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Abstract 
In this study, hydrostatic cyclic extrusion compression (HTCEC) is introduced as a novel severe plastic deformation technique 
for producing the relatively long and large ultrafine grained (UFG) and nano-grained tubes. In HTCEC technique, the utiliza-
tion of pressurized hydraulic fluid between the piece and the die leads to the reduction of the friction force and the required 
processing load. All of these conditions facilitate the processing of the long and large tubes. Also, during HTCEC process, 
a movable mandrel is placed inside the hollow tube, which plays a main role in the reduction of the required hydrostatic 
pressure. To investigate the efficiencies of HTCEC process, aluminum 5052 alloy tubes were processed by HTCEC up to 
two passes. Then, the mechanical properties and microstructure evolution were examined. After the first pass of HTCEC, 
tangled and diffused arrangements of dislocations were formed. Then, the second pass of HTCEC resulted in a more refined 
and more homogeneous UFG microstructure with an average subgrain size of 636 nm, while the average grain size of the 
initial sample was ~ 360 μm. Tensile tests and hardness measurements revealed that two passes of HTCEC led to an increase 
in the yield strength from 98 MPa to 254 MPa (~ 2.6 times higher), the ultimate strength from 178 MPa to 306 MPa (~ 1.72 
times higher) and the microhardness from ~ 56 to ~ 120 Hv (~ 2.14 times higher). Simultaneously, a decrease in the elonga-
tion to failure from 31.6 to 15.4% was observed, which is a small amount compared to the results of other studies. Also, in 
comparison to one-pass, a more homogeneous microhardness distribution through the thickness was detected in the two-pass 
processed tube. Fractography evaluations by SEM indicated that predominantly ductile fracture occurred in all samples. 
Furthermore, the equivalent strain and the pressing load of HTCEC process was evaluated by FEM simulation. It seems that 
HTCEC process, by utilizing its potentials, can produce the relatively long and large UFG tubes having a simultaneous high 
strength and good ductility.

Keywords Severe plastic deformation · Commercially pure aluminum tube · HTCEC process · Grain refinement · 
Mechanical properties · Ductility

Todays, one of the high-efficiency methods for fabricating 
ultrafine grained (UFG) and nano-grained (NG) materials 
which possess superior mechanical properties, are severe 
plastic deformation (SPD) methods. In SPD processes, 
an intense plastic strain is applied on the material causing 
significant grain refinement, and consequently significant 
improvement of mechanical properties [1]. Some well-
known SPD processes used for processing bulk materials 

are such as: equal channel angular pressing (ECAP) [2], 
high-pressure torsion (HPT) [3], cyclic extrusion compres-
sion (CEC) [4], cyclic expansion extrusion (CEE) [5], cyclic 
extrusion channel angular pressing (CECAP) [6] and accu-
mulative roll bonding (ARB) [7]. Some SPD processes such 
as thinwalled open channel angular pressing (TWOCAP) is 
developed for U-type cross-sectional shape beams. Moreo-
ver, several SPD processes devised for tubular components 
are such as: tube channel pressing (TCP) [8], tubular channel 
angular pressing (TCAP) [9, 10], parallel tubular channel 
angular pressing (PTCAP) [11–14], tube cyclic extrusion 
compression (TCEC) [15], tube cyclic expansion-extrusion 
(TCEE) [16], high pressure tube twisting (HPTT) [17] and 
accumulative spin bonding (ASB) [18]. In TCEC process 
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of Ref. [15], the initial tube is constrained between chamber 
and mandrel with a large diameter zone, and also between 
two end caps. By pressing the mandrel downward, the 
material of the enclosed tube passes through the neck zone 
between chamber and mandrel. In this condition, the tube is 
extruded. After that, the expansion of the pre-extruded mate-
rial takes place because the material flow is constrained in 
the die. Thus, TCEC process is a cyclic process in which the 
material experiences both state of extrusion and expansion. 
In summary, in TCEC process, tube is kept fixed from out-
side, but mandrel with a large diameter zone can be moved 
inside the tube by one hydraulic jack. In HTCEC process 
introduced in this work, the die design is completely differ-
ent from that of TCEC process. In HTCEC process, hydrau-
lic fluid is used between the tube and die to eliminate con-
tact friction. Also, unlike TCEC process, a second hydraulic 
jack is used in HTCEC process which provides adjustable 
back-pressure.

The main limitation for industrial use of conventional 
SPD methods such as TCEC is their inability to produce the 
large and long pieces because in these methods, the further 
increment of the length and diameter of the piece leads to 
an intense enhancement of the contact friction between the 
die and piece, and consequently causes a drastic increase in 
the required pressing load. In this situation, the buckling or 
failure of the pressing punch may occur, which is a so dan-
gerous happening. Thus, to dissolve this problem and also to 
produce the large and long ultrafine grained pieces in SPD 
methods, the contact friction between the die and piece must 
be reduced. To achieve this goal, several metal forming tech-
niques have been devised: including, hydrostatic backward 
extrusion [19], hydrostatic extrusion (HE) [20] and hydro-
static radial forward tube extrusion (HRFTE) [21]. But, the 
main limitations of these techniques are: first, unlike the 
SPD methods, the final geometrical dimensions of the pro-
cessed piece is changed in comparison with the initial condi-
tion. Second, unlike the SPD methods, these techniques are 
unable to apply higher plastic strains to the piece through 
applying further passes of the process without any changes 
in the final dimensions of the piece. However, hydrostatic 
cyclic expansion extrusion (HCEE) [22, 23] and hydrostatic 
cyclic expansion compression (HCEC) [24] are newly intro-
duced as SPD methods to fabricate long length bulk (rod-
shaped) ultrafine grained materials. But, there is still no an 
efficient SPD method for producing long ultrafine grained 
tubular-shaped materials, except hydrostatic tube cyclic 
expansion extrusion (HTCEE) method, which is recently 
invented by Savarabadi et al. [1]. In HTCEE process, there 
is nearly no friction between the die and tube which facili-
tates the production of long UFG tubes. Savarabadi et al. 
[1] observed that after performing two passes of HTCEE 
process on commercially pure copper tubes, a significant 
grain refinement occurred and a UFG microstructure with an 

average grain size of ~ 127 nm was formed, while this value 
was ~ 50 μm for the unprocessed annealed sample. Also, 
the yield strength, ultimate strength and microhardness was 
enhanced from 75 MPa, 207 MPa and 59 Hv to 310 MPa, 
386 MPa and 143 Hv, respectively. In all SPD methods, the 
equivalent plastic strain, the shear strain and hydrostatic 
compressive stress play main roles in grain refinement. 
A more equivalent plastic strain and shear strain result in 
more grain refinement, and consequently more mechanical 
properties improvement. Hydrostatic compressive stress, by 
enhancing the workability to achieve higher plastic strains 
before occurring the cracks initiation and propagation, 
causes a high ductility. Indeed, hydrostatic compressive 
stresses postpone both stages of crack initiation and crack 
growth, and also close the cracks and cavities, and prevent 
the growth of them. Thus, this causes a higher ductility [21, 
25, 26]. In this study, hydrostatic cyclic extrusion com-
pression (HTCEC) is introduced as a novel severe plastic 
deformation method for fabricating the relatively long and 
large ultrafine grained and nano-grained tubes. In HTCEC 
process, because of the utilization of pressurized hydraulic 
fluid between the tube and die, there is nearly no contact 
friction. This leads to a significant reduction in processing 
load. Also, the use of movable mandrel placed inside the 
hollow tube during HTCEC process results in the reduction 
of the processing hydrostatic pressure. In summary, simul-
taneous use of the hydraulic fluid and the movable mandrel 
in HTCEC process facilitates the processing of long and 
large tubes. Furthermore, unlike HTCEE process [1], a back-
pressure system is used in HTCEC process which leads to a 
significant increase in the amount of hydrostatic compres-
sive stresses; This is the main advantage of HTCEC pro-
cess over HTCEE process. Higher hydrostatic compressive 
stresses of HTCEC process, have important advantages such 
as: first, higher hydrostatic compressive stresses by prevent-
ing the crack formation and propagation during the process, 
facilitate severe plastic deformation of brittle materials. So, 
in comparison to HTCEE process, HTCEC process is more 
appropriate for SPD processing brittle materials. Second, in 
the presence of higher hydrostatic compressive stresses, a 
higher ductility can be achieved and also a higher number of 
passes of HTCEC process, and consequently a higher plas-
tic stain can be applied on material leading to more refined 
microstructure and superior mechanical properties.

In the present study, a novel SPD method named hydro-
static cyclic extrusion compression (HTCEC) process is 
introduced to fabricate the relatively long and large ultrafine 
grained and nano-grained tubes. To evaluate the applicabil-
ity and capability of the HTCEC process, aluminum 5052 
alloy tubes were processed by HTCEC up to two passes. 
Aluminum 5052 alloy is one of the Al-Mg alloys which is 
mostly utilized in aerospace, marine and automotive indus-
tries. This is be due to its good formability, high strength 
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to weight ratio, weldability and corrosion resistance [27]. 
After applying HTCEC, the microstructure evolution and 
mechanical properties improvement were examined. To 
detect the mechanisms of fracture of the tensile testing sam-
ples, fractography analysis was performed. Also, finite ele-
ment method (FEM) is used to investigate the plastic strain 
and pressing load of HTCEC process.

1  Principles of the HTCEC

The sequence of HTCEC process stages is illustrated in 
Fig.  1a–e. The die setup includes the die, tube, punch, 
hydraulic fluid, seal, movable mandrel, and back-pressure 
mandrel. Concerning Fig. 1a, at the start of process, the 
tube is constrained in HTCEC die using both of the mov-
able mandrel placed inside the hollow tube, and the back-
pressure mandrel utilized for applying back pressure. The 
gap between the tube and die is filled up with hydraulic fluid. 
Then, this fluid is pressurized by pressing the upper punch 
on the seal placed between the punch and fluid. Owing to the 
utilization of pressurized hydraulic fluid between the tube 
and the die, there is almost no contact friction in this area [1, 

22]. This causes a significant reduction in the required press-
ing load, which facilitates the processing of the long and 
large tubes. So, HTCEC process has the potential to produce 
relatively long and large tubes. As seen in Fig. 1, during 
HTCEC, a movable mandrel is put into the tube, which plays 
an important role in the reduction of the required hydro-
static pressure. According to Fig. 1b, in the second stage of 
HTCEC process, the tube is extruded into the deformation 
zone until the material reaches the back-pressure mandrel 
which is kept fixed by the lower punch. By continuing extru-
sion, the material is expanded and then, it fills the hollow 
region of the deformation zone because of the back pres-
sure role of the back-pressure mandrel. In the third stage, as 
shown in Fig. 1c, the hydraulic fluid is poured into the outlet 
channel of die. Then, another seal similar to the upper seal 
is placed in the outlet channel of die. The hydraulic fluid is 
pressurized by pressing the lower punch on the lower seal. 
The back pressure, which is applied by the lower punch, is 
supplied via another adjustable hydraulic jack system. In the 
next stage, the movable mandrel and the back-pressure man-
drel move together with the tube during the process. As is 
obvious in Fig. 1d, to continue the process, the upper punch 
moves downward in the inlet channel. At the same time, 
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Fig. 1  Schematic of HTCEC process; a at the start of the process, b the stage of extrusion followed by expansion in the deformation zone, c the 
utilization of hydraulic fluid and seal in the outlet channel, d during the process, and e the die parameters
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the lower punch is reversed to let the material flow into the 
outlet channel, and also to keep the strained material in the 
expanded form. In fact, during HTCEC process, by press-
ing the upper punch, the lower punch plays a role of back 
pressure, and leads to continuous expansion of the tube in 
the deformation zone. So, the dimensions of produced tube 
in the outlet channel is the same dimensions of the tube in 
the inlet channel. In other words, HTCEC process does not 
change the final dimensions of the produced tube compared 
to those of the initial unprocessed tube. After this stage, 
one pass of HTCEC process is completed. To perform the 
second pass of HTCEC, it is enough that the lower punch 
moves upward in the outlet channel, but this time the upper 
punch plays the role of back pressure. Subsequent passes of 
HTCEC can be performed by repeating this cycle to apply 
an unlimited plastic strain to the material. Another advan-
tage of HTCEC process is that for applying further passes 
of process, there is no requirement for expelling the tube 
from the die. The total accumulative equivalent strain of the 
HTCEC process ( �HTCEC ) can be calculated from Eq. (1) [15, 
16], where N is the number of passes, φ is the include angle 
(φ ~ 155°). The parameters of Eq. (1) are obvious in Fig. 1e. 
From Eq. (1), the value of �HTCEC for the first and second 
pass of HTCEC are ~ 2.15 and ~ 4.3,respectively.

 

2  Experimental and FEM Procedures

In this study, tubes of aluminum 5052 alloy with a chemi-
cal composition mentioned in Table 1, were processed by 
HTCEC process through two passes at room temperature. 
Tubes with a length of 100 mm and an outer diameter of 20 
mm, and a thickness of 2.5 mm were prepared by machining. 
The annealing was carried out by subjecting the samples to 
a temperature of 500 °C for 1 h, then cooling in air [28]. 
The HTCEC die and its parts (Fig. 1a) were manufactured 
from hot-worked tool steel and hardened to ~ 55 HRC. The 
values of the die parameters indicated in Fig. 1e are as fol-
lowsr = 7.5mm,R = 10mm, r

e
= 9mm, L = 7mmand� = 45◦. 

The HTCEC equipment, the die and its components are 
illustrated in Fig. 2. The pictures of unprocessed tube and 
the HTCEC processed tubes are indicated in Fig. 3. In this 
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process, hydraulic oil was used as a pressurized fluid. Also, 
the channels of die are sealed using pieces of polytetrafluor-
oethylene (PTFE) with a diameter a bit larger than chan-
nels one. The PTFE pieces are squeezed in the channels to 
prevent the hydraulic fluid from leaking. A hydraulic press 
machine and a hydraulic jack system are used for applying 
pressure and back pressure to the material, respectively. The 
process was done at a ram speed of about 5 mm/min. Tensile 
properties, such as strength and ductility, of the unprocessed 
and the HTCEC processed tubes were evaluated using the 
tensile tests at room temperature at a strain rate of  10−3  s−1. 
The tensile testing samples with a gauge length of 6 mm, a 
gauge width of 3 mm and a thickness of 2.5 mm were pre-
pared along the tube axis by wire EDM machining. After 
tensile testing, to determine the mechanisms of fracture, field 
emission scanning electron microscopy (FESEM) model FEI 
Nova NanoSEM 450 was employed at a voltage of 10–15 
kV. Microhardness of the tubes was evaluated at a cross sec-
tion perpendicular to the tube axis using Wolpert testing 
machine type V-Testor 2 at a load of 100 g and a stop time 
of 10 s. General standard metallography and optical micros-
copy (OM) were utilized to study the microstructure of the 
tubes. Modified Poulton’s reagent was used for etching the 
polished specimens to obtain the OM microstructure [29]. 
The OM evaluations were done in the cross section per-
pendicular to the tube axis. Also, the microstructure of the 
HTCEC processed tubes were scrutinized by transmission 
electron microscopy (TEM). For TEM characterization, the 
disc shaped samples were punched from the regions near the 
outer surface of tubes. Then, electro-polishing in a solution 
of 33% nitric acid and 67% methanol as an etchant was done 
to provide the specimens for TEM studies. Finally, TEM 
images are taken by transmission electron microscope model 
FEI Tecnai G2 F20 operating at 200 kV. The finite element 
(FEM) simulation of HTCEC process were employed using 
Abaqus/Explicit software to study the deformation behavior, 
equivalent plastic strain, and required pressing load. The 
process was simulated in the form of a 2D axisymmetric 
model, and the whole of the tube model was meshed using 
a number of 1000 of CAX4R linear quadrilateral elements 
with 1206 nodes. The edge length of the used square ele-
ments was 0.5 mm. The tube was modeled as a deformable 
piece, and the components of the die were modeled as rigid 
bodies. In the simulation, the geometrical dimensions of 
the tube and die components and also the mechanical prop-
erties of the tube were considered as the same as the real 
values. Adaptive meshing method, which is an automatic 

Table 1  Chemical composition 
of the AA5052 alloy used in 
this study (wt%)

Specimens Elements

AL Mg Fe Si Mn Cr Cu Zn

AA5052 alloy Base 2.48 0.26 0.14 0.10 0.18 0.01 Trace
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remeshing technique, was utilized to adapt the larger plas-
tic strains and also to enhance the accuracy of the results 

[21]. In deformation zone, where there is a physical contact 
between the tube and die, the Coulomb friction coefficient 
was considered to be 0.05 [21]. But, the contact between 
the channels of die and the tube is considered frictionless 
because of the presence of pressurized hydraulic fluid in 
these areas [1, 22].  

3  Results and Discussion

3.1  Microstructure Evolution

Figure 4 shows the OM microstructure of the unprocessed 
tube in the center of the tube thickness in the cross section 
perpendicular to the tube axis. As shown, the initial micro-
structure contains nearly equiaxed coarse grains with an 
average grain size of ~ 360 μm. The impurity phase particles 
are also obvious on the grains. Figure 5 indicates the TEM 
microstructure of the tube after the first and second pass of 
HTCEC process. As seen, after the first pass of HTCEC, 

Fig. 2  The HTCEC process equipment, the HTCEC die and its components

Fig. 3  The pictures of the unprocessed tube and the HTCEC pro-
cessed tubes



1730 Metals and Materials International (2022) 28:1725–1740

1 3

a b

Fig. 4  The OM microstructure of the unprocessed at two magnifications a, b 
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tangled and diffused arrangements of dislocations (marked 
as A) are formed, and the grain size is exceedingly reduced 
and ultrafine cells are created. In other words, intense plastic 
straining, mostly due to consecutive shear straining during 
HTCEC process, causes the significant enhancement of dis-
location density and formation of severely tangled disloca-
tion structures (marked as A). From Fig. 5b, by applying 
more strain to material through performing two passes of 
HTCEC, dislocations are rearranged into low angle grain 
boundaries (LAGBs), and subsequently into dislocation 
cells, to reduce the strain energy and form boundaries of the 
cells. Thus, a cellular structure (marked as B) is appeared 
in which the cell boundaries are chiefly formed from dis-
locations in the tangled configuration or a high density of 
disordered dislocation clusters (marked as C). In this con-
dition, it was reported that compared to the cells interiors, 
a higher density of dislocations can exist at the cells/sub-
grains boundaries [30, 31]. The dislocation cells are low 
energy structures which are typically appeared during the 
plastic deformation of metals with medium to high stacking 
fault energy [32]. Concerning Fig. 5b, In comparison to the 
microstructure of the unprocessed tube (Fig. 4) and that of 
the one-pass HTCEC processed tube as shown in Fig. 5a, a 
more refined, more homogeneous and more equiaxed sub-
micrometer ultra-fine cell/subgrain microstructure with an 
average size of ~ 636 nm is formed in the two-pass HTCEC 
processed tube. The histogram of the cell size distribution of 
the two-pass tube are illustrated in Fig. 5c. In general, ultra-
fine cells/subgrains (marked as B) divided by dislocations 
tangles and clusters (marked as C) are obvious in Fig. 5b. 
But, because of the presence of many disordered tangled 
dislocations (marked as A) within the microstructure of the 
one-pass tube, see Fig. 5a, such a cell structure of the two-
pass tube are not well developed. In fact, Fig. 5a contains 
many small subgrains with poorly defined boundaries. By 
increasing the imposed plastic strain, tangled dislocations 
can move to the subgrains boundaries or can form new 
boundaries to create small subgrains from large ones [33]. 
In other words, at low strains, tangled and diffused arrays 
of dislocations are formed, and by increasing strain, the 
majority of dislocations create the boundaries of subgrains 
or cells, as reported in other studies such as Ref. [34]. In 
this condition, by increasing strain, a higher density of dis-
locations will accumulate at the subgrains boundaries, and 
high-angle grain boundaries (HAGBs) will be developed. 
The higher number of SPD passes can lead to the reduction 
of dislocations density in the grain interiors. This can be as 
a result of: (a) dynamic recovery causing a balance between 
the creation and annihilation of dislocations; and (b) dis-
locations movement from subgrains interior to their exist-
ing boundaries to create grains [33, 35, 36]. Also, accord-
ing to Fig. 5, the finer second phase particles are obvious 
within the Al-matrix. In fact, under the effect of shear strain 

induced by SPD processes, the initial phase particles of the 
annealed alloy can be broken to smaller sizes. These finer 
particles have an important role in controlling the mechani-
cal properties of the material because of promoting disloca-
tion accumulation through pinning of dislocations. The fine 
precipitates are indicated by red arrows in Fig. 5b. During 
SPD processing of metals and alloys, three parameters of 
equivalent plastic strain, shear strain and hydrostatic com-
pressive stress play main roles in the occurrence of grain 
refinement. In this way, further equivalent plastic strain 
and shear strain causes more grain refinement. Concern-
ing Fig. 5, by applying subsequent passes of SPD process, 
and consequently applying further shear strain to the mate-
rial, the level of grain refinement and the homogeneity of 
microstructure can be enhanced, as also seen in Refs. [1, 
2, 11, 12], and a higher density of dislocations is produced 
[37–40]. Also, it is observed that further SPD passes can 
lead to a more equiaxed ultra-fine grains [41–45].

From this study and previous related studies, the grain 
refinement of aluminum 5052 alloy subjected to HTCEC is 
postulated as follows: At the early stages of applying SPD 
methods, the density of dislocations increases and then, the 
dislocations start to interact with each other and form the 
dislocation tangles and the arrangements of dislocations 
inside the primary large grains. This leads to the formation 
of dislocation cells which are an intragranular structures with 
low angle misorientation and boundaries [33, 35, 46]. So, a 
microstructure with two regions of low and high density of 
dislocations is formed. With increased straining, the disloca-
tions density increases and the cell size becomes finer [47, 
48]. By continuing the deformation, a high number of dis-
locations are accumulated in the cell walls, which can lead 
to the generation of subgrains with low angle boundaries 
[47]. The continuation of process results in the increment of 
the number of subgrains. When the material passes through 
the shearing zones of the die, particularly during a higher 
number of passes, the subgrains experience rotations rela-
tive to each other, the increment of misorientation due to the 
increased density of dislocations in the subgrain boundaries, 
and the grain fragmentation [33, 49, 50]. In fact, because of 
this misorientation phenomenon, low angle boundaries are 
gradually converted into the high angle ones, leading to the 
creation of arrays of ultrafine grains separated by high-angle 
grain boundaries. In this way, an ultrafine-grained (UFG) 
microstructure is formed after SPD process. By contrast, 
this microstructure evolution cannot be achieved in most 
conventional metal forming techniques because of their 
natural limit for applying higher total plastic strains [51]. 
From previous studies [52–55] it is found that by increas-
ing the number of passes of SPD processes, the fraction of 
high angle grain boundaries is increased. This is caused by 
the increment of subgrains rotation due to the accumulated 
strain, the increment of subgrains misorientation due to the 
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absorption of dislocations at boundaries, and also the influ-
ence of shear strains [15, 55, 56]. Also, at higher number 
of SPD passes, coarse cells are subdivided to the equiaxed 
smaller ones having well-defined and sharp boundaries.

3.2  Mechanical Properties

Figure  6 shows the room temperature engineering 
stress–strain curves of the unprocessed tube, the one-pass, 
and two-pass HTCEC processed tubes. The important tensile 
properties obtained from Fig. 6a is represented in Fig. 6b. 
As seen in Fig. 6, after applying the first pass of HTCEC, 
the yield strength, ultimate strength, uniform elongation and 
elongation to failure have reached to 206 MPa, 252 MPa, 
10.4, and 19.4%, respectively while these values for the 
unprocessed tube are 98 MPa, 178 MPa, 23.2%, and 31.6%, 
respectively. The enhancement of strength after applying 
SPD processes is a common phenomenon which was also 
reported in numerous studies such as Refs. [1, 2, 11, 12]. 
Concerning Fig. 6, two passes of HTCEC leads to further 
enhancement of strength. In this observation, the yield 
strength, ultimate strength, uniform elongation and elon-
gation to failure of the two-pass tube have reached to 254 
MPa, 306 MPa, 8.8, and 15.4%, respectively. The enhance-
ment of strength after applying HTCEC process can be as 
a result of: (a) strain hardening: during the initial passes of 
process, a higher density of dislocations is produced, which 
results in a significant strain hardening. This is a main reason 
for increasing strength and decreasing elongation in initial 
passes. (b) Grain boundary strengthening: as mentioned 
earlier, by continuing SPD process, particularly in higher 
number of passes, the gradual reduction of the grains size 
and the formation of nanostructured subgrains and ultrafine 
grains takes place, which leads to significant increment of 
the strength [48]. It is because that the grain boundaries play 
a role of an obstacle on the path of dislocations movement, 

causing the enhancement of the material resistance to defor-
mation and consequently, the enhancement of strength [57]. 
Also, Hall–Petch equation for strength demonstrates that by 
reducing the material grain size, strength increases [58]; 
and (c) Particle strengthening: as seen in Fig. 5, the strain 
imposed by HTCEC process can cause breaking impurity 
phase particles, and consequently the formation of more 
finer and more homogenous particles which prevent the 
dislocation movement. So, this leads to the enhancement 
of the material strength. Concerning Fig. 6, during tensile 
tests, a lower strain hardening are observed in the stress-
strain curves of the HTCEC processed tubes compared to 
that of the unprocessed tube. This is one of the remarkable 
features of the deformation behavior of UFG materials [59]. 
The reason for this observation can be the absorption of dis-
locations into the grain boundaries, as an effective recovery 
process [54].

For the two-pass HTCEC processed tube (Fig. 6), an 
increased strength is achieved without a considerable ductil-
ity drop compared to the ductility value of the one-pass tube. 
This is be due to the formation of a more refined and more 
homogeneous microstructure with nearly equiaxed grains 
and a higher fraction of high-angle grain boundaries. The 
comparisons of the elongation to failure, ultimate tensile 
strength, uniform elongation and hardness of the HTCEC 
processed tubes with the results of other studies performed 
on 5052 Al alloy, such as: 2, 4 and 6 passes Equal channel 
angular pressing (ECAP) [27], 1 and 2 passes Constrained 
groove pressing (CGP) [30], 1 and 2 passes CGP [60], 2, 
4 and 6 passes ECAP [28, 61], 90% Cryo groove rolling 
followed by Warm rolling (CGW) [29], 33 and 87% Cold 
Rolling (CR) [62], 4 passes Differential speed rolling (DSR) 
[31], 5 passes Accumulative roll bonding (ARB) [63], and 
4 and 8 passes ECAP [64], are illustrated in Fig. 7. As seen, 
in comparison to other processes, the HTCEC processed 
tubes possess considerably higher values of the elongation 
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to failure and uniform elongation beside high values of the 
ultimate tensile strength and hardness (especialy the two-
pass HTCEC processed sample). Thus, the HTCEC process 
has the potential to produce the tubes with simultaneous 
high strength and good ductility. This feature is one of the 
main advantages of the HTCEC process because a combina-
tion of high strength and high ductility is very noteworthy 
for the practical and industrial applications of the material. 
The utilization of this ideal material leads to prevention of 
catastrophic failure of piece during service. This feature 
of HTCEC process is mostly attributed to the existence of 
higher hydrostatic compressive stress in HTCEC process 
(as discussed in the simulation results section). In addition 
to the equivalent plastic strain which is an important factor 
in SPD processes, the hydrostatic compressive stress and 
shear strain play main roles in producing ultrafine-grained 
and nano-grained materials [65]. Hydrostatic compressive 

stresses by delaying the crack initiation and propagation, and 
also by closing the cracks and small defects or by restricting 
their growth, lead to a better ductility [21].  

The results of Vickers microhardness measurements of 
the unprocessed tube, the one-pass, and two-pass HTCEC 
processed tubes along the tube thickness (path A–B) are 
demonstrated in Fig. 8a, and the average value of the results 
of Fig. 8a are represented in Fig. 8b. As seen, after process-
ing by HTCEC or by increasing the number of pass, the 
microhardness value is increased.

Also, the value of microhardness increases from the inner 
surface to the outer surface of the tube along the thickness. 
This trend is in agreement with the distribution of equiva-
lent plastic strain along the tube thickness represented in 
Sect. 4.4. In fact, the increment of microhardness along the 
tube thickness is related to applying higher plastic strain to 
the outer surfaces of the tube during HTCEC process. The 
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enhancement of hardness after applying SPD techniques is 
a common event which is also seen in many studies such as 
Refs. [1, 2, 11, 12]. This is related to the grain refinement, 
enhancement of the amount of grain boundaries, enhance-
ment of the density of dislocations, work hardening occurred 
during the plastic deformation, and the distribution of the 
second phase finer precipitations. Also, Hall–Petch equation 
for hardness denotes that the reduction of grain size results 
in the enhancement of hardness [66]. Concerning Fig. 8, the 
maximum value of microhardness (~ 120 Hv) is achieved for 
the two-pass HTCEC processed tube which possesses the 
most refined microstructure (as illustrated in Fig. 5), while 
the microhardness value of the unprocessed tube is only ~ 56 
Hv. Also, it is observed that after applying the first pass 
of HTCEC, the microhardness value is increased abruptly 
from 56 HV to 94 HV. The suddenly increment of strength 
after the first pass of SPD processes can be attributed to the 
fast production and accumulation of a high density of dis-
locations and consequent dislocation hardening. According 
to Fig. 8a, by increasing the number of pass, the homoge-
neity of microhardness distribution through the thickness 
is enhanced. Thus, a homogeneous properties through the 
thickness is expected in higher passes of HTCEC. This fea-
ture is another advantage of the HTCEC process. In this way, 
as seen in Fig. 8a, In comparison to one pass, two passes of 
HTCEC led to a better uniformity of microhardness. Also, 
it is observed in Fig. 8a that by increasing the number of 
HTCEC passes, hardness values tends to reach a saturation 
level. Similar saturation trend was also seen in other studies 
such as Refs. [1, 2, 11, 44, 67]. One main reason for this 
observation can be the establishment of a dynamic balance 
between the creation of dislocations and the annihilation 
related to the dynamic recovery process, at higher passes 
of SPD processes [68]. In other words, at higher number 
of passes, the role of dislocation density in strengthening 
is reduced whilst the role of the grain boundaries remains 
nearly constant. Thus, the hardness and yield stress reach a 
saturation level [54]. As mentioned before, Fig. 7b exhibits 
the comparison of the hardness of the HTCEC processed 
tubes with that of other studies. As is obvious, the HTCEC 
processed tubes, especialy the two-pass tube, possess con-
siderably high hardness values.

3.3  Fractography

The fracture surfaces of tensile specimens prepared from the 
unprocessed tube, the one-pass, and the two-pass HTCEC 
processed tubes, are shown in Fig. 9. As is obvious, the dim-
ples existed in the fracture surface of the unprocessed sam-
ple are generally equiaxed, large and deep, which is typically 
attributed to ductile fracture behaviour [33, 69]. Also, these 
features are indicative of higher formability of the unpro-
cessed tube compared to that of the HTCEC processed tubes. 

According to Fig. 9, by increasing the number of HTCEC 
passes, and consequently by applying more strain to the 
material, smaller and shallower dimples are formed. The 
appearance of small and shallow dimples after tensile testing 
of the SPD processed samples is also seen in other studies 
[1, 2, 11, 12, 67]. The decrease in the dimple size is related 
to grain refinement and work hardening happened during 
SPD process [69, 70]. Also, as it is clear from the results of 
tensile tests, further passes of HTCEC process leads to the 
enhancement of strength and the reduction of elongation. 
Thus, by increasing the number of HTCEC passes, the plas-
tic deformation is reduced, and dimples don’t have enough 
time to grow and coalescence with one another, helping to 
the formation of shallower and smaller dimples on the frac-
ture surface. According to Fig. 9, the fracture surface of the 
two-pass HTCEC processed specimen contains the small-
est and shallowest dimples among all specimens, and also 
contains a higher amount of sharp tearing edges (the white 
arrows shown in Fig. 9). This can be indicative of a com-
mon feature of ductile fracture which is mainly associated 
with the creation of many dimples and microcavities during 
the plastic deformation instead of significant growing of the 
previously formed small dimples and microcavities [71, 72]. 
Also, the existing intermetallic phases at the grain bounda-
ries, as a kind of defect, are appropriate for crack nucleation 
and propagation. It is because that these phases cut off the 
continuity of Al matrix, so they induce stress concentra-
tion and lead to micro-cracks initiation [72]. The ultra-fine 
grained (UFG) structure can hinder the crack propagation by 
blunting or delamination mechanisms [30]. Also, the homo-
geneous dispersion of the particles of intermetallic phases in 
Al matrix can contribute to limiting micro-cracks propaga-
tion. In this condition, intermetallic particles play a reinforc-
ing role in inhibiting crack growth [72]. Overall, the fracture 
trend of the specimens of Fig. 9 is as follows: the creation of 
microvoids, their subsequent growth and coalescence with 
one another to form crack. Then, the crack grows, leading to 
fracture. This fracture trend denotes ductile fracture mode 
[1, 33]. So, it is claimed that mainly ductile fracture hap-
pened in all specimens. However, there are some indications 
of brittle fracture in the two-pass HTCEC processed speci-
men. It seems that further passes of HTCEC can result in 
predominantly brittle fracture.

3.4  Simulation results

Figure 10 shows the FEM calculated force‒displacement 
diagrams of the first pass of HTCEC process (with µ = 0) 
and frictional TCEC process (with µ = 0.1) for two different 
lengths of tube. According to Fig. 10 the maximum force 
required for HTCEC processing 100 mm tube is only 78 kN 
while this value for frictional TCEC is ~ 815 kN (~ 10.45 
time higher). Also, concerning Fig. 10 the maximum force 
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required for HTCEC processing 200 mm tube is only ~ 80 
kN (nearly the same amount recorded for 100 mm tube), but 
this value for frictional TCEC is ~ 1310 kN (~ 16.37 time 
higher). In general, the significantly lower required force 
of HTCEC process is related to the elimination of friction 
force between the die and tube because of using pressurized 
hydraulic fluid [21, 22]. Two important conclusions which 
can be drawn from the diagrams of Fig. 10, are as follows: 
(a) the required force of HTCEC process is significantly 
lower than that of frictional TCEC process. (b) HTCEC 

process is independent of the length of the tube because, 
as seen in Fig. 10, the increment of the tube length don’t 
lead to a significant change in the required force of HTCEC 
process. Therefore, it is claimed that the HTCEC process 
can be used for production of long length UFG tubes having 
higher mechanical properties. The reason for the appearance 
of fluctuations in the diagrams of Fig. 10 is the occurrence 
of discontinuous contact between the tube and die during 
FEM analysis [22]. During applying SPD processes, espe-
cially at industrial scale, the buckling and fracture of punch 

Fig. 9  The SEM micrographs taken from the fracture surfaces of the tensile specimens extracted from the unprocessed tube, the one-pass, and 
the two-pass HTCEC processed tubes
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is not economical, and also it is dangerous for the operator 
health. Another advantage of the HTCEC process over the 
frictional TCEC process is that there is a significantly lower 
risk of punch buckling in HTCEC process. As known, for 
an ideal straight column, the critical force of buckling (Pcr) 
is calculated using the following formula: Pcr = (π2EI)/L2

e
 , 

where E is Young’s modulus, I is the second moment of area 
and Le is the beam effective length. For a steel punch with 
cylindrical geometry with a Young’s modulus of 200 GPa, 
a radius of 10 mm and a length of 200 mm, the amount of 
Pcr is calculated ~ 790 kN. In this calculation, it is assumed 
that Le =0.7 L = 140 mm (L is the punch length) because of 
considering the condition of one pinned end, and one fixed 
end. The calculated Pcr (790 kN) is significantly lower than 
the required force of the frictional TCEC process (~ 1310 kN 
from Fig. 10, but this amount of Pcr (790 kN) is higher than 
the required force of HTCEC process (~ 80 kN from Fig. 10. 
It means that processing of a tube with a length of 200 mm 
by frictional TCEC process leads to buckling and failure of 
the punch. Thus, the frictional TCEC process cannot be used 
for production of long tubes. But, HTCEC process is a good 
choice for production of long tubes without the risk of punch 
buckling and failure because of its lower required force.

Figure 11 shows the distribution of equivalent plastic 
strain for the HTCEC processed tube at the different stages 
of deformation from the beginning of process until the 
end of the second pass. From Fig. 11, a non-uniform dis-
tribution of equivalent plastic strain is observed through 
the tube thickness. In this way, the outer surfaces of the 
tube shows higher plastic strains. The inhomogeneous 
distribution of plastic strain leads to the inhomogeneous 
distribution of microhardness through the tube thickness, 
which is obvious in Fig. 8a. For having a better outlook, 
the diagrams of equivalent plastic strain variation along 

the thickness (path A − B) during the first and second pass 
of HTCEC process are illustrated in Fig. 12. Also, the 
local deformation history of six probe points (named P1 
to P6) located through the tube thickness are indicated 
in Fig. 13. According to Figs. 12 and 13, the distribution 
of equivalent strain along the tube axis is nearly uniform 
in each pass of HTCEC, but it is non-uniform along the 
thickness. In this way, the outer surfaces of the tube expe-
rience higher equivalent plastic strain compared to the 
inner ones because of the material deformation pattern 
during processing by HTCEC. Concerning Fig. 12, one 
pass of HTCEC leads to a variation in equivalent strain 
from ~ 1.5 to ~ 2.75 along the thickness (path A − B), 
and two passes of HTCEC cause a strain variation from 
~ 3.25 to ~ 5. As seen in Fig. 13, by applying each pass of 
HTCEC, each probe point experiences a certain history of 
strain. Two significant strain mutations observed in all dia-
grams of Fig. 13 are related to the passing of the material 
through the deformation zone of the die during each pass 
of HTCEC. According to Fig. 12, the average equivalent 
plastic strain across the tube thickness for one and two 
passes of HTCEC process obtained from FEM analysis are 
2.07 and 4.03, respectively, which are relatively near the 
theoretical values of 2.15 and 4.3 calculated by Eq. (1). 
From this comparison, it is found that the FEM model of 
this study exhibits the distribution of equivalent plastic 
strain with an acceptable accuracy. Figure 14 indicates 
the distribution of hydrostatic compressive stress in the 
HTCEC processed tube. As seen, higher hydrostatic com-
pressive stress exists in HTCEC, leading to the increment 
of the material ductility (as explained before). The amount 
of hydrostatic compressive stress of HTCEC is consider-
ably higher than the most of the other SPD techniques such 
as CECAP and ECAP [73]
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Fig. 11  The contours of equivalent plastic strain at different stages of deformation during the first pass a–c and the second pass d–e of HTCEC 
process
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4  Conclusions

In this study, hydrostatic cyclic extrusion compression 
(HTCEC) is introduced as a novel severe plastic defor-
mation technique for production of the relatively long 
and large ultrafine grained (UFG) and nano-grained (NG) 
tubes. Aluminum 5052 alloy tubes were processed by 
HTCEC up to two passes. Then, the microstructure evo-
lution and mechanical characteristics of tubes were inves-
tigated. Fractography analysis was done to distinguish 
the mechanisms of fracture. Also, the FEM is used to 
investigate the effects of HTCEC process on plastic strain 

and pressing load. Ultimately, the following results were 
obtained from this study:

• HTCEC process is an appropriate technique for produc-
ing relatively long and large ultrafine grained and nano-
grained tubes which possess superior mechanical prop-
erties. This is attributed to the fact that in HTCEC, the 
pressing load is almost independent of the tube length. 
It is because that the use of the pressurized hydraulic 
fluid between the tube and die leads to the elimination of 
contact friction.

• HTCEC process requires significantly lower pressing 
load in comparison with the frictional TCEC process.
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• Two passes of HTCEC led to the formation of a more 
refined and more homogeneous ultra-fine subgrains 
microstructure with an average cell/subgrain size of 
~ 636 nm while the average grain size of the unprocessed 
sample was ~ 360 μm.

• HTCEC process has the potential to produce a material 
with a combination of higher strength and good ductil-
ity. In this way, two passes of HTCEC led to a notable 
increase in: (a) the yield strength by ~ 260% from 98 
MPa to 254 MPa, (b) the ultimate strength by ~ 172% 
from 178 MPa to 306 MPa, and (c) the microhardness by 
~ 214% from ~ 56 Hv to ~ 120 Hv. Simultaneously, a drop 
of ductility from 31.6 to 15.4% took place, which is lower 
than that reported in other studies. In other words, a good 
combination of high strength and sufficient ductility was 
achieved from the HTCEC process compared to other 
studies. This is mainly related to the presence of higher 
hydrostatic compressive stresses in HTCEC process (as 
illustrated in the simulation section).

• Fractography analysis showed that the fracture is caused 
by ductile fracture as a dominant mechanism of fracture, 
although some indications of brittle fracture in the two-
pass HTCEC processed specimen was detected.

• One pass of HTCEC process caused the variation of 
equivalent strain from ~ 1.5 to ~ 2.75 along the thick-
ness. This variation for two passes of HTCEC was from 
~ 3.25 to ~ 5. The average values of equivalent strain for 
both number of passes were near the theoretical values.
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