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Abstract: Capability of a novel severe plastic deformation (SPD) method of hydrostatic cyclic extrusion compression 
(HCEC) for processing of hcp metallic rods with high length to diameter ratios was investigated. The process was 
conducted in two consecutive cycles on the AZ91 magnesium alloy, and microstructural evolution, mechanical 
properties and corrosion behavior were investigated. The results showed that the HCEC process was successively 
capable of producing ultrafine-grained long magnesium rods. Its ability in improving strength and ductility 
simultaneously was also shown. The ultimate tensile strength and elongation to failure of the sample after the second 
cycle of the process were improved to be 2.46 and 3.8 times those of the as-cast specimen, respectively. Distribution of 
the microhardness after the second cycle was uniform and its average value was increased by 116%. The potentials 
derived from the polarization curves were high and the currents were much low for the processed samples. Also, the 
diameter of the capacitive arcs derived from the Nyquist curves was large in the HCEC processed samples. The finite 
element analysis indicated the independency of HCEC load from the length in comparison to the conventional CEC. 
HCEC is a unique SPD method, which can produce long ultrafine-grained rods with a combination of superior 
mechanical and corrosion properties. 
Key words: severe plastic deformation; cyclic extrusion compression; corrosion behavior; mechanical properties; 
hydrostatic pressure 
                                                                                                             

 

 

1 Introduction 
 

Magnesium alloys are normally combinations 
of magnesium with other metals, such as aluminum, 
manganese, zinc, and copper, each of them provides 
a special property for the base metal. These alloys 
have a hexagonal close-packed (hcp) lattice 
structure with a c/a ratio of ~1.624. Furthermore, 
they have inadequate numbers of available slip 
systems at room temperature. Hence, their 
processing is more difficult and complicated than 
other metals with cubic lattice structure such as 
aluminum. The major application of the magnesium 
cast alloys is nowadays in automotive industry [1], 

and biomedical application [2]. However, their poor 
corrosion behaviors and lower mechanical 
properties limit their applications in industries, 
which need superior properties. AZ91 magnesium 
alloy is the most extensively used magnesium cast 
alloy and has a better combination of mechanical 
properties, corrosion resistance, and castability than 
others [3]. Grain refinement using severe plastic 
deformation techniques is one of the outstanding 
ways to achieve better properties in alloys [4,5]. It 
has been shown in most studies that performing 
severe plastic deformation processes such as equal 
channel angular pressing (ECAP) [6], cyclic 
extrusion compression (CEC) [7], high-pressure 
torsion (HPT) [8], and accumulative roll bonding 
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(ARB) [9], on different metals enhances the 
mechanical properties of the materials. However, 
about the effects of the severe plastic deformation 
methods on corrosion behavior, various trends have 
been reported. It has been reported that in the 
processes such as ECAP and rolling [10,11], which 
apply non-uniform strain to the sample, the 
corrosion resistance of the alloy decreases; but in 
the processes such as CEC [12], which applies more 
uniform strain or higher compressive force on the 
sample, the trend is vice versa. 

On the other hand, there is a major drawback 
in severe plastic deformation methods, which is the 
limitation of all conventional SPD techniques in 
producing long samples due to the high amount of 
frictional forces between the die and the samples. 
This drawback limits their application in industrial 
scale. Therefore, efforts have been made in recent 
years to produce specimens with higher length    
to diameter ratios. SAMADPOUR et al [13] 
introduced a hydrostatic cyclic expansion extrusion 
(HCEE) method for the fabrication of long samples. 
They successfully produced a long sample of 
aluminum and magnesium alloys [5,13,14]. However, 
CEE based method has a limitation in applying 
uniform strain on the sample, which causes 
non-uniform microstructure and subsequently 
non-uniform properties. There are also other 
methods, which use hydrostatic pressure for 
processing and consequently producing long    
and large diameter samples such as hydrostatic 
radial forward tube extrusion [15] and hydrostatic 
extrusion [16], but the main characteristic of SPD 
method, which maintains the initial geometry of the 
sample was not considered in these processes. 

Besides the ECAP and HPT methods, CEC is 
one of the primary processes of severe plastic 
deformation techniques. This process is one of the 
superior SPD methods and has lots of priorities than 
other SPD techniques. Unlike two other SPD 
methods, in the CEC more homogeneous strains 
can be introduced into the material due to the nature 
of the process. Besides, high strains in successive 
cycles of the process can be applied to the material 
without removing the workpiece from the die, 
which is not possible in ECAP. Also, due to the 
existence of high compressive stresses in this 
method, the formation of various materials and 
especially brittle metals is possible by applying 
high strains without cracks propagation [17]. 

The only limitation of the CEC process is its 
disability in producing the samples with a high 
length to diameter ratio due to the effects of 
frictional force and buckling of the processing 
punch in high ratios. So, the hydrostatic cyclic 
extrusion compression method can be introduced as 
one of the solutions for this disability [18]. In this 
process, the oil, which covers the workpiece, acts as 
the mean of applying high hydrostatic force to the 
sample. At the same time, it prevents direct contact 
of the workpiece and the die. The schematic of the 
process is illustrated in Fig. 1. At the first stage of 
the process, the sample is placed in the die and the 
oil is poured into the cavity between the die and the 
sample. The seal is inserted and the upper punch 
forces the sample to move through the deformation 
region. At this stage, the lower punch is fixed in its 
position. The material has reached this punch and 
forced to recover its initial diameter. After filling 
the gap, at the second stage, the whole material is 
processed by moving the punches and the sample in 
a downward direction. At this stage, the force of the 
upper punch is higher than that of the lower punch. 
For performing the second cycle of the process, the 
movement of the punches is reversed to the upward 
direction. At this stage, the force of the upper punch 
is smaller than that of the lower punch. So, a 
desirable number of the cycles and strain can be 
applied to the material by this procedure. The total 
strain after N passes of HCEC process (εN) is 
similar to the conventional CEC and is calculated 
from Eq. (1) [19]: 
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Fig. 1 Schematic representation of HCEC process 
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where di is the initial diameter of the rod and de is 
the diameter of the extrusion zone in the 
deformation region. By considering the die 
parameters used in this study, the theoretical total 
accumulated strain for each pass of the HCEC 
process is calculated as 1.15. 

So, in this work, the hydrostatic cyclic 
extrusion compression was applied in two 
consecutive cycles on AZ91 magnesium alloys   
for producing long ultrafine-grained rods and 
microstructural evolution, mechanical properties 
and the corrosion behaviors of the samples were 
investigated and the results were compared with 
those of other studies. Finite element analysis was 
used for showing the effects of the increase in the 
length of the sample on the processing force. 
Furthermore, the variation of the strain distribution 
during the first and second cycles of HCEC and 
CEC was compared with each other by calculating 
the strain homogeneity index. Due to the lower 
amount of slip systems in magnesium alloys at 
room temperature, 300 °C is selected as the 
processing temperature. At higher temperature than 
300 °C, the instability in the microstructure occurs 
in magnesium alloys, which causes the gradual 
grain coarsening [20]. 
 
2 Experimental 
 
2.1 Material and HCEC process 

AZ91 magnesium alloy with a chemical 
composition of 8.7% Al, 0.65% Zn, 0.25% Mn, and 
0.014% Si, Fe, Be, Ni, and Cu was used as the 
processing material. The rods with an outer 
diameter of 12 mm and a length of 80 mm were 
prepared from the as-cast material. They were 
exposed to the one and two cycles of the HCEC 
process at 300 °C. The dies were fabricated from 
H13 steel and have the hardness of HRV 55. The 
samples with a diameter of 12 mm were extruded to 
the diameter of 9 mm and then expanded to their 
initial diameter. Furthermore, molten polyethylene 
was used as a pressurized fluid at 300 °C due to the 
evaporating of conventional oils at higher 
temperatures [21]. Pure copper was also selected as 
a sealant for the prevention of leakage in the contact 
areas [13]. The process was carried out at the ram 
speed of 5 mm/min. 
 
2.2 Finite element simulation 

A 2D analysis in the commercial Abaqus 

software was performed for simulation of the 
HCEC and conventional CEC processes and 
investigation of the variations in strain homogeneity 
and forces during the processes. To track the 
changes only in the samples, the dies and punches 
were considered as rigid parts and only the sample 
was considered to be deformable. The geometry of 
the sample was defined as the same as the 
experimental condition. Also, to show the effects of 
sample length on forming force during the HCEC 
and CEC, a sample with the double length of the 
experimental sample was simulated under the same 
conditions. The properties of the AZ91 magnesium 
at 300 °C were specified by conducting the tensile 
test and introduced to the software. The contact area 
between the sample and die surface in the HCEC 
was considered to be frictionless. In the 
deformation region, the friction coefficient at the 
interface was defined as 0.08. During the simulation 
of the conventional CEC process, the friction 
coefficients at all interfaces were considered as 
0.08. 

To evaluate the strain homogeneity in the 
specimens, they were tabulated and the strain 
homogeneity index (H) was calculated using Eq. (2) 
in the longitudinal cross-section of samples [22]: 

o o

i iA
H

A




 
  

 
                           (2) 

where εi is indicative of the effective strain in each 
element, εo is the maximum effective strain in the 
studied area, Ai is the area affected by the effective 
strain and Ao is the total investigated area. 
 
2.3 Microstructural evaluation 

After performing the process, optical 
microscopy was used for investigation of the 
microstructure of the processed and unprocessed 
samples. The micrographs were captured from the 
perpendicular cross-section to the longitudinal 
direction of the samples after initial standard 
metallography preparation and etching for 15 s 
within a solution of 1% HNO3, 24% C2H6O2 and 
75% water [23]. Furthermore, scanning electron 
microscopy (SEM) was used for further 
investigation of the cross-section of the processed 
rods. 
 
2.4 Investigation of mechanical properties 

Variation of the mechanical properties of the 
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samples was studied utilizing tensile and Vickers 
microhardness tests. The tensile test specimens 
were machined from the central region of the rod 
along the longitudinal direction according to ASTM 
E8 and the microhardness values were measured in 
the cross-section perpendicular to the longitudinal 
direction. 
 
2.5 Corrosion behavior testing 

Corrosion behavior was investigated using 
potentiodynamic polarization and electrochemical 
impedance spectroscopy (EIS) tests in 3.5 wt.% 
NaCl solution. NaCl is the most common solution 
in the investigation of the corrosion behavior of 
magnesium alloys and provides a good opportunity 
for comparison of the obtained results with other 
studies. The scans were carried out by three- 
electrode cells, the platinum as the counter 
electrode, Ag/AgCl as the reference electrode, and 
the sample with a surface of D=6 mm as the 
working electrode. The onset of the polarization 
scans was from the potential of −1.5 V OCP with a 
constant scanning voltage of 5 mV/s. Also, the 
obtained data were analyzed by Tafel fitting and the 
polarization resistance (Rp) was calculated by the 
derived data from the curve using Eq. (3): 

a c
p

corr a c2.3031 ( )

β β
R

J β +β
                     (3) 

where βc and βa are indicatives of the slopes in the 
linear zones in cathodic and anodic regions of the 
Tafel area, and Jcorr is the corrosion current density. 

The frequency range for EIS measurements 
was from 10 mHz to 10 kHz, and the amplitude was 
selected to be 10 mV in proportion to the open- 
circuit potential. SEM micrography was used for 
tracking the variation of the surfaces for the 
unprocessed and processed sample after the 
corrosion test. 
 
3 Results 
 
3.1 Ultrafine-grained long magnesium rods 

The HCEC process was carried out 
successfully in two consecutive cycles on the AZ91 
magnesium rods at 300 °C. The unprocessed and 
two-cycle processed samples are shown in Fig. 2. 
As it is shown, in the deformation region the 
material was extruded to a lower diameter and then 
using the back-pressure by further processing the 

sample, it was returned to its initial diameter. It is 
worth mentioning that all these variations in 
dimensions and subsequently refining the samples 
are carried out by application of high hydrostatic 
pressure to the sample with the help of the 
pressurized hydraulic fluid, which is placed 
between the die and the specimen. Furthermore, this 
fluid eliminates the frictional force and makes it 
possible to refine and produce the samples with 
higher length to diameter (l/d) ratios than 
conventional SPD methods, which suffer from the 
higher frictional forces during the process [24,25]. 

 

 

Fig. 2 Unprocessed and HCEC processed AZ91 

magnesium samples after the second cycle 

 
In Table 1 the length and diameter of the 

samples, which have been processed by the 
conventional CEC method and its derivative 
processes, are reported and compared with the 
HCEC process. As it is clear, the length to diameter 
ratio of the sample processed by HCEC in the 
present study is around 6.7. However, in the 
conventional CEC and CEE processes, the 
maximum reported ratios were around 2.8 and 4, 
respectively. This shows the capability of the HCEC 
process in producing the samples with a higher l/d 
ratio. Moreover, the HCEC process is able to refine 
even long samples due to the utilization of 
hydraulic fluid and subsequently prevention of the 
direct contact of the specimen and the die surface. 
This hydraulic fluid omits the limiting factor in 
conventional processes, which is high frictional 
forces and consequently reduces forming force and 
buckling of the forming punches. This issue was 
further shown and investigated by the FEM 
analysis. 
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Table 1 Length to diameter ratio of HCEE processed 

sample and its comparison with CEC and CEE processed 

samples 

Process Material l/mm d/mm l/d Source

HCEC Mg−AZ91 80 12 6.7
This 
study

CEC Al−4%Cu−Zr 24 10 2.4 [26]

CEC Al−5%Mg 24 10 2.4 [27]

CEC Al−SiC 50 30 1.7 [28]

CEC Al 28 10 2.8 [29]

CEC Al 8 8 1 [30]

CEC Mg+nanotubes 42 30 1.4 [31]

CEC 
Mg−1.5%Zn− 

0.25%Gd 
42.5 39 1.09 [32]

CEC GW102K-Mg alloy 42 29.5 1.4 [33]

CEE AM60 Mg alloy 40 10 4 [34]

 
3.2 Finite element results 

Figure 3(a) illustrates the variation of the 
processing force against ram movement obtained 
from FEM analysis for the CEC and HCEC 
processing of AZ91 magnesium rods at 300 °C, and 
the maximum required force for each state is 
depicted in the histogram of Fig. 3(b). In order to 
show the major achievement of the HCEC process, 
which is the independency of the HCEC from the 
length of the processing sample, a longer rod   
with a length of 16 cm (2 times greater than the 
experimental sample) with the same diameter was 
simulated and the processing force was compared. 
As it is clear from the results, the maximum 
forming force during the HCEC processing of the 
magnesium sample with a length of 8 cm is around 
49.7 kN. However, this force increases to 99 kN in 
CEC processing of the sample with the same length. 
On the other hand, CEC processing of the 
magnesium sample with a length of 16 cm requires 
the maximum force of 320 kN, which is 3.2 times 
that of the CEC processing of the magnesium 
sample with the length of 8 cm at 300 °C. However, 
as it is clear the trend in increasing the processing 
force during the HCEC process and the maximum 
required force for processing of the sample with a 
length of 16 cm is almost the same as the sample 
with a length of 8 cm. This issue further illustrates 
one of the major characteristics of the HCEC 
process, which is its capability in producing the 
samples with the desired l/d ratio without a 

restriction in increasing the processing force, unlike 
the conventional CEC. The same results were 
achieved in the processing of the AM60 magnesium 
rods by the hydrostatic cyclic expansion extrusion 
(HCEE) [35]. 
 

 
Fig. 3 Variation of processing force derived from FEM (a) 

and maximum processing force for CEC and HCEC 

processing of AZ91 magnesium alloy rods with different 

lengths at 300 °C (b) 

 

The color-coded contours of the strain 
distribution after the first and second cycles of the 
HCEC process on AZ91 magnesium rod is shown 
in Fig. 4(a). For comparison of the results, the 
conventional CEC process was also simulated in the 
same condition and the results for strain distribution 
after the first and second cycles are also shown. As 
it is illustrated, the strain distribution along the 
longitudinal direction of the HCEC processed rod is 
homogenous. However, in the radial direction, the 
distribution is different and the variation is seen. 
The contours of the CEC processing of magnesium 
rods show more inhomogeneity rather than the 
HCEC process and especially after the second cycle 
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Fig. 4 Color-coded contours of strain distribution after the first and second passes of HCEC and CEC for AZ91 

magnesium rods (a), curves of strain along path from A to B (b), and strain homogeneity index in longitudinal direction 

for one and two passes processed rods after HCEC and conventional CEC (c) 

 
of the CEC. To better show the inhomogeneity of 
strain in the radial direction, the strains along the 
path from A to B (Fig. 4(a)) after the first and 
second cycles of both CEC and HCEC are shown in 
Fig. 4(b). As it is clear, the homogeneity along this 
path after the HCEC is better than the CEC process 
in the both first and second cycles. In the inner 
regions, the strains in both processes are the same, 
but in outer regions, the strains in the CEC process 
are larger, which causes further inhomogeneity in 
strain and subsequently variation in different 
properties of the processed rods. Furthermore, by 
comparison of the strain homogeneity between the 
first and second cycles in both processes, more 
inhomogeneity in the second cycles is shown in the 
radial direction. The overall homogeneity of the 
sample was analyzed by calculating the strain 
homogeneity index and the results are shown in 
Fig. 4(c). For this measurement, the strain values 
over more than 500 elements were specified and the 
index was calculated using the Eq. (2). This 

diagram further confirms the fact that there is more 
inhomogeneity in the CEC process than the HCEC. 
The homogeneity indexes after the first cycle of the 
CEC and HCEC are 0.54 and 0.67, respectively. In 
the CEC process, the inhomogeneity after the 
second cycle increases and the index decreases to 
0.45. However, in the HCEC process, the trend is 
vice versa. Although the homogeneity after the 
second cycle of HCEC in the radial direction 
decreases, the overall homogeneity after the second 
cycle of the HCEC process is more than the first 
cycle. The homogeneity index after the second 
cycle of HCEC is 0.71. This leads to other 
outstanding characteristics of the HCEC process, 
which is its capability in the insertion of more 
homogenous strain to the sample rather than the 
conventional CEC. 

For confirmation of the accuracy of the FEM 
analysis, the experimental and FEM obtained forces 
during the first pass of the HCEC process by 
processing the magnesium rods were compared and 
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the highest difference of about 9% was seen. 
 
3.3 Microstructure 

Optical micrographs of AZ91 magnesium rods 
for the initial state and the HCEC processed ones 
after the first and second cycles of the process are 
illustrated in Fig. 5. Furthermore, SEM images 
showing the microstructure in higher magnification 
for the samples after the HCEC process are shown 
in Fig. 6. The microstructure of the initial as-cast 
AZ91 magnesium is depicted in Fig. 5(a). The same 
microstructure as other studies with a primary 
magnesium α-phase, net-like eutectic α-phase, and 
β-phase is distinguishable in the micrograph [10,36]. 
As it is clear, the β-phase is embedded in the 
primary and eutectic magnesium phases. The 
β-phase has more amount of Al in comparison to 
the α-phase and it is irregular release of Mg14Al12.  
 

 
Fig. 5 Optical micrographs of AZ91 magnesium for 

initial (a), one-pass (b), and two-pass (c) HCEC 

processed samples 

 

 

Fig. 6 SEM images of HCEC processed magnesium rods 

after the first (a) and second (b) cycles  

 
By performing the process and subsequently 
imposing severe strain, the ultrafine microstructure 
is created after the first and second passes of the 
process and the structure is different from the initial 
state. The microstructure after both cycles is 
relatively inhomogeneous and the size of the most 
formed grains is in the range of 1−3 μm. However, 
some coarse grains with a size of more than 10 μm 
also exist. Furthermore, some nanograins especially 
after the second cycle are formed, which are 
difficult to observe in optical images. As it is shown 
in Fig. 5(b), after the first cycle the main reduction 
in grain size occurred and the imposed shear strain 
during the process has caused the phases to distort 
and elongate in the flow direction of the material.  
Moreover, the eutectic structure and also the second 
phase were broken into small parts. Generally, an 
elongated structure of fine α and β phases is seen 
beside the uncrystallized zones and coarse β phases, 
which has been previously reported in the SPD 
processing of AZ91 alloys at a higher temperature 
and moderate strain range [37]. As shown in 
Fig. 5(c), after processing the AZ91 sample at the 
second cycle of the HCEC, the amount of the 
elongated grains decreases and a fine-grained 
equiaxed microstructure is formed. An almost 
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isolated and mostly fine microstructure is seen. 
Furthermore, the amount of the unrecrystallized 
regions decreases and more Mg17Al12 particles 
become smaller. However, some undissolved 
Mg17Al12 particles are still detectable in the 
microstructure. Like other SPD techniques, the 
major reduction in grain size is more evident at the 
initial stage of the process and not notable at higher 
strain levels in the second pass [25]. By analyzing 
the SEM images in Fig. 6 for the processed samples 
after the HCEC process, decreasing the size of the 
grains, breaking the β phase particles and their 
uniform distribution are seen. The elongations of 
the grains and particles and lamellar distribution of 
the fine β phase after the first cycle and their more 
homogenous distribution after the second cycle are 
also evident [10]. The images show the potential of 
the HCEC process in grain refinement of the 
magnesium alloys and its more homogenous 
distribution of grains and particles rather than other 
SPD techniques like ECAP [38]. 
 
3.4 Mechanical properties 

The engineering stress−strain curves of the 
AZ91 magnesium alloy before and after the HCEC 
process are depicted in Fig. 7(a). An outstanding 
increase in the strength and ductility of the 
magnesium sample was achieved after the HCEC 
process. The initial sample had the ultimate strength 
and elongation of 158.1 MPa and 3.6%,  
respectively. By performing the first cycle, the 
ultimate strength and elongation increased 
respectively to 307.2 MPa and 8.2%, respectively, 
which are 1.94 and 2.27 times those of the initial 
sample. The highest strength and elongation were 
obtained after the second cycle. The strength and 
elongations are 390.5 MPa and 13.7%, respectively. 
The major increase in the ultimate strength occurred 
after the first and second cycles, the increase rate in 
strength is lower. However, the increased rate in 
elongation after the second cycle is more. This 
combination of high strength and elongation after 
the HCEC process shows considerable potential in 
producing ultrafine-grained rods with superior 
mechanical properties. Furthermore, this feature is 
combined with its notable capability in producing 
the sample with high length to diameter ratios, 
which makes the HCEC process unique method 
between different SPD techniques for industrial 
application. 

 

 

Fig. 7 Engineering stress−strain curves for initial and 

HCEC processed AZ91 magnesium samples (a) and 

elongation and ultimate strength after HCEC process and 

its comparison with other techniques (b) 

 
Figure 7(b) illustrates the ultimate tensile 

strength and elongation after the first and second 
cycles of the HCEC process and its comparison 
with other processing techniques such as hot 
extrusion (HE) [39], extrusion compression angular 
pressing (CECAP) [40], parallel tubular channel 
angular pressing (PTCAP) [41], tubular channel 
angular pressing (TCAP) [37] and equal channel 
angular pressing (ECAP) [42], which were 
performed on AZ91 magnesium alloys at higher 
temperatures of 200 and 300 °C. The results 
indicate the achievement of higher ultimate strength 
after the second cycle of the HCEC process in 
comparison to other processing methods. By 
comparison of the ultimate strength after the first 
cycle of HCEC, it can be seen that performing the 
first cycle of the HCEC provides higher strength 
than one pass of the CECAP, PTCAP, RFE and 
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ECAP processes. However, the strength is lower 
than the one-pass processed sample by TCAP at 
200 °C. Also, that of the strength after the first 
cycle is higher than that of two-pass processed 
sample by PTCAP method. Moreover, higher 
elongation after the HCEC process was achieved in 
comparison to the HE, CECAP, RFE, TCAP and 
ECAP processes. But the obtained elongation after 
the second cycle is lower than two-pass processed 
sample by PTCAP. The ultimate strength after the 
second cycle of HCEC is almost the same as the 
one-pass processed tube by TCAP. However, the 
elongation results indicate much difference between 
them and for the two-pass processed HCEC rod, it 
is much higher than the tube processed by TCAP. 
The higher mechanical properties in PTCAP and 
TCAP processes along with HCEC are caused by 
higher hydrostatic pressure in the processes. 
However, better combination of the strength and 
elongation is more notable for the HCEC processed 
magnesium comparing with the TCAP and PTCAP 
processes. 

The number fraction of microhardness values, 
which shows the percentage of them in each range, 
for the AZ91 magnesium rods before and after the 
HCEC process is depicted in Fig. 8. The histograms 
show a reduction in the width of the microhardness 
distribution by performing the HCEC in the second 
pass rather than the first pass processed sample and 
the initial state. The microhardness variation in the 
initial sample is in the range of HV 46−64. 
However, the most fraction is between HV 46−54 
and higher values have a lower percentage. After 
the first cycle of the HCEC process on magnesium 
rod, the vales of microhardness reached HV 94−110. 
By conducting the second cycle the microhardness 
range changed to HV 104−116. This indicates the 
improvement in distributing the hardness by an 
increase in the number of the HCEC passes. 
Furthermore, the average microhardness shows a 
similar trend like ultimate tensile strength and 
increased to the average value of HV 99.1 after the 
first cycle of HCEC in comparison to the initial 
value of HV 49.8. After the second cycle, the 
hardness reached HV 107.6. The changes of the 
microhardness are completely in agreement with 
the variation of the tensile properties and further 
confirm the capability of the HCEC process in 
improving the mechanical properties of the 
magnesium alloys. 

 

 
Fig. 8 Histograms of hardness distribution in cross- 

section of initial (a), one-cycle (b), and two-cycle (c) 

HCEC processed AZ91 magnesium alloys 

 
The average values of the Vickers 

microhardness after the first and second cycles of 
the HCEC process are compared in Table 2 with  



Armin SIAHSARANI, Ghader FARAJI/Trans. Nonferrous Met. Soc. China 31(2021) 1303−1321 

 

1312

the other SPD techniques such as RFE [43],  
PTCAP [44], CECAP[40], and TCAP [37]. The 
overall trend in the achieved microhardness is in 
agreement with other techniques. By comparing 
with other SPD methods, the HCEC process is a 
unique technique that provides higher 
microhardness for the AZ91 magnesium alloy. The 
average microhardness after the first cycle of the 
HCEC process is more than RFE, CECAP, and is 
almost the same as the processed AZ91 magnesium 
sample after three passes of PTCAP and two passes 
of TCAP. After the second cycle of HCEC, the 
microhardness is much higher than other presented 
methods. 
 
Table 2 Comparison of Vickers microhardness results for 

AZ91 magnesium samples after HCEC method with 

other SPD techniques 

Process Microhardness (HV) Source 

HCEC-1P 99.1 This study

HCEC-2P 107.6 This study

RFE-1P 87 [43] 

PTCAP-1P 75 [44] 

PTCAP-2P 95 [44] 

PTCAP-3P 99 [44] 

CECAP-1P 90 [40] 

TCAP-1P 93 [37] 

TCAP-2P 99 [37] 

 

3.5 Corrosion behavior 
Figure 9(a) shows potentiodynamic polarization 

curves for the as-cast AZ91 magnesium rod and 
HCEC processed samples after the first and second 
cycles. Furthermore, the values of the polarization 
resistance (Rp) for the samples after deriving the 
corrosion parameters by Tafel fitting such as 
potential (φcorr), Jcorr, βc and βa coefficients were 
calculated using Eq. (3) and the values are 
presented in Fig. 9(b). The Jcorr values were 
determined by extrapolating the linear anodic and 
cathodic regions in the curves. As shown in 
Fig. 9(a), all the samples indicate analogous 
polarization diagrams. This presents the resembling 
corrosion manner for the initial and processed 
samples. The processed sample after the first  
cycle of the HCEC shows higher potential than  
the unprocessed one, which indicates its higher 

 

 

Fig. 9 Polarization curves (a) and calculated polarization 

resistance from polarization curve (b) for unprocessed 

and HCEE processed AZ91 magnesium alloy 

 

electrochemical corrosion characteristic at the 
beginning of the corrosion. Furthermore, the HCEC 
processed sample shows a lower corrosion current 
density in comparison to the initial state. Moreover, 
performing the second cycle of the HCEC process 
has led to an increase in potential and a further 
decrease in the current density. The results represent 
the capability of the HCEC process in improving 
the corrosion properties of the magnesium rods in 
an aqueous solution of 3.5 wt.% NaCl. This is 
further shown in the comparison of the Rp values in 
Fig. 9(b). As it is shown, the HCEC processed 
sample after the first and second cycles showed 3.5 
and 5 times polarization resistance of the initial 
sample, respectively. Higher anodic kinetics and 
lower cathodic kinetics and subsequently higher 
current density in the unprocessed sample play an 
important role in lower resistance. The derived 
values of the φcorr and Jcorr for the one- and two- 
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cycle processed AZ91 magnesium from the 
polarization curves were compared with obtained 
results for pure magnesium and AZ91 alloy after 
different processes such as ECAP [10,45], HPT [11], 
and hot rolling followed by ECAP [11] in Table 3. 
Furthermore, the results for the initial sample of 
each state are depicted in Table 3. It is clear that 
HCEC process provides a higher φcorr and a lower 
Jcorr for the AZ91 magnesium alloy in comparison 
to other SPD techniques such as ECAP. The 
obtained results are near to the results of pure 
magnesium after the HPT process. It has been 
shown that AZ91 alloy indicates worse corrosion 
properties than pure magnesium [46]. This issue is 
also shown in Table 3 by comparison of the results 
prior to processing for the pure Mg and AZ91 
magnesium alloy. The AZ91 alloy investigated in 
the present study had the current density of around 
47 μA/cm2. However, the pure magnesium showed 
the current density about 7 μA/cm2 [11]. After the 
HPT process on pure magnesium the current 
density was reported as 8 μA/cm2 [11]. The current 
densities for the AZ91 alloy after the first and 
second passes of the HCEC process were 
respectively 4.9 and 3.1 μA/cm2, which are even 
lower than that of pure magnesium. On the other 
hand, according to Ref. [10], ECAP processing of 
the AZ91 alloy has a negative effect on the 
corrosion current density and increases the current 
density to the values higher than 140 μA/cm2, 
which shows the disability of the ECAP process in 
corrosion improvement of the AZ91 alloy unlike 

HCEC. The overall results present a HCEC process 
as a propriate candidate in improving the corrosion 
properties of the AZ91 magnesium alloy. 

The electrochemical impedance spectrometry 
measurement like other tests was carried out for the 
initial AZ91 magnesium alloy and HCEC processed 
samples and the Nyquist diagrams in the terms of 
Z″ and Z′, which are respectively indicative of the 
imaginary and the real impedances are presented in 
Fig. 10(a). All the samples illustrate the capacitive 
arc. The diameter of the capacitive arc is 
proportional to metal dissolving in the corrosion 
environments, which is indicative of corrosion 
resistance [47]. Moreover, a second arc and tail in 
the Nyquist diagram is the representative of the 
inductive characteristic. This arc is proportional to 
pitting during the corrosion process [48]. However, 
this type of arc doesn’t have any important effect on 
the investigation of the electrochemical corrosion 
and subsequently did not investigate in this    
work [10]. Generally, two trends can be concluded 
from the Nyquist diagram. Initially, as it is depicted 
in the diagram, the processed sample shows large 
diameters, which suggests an improved corrosion 
resistance after the HCEC process in comparison to 
the initial condition. Next, by increasing the number 
of the passes of HCEC process, the diameter of the 
capacitive arc increases, and subsequently better 
resistance was achieved. These results are in 
agreement with the polarization results, showing the 
improvement in corrosion behavior of the processed 
sample rather than the initial as-cast one. 

 
Table 3 Comparison of corrosion properties of AZ91 magnesium alloy derived from potentiodynamic tests with other 

processes for pure magnesium and AZ91magnesium alloy 

Process Material Jcorr/(μAꞏcm−2) φcorr(vs Ag/AgCl)/V Source 

Prior to HCEC (as-cast) AZ91 Mg 47 −1.46 This study 

HCEC-1P AZ91 Mg 4.9 −1.33 This study 

HCEC-2P AZ91 Mg 3.1 −1.26 This study 

Prior to ECAP (as-cast) AZ91 Mg 19 −1.497 [10] 

ECAP-1P AZ91 Mg 110 −1.495 [10] 

ECAP-4P AZ91 Mg 120 −1.494 [10] 

ECAP-8P AZ91 Mg 130 −1.484 [10] 

ECAP-12P AZ91 Mg 138 −1.476 [10] 

Prior to HPT (as-cast) Pure Mg 7 −1.48 [11] 

HPT Pure Mg 8 −1.49 [11] 

Hot roll+ECAP Pure Mg 40 −1.51 [11] 
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Fig. 10 Nyquist curves for AZ91 magnesium alloy before 

and after HCEE process (a) and corrosion rate (1/Rp) 

from EIS measurement (b) 

 
To better represent the corrosion resistance by 

EIS tests, the polarization resistance (Rp), which 
reciprocal is proportional to the corrosion rate, is 
calculated and the 1/Rp values for the initial sample 
and processed ones are depicted in Fig. 10(b). To 
this end, a circuit with an inductive loop was used 
[49]. The used model is depicted in the corner of 
Fig. 10(b). In this model, Rs is the resistance of the 
solution, C represents the double layer capacitance 
and Rt shows the charge transfer resistance of the 
magnesium alloy. L and RL are indicative of the 
inductance and resistance during the breaking of the 
fractional protecting layer on the surface [50]. The 
polarization resistance Rp derived from the EIS test 
is computed by 

L t
p s

L t

R R
R R

R R
 


                          (4) 

As it is depicted in Fig. 10(b), the 1/Rp of the 

sample is decreased by increasing the number of 
passes, which shows the capability of HCEC in 
decreasing the corrosion rate of the AZ91 samples.  

On the other hand, after fitting the model and 
deriving the C values, which is related to the 
electrolyte uptake via the existed defects on the 
surface of the film, C decreases after the HCEC 
process. The value of C for the initial sample was 
5.36×10−6 F/cm. After the second cycle of the 
process, the C value decreases to 4.5×10−6 F/cm. 
This reduction in C value represents the decrease of 
the defects in the oxide films [46]. The decrease in 
C value plays an important role in the reduction of 
diffusion reaction and subsequently confirmed the 
improvement in corrosion resistance. 

SEM images of the corroded surface after the 
corrosion measurements in 3.5 wt.% NaCl solution 
for the unprocessed and processed samples are 
depicted in Fig. 11. The images confirm the 
aforementioned variation of corrosion properties 
after the HCEC process. The corrosion in the initial 
sample is uniform and whole the surface has the 
signs of the corrosion. More pits are shown in the 
initial sample. By performing the HCEC process 
the corrosion occurred locally in the processed 
samples and the surface of the two-pass processed 
samples had a low symptom of the corrosion. 
Furthermore, there are some regions without any 
corrosion effects. This shows high resistance of the 
HCEC processed sample against corrosion and 
further confirms the ability of the HCEC process in 
improving the corrosion properties of AZ91 
magnesium alloy. 
 
4 Discussion 
 
4.1 Magnesium samples and FEM analysis 

Frictional forces have a straight effect on the 
total force required for forming of the alloys with 
SPD techniques. On the other hand, the frictional 
force during the processing of the alloys is directly 
proportional to the length of the processed sample. 
By increasing the contact area between the die and 
sample, the frictional force increases, and 
subsequently the total forming force increases. This 
is one of the limiting parameters in disability of the 
conventional SPD method for producing long 
samples. One of the ways for decreasing this 
redundant force is using the fluid between the die 
and the sample and prevention from direct contact 
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Fig. 11 SEM images of corroded surfaces of unprocessed 
and HCEC processed AZ91 magnesium rods after 
corrosion test: (a) Initial sample; (b) One pass; (c) Two 
passes 
 
of them. However, to process the sample the 
friction cannot be omitted in the deformation 
regions. At the same time using the fluid for 
processing applies high hydrostatic pressure to the 
sample. This higher hydrostatic pressure is an 
important element in the processing of alloys and 
the prevention of crack growth during   
processing [17]. All of the aforementioned reasons 
make the HCEC process a notable method to use as 
a technique for producing ultrafine-grained long 
samples. Moreover, independency of the process to 
the length of the sample (Fig. 3) and achieving 
better strain homogeneity by this process in 
comparison to the CEC (Fig. 4) are the 
complementary reasons for using the hydraulic 
fluid for processing, which has the direct effect in 
achieving more homogeneous microstructure and 

better mechanical or corrosion properties [13,15,51]. 
On the other hand, the buckling of the forming 
punch is another limiting factor in the conventional 
process of the long samples. Critical force for 
buckling of the punch (Pcr) is like the simply 
supported beam, which is calculated from Eq. (5). 

2

cr 2

EI
P

l


                                 (5) 

where E is the elastic modulus of punch, I is 
indicative of the second-moment area and l is the 
length of the punch. In the processing of the 
materials, usually a steel punch with the elastic 
modulus of 200 GPa is used. The length of the 
punch is selected according to the length of the 
sample. For example, refining the sample with a 
length of 16 cm (the simulated case in the present 
study), a punch with the same length is required. By 
using the punch with a length of 16 cm and a 
diameter of 12 mm, the Pcr of 78.36 kN is obtained. 
On the other hand, according to the FEM analysis 
in Fig. 3, the maximum force in the HCEC 
processing of the magnesium rod with a length of 
16 cm is about 49 kN. However, CEC processing of 
the sample with the same length requires the 
maximum force of 345 kN, which is 4.4 times the 
critical force for buckling of punch. This fails the 
processing punch and makes the CEC processing 
using the one punch impossible [52]. These are 
indicative of the worth of the HCEC process in the 
production of long samples and the necessities for 
substitution of hydrostatic-based methods with 
conventional SPD techniques for industrial 
application. 
 
4.2 Microstructure evaluation 

Conducting the HCEC process on AZ91 
magnesium alloy leads to the major decrease in the 
size of the grains and combination of the 
ultrafine-grained grains regions with partially 
unrecrystallized zone and undissolved Mg17Al12 the 
structure was obtained after the process. Schematic 
representation of the grain refinement of AZ91 
magnesium alloy during HCEC is depicted in 
Fig. 12. There are some factors, which are 
responsible for grain refinement of the alloy after 
the process. The most important factors are high 
strain, temperature, twinning, and dynamic 
recrystallization [44]. A high shear strain is applied 
to sample at a high temperature, which leads to the 
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Fig. 12 Schematic representation of grain refinement of AZ91 magnesium alloy during HCEC: (a) Initial state;       

(b) During deformation; (c) After the first cycle; (d) After the second cycle 

 
variation in dislocation density, twinning in original 
grains and also the occurrence of the dynamic 
recrystallization in the sample, and the formation of 
the fine grains within the initial grains. The 
occurrence of dynamic recrystallization was also 
reported in different studies as an agent for grain 
refinement in the SPD processing of magnesium 
alloy at elevated temperature [44,53,54]. Further- 
more, Mg17Al12 is another important factor in the 
formation of fine-grained microstructure after the 
SPD techniques. By imposing a higher strain at a 
higher temperature Mg17Al12 particles are broken in 
small parts. Their effect in microstructure is mainly 
dependent on their size. Finer particles can act as an 
obstacle for the growth of the recrystallized grains. 
In contrast, coarse ones can speed up the 
recrystallization through the particle stimulating 
nucleation (PSN) mechanism [55−57]. As depicted 
in Fig. 12(c) after the first cycle more elongated and 
large Mg17Al12 particles exist, which makes the 
PSN as the major mechanism after the first cycle. 
However, at the same time, fine particles are 
available, which plays the role of the pinning effect. 
The newly nucleated grain at grain boundaries and 
along the impurities started to grow. During their 
growth, they reach the fine particles. On the other 

hand, magnesium is a material with low stacking 
fault energy. Most of the boundaries of nucleated 
grain cannot pass through the particles and their 
growth is restricted and subsequently, the 
fine-grained microstructure is achieved. By 
performing the second pass, most of the particles 
are crushed to small ones and as presented in 
Fig. 12(d), combination of the finer Mg17Al12 
particles and dynamic recrystallization leads to the 
more homogenous microstructure. 
 
4.3 Microhardness and tensile strength  

There are two main parameters which have a 
direct effect on the mechanical properties of the 
processed alloys by SPD techniques. The first 
parameter is grain size. According to the 
Hall−Petch relationship, the strength of the alloys 
increases by decreasing the grain size [58]. The 
reduction in grain size is shown in Fig. 5 after 
processing the AZ91 magnesium alloy by the 
HCEC process. The second parameter is the 
existence of the second phase and its    
distribution [3]. During the casting of the AZ91 
magnesium alloys, a high amount of β phases form 
at grain boundaries. This hard particle has an 
opposing effect on the mechanical characteristic of 
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the alloy and can act as an agent for reducing the 
elongation, which is obvious in the stress−strain 
curve of the as-cast alloy in Fig. 7(a) [44]. Another 
important reason in lower mechanical properties of 
the AZ91 alloy is the existence of lower slip 
systems in magnesium alloy [59]. Performing the 
SPD processes usually refines the microstructure of 
the alloys and subsequently leads to an increase in 
strength. Furthermore, breaking the second phase 
particle is another factor in increasing the strength 
and also elongation in magnesium alloys after the 
SPD techniques [40]. These procedures are done 
like other SPD techniques in the AZ91 magnesium 
alloy after the HCEC process. But there are some 
important factors in the HCEC process, which 
distinguish it from the other techniques and as 
depicted in Fig. 7(b) leads to outstanding properties 
than other processes. These factors are using high 
hydrostatic compressive pressure along with high 
shear strains for forming. The hydrostatic pressure 
is useful in eliminating the onset of the cracks and 
its distribution during the process. Also, it helps in 
applying more homogenous strain to sample than 
conventional methods, which is depicted in Fig. 4 
in FEM analysis. Additionally, it is responsible in 
achieving ultrafine grains with higher angle of grain 
boundaries [60]. All of these factors are the reasons 
for obtaining the more superior mechanical 
properties with the HCEC process. Performing the 
second pass of the HCEC process causes better 
distributing of the intermetallic phase and more 
reduction in grain size and forming of the equiaxed 
grains [41,61]. These can count as the factors for 
improving the mechanical properties and especially 
ductility after the second cycle of HCEC. 

Microhardness values also have an intense 
dependency on grain refinement according to the 
Hall−Petch relationship for hardness [17]. 
Furthermore, the hardness of the second phase in 
AZ91 magnesium alloy is considerably higher in 
comparison to the α-phase [37]. So, the increase of 
the microhardness after the HCEC process can be 
attributed to the homogeneous distribution of 
β-phase after the process along with the decrease in 
grain size. The fluctuation in hardness is in 
accordance with the amount of the second phase 
and also the existence of some unrecrystallized 
zones in the cross-section. Also, other parameters 
such as dislocation, strain hardening, and texture 
are effective [62]. Moreover, the higher strain and 

better homogeneity in its distribution after the 
second cycle of the process returns to the more 
uniform microstructure and distribution of the strain, 
which was depicted by strain homogeneity index 
calculated by FEM analysis. The better hardness of 
the HCEC processed sample in comparison to other 
SPD techniques is again due to the effects of the 
higher hydrostatic pressure by the HCEC process. 
 
4.4 Corrosion behavior evaluation 

According to the polarization and EIS 
measurement in Figs. 9 and 10, better corrosion 
resistance is shown after the HCEC processing of 
the AZ91 magnesium alloy. This improvement in 
corrosion behavior became more by increasing the 
number of passes of the HCEC process to the 
second cycle. The enhancement in corrosion 
properties is in accordance with some studies such 
as CEC processing of the Mg−Nd−Zn−Zr alloy or 
HPT processing of the pure magnesium [11,63]. 
However, it is in contradiction with other studies 
such as ECAP processing of AZ91 alloy [10]. These 
variations in trends after the SPD techniques can 
attribute to the application of the higher 
compressive force during processes such as CEC 
and HPT. This higher compressive force is 
accompanied by more homogeneous strain in the 
HCEC process, which leads to superior corrosion 
properties in comparison to other SPD techniques. 
Generally, there are some events, which occur 
during the processing of the AZ91 magnesium alloy 
by HCEC and improves the corrosion resistance. 
The first important event is refining the grains to 
the ultrafine scales. Grain refinement can act as an 
agent for preventing the rupture in the formed 
hydroxide layer on the surface by relieving the 
compressive force, which was formed during the 
conversion of unstable oxide layer to magnesium 
hydroxide in the aqueous solution due to hydration. 
Also, grain refinement leads to the formation of 
some isolated magnesium oxide nanocrystals 
between the oxide layer and base alloy and restricts 
the stress gradient and subsequently decreases the 
corrosion rate [64]. Furthermore, the effects of 
grain refinement in reducing the crystallographic 
pitting propagation (PCP) were reported as a factor 
in the reduction of the corrosion rate in some 
studies [65]. Also, it was reported that compressive 
residual stresses, which formed during the 
processing in materials have positive effects in 
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improving the corrosion behavior [66]. HCEC 
method is among the processes, which applies a 
higher compressive force to the samples, and 
subsequently, this is one of the reasons for better 
performance of the HCEC processed sample with 
increasing the number of cycles. On the other hand, 
the second phase can count as the other effective 
parameters in the corrosion properties of the AZ91 
magnesium alloys. As it is depicted in the 
micrographs of the HCEC processed rod, the 
second phase particles were broken into small parts 
after processing and their distribution and size 
become more uniform after the second cycle, which 
is an important factor in reducing the galvanic 
corrosion [63,67]. So, the combination of these 
variations by HCEC leads to the low corrosion rate 
in HCEC processed sample, which is depicted 
clearly in the SEM images of the corroded surface 
after EIS measurement in Fig. 11. 
 
5 Conclusions 
 

(1) HCEC process provided a special 
combination of the characteristics such as the 
production of the samples with a high length to 
diameter ratio, application of high hydrostatic 
compressive force, and more homogenous strain to 
the sample, which has not been shown by other 
SPD techniques. 

(2) The forming forces of the HCEC process of 
the sample with the lengths of 8 and 16 cm were 
almost the same. However, processing identical 
samples without the usage of hydraulic fluid gave 
different results. The forming force for processing 
the longer sample was 3.2 times that of the shorter 
one. 

(3) OM and SEM images illustrated the 
capability of the HCEC process in grain refinement 
of the AZ91 magnesium rods. The different 
microstructure in comparison to the initial sample 
with mostly refined grains in the range of 1−3 μm 
was achieved. 

(4) The increase in ultimate strength after the 
first cycle and second cycles were 1.94 and 2.46 
times the initial values, respectively. Also, the 
elongation increased to 8% and 14% after the first 
and second cycles in comparison to the initial value 
of 3.8%. 

(5) The microhardness values were increased 
as like as the strength. The average microhardness 

values were HV 99.1 and HV 107.6 comparing the 
initial value of HV 49.8. 

(6) Polarization curves indicated the 
outstanding improvement of the HCEC processed 
sample. The currents were lower after the process 
and the obtained polarization resistances after the 
first and second cycles of the HCEC process were 
3.5 and 5 times that of the initial sample. 

(7) The Nyquist diagrams showed greater 
capacitive arcs for the HCEC processed samples 
and the obtained corrosion rate showed the 
improvement in corrosion behavior for the 
processed samples. 

(8) The SEM micrographs of the corroded 
surfaces showed a decrease in corrosion rate and 
change of the uniform overall corrosion in the 
unprocessed sample to local corrosion in the HCEC 
processed samples. 
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新型强塑性变形—静液循环挤压 
压缩加工 AZ91 镁合金及其表征 
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摘  要：通过静液循环挤压压缩(HCEC)强塑性变形法加工具有较大高径比的密排六方金属棒，并研究其性能。对

AZ91 镁合金进行两个连续循环加工，研究其显微组织演化、力学性能和腐蚀行为。结果表明，HCEC 加工可成

功制备超细晶镁合金长棒材，且可同时提高其强度和韧性。经二次循环加工后，样品的抗拉强度和伸长率分别为

铸态样品的 2.46 倍和 3.8 倍，显微硬度分布更加均匀，其平均值增加了 116%。对于加工后的样品，从极化曲线

得到的电位较高，电流较低，从 Nyquist 曲线得到的电容弧直径更大。有限元分析表明，与传统的循环挤压压缩

相比，HCEC 载荷与长度无关。HCEC 是一种特殊的强塑性变形方法，可以制备兼具良好力学性能和耐腐蚀性能

的超细晶镁合金长棒材。 

关键词：强塑性变形；循环挤压压缩；腐蚀行为；力学性能；静液压力 
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