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1. Introduction
Grain size refinement is an important method 

of strengthening the materials compared to other 
strengthening methods. By using severe plastic 
deformation (SPD) methods, a good combination 
of strength and ductility can simultaneously be 
achieved. While in other methods, strength increase 
is along with ductility decrease. In addition, it is 
easier to control mechanical properties in this 
method. Severe plastic deformations reduce 
the grain size to nanometer scale by applying 
strain to the sample, and as a result, significantly, 
improving the mechanical properties of the metal. 
The relationship between ultrasonic vibrations and 
SPD processes can be considered as an important 
research topic. There are several SPD processes, 
such as equal channel angular pressing (ECAP) [1], 

accumulative roll bonding (ARB) [2], high pressure 
torsion (HPT) [3], equal channel angular rolling 
(ECAR) [4-7], and simple shear extrusion (SSE) [8, 
9]. CGP is one of the most common methods of 
the SPD processes. In this method, plane strain and 
pure shear apply while the sample is constrained 
for dimensional changes and bending strains [10].

The CGP method was introduced in 2002, 
by Shin et al. (Figure 1). The base of the process 
is that the metal sheet is pressed in a mold with 
asymmetrical grooves (Fig. 1-1). The inclined 
zones of plate are deformed under shear stresses 
with a plate-strain situation, and no strain applies 
to the flat part of the sheet (Unhatched area). With 
inclination degree of 45° to the grooves, the applied 
shear strain will be equal to one, and an effective 
strain of about 0.58 will apply to the sample. In 

In this study, constraint groove pressing (CGP) process and ultrasonic assisted CGP (UCGP) process were 
investigated on the process forces, mechanical properties of the sheet, including hardness and tensile tests 
and grain size. Pure copper sheets were used as samples in this research. Samples were tested both with 
and without ultrasonic vibrations for mechanical properties and grain size up to 4 passes. The results of 
tensile tests showed that by applying CGP process, the strength of the samples increases significantly in 
the first two passes and then decreases. Hardness test results showed an increase which had the highest 
rate after the first pass. As expected, CGP process was very effective to create fine-grained metal structure. 
Also, process forces were investigated in both CGP and UCGP processes and then compared in 3 methods 
of 2 dimension (plane strain) simulation, 3 dimension simulation and experimental examination. After all, 
a good agreement was achieved.
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the next step, the sheet is pressed between two flat 
plates and returns to its original shape, resulting in 
being re-sheared and doubling their strain in these 
regions (Fig. 1-2). Then, the sheet metal rotates 180 
degrees around the axis normal to the sheet surface 
and as in the previous steps the shear strain applies 
to both grooving and straightening states and the 
strain rate becomes uniform throughout the whole 
sheet. Repeating these steps results in high strain 
application on the sheet and converts its texture to 
an ultra-fine structure [10-12]. 

In the CGP process, friction should be 
controlled to avoid as much surface crack creation 
as possible, which will change into the failure factor 
in high passes. Kazeminejad et al. investigated the 
effect of friction reduction by using Teflon layers 
as a lubricant. They were able to perform 7 passes 
of CGP process on pure aluminum samples [13, 
14], which in previous studies had a maximum of 4 
passes [15, 16].

In last decades, the effects of SPD processes, 
including ECAE, on the microstructure of steel 
alloys have been seriously studied, but there are very 
few reports on the effect of the CGP process on the 
microstructure and the mechanical properties of 
these alloys [13]. In a study by Mason et al. the final 
grain size after 4 passes of CGP reported about 213 
nm [17]. The grain fining occurs more in the initial 
stages of the process up to strains of 2 to 3, and 
does not apparently change for the higher values of 
the strain. Instead of grain fining in the dominant 
microstructural changes for strain values of above 
3, the fraction of large-angle boundaries increases 
[10, 15, 18- 20]. Other studies have reported that 
with increasing the strain, the distance between 
these boundaries become smaller and the angle of 
their dislocations increases [21, 22]. In this regard, 
various studies have shown that ultra-fine grained 
materials produced by SPD methods (including 
the CGP process) have a much better superplastic 
property than conventional materials produced by 
conventional methods, even at low temperatures 

and high strain rates [23, 24]. Hardness and 
uniformity of the strain were studied for CGPed 
low carbon steel sheet by Khodabakhshi et al. 
and it was observed that, unlike the strength that 
decreases in the high strains, hardness increased 
with increasing pass numbers [14]. Kumar and 
Raghu also investigated the hardness of the 
CGPed nickel sheet, and observed severe hardness 
increase after the first pass and slight increase in 
subsequent passes [25]. In another study, Kumar 
et al. performed hardness measurement of CGPed 
titanium. Hardness Increase in the first pass was 
significant and in the second pass was very small 
[26]. A similar result observed for low-carbon steel 
[15]. In 2018 Nazari et al. found Von-Mises more 
suitable yield criterion than Tresca in analytical 
model of CGP for forces estimation [27], and in 
another research in the same year they investigated 
deformation behavior on the CGPed sheet [28]. 
In 2019 they also investigated residual stress of 
copper sheet in the CGP process and reported a 
decrease in residual stresses by increasing number 
of process passes [29]. Severe plastic deformation 
methods reduce the grain size to nanoscale size and 
improve the mechanical properties of the metal. 
Also, they have recently investigated the effect of 
microstructure parameters on the residual stress in 
the CGP process of copper samples [30]. 

According to author information there is not 
much information about the effect of the ultrasonic 
vibration on the mechanical properties of CGPed 
sheet. So, experimental and numerical investigation 
of mechanical properties in the ultrasonic assisted 
constraint groove pressing process of copper sheets 
was performed in this study.

2. Research Method
2.1. Tool Design

In order to run the CGP process, samples should 
be placed under the press in their own format, but 
in addition, the ultrasonic components assembly 
must also be attached to the workpiece. On the other 

Fig. 1- Schematic illustration of the CGP process principles.
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hand, since the mold has to be vibrating, the design 
of the mold is different in this process. In rectangular 
molds, the corners of the workpiece bend, so in this 
research, the molds are rounded. Flat and grooved 
molds are called horn here. Concentrator or horn 
carries the ultrasonic vibrations from transducer 
to the target area. Its main function is to transmit 
and amplify the vibration amplitude in order to 
improve the performance of the ultrasonic system. 
The horn should have two good mechanical and 
acoustic features. Thereby, in this research CK45 
steel alloy was used with frequency of 20 kHz.  

To prepare a vibrating system, it is necessary 
to clamp the system at certain points to be stable. 
Because the system is vibrating, these points must 
be carefully selected so that there is no movement in 
these points and heat generation is prevented. The 
resonant frequency obtained from the software for 
the groove and flat molding was 18616 and 18799 
Hz, respectively. The experimental value obtained 
from the generator for the groove and flat molding 
was 18.68 and 18.8 kHz, respectively. The results 
indicate acceptable accuracy of the performed 
simulation. To perform this test a SIGMASSONIC 
2000 W generator with a working frequency of 20 
kHz was selected. 

In order to create the upper and lower molds, the 
material was first prepared with a specified diameter 
and then machined to fit on the workpiece. At this 
stage, the length of the workpiece was considered 
to be longer than the length of the vibration tool. 
Then the designed groove and extra length of the 
workpiece was machined by EDM operation. The 
extra part was used for the bottom mold. A similar 
part was also made for flat mold. The bottom molds 
were set in the fixture which is shown in Figure 2. 

A screw was designed on the fixture to prevent 
rotation of the bottom mold. For the sake of 
simplicity, the bottom fixture was considered in 
square shape, and then the lower jaws of the mold 
were placed inside it. In order to remove the sheets 
after the process easily, a hole was embedded 
underneath the bottom mold place on the fixture. 
A tube fixture was designed to keep the transducer 
inside and connect the mold to the assembly, and 
then the fixture attached to the press machine. This 
fixture also considered as a protective device for 
the transducer to prevent possible blows (Fig. 3a). 
Figure 3b shows the image of the used transducer 
in this study.

In the application of ultrasonic waves, 
wavelengths can be calculated by the relations (1) to 
(4), using two variables of frequency and velocity.
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The largest diameter of the vibrating instrument 
must be less or equal to one-fourth of the 
longitudinal vibrational wavelength for the desired 
frequency. So:
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If this condition is not satisfied, the effect of 
transverse vibrations in the concentrator will be 
considerable and it’ll lead to waste of energy. The 
length of the horn is calculated from equation (4):
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Fig. 2- Fixture and bottom part of flat and grooved molds. Fig. 3- (a) designed fixture for mold and transducer (Transducer 
Protector), (b) used transducer.
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Fig. 4- Dimensions of the tensile test sample according to 
ASTM-STP1576 standard.

In the formulas above, Dmax is the largest 
diameter of the vibrating instrument, λ is the 
longitudinal wavelength of the vibration, L is the 
length of the horn, C is the longitudinal wavelength 
(compressive), E is the young’s module, ρ is density 
and f  is the frequency.

The dimensions of the groove in the grooved 
mold depend on the design of the mold and 
the thickness of the sheet. Therefore, molds are 
designed and made for sheets of 3 mm thick.

2.2. Mechanical Properties
After the CGP process, tensile test samples were 

prepared from deformed samples. The test sample 
length was selected in perpendicular direction to 
the grooves. The dimensions are shown in Figure 
4, according to ASTM-STP1576 standard. All 
tests were performed at ambient temperature, 
using HOUNSFIELD tensile test device. Figure 5 
indicates the prepared sample for the tensile test.

In order to evaluate the hardness variations in the 
specimens and the homogeneity of deformation, a 
Vickers hardness test was performed. This test was 
done in two ways:
1- On the surface of the sheet perpendicular to the 
grooves. 
2- Through the thickness of the sheet.

The hardness was obtained from the average of 
at least 3 hardness measurements along these lines 
in different situations.

In order to evaluate the effect of CGP process on the 
grain size, images of the CGPed copper microstructure 
was prepared by optical microscopy. First, the pieces 
were arranged together, and after grinding with 80, 
120, 400, 800, 1200 and 2000 rubs, the specimens 
were finally polished with mixed of water and Al2O3. 
A solution with 100 ml of alcohol and 100 ml of HCl 
and about 5 gr of copper chloride (CuCl2) was used to 
manifest the grains. Images were captured from the 
sample structure by optical microscope. 

2.3. Finite Element Modeling
A finite element simulation in ABAQUS software 

was used to analyze the concentrator. It is possible 
to obtain the longitudinal, torsional and bending 
resonance frequencies of the piece by modal 
analysis. To increase and decrease the length, and 
to create grooves, easily, the flange location must be 
positioned exactly on the node. The part design was 
done by CATIA software first, and then files stored 
in STEP format and loaded in ABAQUS software. 
For the analysis of grooved and flat molds, the 
deformable part with C3D10 type mesh was used 
with the number of elements of 70570 and 69277, 
respectively. The meshes were as small as possible. 
Clearly, any finer element meshing results in higher 
mesh accuracy, but on the other hand, the equation 
solving time in the ABAQUS software is increased 
so that we can reduce mesh size to a certain extent. 
The mesh size was measured in 5 different sizes to 
achieve convergence of results. After the analysis of 
the molding, the length of the resonant frequency 
was 18616 Hz for the grooved mold and 18799 Hz 
for the flat mold. Figure 6 shows the tooling system 
for the finite element analysis.

When simulation results are comparable to 
practical experiments numerical simulation can 
provide technical support for designers. This 
simulation was performed using the Dynamic/
Explicit method of CGP process FEM modeling 
in ABAQUS software. Adaptive mesh techniques 
were used to improve shapes of the elements. In 
the simulation of each pressure step, the lower die 
was fully fixed in all directions and angles, and the 
upper die was lowered by only 3 mm in the vertical 
direction. In this study, the Johnson-Cook model 
was used to simulate the CGP process. This model 
is a visco-plastic material model based on strain 
and temperature that describes the relationship 
between stress, strain, strain rate and temperature. 
This is appropriate for problems in which the 

Fig. 5- Prepared Sample for Tensile Test.
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strain rate varies at a high range and the generated 
temperature by the plastic deformation changes by 
thermal softening. In this model, the effective yield 
stress is obtained according to equation (5) [31].
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 is the effective 
strain, T0 is the ambient temperature and Tm is the 
melting temperature of the material.

The constant coefficients of this relation are 
also obtained from the Johnson-Cook coefficient 
for copper sheets [31], where A is the initial yield 
stress, B is the hardening module, n is the work-
hardening power, C is the coefficient of the strain 

rate, and m is thermal softening. The used friction 
coefficient was equal to 0.25 [14].

3. Results and discussions
3.1. Mechanical Properties

Figure 7 shows tensile behavior of the annealed 
pure copper in different passes of CGP and UCGP 
process.

Applying severe strain to the metal will 
increase the dislocation density which will lead 
to enhancement of the strength. On the other 
hand, the increase in strength is equivalent to 
decrease in the flexibility of the metal, in other 
words, decreasing the percentage of relative length 
variation, gives a precise examination of the tensile 

Fig. 6- The first ABAQUS designed longitudinal mode for (a) grooved horn, (b) flat horn.

Fig. 7- Effective stress-strain diagram of (a) CGPed samples, (b) UCGPed samples.
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behavior of this subject [16].
The results of the tensile test of pure copper 

samples are obtained in both ultrasonic and non-
ultrasonic states. In Figure 8, the results are shown 
in terms of the number of passes in the CGP and 
UCGP processes.

As can be seen, the highest rate of UTS and YS 
occurs in the first pass of the process. The UTS 
of the samples increased from 224 MPa to 287 
MPa for the CGPed samples and 283 MPa for the 
UCGPed samples. In the second pass, the UTS 
increase was lower than the first pass. The UTS in 
the second pass was 303 MPa for the CGPed and 
284 MPa for the UCGPed samples. The amount of 
UTS in subsequent passes decreased, so that in the 
third and fourth passes, the values of 267 and 240 
MPa in UCGP mode and 120 and 83 MPa in CGP 
mode were obtained. On the other hand, YS of the 
annealed samples was 60 MPa, which increased to 
201 and 164 MPa in the first and second passes, for 
CGPed samples and 153 and 169 MPa for UCGPed 
samples, respectively. The YS amount decreased in 
subsequent passes, and this decrease was greater in 
UCGP process. The increase of UTS and the YS of 
copper samples in the first and second passes can 
be attributed to the work-hardening and the grain 
fining mechanisms. UTS and YS increases with 
increasing number of pressing passes, which may 

be due to the following reasons: 
The first is that, as a result of cold working on 

samples, dislocations are generated and as the 
amount of applied strain increases, the density of 
these dislocations increases and they confluence 
more with each other. Therefore, by increasing 
the number of pressing passes, the amount of cold 
work done on the sample is increased, which leads 
to an increase in the strength of the samples (work 
hardening). Another reason is that, the application 
of severe strain generates dislocation boundaries 
and divides primary grains into smaller units 
called cell blocks. By increasing the applied strain, 
the distance between these boundaries becomes 
smaller and as a result, a microstructure with very 
fine graining is formed, and thus, the strength 
increases (grain fining mechanism). Elongation 
percentage of the samples also decreased in second 
and third passes comparing to the first pass. The 
reason of these changes can be attributed to the 
work hardening [21, 22]. But the reasons for 
reducing the strength of samples in the third and 
fourth passes can be explained by two following 
factors: 

First, at the beginning, when the internal energy 
of the material is low, the speed of processes such 
as ascending and cross-slipping, which reduces 
the density of dislocations, is low. Thus, activities 
that generate dislocation mechanisms are caused 
rapid growth of dislocations density. Then with 
the rising energy level of the material, the speed 
of ascending and cross-slipping increases, and on 
the other hand, the driving force for processes that 
use dislocations, increases. Therefore, continuing 
the deformation decreases the speed of generation 
of dislocations density and reaches the saturation 
level. The fall in the density of dislocations in 
larger strains is also the result of the high amount 
of dislocation consumption, which represents the 
fourth pass (dynamic retrieval) [14, 15]. The second 
reason which recently mentioned in Kazeminejad’s 
research is that the small cracks on the surface of 
the sample reduce the strength in higher strains 
[13]. Tensile test was performed to prove the effect 
of this matter, once, without reducing the thickness 
and again by reducing the thickness. Reducing 
UTS and YS of The UCGPed compared to CGPed 
copper samples can be considered due to the 
formation of deeper cracks in the samples. Because, 
mounting vibrating stresses during ultrasonic 
assisted deformation processes, decreases the static 
YS [32]. This stress reduction was observed both 

Fig. 8- Results of the tensile test in terms of the number of 
passes in the (a) CGP, (b) UCGP.
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in tensile and compressive loading. This factor can 
be expressed as the main cause of creating deeper 
cracks in UCGPed samples. Figures 9a and 9b show 
the throughout hardness diagram of the samples. 
As we can see, the use of ultrasonic vibrations 
increases the uniformity of the sample hardness. 
In Figure 9c, the variations of sample hardness 
are shown in terms of the number of passes of the 
CGP and UCGP processes. As can be seen, the 
hardness of the annealed sample is 52 Vickers, 
which increased significantly in the first pass of the 
CGP process and reached 100 Vickers; this increase 
was lower in subsequent passes. So, the hardness 
was 111, 116 and 118 Vickers in the second, third, 
and fourth pass, respectively. Here, the reasons for 
increasing strength can also verify increasing the 
hardness in the higher passes, too.

Also, the ultrasonic vibrations usage in the 
process slightly increased the hardness on the 
surface of the sheet. The hardness of the specimen 
after the first pass was 106 Vickers and was 110, 119, 
and 122 Vickers in the second, third, and fourth 
passes, respectively. As can be seen, an increase 
of about 5% of hardness amount is obtained while 
using ultrasonic vibrations, which is likely due to 
more work-hardening with presence of ultrasonic 
vibrations.

Figure 10 also shows the distribution of hardness 
along the sheet thickness in the CGP and UCGP 
processes.

In general, the hardness increases by increasing 
the number of passes, and this increase in the first 
pass is significant [33]. Hardness improvement is 
due to an increase in the density of dislocations and 

Fig. 9- Hardness distribution along the sheet for (a) CGPed samples, (b) UCGPed samples, (c) Hardness 
variation at the sample surface in terms of number of passes.

Fig. 10- Hardness distribution along the thickness in the (a) CGP, (b) UCGP process.
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work-hardening of materials. Similar results have 
been reported for the hardness change in other 
studies of CGPed aluminum [34-36]. 

3.2. Microstructure Evaluation
The most important impact of the CGP process, 

and, in general, SPD processes, is the reduction in 
grain size. The microstructure obtained from the 
optical microscope of annealed and CGPed copper 
sheets are shown in Figure 11 in various passes.

As can be seen from Fig. 11a, the initial sheet has 
a microstructure with a grain size of approximately 
60 μm. According to the figure, after 4 passes, 
the grain size has dropped to 12 μm. The grain 
size has been calculated according to the ASTM 
standard. Therefore, the CGP process causes 
severe deformation to the specimens and results 
in microstructure changes and improvements 
in mechanical properties. As can be seen in Fig. 
11, the left samples with ultrasonic vibrations, 
have finer grains rather than the right samples. 
It means that the ultrasonic vibrations make the 
samples’ plastic deformation more severe and assist 
in improving grain refinement efficiency. After 
transmission the ultrasonic wave in the copper 
samples, it can disturb the particles of a body from 
equilibrium, which gives rise to internal forces that 
tend to return these particles to equilibrium [37]. 
The stresses associated with the propagation of 
ultrasonic wave are the basic cause of the numerous 
mechanical effects attributable for improving the 
material microstructure [38].

3.3. Process Modeling
During the CGP process, sheets severely 

deform and large amount of strain applies to 
them. According to the theory of CGP, the created 
strain should be homogeneous all over the sample 
sheet. However, the strain heterogeneity has been 
observed in practical situations. Figure 12(a) shows 
the distribution of effective plastic strain at different 
times during the first pressing. This figure shows 
that the sheet bends on its surface before shear 
deformation, so the applied plastic strain to the 
sample is not a pure shear. Shear deformation mainly 
occurs on the inclined part of the sheet and bending 
mainly occurs on the surface of the workpiece. This 
issue can be considered as one of the reasons for 
the un-uniformity of the strain. Figure 12b shows 
the evolution of the strain distribution over a 
complete cycle of the CGP process and the lack of 
uniformity at the end of the cycle. Several studies 

on deformation behavior in CGP copper sheets, 
using finite element analysis [39], show that there is 
some inhomogeneity in the sheets, and the average 
of created strain in the sheet at different stages is 
more than theoretical value. Figure 12c shows the 
effective strain values along the CGPed sheet at 4 
first pass presses. For the reason of this difference it 
can be explained that, in the evaluation of the strain 
theory, the deformation state is assumed as a simple 
shear, while the deformation during the CGP also 
involves some tensile and compressive strains. In 
addition, in theory analysis, it is assumed that there 
are some areas that remain unchanged and in that 
theory, the cohesion of the sheet material is not 
considered [15]. Also, in Figure 12d, effective strain 
on the surface and middle thickness along the sheet 
is observed. The amount of strain in the middle 
of the sheet thickness is more than the created 
pressure on the surface of the sheet, which is due to 
the effect of friction. The deformation of the sheet 
surface is constrained by friction between the mold 
and the sheet [39].

As a result of performing a CGP process pass, a 
distribution of the strain occurs on the sheet, and 
different regions contain less or more strain values. 
By increasing the number of process passes, the 
material gets closer to its saturation state, so areas 
where experienced less strain at previous passes, 
get a higher strain rate at this pas because of their 
vacant capacity for becoming saturated. This results 
of strain balancing in different regions, which leads 
to uniformity of strain distribution in the sheet 
at higher passes, and consequently, increasing 
the number of passes, leads to more uniform 
distribution of hardness [40].

The shear stress component is greater in inclined 
regions but it’s much less in areas close to the edge of 
the grooves. Therefore, these areas in the middle of 
the sheet thickness are deformed by bending before 
the completion of performance, so the entered 
plastic strain on the sample is not pure shear 
strain type. In the next step, the diagrams of three-
dimensional simulation forces were compared with 
the two-dimensional plane strain simulation forces 
diagrams and experimental performances. 

Figure 13a represents the assessment of the 
required force for deformation during the first 
phase of the CGP process, and Figure 13b represents 
forces in the UCGP process. 

Since under the plane strain condition, the 
material is completely bounded and deformed at 
a certain surface, and all corners of the mold are 
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Fig. 11- (a) Optical image taken from the annealed microstructure, optical image taken from the microstructure of the 
samples after 1 pass of (b) UCGP, (c) CGP, the samples after 2 passes of (d) UCGP, (e) CGP, the samples after 3 passes of 
(f) UCGP, (g) CGP, the samples after 4 passes of (h) UCGP, (i) CGP.
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Fig. 12- (a) Distribution of the effective strain at different times for the first pressing (b) Evolution of strain distribution over a 
complete cycle of the CGP process (c) An effective strain distribution diagram along the CGPed sheet (d) Effective strain distribution 
at first pressure on the surface and in the middle of the thickness of the CGPed sheet.

Fig. 13- Force investigation at first pressing of the first pass of (a) CGP process, (b) UCGP process.
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