, t = 0, T(z,r) = T0 = T∞  at zone 1 and 5 

interface 

At zone 4, 0 ≤ ri ≤ r0, 0 ≤ zj ≤ - vzt, t = 0 T(r,z) = T0 = T∞, At zone 2: 0 ≤ zi ≤ 1 + 0 – vzt at r = R*, t = 0 , T(r,z) T∞ 

At zone 5: 0 ≤ ri ≤ r0, x1 ≤ zj ≤ 1+0, t = 0, T(r,z) = T∞ 

The net extrusion or deformation load dissipated within the material of the sleeve is the sum of the various plastic, 

frictional and shear power dissipated at appropriate volumes and surface areas of the material during deformation 

[15], and it is given as, 

43332321132121 ffffffdddpp EEEEEEEEEEEE              (5)
 

This heat exchange rate is done between the deforming billet, the container peripheries and the ambient. If correct 

forces of deformation are ascertained at every instant of the punch displacement in whole, it therefore means we can 

mathematically and thermodynamically relate the temperature variations and deformation forces with respect to the 

change in the internal energy of the system during the extrusion process. The heat transfers during the extrusion in 

relation with the extrusion or deformation load or force as a form of work done on the billet can be expressed 

through the descretization of the temperature distribution in the subsystems (the zones). In other words, one could 

graphically interpret or predict the response of one extrusion quantity to be the changing effect of the other. Replac-

ing the partial differential form of equations (1, 2, 3 4). Therefore, the energy balances between the billet/pad, bil-

let/container and rigid metal interfaces, i.e zones 1, 2, 3, and 4 respectively, with the equivalent finite difference 

form, the temperature distributions at respective interfaces may be expressed in four zones as follows, 

 

Zone 1 and Energy Balance Interfaces 
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 The coordinates of the ),( ji  are simply ℎ = 𝑟 = 𝑖. ∆𝑟and 𝑧 = 𝑗. ∆𝑧and the temperature at the node ),( ji  is de-

noted by ., jTi  
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(9)∆𝑇1−2 = The temperature increase due to boundary friction in a time increment β given by
 

∆𝑇1−2 =  
𝑊𝑓𝑐𝛽

𝐽𝑉𝑜𝑙 (𝐶1𝜌1+ 𝐶2𝜌2)/2
      (10) 

J is a mechanical equivalent of heat= 4185j/kcal, Wf = friction power generated at billet/container, vol. = volume of 

billet in contact with container, C =heat capacity, p=density and  =time increment 

 

Zone2 

Substituting the partial differential form of zone 2 with the equivalent finite difference form, the temperature distri-

bution at any point within the deforming billet is 
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∆𝑇2= temperature change due to heat generated due to plastic deformation. At each point in the deformation zone, 

  per cent of the deformation energy is transformed into heat, where   has a value between 85% and 95%. The 

change in temperature, ,2T  which is induced by plastic deformation in the interval   is given by, 
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Where J is the mechanical equivalent of heat 4185J/kcal and Withe power of plastic deformation/unit volume evalu-

ated by upper bound method of analysis using volume integral. The energy change between zone 2, zone 3 and zone 

4 interfaces are,   

  lCC
T

nn

n

ji








22

1

,

2    
























l

TT
k

l

TT
k

n

ji

n

ji

n

ji

n

ji ,1,

2

,1,

3 j

n

ji TT  ,                (13)   

The deforming billet/zone 3 and the deforming billet/zone 4 has the same material, it can be assumed that the densi-

ty 𝜌, heat capacity C, and thermal conductivity K, remain constant for the material under consideration in this analy-

sis. The typical finite difference representation of temperature distribution at any of these interfaces is given by, 

𝑇𝑖,𝑗
𝑛+1 =  2𝐹𝑜𝑇𝑖,𝑗+1

𝑛 + (1 − 4𝐹𝑂)𝑇𝑖,𝑗
𝑛 +  2𝐹𝑜𝑇𝑖,𝑗

𝑛 + ∆𝑇𝑗      (14) 

 

Zone 3-Extrusion Section
 Substituting the partial differential form of zone 3 with the equivalent finite difference form, the temperature distri-

bution at any point within the un deformed billet assuming a square mesh points, i.e. lzr  , gives 
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3T  = 
temperature change due to heat generated 

by frictional ironing at die land 
 = 

2/)( 333 ccc
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Where WfI is the friction power generated over the die land length evaluated by upper bound using surface integral 

and V3, Vc the volume of the billet and container (die land housing), respectively. The energy balance between the 

extruded portion and the surrounding in the finite difference is given as 
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Zone 4 

Substituting the partial differentia form of zone 4 with the equivalent finite difference form, the temperature distri-

butions at any point within the rigid material, assuming a square grid or mesh point, i.e. ∆𝑟 = ∆𝑧 = ∆𝑙, gives, 
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The finite difference of the equation representing the energy balance the die and the ambient is given as  
 

𝑇𝑖,𝑗
𝑛+1 =  (1 + 2𝐹𝑜 + 2𝐵𝑖𝐹𝑂)𝑇𝑖,𝑗

𝑛 − 2𝐹𝑜 (𝑇𝑖+1,𝑗
𝑛 ) + 𝐵𝑖𝑇∞    (19) 

 

RESULTS AND DISCUSSION 

 

The resultant pressure exerted on the billet, produced a soft but solid metal that squeezed through the die opening as 

shown in Fig. 3. As a result of contact between the ram and the billet, the buildup stresses can be computed as 

shown in equation (20). 

𝜎 =  
𝐸𝑙

𝑃𝑎
         [ Where - 𝐸𝑙  is the extrusion load and 𝑃𝑎 is the punch area]  (20) 

 

Effect of Punch Displacement on the Extrusion Temperature 

Figure 4 reveals that an increase in the displacement of the punch results in temperature increase, and this could be 

as a result of the friction and deformation encountered within the interval of initial displacement to final displace-

ment and this further gives an insight into the temperature distribution in the zones as seen from the graph, observ-

ing the peak temperatures, it could be inferred that zone 1 peaked at a higher temperature accompanied by lesser 

temperatures at other zones. This can be explained by the fact that in the steady state extrusion process, there is lim-

ited time for the heat generated due to compression and friction to be distributed to the peripheral zones and also 

considering the effect of the lubricant (shear butter) with low diffusivity, which forms a barrier between billet and 

container. When extrusion commences and progresses, there is a squeezing out and distribution of the lubricant 

along the periphery of the billet/container wall and as it flows, it tends to distribute its heat gained to the other zones 

by convection and from there to the ambient. This will have accounted for these low temperatures in these zones. 
 

Effect of Extrusion Temperature with Time 

As shown in Fig. 5, it can be observed that zones 3 and 2 show sharp increase in temperatures at the initial stage of 

the compression due to high compressive forces between the billet and container wall, however as the deformations 

progresses, the billet experiences high frictional forces with the tool material leading to higher temperatures at zone 

1. At the near end of the process, zone 4 has higher surface contact with the tool .It  also receives and emits tempera-

tures from the tool and deforming billet at this stage resulting in higher temperatures, thus generally, temperatures 

peaks at zone 1 further which as time progresses and the process is gradually leaving the steady state to the unsteady 

state, there is high heat dissipation to the ambient resulting in the lower temperatures in zones 2 and 3 and in other 

zones beyond the peak temperature at zone 1. It can then be inferred that temperatures increases during the extrusion 

process provided it is within the steady state heat transfer, beyond which there is bound to be a decrease in tempera-

ture. 
 

Effect of Billet Radius on Temperature 

It is inferred from the graph of temperature against billet radius, that as billet radius increased so does the tempera-

ture and so for various regions of the extrusion tool/material. Considering the fact that the radius r is a function of 

Area, a larger area will require a larger force to extrude, and this consequently increases the extrusion temperature. 

Ajiboye and Adeyemi [1], noted that the effect of increasing punch size lead to increasing deforming load due to 

increasing frictional energy. Increasing punch size is seen here as also increasing billets size. Udomphol [14], also 

noted that for a given extrusion load, extrusion ratio increased with increasing temperature. Extrusion ratio = (initial 

billet area or size to its final area or size) has area, radius and diameter as functions, so higher extrusion ratios means 

higher initial radius and consequently areas, which meant load required for deformation will increase and subse-

quently the extrusion temperatures.  

 
 

Fig. 3 View of Extrudate Passing through the Die Opening 
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Fig. 4 Graph of temperature Vs punch displacement 

 
Fig. 5 Graph of Extrusion Temperature Vs Time 

 
Fig. 6 Graph Temperature Vs Billet radius @ Z= 0 

 
Fig. 7 Graph of Temperature Vs Billet radius vs temperature @ z=4.3141 
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Fig. 8 Graph of Temperature Vs Billet radius @ z=10.0663 

 
Fig. 9 Graph of Temperature VsBillet radius @ z=11.5043 

 

The graphs for billet radius show that the temperatures are peaking at various points of the deformation process with 

respect to the axial punch movement and the extrusion regions. Prior to deformation the system is observed to be at 

room temperature within all the zones as shown in Fig. 6. It is observed Fig. 7 that at barely less than 30% reduction 

in height for zone 1 and 4 are still within low temperature ranges compared to zone 2 and 3, this might be due to 

compressive forces which tends to push the billet against the container walls prior to deformation. However as 

shown in Fig. 8 and 9, as the process progresses beyond 60% and 70% (i.e. @ z = 10.0663 and z  = 11.5043) there is 

reduction in billet height as zone 1 and 4 are observed to rise to the peak at higher temperatures due to increasing 

billet/tool surface meshing, thus, increasing friction with the possibility of the lubricant with low thermal diffusivity 

acting against high rate of heat dissipation outwards from these zones to the peripheries which have direct heat ex-

change with the ambient.  
 

Ajiboye and Adeyemi [1] asserts that the dead zone temperature generally rises sharply more than the die zone tem-

perature essentially beyond 90% reduction in area, which is due to direct and wider contact area of this zone with the 

main deformation zone as well as of great amount of heat flowing into it and emitted in this zone during conversion 

of the deformation work into heat. Generally, increasing billet radius led to increasing temperature in all the regions 

of the extrusion process. This can further corroborate with studies carried out by Atesman [2], where it was noted 

that in hot drawing of a bar the temperature increased as radius increased. 
 

Effect of Ram Speed on Temperature 

From the graph (Fig. 10 and 11) of temperature against punch displacement at some selected incremental speeds, it 

is observed that there is an increase in temperature as ram speed increased in all the zones. This can be explained by 

the fact that in the steady state extrusion process, at higher speeds the heat generated barely has little time to flow, 

unlike at slower speeds where there is available time to dissipate the generated heat. However, an increase in ram 

speed led to an increase in temperature, this correlates with the studies carried out by Ajiboye and Adeyemi [1]. 

Udomphol [14] also corroborates this by noting that an increase in ram speed can result in increased extrusion load 

which consequently results in extrusion temperature. Figure 10 shows the graph of temperature vs. punch displace-

ment @ speeds 3mm/s, 6mm/s and 9mm/s for zones 1, 2, 3 and 4 and Fig. 11 shows the graph of temperature vs. 

punch displacement @ speeds 3.5mm/s, 7.5mm/s and 12.5mm/s for zones 1, 2, 3 and 4. 
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Fig. 10 Graphs of Temperature Vs punch displacement @ speeds 3mm/s, 6mm/s and 9mm/s for zones 1, 2, 3 and 4 
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Fig. 11 Graphs of Temperature vs punch displacement @ speeds 3.5,  7.5 and 12.5mm/s for zones 1, 2, 3 and 4 

 

CONCLUSION 

 

From the analysis carried out in this study, it is possible to predict the crucial variables and as well select the right 

process parameters necessary to carry out an effective extrusion process by understanding and good prediction of 

their interrelationship. In that case, engineers and industries should be able to predict the optimal temperatures, ex-

trusion load, ram speed and extrusion press capacity required for optimal process, further to say that lubrication be-

comes essential to reduce friction and temperature efficiently in other to preserve tools, save on material and process 

execution cost.  
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