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Abstract 

In the present investigation, effects of length and geometry of die land/bearing on curved 

profiles/sections produced by a novel process, differential velocity sideways extrusion (DVSE), were 

studied through physical experiments using plasticine as a model material and finite element 

modelling. Profile curvature decreases as die land length increases due to its negative influence on 

exit velocity gradient, and a straight profile is extruded when the ratio of die land length to die orifice 

diameter exceeds a critical value 𝑙0  which increases as extrusion ratio 𝜆  increases and extrusion 

velocity ratio 𝑣2/𝑣1 decreases. Generally, effective strain level of the extrudate slightly increases as 

the die land length increases. Larger die land length increases the frictional areas between extrudate 

surface layers and die land (and mandrel for tube extrusion), generating zone of shear along the profile 

edge and thus increases surface layer effective strain. As a result, the strain homogeneity over the 

cross-section or wall thickness (for tube extrusion) is decreased. Compared with a sharp die 

land/container transition corner, a chamfered or radiused die land transition corner leads to an 

increased curvature due to the decreased effective land length, while it decreases overall effective 

strain level in the cross-section and strain homogeneity as a result of lower effective strain rate across 

the deforming region. A sharp die land transition corner is recommended for achieving a relatively 

large and homogenous effective strain in the cross-section.  
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1. Introduction  

Extruded profiles/sections are widely used as basic elements to construct structural components as a 

result of their high strength/stiffness relative to weight. Lightweight structure design strategies using 

profiles are effective ways to contribute to less fuel/energy consumption and CO2 emissions. In the 

industries of aerospace and automobile, curved profiles are extensively utilised in structures of 

vehicles on account of their ease for incorporation into aerodynamic forms. As pointed out by 

Tekkaya and Chatti (2014), since little machining and welding/joining effort is needed for curved 

profiles to meet structural requirements, increased manufacturing efficiency and improved 

aerodynamic properties for vehicle bodies can be achieved. Curved profiles having various cross-

sections are also used in architecture as constructional elements to improve aesthetics and expand the 

feasible range of structural designs, as reported by Cruz (2013). 

Currently, most of curved profiles are usually fabricated by bending a straight extruded profile, which 

not only leads to long manufacturing time (including extrusion and bending) and high production cost, 

but also cannot avoid some bending defects, such as wrinkling and crack. Vollertsen et al. (1999) 

have given a comprehensive overview of the various available curved profile forming techniques 

being developed and discussed their strengths and weaknesses, emphasising roll bending, rotary draw 

bending, stretch bending, and press bending. Yang et al. (2012) later made a detailed review 

specifically on tube (profiles with hollow cross sections) bending forming technologies. Generally, 

due to the bending force necessary to curve straight extrusions, three major kinds of bending defects, 

including cross-section distortion, wrinking, and springback, arise usually during bending process. 

To alleviate these, additional stress or torque with bending have been proposed. Chatti et al. (2007) 

proposed a modification of the roll bending process by superposing conventional three-roll bending 

with a movable bending tool. A local pre-plasticisation is generated by the initial three-roll bending 

in the forming zone of the workpiece, making further bending easier, thus subsequent bending force 

and springback are reduced. Hermes et al. (2015) proposed a torque superposed bending technique, 

in which distortion (twisting) of asymmetrical sections was compensated by superposition of torque 

with bending moment. To reduce forming procedures and improve efficiency, some extrusion-

bending integrated processes have been proposed. Shiraishi et al. (2003) proposed using an inclined 

die orifice to extrude curved bars and tubes from conventional billets. Experiments were conducted 

where plasticine was utilised as workpiece and it was concluded that profile curvature could be altered 
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by varying the inclined angle of die orifice, an increase of which leads to increased curvature. Müller 

et al. (2006) used an external guiding tool during the conventional extrusion process to manufacture 

curved profiles, the profile curvature depends on the geometrical position of the external guide which 

is controlled by a linear axes system and moves synchronously with the speed of the extruded profile. 

Despite the quality improvement achieved by the current curved profile forming processes, they lack 

versatility and to enable profile curvature to be changeable along the length of a product, expensive 

complex tooling is necessary. In addition the mechanical properties of curved products are, at best, 

the same as those obtained by conventional extrusion.  

Differential velocity sideways extrusion (DVSE), as a novel extrusion-bending-grain-refining process, 

has been proposed by Zhou et al. (2018a), in which variable curvature can be obtained by using two 

opposing punches in the extrusion chamber and adjusting their velocity ratio. A further investigation 

by Zhou et al. (2019) has found this new forming process can lead to greatly refined metallurgical 

structures in extrudates, due to high values of strains arising in the extrusion orifice. The quantitative 

relationship between profile curvature and punch velocity ratio has also been determined by FE 

modelling and upper-bound theorem, as reported by Zhou et al. (2018b). It was found that the 

curvature obtained by the theoretical model was always greater than that of simulation and 

experiments due to the die land/bearing length being neglected in the calculations. The curvature 

discrepancy reveals that in the DVSE process die land length has an obvious effect on the material 

flow behaviour.  

Die land is a very important design factors for extrusion dies because it directly influences the material 

flow through the orifice, which in turn affects straightness and geometrical defects/quality of the 

extruded product, as indicated by Chen et al. (2011). Normally, a good design of extrusion die land 

should make material flow uniform and die strength enough, as pointed out by Ulysse (1999). The 

effect of die land on material flow is quite complicated, but there are a few useful guidelines, which 

have been widely employed by the designers for traditional extrusion dies. Castle et al. (1988) 

proposed that the length of extrusion die land should be proportional to the die orifice width, and a 

minimum die land length of ~ 2-3 mm is needed to ensure die strength. Zhang et al. (2009) suggested 

that depending on the extruded workpiece/material property, the length of die land could be ~ 1-3 

mm for extrusion of soft metal such as aluminium and copper and ~ 2-4 mm for carbon steel. For the 

conventional extrusion using one-orifice or multi-orifice die, in which straight profiles are needed, 

variation of die land length is a common method of controlling flow characteristics through the die 

orifice, thus most research work on die design has been focused on land length design. Keife (1993) 

determined the proper land length of a two-orifice flat-faced die based on upper-bound method and 

conducted plasticine experiments to validate his model. Hao and Li (2000), using a simulation-
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adjustment iteration method, suggested a criterion for the judgement of the proper die land of an L-

section shape extrusion with a flat-faced die. Lee et al. (2002) numerically investigated the 

assignment of land lengths in the flat-faced die extrusion process of an L-section. Appropriate die 

land lengths were assigned to different surfaces of the section to make flow velocity of the workpiece 

uniform. FE modelling and analytical sensitivity were employed by Ulysse (2002) to achieve an 

optimal land length of a two-orifice flat-faced die. Ajiboye et al. (2007) utilised the upper-bound 

theorem to investigate the influence of die land length on the extrusion process of square, rectangular, 

I-shaped and T-shaped profiles. Ajiboye et al. (2006) also suggested that the length of die land should 

be greater than or equal to 0.6 of the workpiece diameter for small lead extrudates with negligible 

bending. Lin and Ransing (2009) proposed a design method for optimising die land length based on 

minimisation of exit velocity differences of an L-shaped section. Meybodi et al. (2012) developed a 

general methodology for die land design to avoid bending of the extruded T-shaped profiles, and 

verified the methodology using experiments of plasticine and FE simulation. Viswanath Ammu et al. 

(2018) introduced a systematic iterative procedure to optimize die land lengths and achieved uniform 

velocities across die orifice and a straight unsymmetrical profile. The above research shows that a 

parallel land over certain length is necessary to extrude straight products. In practice, to obtain straight 

profiles, die land usually should have sufficient lengths. However, increasing the die land length leads 

to decrease of the maximum possible extrusion reduction. Large values or significant variations of 

die land length can also result in defects/failures of the extrudates. For this reason, the die land needs 

to be carefully designed. Therefore, it is clear that a good design for the proposed DVSE process 

needs to have a low die land length or land length variation, and the effect of die land on profile 

curvature and deformation behaviour needs to be investigated. 

In this paper, effects of die land length and geometry on curvature and effective strain of profiles 

produced by DVSE were studied using a novel rig consisting of split extrusion dies and a bi-

directional motion loading device. Experiments were carried out with workpieces of plasticine, a 

commonly utilised physical model material for studying flow behaviour in forming processes which 

is needed for tool design investigations, as pioneered by Bay et al. (1995). A finite element model 

was utilised in parallel with experiments to facilitate understanding of die land effect. The findings 

will highlight optimisation of die design in DVSE and a wide variety of curved profile forming 

methods whose principles are internal differential material flow. 

2. Experiments and modelling 
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2.1. DVSE tools 

The principle of DVSE and design details of the extrusion dies and double-action loading rig are 

described in Zhou et al. (2018a), here the basics of the process and the equipment used in this work 

are shown in Fig. 1. Fig. 1a shows a schematic of DVSE tool and product. The billet/workpiece is 

pressed simultaneously at both ends in the vertical channel of the container and extrudes through the 

orifice of the die situated in the side of the container. A curved extrudate profile forms due to the 

different velocities of upper and lower punches, which induces velocity gradient across the extrudate 

cross-section. Fig. 1b shows extrusion dies. The vertical channel of the container was D1 = 25.6 mm 

(diameter) and H1 = 150 mm (height). The die orifice was circular of diameter D2. The die land was 

parallel and the transition from container to die land was by means of sharp corner. The die land 

length l can be adjusted (2-12 mm) by adding different numbers of shims (1 mm in thickness) to the 

die orifice, as shown in Fig. 1b. Solid circular sections/profiles were extruded and by mounting a 

circular mandrel of length extending to that of the land, as shown in Fig. 1b hollow profiles also were 

extruded. The mandrel was circular of diameter D3. The specific geometry parameters of the die 

orifice and mandrel used can be seen in Table 1.  

 

  

(a) (b) 

Mandrel 

Lower punch motion 

Upper punch motion 

Die orifice 

D
2
 

D
3
 

Shims for 

varying die land 

D
1
 

Lower punch 

Extrusion die 

Double-action rig 

Die holder 

Hydraulic press 

Upper punch 

(drive rods, levers) 
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(c)  (d) 

Fig. 1. (a) Schematic illustration of DVSE process, (b) shims used on split extrusion die for varying 

die land length, (c) double-action rig and extrusion die assembled, (d) kinematics illustration of the 

double-action loading rig (Zhou et al., 2018a). 

Table 1 Dimensions of the die container, orifice and mandrel used for curved profiles. 

 D1 

(mm) 

D2 

(mm) 

D3 

(mm) 

t 

(mm) 

λ 

Round bar 25.6 20 - - 1.61 

25.6 15 - - 2.87 

Round Tube 25.6 15 11 2 6.20 

(D1: die container diameter; D2: die orifice diameter; D3: mandrel diameter; t: wall thickness of the 

extrudate; λ: extrusion ratio) 

2.2. Experimental and process modelling details 

Plasticine was used as experimental material/workpiece in the DVSE process, which was firstly 

folded and rolled repeatedly to eliminate possible air pockets and ensure homogeneity. All the 

workpieces used for extrusion were prepared as cylinders whose diameter and height are 25.4 mm 

and 130 mm respectively. For extrusion of the hollow extrudates a circular hole of 11 mm diameter 

was cut along the diameter of a workpiece to contain the mandrel. The extrusion ratio λ of the 

extrudate is given in Table 1. λ is determined by the ratio of the cross-section area of the workpiece 

to that of the extrudate. Prior to extrusion the plasticine preforms were stored for four days at room 

temperature to ensure they had attained a steady value of flow stress. The stress-strain data was 

acquired by compression tests of cylindrical samples with a height of 30 mm and diameter of 25 mm. 

The compression tests were conducted on a 250 kN Instron hydraulic press at room temperature 

(23oC). The test strain rates included 0.01, 0.1 and 0.25 s-1. The applied load was recorded by a load 

cell for each 0.10 mm stroke of the hydraulic press until the sample height reduced to 15 mm. The 

v2p 
O 

v2 
v1 

B’ 

T’ 

B 

v1p 

T 

Jo
ur

na
l P

re
-p

ro
of



7 

 

true stress-strain curves obtained were fitted as �̅� = 0.181𝜀̅𝑛1𝜀̅̇𝑛2 MPa, where n1 = 0.15 and n2 = 

0.14 respectively reflect the strain sensitivity and strain rate sensitivity, 𝜀 ̅is the effective strain, 𝜀̅̇ is 

the effective strain rate. It can be seen that the plasticine used here is a strain-hardening (n1 = 0.15) 

and strain-rate-hardening (n2 = 0.14) viscoplastic material, which is similar to that of many metals at 

elevated temperatures. For many aluminium alloys and steels, the strain rate sensitivity (n2) and 

strain-hardening (n1) values at elevated temperatures are in the range 0.13 ≤ 𝑛2 ≤ 0.16 and 0.10 ≤

𝑛1 ≤ 0.25 (Altan and Boulger, 1973; Xiang et al., 1993; Jiang et al., 2000; El Mehtedi et al., 2015). 

The strain rate sensitivity of the plasticine (n2 = 0.14) compares well with that of many aluminium 

alloys and steels, and its strain-hardening value (n1 = 0.15) is comparable to those of metals that 

experience slight strain hardening at elevated temperatures. 

Vaseline mixed with soap powder was used as the lubricant during extrusion tests, where a friction 

factor of 0.3 was determined by ring compression tests (Zhou et al., 2018a). The extrusion 

experiments were performed on a 2500 kN Instron materials testing press at room temperature (23oC) 

using the double-action/motion rig (Fig. 1c), the mechanism of which is schematically shown in Fig. 

1d (Zhou et al., 2018a). As can be seen in Fig. 1d, the following relationship existed; v2/v1 = v2p/v1p = 

BO/TO = BB’/TT’. For the extrusion of a curved profile, the workpiece was loaded into the container, 

the punches positioned at its ends and the press operated to drive them into the container. The upper 

punch velocity v1 was determined by the velocity of the hydraulic press ram, and the lower punch 

velocity v2 depended on the settings of the lever mechanism. In this work the upper punch velocity 

was 1 mm/s and by adjusting the lever mechanism various velocity ratios v2/v1 of; 0, 1/3, 1/2, and 2/3, 

were used. The die land length 𝑙 was changeable from 2 mm to 12 mm. At the end of the extrusion 

process, the two halves of the extrusion tooling were divided apart and the formed shape was extracted 

to measure its geometry. It should be noted that for the case of v2/v1 < 1, the upper punch and the 

lower punch experience different extrusion forces, as has been reported in our previous work (Zhou 

et al. 2018b). The lack of force equilibrium suggests that there is a high demand for the design of 

extrusion tool-set, which needs to be properly designed to satisfy the strength requirement and avoid 

tool failure.  

To better understand flow patterns and plastic deformation characteristics a finite element model, 

containing all elements of the extrusion tooling and workpiece, was constructed using Deform-3D 

code (Zhou et al., 2018a). The material of the extrusion tooling was considered as rigid and that of 

the workpiece was plastic, where the elastic deformation was neglected. The physical dimensions of 

the mandrel and workpiece were the same as that used in experiments. The element type used was 

tetrahedral element, and the general meshing method was defined by using the absolute mesh density, 

where 2 was set as the size ratio and 0.5 mm was chosen as the minimum size of an element. Auto-
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remesh criteria was set which utilised global remeshing method, a relative interference depth which 

initiated the remeshing process was set as 0.3, thus remeshing occurred as the element edge penetrated 

30% of its previous length. Friction behaviour of the extrusion tooling-workpiece contacting surfaces 

was modelled with hybrid friction model (Zhou et al., 2018a) 𝜏 = {
  𝑚𝑘, 𝜇𝑝 ≥ 𝑚𝑘
𝜇𝑝,   𝜇𝑝 < 𝑚𝑘

, where 𝜏 is the 

friction stress, m is the shear friction factor, 𝑘 = �̅�/√3 is the shear yield stress, μ is the Coulomb 

friction coefficient, and p is the normal pressure on the interface. Here, m = 0.3 was adopted in 

simulation which was the same as that in experiments, and considering Von-Mises criterion the upper 

limit of μ = 0.577 m (Ghassemali et al., 2013) were used. FE modelling were carried out using the 

identical process parameters as those set in the extrusion tests, the modelling results and the test data 

were then compared. 

3. Results and discussion 

3.1. Effect of die land length on extrudate curvature 

To validate the FE model, flow lines and mesh grids obtained from FEM under different velocity 

ratios are firstly compared with those from experiments (Zhou et al., 2018a), and the results are shown 

in Fig. 2. The extrusion ratio is λ = 1.61 and the die land length is l = 2 mm. The effective strain is 

difficult to be quantitatively obtained from experiments, but it can be reflected by the distortion of 

mesh grids. Extruded solid bars at an extrusion ratio 𝜆 of 2.87 with different extrusion/punch velocity 

ratios and die land lengths, are illustrated in Fig. 3 and Fig. 4 shows extruded circular tubes with the 

same wall thicknesses of 2 mm (that is an extrusion ratio of 6.20) and different extrusion velocity 

ratios and die land lengths. Figs. 3-4 also illustrate the related modelling results obtained with FEM. 

Quantified values for curvature 𝜅 are given in Fig. 5. Figs. 2-5 show that there is a good agreement 

between the FEM and experimental results, thus verifying the modelling results. It should be noted 

that there are some small differences for the mesh grid distortion. This deviation is inevitably 

produced since the original (billet) flow lines and mesh grids from experiments (~ 4 mm × 4 mm for 

coarse grids, ~ 2 mm × 4 mm for fine grids) are manually drawn and are not exactly the same as that 

accurately made by FEM (4.2 mm × 4.2 mm). 

Bending curvature towards the side having a lower extrusion/punch velocity was observed both in 

the experimental tests and modelling, as shown by the figures. It can also be seen that in most cases 

the curvatures obtained from the modelling are slightly lower than those acquired from the 

experiments. Nevertheless, the deviation is not significant, which is presumed as a result of the fact 

that in experimental tests friction conditions might change with sites, while in the modelling the 

friction factor/coefficient was regarded as constant. It can be seen that die land length has a significant 
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effect on curvature, where an ‘unbending’ or straightening effect on the extrudate is evident. 

Curvature became lower as the die land length increased, so that varying the die land length altered 

the material flow state at the die orifice, thus affecting extrudate curvature. For the case of v2/v1 = 0, 

the linear approximation values of the curvature results for λ = 2.87 and 6.20 shown in Fig. 5 are 

extrapolated to 𝜅 = 0 around 𝑙 ~ 12 mm and 13 mm, respectively. For the case of 0 < v2/v1 < 1, the 

corresponding 𝑙 leading to 𝜅 = 0 is less than that of v2/v1 = 0, which are 𝑙 ~ 10 mm for λ = 2.87, v2/v1 

= 1/2 and 𝑙 ~ 12 mm for λ = 6.20, v2/v1 = 1/3, respectively. 

 

 

 

 

 

   

   

v2/v1=0 

D1 

v2/v1=1/3 

D2 
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              Experiment                                                                    FEM 

Fig. 2. Comparison of flow lines and mesh grid distortion obtained from experiments and FEM. 

 

 

 

 

 

l (mm) v2/v1=0 v2/v1=1/2 v2/v1=1/2 

3 

 

 

 

   

v2/v1=1 
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     (a) Experiment                                                       (b) FEM 

Fig. 3. Solid bars extruded at λ = 2.87, v2/v1 = 0, 1/2, and die land length l = 3, 6, 9 mm: (a) experiment, 

(b) FEM 
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            (a) Experiment                                                             (b) FEM 

Fig. 4. Tubes extruded at λ=6.20 (thickness 2 mm), v2/v1=0, 1/3, and die land length l = 4, 8, 12 mm: 

(a) experiment, (b) FEM  
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(a) Solid bars 

 
(b) Tubes 

 

Fig. 5. Quantified values for curvature 𝜅 obtained from experiment (solid symbols) and modelling 

(hollow symbols) for different die land lengths: (a) solid bars, (b) tubes. 

The straightening effect of die land on profile curvature has also been found in the processes of equal 

channel angular extrusion/pressing (ECAE/P) (Li et al., 2010) and in curved profile extrusion using 

an inclined die orifice (Takahashi et al., 2015), a critical ratio of die land length to profile diameter 

has been found beyond which the velocity difference over the die exit orifice is compromised 

resulting in straight profiles. This critical ratio was between 0.5-2 (Li et al., 2010) for ECAE/P and 

about 1 (Takahashi et al., 2015) for curved profile extrusion with a 30º inclined die orifice. The 

ECAE/P process could be regarded reasonably as a special case of DVSE with 𝜆 = 1 and v2/v1 = 0, 

the ratio of the exit channel length (die land length) to entry/exit channel diameter (profile diameter) 

in all ECAE/P practise falls within or is larger than 0.5-2 so that the flow velocity difference across 

the exit channel orifice caused by the unidirectional extrusion/pressing v1 is compromised and straight 
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extrudate is obtained. In DVSE, the die land length should be as small as possible to decrease its 

effect on the material flow difference at die exit orifice which is deliberately caused by the opposing 

punches with different velocities.  

The influence of die land length on profile curvature is because the material flow state at the die 

orifice is affected by the die land length, which is further investigated through flow field simulation 

at the die land. A comparison of velocity distribution at the die orifice for round bars extruded with 

different die land lengths is illustrated in Fig. 6. The extrusion ratio and velocity ratio in Fig. 6a-b 

are the same and are λ = 2.87 and v2/v1 = 0, respectively. As can be seen in Fig. 6a, for die land length 

of 1 mm, material flow velocity at the orifice upper edge (extrados) which is closer to the faster upper 

moving punch is at 4.6 mm/s (line H), it is lower at the orifice lower edge (intrados) which is at 1.9 

mm/s (line A). For the greater land length of 3 mm, as can be seen in Fig. 6b, material flow velocity 

is reduced to 3.75 mm/s (line H) at the orifice upper edge (extrados) and decreased towards the orifice 

lower edge (intrados) which is at 2.3 mm/s (line A). Thus it is demonstrated that die land has an 

‘unbending’ or straightening effect on the extrudate; greater die land length leads to a decreased 

velocity gradient across the die orifice and thereby lower profile curvature.  

(a) l = 1 mm, λ=2.87, v2/v1=0 (b) l = 3 mm, λ=2.87, v2/v1=0 

  

Fig. 6. Influence of die land length on material flow. 

The profile curvature under different land ratios has been calculated, where the land ratio 𝑙𝜆 is defined 

as the length 𝑙 of die land normalized by die orifice diameter 𝐷2: 

𝑙𝜆 = 𝑙/𝐷2 (1) 
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For the case of v2/v1 = 0, the linear approximation values of the curvature results for λ = 1.61, 2.87 

and 6.20 are extrapolated to 𝜅 = 0 giving values of  𝑙𝜆 of about, 0.76, 0.80 and 0.86, respectively. For 

the case of 0 < v2/v1 < 1, the corresponding values of 𝑙𝜆 leading to 𝜅 = 0 are, 𝑙𝜆 = 0.63 for λ = 1.61, 

v2/v1 = 1/2, 𝑙𝜆 = 0.66 for λ = 2.87, v2/v1 = 1/2, and 𝑙𝜆 = 0.80 for λ = 6.20, v2/v1 = 1/3, respectively, 

which are all less than that for v2/v1 = 0. From examination of this data it is inferred that profile 

curvature is APPENDIX 

ressed by the material flow near the die orifice as a result of the effect of the land ratio 𝑙𝜆 over a 

critical value l0. To explore the relation between l0, λ and v2/v1, l0 was computed from a series of FE 

modelling trials with different process parameters (extrusion ratios and extrusion velocity ratios). As 

can be seen in Fig. 7a, l0 increased approximately exponentially with increase in extrusion ratio. For 

the limiting case of v2/v1 = 0, the relation between l0 and extrusion ratio λ was found to be  

𝑙0 = 𝑐𝜆𝑛 (2) 

where c = 0.731, n = 0.086. Fig. 7a also shows that the value of l0 depends on extrusion velocity ratio. 

It is shown in Fig. 7b that 𝑙0/𝜆𝑛 decreases approximately exponentially with increase of v2/v1 for 

different extrusion ratios. Thus: 

𝑙0/𝜆𝑛 = 𝑓(𝑣2/𝑣1) (3) 
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(b) 

 

Fig. 7. (a) Relation between l0 and λ, v2/v1, (b) relation between 𝑙0/𝜆𝑛 and v2/v1. 

For the case of v2/v1 = 0, we have 

𝑐 = 𝑓(𝑣2/𝑣1 = 0) (4) 

The relation between the 𝑙0/𝜆𝑛 and velocity ratio has been fitted as:  

𝑙0

𝜆𝑛
= 𝑓 (

𝑣2

𝑣1
) = 𝑐 [1 − (

𝑣2

𝑣1
)

𝑚

] (5) 

where m = 2.50. It can be seen that as v2/v1 approaches 1, the more rapidly l0 approaches 0. For the 

ideal case v2/v1 = 1, l0 could be infinitely small for all extrusion ratios, in theory and disregarding lack 

of die strength. 

3.2. Effect of die land length on extrudate effective strain 

The effective strain in solid bars (λ = 2.87, v2/v1 = 1/2) for different die land lengths (l = 3, 6, 9 mm) 

is given pictorially in Fig. 3 and Fig. 4 illustrates pictorially the effective strain in tubes (λ = 6.20, 

v2/v1 = 1/3) for different die land lengths (l = 4, 8, 12 mm). It can be seen that a relatively high level 

of plastic strain has been induced in the DVSE process. The intrados region of the bar has the highest 

local plastic deformation, and effective strain gradually decreases towards centre before increasing 

towards the extrados. The region near extrados of the tube has the highest local plastic deformation 

due to its interaction with the mandrel. Although curvature decreases as the length of die land 

increases, it is noticed that the effect of die land length on overall effective strain level was not 

pronounced, especially for that of the bar. Only the surface layers which contact with die land and 

mandrel (for tube inner surface) appear to have an increase in strain as die land length increases. 
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To further understand the effect of die land length on deformation behaviour, flow lines were scribed 

on undeformed workpieces, which were then extruded at different die land lengths (l = 3, 6, 9 mm). 

As can be seen in Fig. 8, DVSE could be regarded reasonably as two non-equal channel angular 

pressing/extrusion (N-ECAP/E) processes, where 𝑒  denotes the distance between the boundary 

extension line of the die orifice edge (near the faster moving punch) and the dividing line, 𝐷2 denotes 

the die orifice diameter (Zhou et al., 2018a). As the workpiece in the extrusion container is extruded 

through the intersection planes (‘V’ shape) of the two channels (entry 𝐷1, exit (𝐷2 − 𝑒) or 𝑒), the 

material flow direction is altered by 90 degree due to the action of strong shearing (Zhou et al., 2019). 

Effective strain is closely related to effective extrusion ratio which is affected by the eccentricity ratio 

𝜉 = 𝑒/𝐷2 (6) 

where 0.5 ≤ 𝜉 < 1 is a normalised dimensionless variable. The influence of die land length on e or 

the eccentricity ratio 𝜉 is shown in Fig. 8. As die land length has little effect on eccentricity ratio, its 

effect on the overall effective strain level is limited. However, strain inhomogeneity is different under 

different lengths of die land for a given velocity ratio. 

l (mm) Flow lines 

3 

 

 

6 
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D2 

D1 
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9 

 

 

Fig. 8. Influence of die land length on flow lines for bars extruded at λ = 2.87, v2/v1 = 1/2, and die 

land length l = 3, 6, 9 mm.  

Two methods were used to quantify the degree of strain inhomogeneity. The first was using 

inhomogeneity index (Ci) proposed by Li et al. (2004): 

𝜀�̅�𝑖 =
𝜀�̅�𝑎𝑥 − 𝜀�̅�𝑖𝑛

𝜀�̅�𝑣𝑔
 (7) 

where 𝜀�̅�𝑎𝑥 , 𝜀�̅�𝑖𝑛  and 𝜀�̅�𝑣𝑔  are maximum, minimum and average values of effective strain 𝜀̅ , 

respectively. Average value of effective strain in the cross-section is obtained by  

𝜀�̅�𝑣𝑔 =
∑ 𝜀̅𝑗𝑁

𝑗=1

𝑁
 (8) 

where 𝜀̅𝑗 is the effective strain of the node j and N is the total number of nodes of the cross-section. 

Another is a mathematical coefficient named coefficient of variance (C.V.), C.V. of the effective 

strain is defined as (Basavaraj et al., 2009): 

𝜀�̅�𝑉 =
𝜀�̅�𝐷

𝜀�̅�𝑣𝑔
 (9) 

where 𝜀�̅�𝐷 is standard deviation (S.D.) of the effective strain 𝜀,̅ which is expressed as 

𝜀�̅�𝐷 = √
∑ (𝜀̅𝑗 − 𝜀�̅�𝑣𝑔)2𝑛

𝑗=1

𝑁
 (10) 

As the workpiece being extruded out of the die orifice, the strain distribution begins to stabilize. 

Increase the extrusion stroke will lead to an increase in this part of the steady-state region. As shown 

in Figs. 3-4 as a solid line, a cross-section in this part is taken into account to calculate strain 
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inhomogeneity. Fig. 9 illustrates variations of effective strain over the selected cross-section extracted 

from modelling. The calculated values of inhomogeneity index (𝜀𝐶𝑖) and coefficient of variance (𝜀𝐶𝑉) 

of effective strain are given in Table 2. It is clear from Table 2 that die land length has less effect on 

the strain level of bars than of tubes, especially for the centre region. But its effect on the strain 

inhomogeneity is obvious. Both  𝜀𝐶𝑖 and 𝜀𝐶𝑉 indicate that the inhomogeneity is lower in case of 

smaller die land length for bars. The influence of die land length on the effective strain is most obvious 

for the surface layers. They have a greater effective strain for longer die land length, resulting in 

decreased strain homogeneity over the cross-section of bars. This is because of the greater surface 

shear force resulting from the greater frictional areas of longer length die lands. For tubes, as both the 

mandrel and die land have frictional areas, the effect of die land length on strain level is more obvious 

than for bars, but its effect on the strain inhomogeneity is more complicated and is related to wall 

thickness. For the 2 mm wall thickness (see Fig. 9b), as die land length increases, in addition to 

innermost and outermost surface layers which have increased effective strain similar to that of bars, 

the effective strain of the entire wall has increased due to its relatively small thickness. Strain 

inhomogeneity of the tube along the selected path (cross-section) is given in Table 2. Generally, as 

die land length increases, both the extrados wall (AB) and intrados wall (CD) have an increased strain 

inhomogeneity, while the innermost surface (BC) has a decreased inhomogeneity, leading to a 

decreased strain inhomogeneity along the entire selected path (AD). 
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(b) Tubes 

Fig. 9. Effective strain distribution in the selected cross-section: (a) round bars, (b) tubes.  

Table 2 Inhomogeneity index (𝜀𝐶𝑖) and coefficient of variance (𝜀𝐶𝑉) of effective strain 

v2/v1 1/2 (Bar) 1/3 (Tube) 

Die 

land 

(mm) 

3 6 9 

4 8 12 

AB CD AD AB CD AD AB CD AD 

𝜀𝑎𝑣𝑔 2.747 2.799 2.870 4.401 3.654 4.280 4.520 3.924 4.484 4.609 4.257 4.656 

𝜀𝐶𝑖 0.346 0.347 0.371 0.061 0.112 0.383 0.069 0.122 0.325 0.076 0.126 0.259 

𝜀𝐶𝑉 0.100 0.108 0.115 0.024 0.045 0.118 0.028 0.052 0.100 0.031 0.055 0.081 

3.3. Effect of die land geometry on extrudate curvature 

Research has shown that for ECAE/P or N-ECAE/P, in addition to die land length (outlet channel 

length) (Li et al., 2010), die land geometry or outlet channel geometry has an effect on the deformation 

behaviour of extrudate (Basavaraj et al., 2009). This section seeks to explore geometry of die 

land/container transition corner through the viewpoint of curvature and strain behaviour. Three 

different transition corners of die land geometry studied are shown in Fig. 10, which in Fig. 10a is 

sharp, in Fig. 10b chamfered, and in Fig. 10c radiused.  
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Fig. 10. Die land/container transition corner geometries: (a) sharp, (b) chamfered, (c) radiused. 

Four different cases were simulated for die land length l = 3 mm and extrusion ratio λ=2.87; (i) sharp, 

l = 3 (p = 0, q = l), (ii) chamfer 1 mm, p = 1, q = 2, (iii) chamfer 2 mm, p = 2, q = 1, (iv) radius 2 mm, 

r = 2 (q = 1), where p is corner parameter, q is the effective parallel land length. Values of p and q 

have a relation with that of die land length l as l = p + q. Effects of both velocity ratios v2/v1 = 0 and 

2/3 have been studied and the results are illustrated in Fig 11. It is clear from Fig. 11 that die 

land/container transition corner geometry has an effect on profile curvature. Fig. 12 illustrates the 

specific values of profile curvature. As shown in Fig. 12, it is clear that for both velocity ratios of 

v2/v1 = 0 and 2/3, curvature resulting from a chamfered or radiused transition is greater compared with 

that resulting from a sharp transition, and curvature resulting from a 2 mm chamfer is greater than 

that from a 1 mm chamfer. The increase in curvature is attributed to the decreased effective die land 

length, which in cases (ii)-(iv) is smaller than that in case (i). Furthermore, the effective land length 

in case (iii) is smaller than that in case (ii). For the same category of die corner, the effect of effective 

land length on curvature decreases as velocity ratio v2/v1 increases, as can be seen in Fig. 12 that the 

difference in curvature resulting from a 2 mm chamfer and 1 mm chamfer is greater for velocity ratio 

of v2/v1 = 0 than that of v2/v1 = 2/3. For a chamfered land corner (case (iii)) and a radiused corner (case 

(iv)) with the same effective die land length, the curvature in case (iii) is greater than that in case (iv) 

for velocity ratio of v2/v1 = 0, whereas for v2/v1 = 2/3 the curvature in case (iii) is slightly smaller than 

that in case (iv). This might be because the effect of die land transition geometry on material flow is 

more complicated for double-sided extrusion (v2/v1 = 2/3) than for one-sided extrusion (v2/v1 = 0). 

Generally, the difference in curvature resulting from a chamfered and radiused land corner with the 

same effective land length decreases as velocity ratio v2/v1 increases. 

l = 3 mm                 v2/v1=0 v2/v1=2/3 

(i)  
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(ii) 

 

  

(iii)  

 

  

(iv)  

  

Fig. 11. Profile curvature and effective strain for container/orifice transition corners: (i) sharp, (ii) 

chamfer 1 mm, (iii) chamfer 2 mm and (iv) radius 2 mm, for velocity ratios of v2/v1 = 0, and 2/3. 

 

Fig. 12. Specific value of profile curvature. 
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3.4. Effect of die land geometry on extrudate effective strain 

Fig. 13 shows the effective strain distribution in the selected extrudate cross-section (shown as solid 

line in Fig. 11). The average effective strain 𝜀𝑎𝑣𝑔, strain inhomogeneity 𝜀𝐶𝑉, 𝜀𝐶𝑖 are given in Table 

3. For different cases, the cross-section was selected at the same location of the profiles 

(corresponding to the same stroke). It can be seen that there is a considerable effect on the overall 

strain and strain homogeneity. The average effective strain gradually decreases from case (i) to case 

(iv), with the radiused corner leading to the smallest effective strain level. It should be noted that for 

v2/v1 = 2/3 and λ = 2.87, we have 𝜉 ~ 0.53 (Zhou et al., 2018a), thus the dividing line defined by Eq. 

(6) is at e ~ 8 mm. From the position of extrados surface layer towards the dividing line, the effective 

strain is relatively large at surface layer due to zone of shear along the profile surface being generated. 

It decreases as the location is away from the surface layer, however it will slightly increase when the 

location is close to the dividing line. This is probably due to the interaction of the material coming 

oppositely at the boundary (dividing) line from left and right parts. As 𝜉𝐷2 > (1 − 𝜉)𝐷2 , the right 

part with the sectional width (1 − 𝜉)𝐷2 has greater effective extrusion ratio than the left part with the 

sectional width 𝜉𝐷2. Therefore, the right part (intrados) of the curved profile closer to the slower 

moving punch has a greater effective strain than the left part (extrados). Generally, the effective strain 

is most severe for the sharp corner and in comparison; a profiled corner decreases effective strain 

over the entire cross-section especially for the region between the dividing line and the 

extrados/intrados surface layer, leading to a decreased average effective strain level. To achieve a 

relatively homogenous and high value effective strain, a sharp cornered transition is recommended.   
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(b) 

Fig. 13. Effective strain distribution in the selected cross-section: (a) v2/v1=0, (b) v2/v1=2/3. 

Table 3 Inhomogeneity index (𝜀𝐶𝑖) and coefficient of variance (𝜀𝐶𝑉) of effective strain 

v2/v1 0 2/3 

 Sharp 
Chamfer 

1mm 

Chamfer 

2mm 
Radius  Sharp 

Chamfer 

1mm 

Chamfer 

2mm 
Radius 

𝜀𝑎𝑣𝑔 2.739 2.335 2.306 2.187 3.072 2.643 2.457 2.430 

𝜀𝐶𝑖 0.898 1.240 1.272 1.234 0.308 0.362 0.377 0.354 

𝜀𝐶𝑉 0.293 0.375 0.368 0.388 0.089 0.100 0.098 0.090 

To further provide an understanding of the effect of die land geometry on the plastic deformation 

behaviour, Fig. 14 illustrates the effective strain rate across the deforming region obtained from 

modelling for the above four cases with extrusion ratio λ = 2.87 and velocity ratio v2/v1 = 2/3. It can 

be seen from Fig. 14 that effective strain rate decreases from the corners of the die orifices through 

an arc, across the deforming region. The maximum effective strain rate distributions are focused 

around the two intersection planes (‘V’ shape) of the two channels (𝐷1 and 𝜉𝐷2, 𝐷1 and (1 − 𝜉)𝐷2, 

respectively). It should be noted that the scale in these figures have been manually adjusted to 

highlight the strain rate within the intersection region and the strain rate in the die orifice corner is 

much larger than the maximum value shown in these figures.  
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(a) Sharp (b) Chamfer 1 mm 

  

(c) Chamfer 2 mm  (d) Radius 2 mm 

Fig. 14. Effective strain rate contours for different die land transition corners: (a) sharp, (b) chamfer 

1 mm, (c) chamfer 2 mm, (d) radius 2 mm. 

Two points near each side of the workpiece surface (~ 0.75 mm depth and P1P2 = 30 mm mutual 

distance, P1 on the side with punch velocity v1, P2 on the side with punch velocity v2) were chosen to 

trace the evolution of effective strain rate with time, as illustrated in Fig. 14, and the results are given 

in Fig. 15. The effective strain accumulated along a flow line incorporating point Pi can be obtained 

if the effective strain rate 𝜀̅̇(𝑃𝑖) was multiplied by the deformation time t, which was calculated 

through integration in Fig. 15 as: 

𝜀(̅𝑃𝑖) = ∫ 𝜀̅̇(𝑃𝑖)𝑑𝑡
𝑡

 
(11) 

The calculated effective strains 𝜀(̅𝑃1) and 𝜀(̅𝑃2) are given in Fig. 15. It can be seen that a chamfer or 

radius leads to significantly decreased strain rates. Effective strain is most severe for the sharp corner, 

where zones of narrow and intense shear exist on the intersection planes (‘V’ shape) of the deforming 

region shown in Fig. 14. These zones of shear along the intersection planes are found to be much 

dispersed and weaker for the die land with a profiled corner, especially a radiused one. 

P2 P1 P1 P2 

P1 P2 P1 P2 
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(a) Sharp (b) Chamfer 1 mm 

  
(c) Chamfer 2 mm (d) Radius 2 mm 

Fig. 15. Evolution of effective strain rate for different die land corner transition geometry: (a) sharp, 

(b) chamfer 1 mm, (c) chamfer 2 mm, (d) radius 2 mm. 

4. Conclusions 

Physical experiments and numerical modelling were conducted to investigate the effects of die land 

length and geometry on curved profiles produced by a novel differential velocity sideways extrusion 

process. The effects were evaluated in aspects of the curvature of deformed extrudate, strain level and 

strain homogeneity over the extrudate cross-section. The following conclusions are drawn from the 

results: 

(1) Die land length greatly affects profile curvature due to its influence on exit velocity gradient. 

Profile curvature decreases as land length increases, and when the ratio 𝑙𝜆 of land length to die orifice 

diameter exceeds a critical value l0, a straight profile is extruded. l0 increases as the extrusion ratio 𝜆 

increases and extrusion velocity ratio 𝑣2/𝑣1 decreases, and has an approximate relation of 𝑙0 =

𝑐𝜆𝑛[1 − (𝑣2/𝑣1)𝑚], where c = 0.731, n = 0.086, m = 2.50. A die land length ratio 𝑙𝜆 less than l0 is 

recommended for an effective and wide control of curvature. 
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(2) Die land length slightly affects profile overall effective strain level due to its local influence on 

extrudate surface layer effective strain. As die land length increases, frictional areas between 

extrudate surface layers and die land (and mandrel for tube extrusion) increase, leading to an increased 

surface layer effective strain due to zone of shear along the profile surface being generated. Strain 

homogeneity over the cross-section or wall thickness (for tube extrusion) is decreased as a result of 

increased surface layer effective strain.  

(3) Die land/container with a chamfered or radiused transition corner leads to a greater curvature 

compared with that resulting from a sharp transition corner. The increase in curvature is attributed to 

the decrease of effective die land length.  

(4) Die land/container transition corner geometry greatly affects the effective strain level and strain 

homogeneity due to its influence on effective strain rate across the deforming region. A chamfered 

or radiused transition corner leads to a decreased overall cross-sectional effective strain level and 

strain homogeneity as a result of dispersed and weaker zones of shear on the intersection planes (‘V’ 

shape) of the deforming region. To achieve a relatively large and homogenous effective strain over 

the cross-section, a sharp die land transition corner is recommended. 
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