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Abstract: Since tubes are widely used for different industrial applications, processing of tubes by 

the Severe Plastic Deformation (SPD) method has been the target of different attempts. Among 

these attempts, development of SPD processes for tubes based on Equal Channel Angular Pressing 

(ECAP) has been more successful. As an illustration, Tube Channel Pressing (TCP) has been 

presented as an attractive SPD process since a relatively homogenous strain can be imposed on 

different sizes of tubes by this process.  However, since die/mandrel geometry has a remarkable 

effect on the deformation behavior of tube in this process, more efforts must be focused on the 

optimization of the geometry of this process. This work is aimed to examine a new die geometry 

for TCP in order to reduce the strain heterogeneity and rupture risk of tube through the process. 

For this purpose, the effects of different geometrical parameters on the deformation behavior of 

tube during the process are studied using FEM simulations. In these simulations, the rupture risk of 

tube is considered using a damage criterion and then, results of simulations are compared with 

experiments. Results show that the new geometry of TCP imposes more intense strain, causes less 

strain heterogeneity and results in less risk of rupture of tube during the process. In addition, 

comparison of simulations and experiments shows that the applied simulation method can predict 

the rupture of tube during TCP. Besides this, different geometrical parameters of the new 

geometry of TCP are optimized by simulations considering dimensions of tube.           
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1. Introduction  

During past decades, Severe Plastic Deformation (SPD) method has fascinated a remarkable attention due 

to its capabilities such as an impressive improvement of mechanical properties and an extensive grain 

refinement of materials. As an illustration, different SPD processes have been developed for SPD of 

elementary profiles such as sheets and rods. For Example, Equal Channel Angular Pressing (ECAP) [1], 

High Pressure Torsion (HPT) [2] and Accumulative Roll Bonding (ARB) [3] are well-known SPD 

processes developed till the start of the current decade [4]. Recently, notable attentions are given to SPD 

of more geometrically complicated profiles such as tubes. For instance, different attempts have been 

focused on development of SPD processes for tube based on ARB [5], HPT [6] and ECAP [7-13]. Among 

these attempts, development of SPD processes for tubes based on ECAP has been more successful and 

effective since this has less limitation for dimensions of tube, needs less complicated machinery device 

and imposes a relatively homogenous plastic strain in comparison of other processes. Therefore, different 

ECAP-based SPD processes for tubes have been developed such as tubular ECAP [7], Tube Channel 

Pressing (TCP) [8-9], Tubular Channel Angular Pressing (TCAP) [10] and Parallel Tubular Channel 

Angular Pressing (PTCAP) [11]. These processes are generally based on axisymmetric ECAP of tube wall 

by different geometries of dies and mandrels. As an illustration, TCP is defined as a process in which the 

tube wall is passed through a bottleneck region whereas multi-stage shear strains occur besides hoop 

strains as illustrated in Fig. 1 [8-9]. As shown before [9], each pass of TCP by conventional geometry 
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causes imposing of an equivalent plastic strain of about 0.5-2 depending on the used geometrical 

parameters. This is comparable with other SPD process such as ECAP and ARB and therefore, TCP shall 

be classified as an SPD process [4, 9].  

 
Fig. 1. (a) Schematic illustration and (b) geometrical parameters of the conventional  

TCP [9]. (c) Illustration of shear occurrence through TCP. 

Although few studies have been focused on the effect of die/mandrel geometry on the deformation 

behavior of tubes through ECAP-based SPD processes, the effect of die/mandrel geometry on the rupture 

risk of tube through these processes have been remained less considered. In addition, previous studies 

have shown notable strain heterogeneity in these processes and previous attempts to reduce this strain 

heterogeneity were less successful. Besides this, previous works mainly discuss about general geometry of 

die/mandrel and they have paid little attention to detailed geometrical parameters of die/mandrel such as 

curvature radius [9-13].  

The aim of this work is to investigate the distribution of strain, accumulation of damage and rupture 

of tube processed by a new geometry of TCP process. For this purpose, FEM simulations complemented 

by a damage criterion are applied to simulate accumulation of damage and rupture of aluminum 6061-O 

alloy through processing by different die/mandrel sets designed according to this new geometry. Besides 

this, rupture risk of the used tube through the process is experimentally practiced and compared with 

results of simulations to realize the validity of applied method for simulation of rupture risk of tube. This 

results in optimization of the new geometry of TCP to minimize both rupture risk and strain heterogeneity 

of tube through the process. 

   

2. A new geometry of TCP 

Figure 2a shows a schematic drawing of the new geometry of TCP and related parameters of its die and 

mandrel. As can be seen, the new geometry of TCP can be interpreted as four stages of shear strain 

accompanied by two stages of hoop strains on tube wall. In this new geometry, there is a distance between 

shear stages of TCP and the tube wall is flattening between these stages despite the conventional 
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geometry. In addition, the curvature radius of die/mandrel in this geometry is smaller in comparison of the 

conventional geometry.  The inner and outer diameters of tube are considered as 19 and 26 mm, 

respectively. As can be seen, variable parameters of the new geometry of TCP are as follows: the length of 

die convex (Ldie), the length of mandrel cave (Lmandrel), the curvature radiuses of die and mandrel (Rdie and 

Rmandrel), the channel angle (ẽchannel), the height of die convex (Drdie) and the depth of mandrel cave 

(Drmandrel). Considering previous studies, ẽchannel and Drdie are considered as constant geometrical 

parameters for all die/mandrel sets and are valued as 150 ̄and 1.5 mm, respectively [7-11]. In addition, 

the depth of mandrel cave (Drmandrel) is considered as 2.2 mm to save the area of cross section of tube in the 

middle of the bottleneck region to prohibit thinning of tube through TCP as long as be possible [12]. As 

shown before, the maximum imposed plastic strain accompanied by minimum deformation load through 

an ECAP process is obtained when the inner and outer curvature radiuses of its die are considered equal to 

each other [14-15]. Therefore, the Rdie and Rmandrel for new geometry of TCP are considered equal to each 

other. Regarding so, each die/mandrel set can be characterized by three exclusive geometrical parameters: 

Ldie, Rdie/mandrel (R) and Lmandrel.  

 
Fig. 2. (a) Schematic illustration of new geometry of TCP and related geometrical parameters.  

(b) Illustration of two different scenarios for calculation of Lmandrel. 

As illustrated before, selection of a great curvature radius for an ECAP-based SPD die causes 

increase of heterogeneity of imposed strain and appearance of multi-directional shear bands through the 

process [14-18]. In fact, the deformation mode changes from pure-shear to bending when a great curvature 

radius is selected for an ECAP die [15].  Therefore, this parameter shall not be selected too greater than 

the thickness of the specimen [14-15, 18-20]. However, there are different views about the optimum 

curvature radius and corner sharpness of ECAP dies [4, 15, 18-19]. As an illustration, previous works have 

shown that the increase of curvature radius of an ECAP die results in increase of strain heterogeneity 

while it may decrease the rupture risk of tube during the process [15,19]. Moreover, development of a new 

geometry for TCP needs more attention about curvature radius (R) since deformation behavior of a tube 

through TCP is relatively different from deformation behavior of a rod through the simple ECAP. 
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Considering these matters, four different amounts of 0.2, 1, 2.5, and 5 mm (å 0.06, 0.29, 0.71 and 1.42 

times of tube thickness) are considered for curvature radius (R) of new geometry of TCP to evaluate the 

effect of this parameter on the deformation behavior of tube. Also, three different amounts from 0 to 10 

mm are considered for Ldie to realize the effect of this parameter. 

As shown before [12], the thickness of tube in the middle of bottleneck region of a TCP die shall 

increase to save the cross section area of tube in order to prevent thinning of tube after the process. 

Therefore, Drdie and Drmandrel are different from each other and reasonably, Ldie and Lmandrel shall be also 

different. Consequently, two different scenarios can be considered for calculation of Lmandrel. In the first 

scenario, the Lmandrel is calculated by considering the geometry of ECAP at first shear stage of TCP as 

presented in line 1 of Fig. 2b.  In contrast, the second scenario considers the geometry of ECAP at second 

shear stage of TCP as presented in line 2 of Fig. 2b. Considering the first scenario, Ldie and Lmandrel can be 

related as below:  

8 8 ὸ  ὧέὸ 
                                                                                     

(1) 

where ttube is the initial thickness of tube and Xdie and Xmandrel can be calculated as:  

8 DÒ ÃÏÔ “                                                                                                                        (2) 

8 DÒ ÃÏÔ “                                                                                                           (3)                                                                                                          

On the other hand, considering the second scenario, one may associate Lmandrel to Ldie as below: 

ὸ  ὧέὸ                                                                                                                  (4)                              

where tbott is the thickness of tube in the middle of bottleneck region which can be related to ttube as below: 

ὸ ὸ DÒ  DÒ                                                                                                                     (5)                                                                                                                                                   

Substituting different parameters of Eqs. (1) to (5) according to what mentioned in two previous 

paragraphs, it is clear that the first scenario considers Lmandrel about 0.5 mm smaller than Ldie while the 

second one calculates it about 2.2 mm greater than Ldie. Thus, outputs of two different scenarios for 

calculation of Lmandrel contradict each other. Regarding so, the optimization of geometry of TCP is divided 

in two steps: (a) optimization of Ldie (b) optimization of Lmandrel and R. During the first step, Lmandrel is 

constantly considered as the average of two mentioned scenarios (about 0.9 mm greater than Ldie) to 

investigate the effect of Ldie on the deformation behavior of tube through TCP. Once this step is finished, 

the effect of Lmandrel and R on deformation behavior of tube through TCP is investigated for optimization of 

these parameters. In this step, four different amounts of 0, 0.9, 1.9 and 2.9 mm are considered for Lmandrel. 

3. Simulation and Validation Procedure 

Deformation behaviors of aluminum 6061-O alloy tube through TCP process by different geometrical 

parameters are simulated by Abaqus 6.13 software using a 2D axisymmetric dynamic explicit FEM model 

based on Lagrangian formulation. The Lagrangian adaptive meshing method is applied on the specimen to 

decrease its mesh distortion through automatic aspect ratio improvement performed by software. Voce 

relation is used for extrapolation of flow stress vs. plastic strain curve since this relation can accurately 

predict this curve for aluminum alloys subjected to extensive plastic strain [21-22]. Die and mandrel are 

meshed by the CAX3 and CAX4R elements which respectively consist of 3 and 4 nodes. The mesh size 

for these parts is 7 mm for surfaces which have no contact with the specimen, 2 mm for surfaces which 

have contacts with specimen out of the bottleneck region and 0.5 mm for surfaces which have contact with 

specimen inside of the bottleneck region. The tube is meshed using 0.5×0.5 mm CAX4R elements. To 

investigate the mesh sensitivity of applied simulations, one simulation was carried out by halved sized 

meshes.  Results of this simulation have shown a negligible difference in comparing the results of its 
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typical size meshed counterpart. For example, the difference in the calculated equivalent plastic strain was 

less than 5%. The capabilities of the applied simulation procedure to predict both strain distribution and 

deformation load have been verified by experiments in previous works [9, 12]. 

Since extensive plastic strain is imposed during TCP process, the risk of rupture during this process 

should be considered. For this purpose, an accumulative damage criterion can be applied to evaluate the 

onset of rupture as below [22]:  

᷿ ρ                                                                                                                                                    (6)                                                                                                                                                      

where ʀ– is the rupture strain as a function of ɖ, Ὠ  is the differential of plastic strain and ɖ is the stress 

triaxiality defined as below: 

–
 

                                                                                                                                                           (7) 

Here, „  is the average of normal stresses (negative of the hydrostatic pressure) and  „ is the von-Misses 

equivalent stress. As shown before [22-24], the – can be generalized as below:  

–

ừ
Ử
Ừ

Ử
ứ                                   – π

ὧ ὧ ὧ        π – –

ὧ                                             – –

                                                                                                 (8) 

Here, –, ὧ and ὧ  are material constants which have been respectively calculated as 0.39, 0.74 and 1.26 

for aluminum 6061-O alloy by Kacem et al. [22].  

To verify simulated occurrence of rupture by experiments, the aluminum 6061-O tube is processed by 

different passes of conventional TCP using strain rate of 0.01 S
-1
 and then, it is visually inspected to detect 

probable macroscopic cracks. Afterwards, the results of visual inspections of processed tube are compared 

by results of simulations for accumulated damage through TCP to realize the accuracy of applied 

simulation procedure for prediction of rupture.  

 

4. Results and Discussion 

Figure 3 shows the deformation behavior of tube using conventional geometry of TCP. As shown in Fig. 

3a, the TCP processed tube can be divided to three different regions: an ñunsteady-stateò deformed region, 

a ñsteady-state deformed regionò and a region ñremained in bottleneckò after the process. At the beginning 

of process, the unsteady-state deformed region appears in which the tube wall can freely pass through the 

bottleneck zone with little frictional contact with die and mandrel surfaces which results in a limited 

hydrostatic pressure on tube during deformation. In addition, the amount of imposed strain is relatively 

low and distribution of strain is almost heterogeneous in this unsteady-state deformed region in 

comparison to its upper counterpart since the tube wall doesnôt correctly follow its route between die and 

mandrel. Therefore, the unsteady-state deformed region shall be considered as a wasted section. After the 

unsteady-state deformed region, the steady-state deformed region appears in which the tube wall is almost 

in full contact of die and mandrel surfaces during deformation which causes an impressive increase of 

deformation load and hydrostatic pressure on tube. In addition, a remarkable and relatively homogenous 

strain is imposed on tube wall in this region. The uppermost region is the one remained in bottleneck zone 

after the process and doesnôt completely complete the process. As can be seen, the imposed strain on this 

region is relatively low and therefore, this region shall be considered as a wasted section. It is also notable 

that since the next pass of TCP is imposed from the bottom of tube to upward, the unsteady-state 

deformed region and the remained region in bottleneck nearly replace each other in the next pass which 

means limited involvement of these regions in the process. Considering these explanations, it is clear that 
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the only usable section of a TCPed tube is the steady-state deformed region whereas a considerable plastic 

strain is imposed almost homogeneously. Fig. 3b presents the distribution of normal stress in cylindrical 

direction of tube (ůzz) through TCP process. As can be seen, the distribution of stress is almost smooth 

which implies the stability of simulation results.  In addition, a remarkable residual stress after the TCP 

process can be observed in both sides of tube which is attributed to heterogeneity of strain distribution.  

         
Fig. 3. Deformation behavior of tube using conventional geometry of TCP: (a) Distribution of imposed 

 plastic strain and illustration of three differently deformed regions and (b) Distribution of  

normal stress in cylindrical direction (ůzz) in tube during deformation. 

Figure 4 compares the distribution of accumulated damage and rupture of tubes processed by one to 

four passes of TCP using the conventional geometry. As shown here, the accumulated damage on tube is 

more considerable in unsteady-state deformed region after one pass of TCP in comparison with other 

regions. This is due to imposing lower frictional pressure on this region through TCP as mentioned before. 

Nevertheless, the accumulated damages on uppermost and bottom of tube do not increase rapidly by 

imposing TCP passes since these regions are not completely involved in TCP as mentioned before.  In 

addition, the amount of accumulated damage after one pass of TCP is significantly less than the criterion 

of 1 as shown in Fig. 4a which illustrates negligible risk of rupture. Correspondingly, no macroscopic 

crack is traced after one pass of TCP by experiments. As shown in Fig. 4b and c, the accumulated damage 

after two and three passes of TCP is also less than the criterion of 1 and comparatively, no macroscopic 

crack is experimentally observed after these passes. Despite this, the accumulated damage crosses the 

criterion of 1 after four passes of TCP, both in inner side and outer side of tube as shown in Fig. 4 (d). 

This implies probable occurrence of rupture in these areas of tube which is experimentally observed as 

illustrated in Fig. 4e and f. Comparing these results, it can be demonstrated that the applied simulation 

method can successfully predict the rupture of tube subjected to TCP.  
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Fig. 4. Distribution of accumulated damage after: (a) 1 pass, (b) 2 passes, (c) 3 passes and (d) 4 passes  

of the conventional TCP.  Rupture of tube after four passes of the conventional TCP: 

 (e) inner side of tube and (f) outer side of tube. 

Figure 5 compares the effect of Ldie on the distribution of plastic strain in specimen processed using 

the new geometry of TCP. As can be seen, the length of the unsteady-state deformed region increases by 

increase of Ldie. As an illustration, the die/mandrel sets designed by Ldie of zero result in impressive 

smaller unsteady-state deformed regions. In addition, increase of Ldie intensifies the damage accumulated 

in tube through the process as shown in Fig. 6. This is due to less hydrostatic pressure on tube during 

deformation caused by little frictional contacts between the tube and die/mandrel. When Ldie is greater 

than 0 mm, the tube can freely pass through region III shown in Fig. 2b at initiation of the process which 

results in longer unsteady-state deformed region as well as less frictional contact between die/mandrel and 

tube. Besides this, increase of Ldie results in increase of wasted material remained in the bottleneck zone 

after the process. Considering these explanations, it can be inferred that adoption of Ldie equal to zero 

causes an impressive decrease in risk of rupture of tube and waste of material during the process. 

Therefore, the Ldie has considered as 0 mm in forthcoming steps of this work.  
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Fig. 5. The effect of Ldie on distribution of equivalent plastic strain through TCP for die/mandrel sets  

designed by curvature radius (R) of: (a) 0.2 mm, (b) 1 mm, (c) 2.5 mm and (d) 5 mm. 

 
Fig. 6. The effect of Ldie on accumulation of damage through TCP for die/mandrel sets designed  

by curvature radius (R) of: (a) 0.2 mm, (b) 1 mm, (c) 2.5 mm and (d) 5 mm. 
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Figure 7 compares the accumulated damage on tube through TCP using die/mandrel sets designed by 

Ldie of zero and different R and Lmandrel. As can be seen, the amount of damage accumulated in the steady-

state deformed region of tube extensively decreases by increase of Lmandrel. In addition, there is a critical 

Lmandrel for each curvature radius in which the accumulated damage extensively falls. For example, when 

curvature radius of 2.5 mm is used, the accumulated damage in steady-state deformed region falls after the 

increase of Lmandrel to 1.9 mm. Reasonably, this critical Lmandrel can be selected as the minimum of this 

parameter in design of die/mandrel set. It is also notable that increase of Lmandrel causes more contact 

between tube and die/mandrel surfaces which is discussed later. Therefore, more resistant frictional force 

occurs between these surfaces. This causes increase of hydrostatic pressure on tube wall which decreases 

the imposed damage through TCP. Besides this, the overall accumulated damage on tube generally 

decreases by increase of R as shown in Fig. 7. Despite this, the maximum imposed damage may increase 

by increase of R. For instance, when Lmandrel of 0 mm is used, the maximum accumulated damage 

remarkably increases by increase of R from 2.5 to 5 mm. Since the maximum accumulated damage must 

be considered as the criterion for rupture prediction, the effect of R and Lmandrel on this parameter is 

discussed later. 

 
Fig. 7. The effect of Lmandrel on accumulation of damage through TCP using Ldie of zero and  

curvature radius (R) of: (a) 0.2 mm, (b) 1 mm (c) 2.5 mm and (d) 5 mm. 

As shown in Fig. 8a to d, the decrease of R increases the imposed plastic strain. In addition, the 

increase of R generally increases the heterogeneity of imposed strain. However, this general trend has 

some exceptions. As an illustration, when Lmandrel of 0 mm is used for die/mandrel set design, the 

heterogeneity of imposed strain decreases by increase of R from 0.2 to 1 mm. Besides this, it is notable 

that applying of small Lmandrel combined with small R for TCP may result in deviated shapes of tube after 

the process. For example, the thinning and earing of tube wall may occur through processing by 

die/mandrel sets designed using small Lmandrel combined with small R as shown in Fig. 8a and b. These 
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deviated shapes of TCP processed tubes consequences experimental difficulties in further passes of the 

process and therefore, these designs cannot be considered as approvable. As shown in Fig. 9, when small 

Lmandrel combined with small R are used, the distance between consequent shear stages of tube wall during 

the process is very low which results in incorrect route of tube wall through the bottleneck zone and 

therefore, increases strain heterogeneity and deviates shape of TCP processed tube. It is also notable that 

the bottleneck zone is filled more completely by tube wall when R/Lmandrel increases since the greater 

R/Lmandrel allows tube wall to manipulate its path due to longer distance between shear stages of TCP. This 

causes more long frictional contacts between die/mandrel and tube surfaces which decrease the imposed 

damage as mentioned previously.  Besides this, increase of Lmandrel decreases the heterogeneity of strain 

when R=0.2-2.5 mm are used as can be seen in Fig. 8 attributed to increase of distance between shear 

stages of TCP.  Despite this, the heterogeneity of strain increases by the increase of Lmandrel when R=5 mm 

is used which implies that the distance between shear stages of TCP has crossed its optimum amount. 

 
Fig. 8. The effect of Lmandrel on distribution of plastic strain through TCP using Ldie of zero and  

curvature radius (R) of: (a) 0.2 mm, (b) 1 mm (c) 2.5 mm and (d) 5 mm. 

 
Fig. 9. Deformation steps of tube in a die/mandrel designed using Ldie of 0 mm, Lmandrel  

of 0.9 mm and curvature radius (R) of 0.2 mm. 


