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Abstract

In this research, Constraint Groove Pressing (CGP) process, which is one
of the most important and effective methods of severe plastic deformation
processes has been studied. Ultrasonic assisted CGP (UCGP) process has
been conducted to investigate and compare the effects of applying ultrasonic
vibrations on the residual stress with the conventional method. Contour
method was applied to measure the residual stresses distributions in the
CGPed and UCGPed samples. Pure copper sheet samples were tested both
with and without ultrasonic vibrations up to 2 passes. The measured values of
the residual stresses indicated a relative reduction of stress in the presence of
ultrasonic vibrations. By investigation of residual stress normal to the surface
in thickness direction, it was observed that residual stresses are compressive
on the edge and tensile in the middle of the thickness of the sheet. This
reflects the self-balancing feature of residual stresses. In all conditions for both
passes, residual stress reduced about 20MPa while using ultrasonic vibrations
compared to traditional CGP method.

1. Introduction

Constrained Groove Pressing (CGP) is one of the Se-
vere Plastic Deformation (SPD) processes. In this
method, the strain is applied in a constrained condi-
tion to a sheet, and thus the bending strain or non-
uniformity of the strain does not occur significantly. As
the mechanical analysis demonstrated, in this method,
the deformation is applied under the plane strain con-
ditions with pure shear. Shin et al. proposed the
CGP method for the first time [1]. A schematic of
this method is shown in Fig. 1.

In this method, a metal plate is placed between two
molds with an asymmetric groove and is pressed. In
this case, the inclined parts of the sheet are deformed
in plane strain condition under shear stresses, while
no strain is applied to the flat parts of the sheet (un-
hatched areas). When the angle of the inclined part

is 45 degrees (θ angle), the shear strain rate of the
action is equal to one, resulting in an effective strain
of about 0.58 to the inclined parts [2]. In the second
step, the sheet is pressed between two flat sheets and
returns to its original dimensions. At this stage, the
deformed regions in the first stage are once more sub-
jected to shear deformation and the strain rate is dou-
bled in these areas, while no strain is applied to the un-
deformed regions. The metal plate then revolves 180
degrees around the axis, perpendicular to the surface
of the sheet, and the steps of the CGP are once more
repeated with grooved and flat molds so that at this
stage, the un-deformed regions in two previous presses
are subjected to shear strains, and thus the strain dis-
tribution in the metal plate becomes more uniform. By
following these steps, high strains are stored in sheet,
resulting into a nano or ultrafine grained structure [1,
3-5].
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Fig. 1. The schematic steps of CGP process.

If the CGP operation is considered to be a type
of forming operation, the groove depth for pure com-
mercial aluminum samples should not exceed 2.5 times
more than the thickness of the sheet [3, 6, 7]. In
the CGP process, th friction between the mold and
the sample causes the formation of micro cracks dur-
ing pressing. The surface cracks develop in the higher
passes and eventually cause the sample failure. It’s
possible to apply higher strains in the CGP process.
To this end, as the friction between the contact sur-
faces reduces as a result of decreases in the surface
cracks, it is possible to apply higher strain. The effect
of friction reduction between the mold and the sam-
ple surfaces has recently been reported by Hosseini et
al. In this study, Teflon layers were used as lubricants
to reduce friction, which contributed to the possibility
of applying 7 passes of CGP to pure aluminum speci-
mens [8, 9], while, in previous studies, at most 4 passes
could be applied to aluminum samples without using a
lubricant [9-11].

Thus far, the CGP process has been applied to var-
ious metals such as aluminum, steel, titanium, copper,
magnesium, and there are quite a few papers on the ob-
tained results [1, 9, 10, 12-17]. Nazari and Honarpisheh
modeled CGP analytically to estimate forces and to ex-
amine the behavior of the sheet. The findings showed
that Von-Mises is more suitable yield criterion than
Tresca for CGP force estimation [18], and, in the same
year, they investigated the effect of deformation be-
havior and effective strain on the CGPed sheet and re-
ported that the pressing section has a significant effect
on the properties of constrained groove pressed sheets
[19]. One year after, in another study, they exam-
ined the effect of stress relief annealing on the residual
stress of a copper sheet in the CGP process. Their
result indicated that, the residual stress decreases by
increasing the number of CGP passes. The results also
showed that stress relief annealing increases residual
stress due to increases in microstructure un-uniformity
[20]. In SPD methods, the grain size is reduced to a
nano-scale size and the mechanical properties of the

metal improve significantly by applying severe strains
to the sample.

Up to now, ultrasonic vibrations have been devel-
oped in processes such as tube drawing, wire drawing,
deep drawing, extrusion, rolling, and upsetting [21].

Residual stresses are self-balancing stresses that are
created in the work-piece due to the production pro-
cess, such as rolling, welding, casting, machining, etc.,
which sometimes have negative and sometimes positive
effects on the component life. Residual stresses can
be beneficial or harmful due to their size and distri-
bution related to external stress, which is harmful in
most cases. Residual stresses also affect fatigue life.
Residual stresses are measured in a variety of non-
destructive, semi-destructive and destructive methods.
There are some semi-destructive methods, such as hole
drilling [22-24] and ring core [25, 26], destructive, like
slitting [27-29], contour [30, 31] and inverse eigenstrain
method [32] and non-destructive, like X-ray diffraction
[33]. Destructive method of contour was used in this
study to measure residual stress. The Contour method
is one of the newest methods for measuring residual
stresses, which was first introduced at a conference in
2000 [34]. In this method, the measurements of defor-
mations caused by the release of stresses in the cutting
process are used. The displacement data measured in
the modeling and analysis of the finite element is used
to calculate the residual stresses. It should be noted
that the mean value of the data from both cut sur-
faces should be entered into the FEM software. As
part of the analysis, displacements are measured as a
set of boundary displacement conditions in the model.
Contour measurement method is particularly suitable
for complex residual stress fields with local variations,
which are difficult to measure using conventional mea-
surement methods. The area of uncertainty is usually
around 0.5mm. However, through especial care near
the edges, good results are obtained [35-39].

Alinaghian et al. investigated the influence of bend-
ing mode ultrasonic-assisted friction stir welding (BM-
UAFSW) on longitudinal residual stress under various
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vibration amplitudes of Al-6061-T6 alloy, and found
that BMUAFSW process can decrease the maximum
longitudinal residual stress up to 24% compared with
the conventional FSW [40]. In another study, they
investigated residual stresses after ultrasonic-assisted
friction stir welding of AA 6061-T6. the findings indi-
cated that high-frequency vibrations reduce the max-
imum tensile residual stress about 45% and, also, ul-
trasonic vibrations prevent defects such has voids and
tunnel in weld zone due to peening effect in ultrasonic-
assisted friction stir welding [41].

According to the author’s knowledge and the find-
ings of previous studies [18-20], the effects of ultrasonic
vibrations in constraint groove pressing process has not
been examined so far. In this paper, ultrasonic vibra-
tions was applied to the copper sheets during the CGP
process in order to examine the effects of ultrasonic
vibrations on the residual stresses,.

2. Research Method

In this study, UCGP process, which is one of the SPD
processes, was applied to pure commercial copper sheet
to investigate the effect of utilizing ultrasonic vibra-
tions on the residual stress of sheets compared to the
conventional CGP process. Chemical composition of
the sheet is shown in Table 1.

In this study, samples were prepared using the fol-
lowing conditions:

- Two samples (1 and 2 passes) were UCGPed to
evaluate the residual stress.

- Two samples (1 and 2 passes) were CGPed to
evaluate the residual stress.

After these treatments, the Contour method was used
to measure the residual stresses. Fig. 2 shows the cop-
per sample after the first pressing.

2.1. Tool Design

In this study, CK45 steel alloy was used as the tool
material. This material has two good mechanical and
acoustic features. The frequency used was 20KHz. Fi-
nite element software was used to determine the node
points with C3D10 element type (Figs. 3a and 3b).
After calculating and verifying the design using modal

analysis in the ABAQUS finite element software, the
horns were constructed and installed on the setup (Fig.
3c).

The resonant frequency obtained from the software
for the groove and flat molding was 18616 and 18799Hz,
respectively.

Fig. 2. Copper sample after the first grooving in the
CGP process.

2.2. Residual Stress Measurement

After these treatments, the samples were compared
with the Contour method for residual stress evalua-
tion. The Contour method is almost unique in obtain-
ing residual stresses in a two-dimensional cross section
even in large parts. In this method, if it is possible,
both surfaces should be measured at a given point, and
it should be noted that when comparing two surfaces,
one of the axes of the coordinates will be mirrored [35].
The data obtained from the measurement of both cut-
ting surfaces should be balanced in a coordinate system
and then averaged. In the finite element model, half of
the original sample is designed. After performing the
initial processing, the results have noises. These noises
are corrected by manually removing and modifying in-
formation, averaging and smoothing the data curve,
and also performing an experimental cut at the free
end of the piece to examine the roughness of the cut-
ting. Uncertainty in measuring strains near the edges
should be considered as one of the disadvantages of the
Contour method. The cutting width of the EDM may
slightly change at the top and bottom of the cutting or
at the beginning and the end of the cutting [42, 43]. As
a result, data near the cutting edges cannot be com-
pletely reliable [35]. To measure the residual stresses, a
copper sheet with 3mm thickness and 60mm diameter
was prepared, annealed and CGPed up to 2 passes in
two forms, with and without ultrasonic vibrations.

Table 1
Chemical composition of the pure commercial copper sheet.

Cu, % Sn, % Al, % Pb, % Ni, % Fe, %
99.32 0.266 0.183 0.100 0.017 0.046
Si, % Mn, ppm As, ppm P, ppm Co, ppm Sb, %
0.014 0.260 86.054 14.115 97.95 0.034
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Fig. 3. Horn displacement curve along its length and the placement of the flange on the node location for a)
Grooved horn, b) Flat horn, and c) Completed UCGP setup.

After performing the CGP process, the speci-
mens were cut using the CHARMILLES ROBOFIL®
Switzerland EDM machine, with 25 microns diameter
brass wire, on finishing mode, and prepared to mea-
sure surface displacement. Samples were prepared,
both parallel and perpendicular to the grooves. For
the precise measurement of surface displacement, co-
ordinate measuring machine (CMM) was used. Due
to the large number of points that need to be mea-
sured, an appropriate program was supplied for the
device to measure all the points automatically. In this
regard, MATLAB software was used for programming,
then the written program was copied into the command
section of the software, and the software was then run.
The specimen was divided into 48 points of measure-
ment longitudinally and 20 points along the thickness
(3mm) which totally made 1029 point. Another im-
portant point is that, it is necessary to measure both
cross sections in one direction, and in fact the point
of origin is identical and corresponds precisely to the
front point. The piece is also completely symmetrical,
relative to the cutting plane. The measured surface
data has some noise as a result of measurement errors
and surface roughness. The noises should, therefore,
be eliminated while the overall surface shape is pre-
served. The coordinates of the measured points were
entered into the MATLAB software, and then, using
the cftool command, the MATLAB software obtained

the surface curve equation. Fig. 4 shows the curved
image obtained from the MATLAB software.

Obtained surface curve from MATLAB software
should be placed in FEM simulation of the Contour
method as the displacement of the workpiece.

3. Results and Discussion

Contour method evaluates the residual stresses by mea-
suring deformation caused by the release of residual
stresses after the precise cut of the sample. In this
study, the measured displacement information was
used in finite element modeling and the analysis of
samples, using ABAQUS software to calculate resid-
ual stress. The inverse of smoothed data has been en-
tered as the boundary conditions of displacement for
the FEM modeling. In the next step, two-dimensional
contour maps of the residual stresses were measured
perpendicular to the measuring surface. The resid-
ual stresses in the defined paths were then compared.
Fig. 5 shows two-dimensional contour map of residual
stresses obtained from 1 pass CGPed sample on the
cutting surface perpendicular to the grooves.

Also Fig. 6 shows the two-dimensional contour map
of residual stresses obtained from CGP processes for
the first pass, on the cutting surface parallel to the
grooves.
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Fig. 4. The obtained contour from MATLAB software.

Fig. 5. Two-dimensional contour of residual stress on the cutting surface perpendicular to the grooves for CGP
process obtained from ABAQUS software (1st pass of CGP as a sample).

Fig. 6. Two-dimensional contour of residual stress on the cutting surface parallel to the grooves for CGP
process obtained from ABAQUS software (1st pass of CGP as a sample).

To compare the results, different sections in the
same paths must be examined. Therefore, to study
the surfaces perpendicular and parallel to the grooves,
three paths were selected on these surfaces. These
paths include:
path 1: The horizontal line in the longitudinal direc-
tion in the middle of the sheet thickness.
Path 2: The vertical line along the thickness at a dis-
tance of L/3 (of length) from the center of the mea-
surement coordinate.
Path 3: The vertical line along the thickness at a dis-
tance of 2L/3 (of length) from the center of the mea-
surement coordinate.

Fig. 7a shows the measured residual stresses along
path 1 in one and two passed CGP and UCGP states.
As shown in this figure, the residual stresses are ten-
sile along the specified path. Due to the absence of
a groove at a distance of 10mm on each side of the

mold, the stress values at these intervals have been
close to zero and they were eliminated to focus more
on the values of the graph. According to the diagram,
by comparing CGPed samples with UCGPed, it can
be seen that ultrasonic vibrations have reduced ten-
sile residual stresses in the middle of the sheet thick-
ness about 20MPa. The reduction of residual stress
when applying ultrasonic vibrations has led to the use
of ultrasonic stress relieving methods. Figs. 7b and 7c
show the residual stress perpendicular to the surface
in the thickness path. The stresses are compressive on
the sheet edges and tensile in the middle of the sheet
thickness. This represents that the residual stresses are
self-balancing. As shown in the diagrams, the tensile
residual stress in UCGP mode has significantly (about
20MPa) reduced compared to CGP mode. This reduc-
tion was also observed in the second pass. Moreover,
the reduction of compressive stress on the edges of the

Journal of Stress Analysis/ Vol. 4, No. 2, Autumn − Winter 2019-20 111



sheet in UCGP mode was observed compared to the
CGP state.

Fig. 7. Residual stress diagram perpendicular to the
surface of a) Path 1, b) Path 2, c) Path 3.

Fig. 8a shows the diagram of residual stress distri-
bution, perpendicular to the surface along the longitu-
dinal path in the middle of the thickness of the parts.
The figure indicates that using ultrasonic vibrations
reduces the residual stresses significantly by 20MPa.
As it can be seen in the figures, the residual stress in
the middle of the sheet thickness is still tensile. Figs.
8b and 8c show a reduction in tensile residual stress
in UCGP compared to CGP process in the first and
second pass.

Tensile stress had a greater reduction in UCGP
than CGP process in the second pass. It can also be
seen that the reduction of the compressive stress on
the edges of the UCGP process is more than the CGP
process.

The findings show that ultrasonic vibrations us-
age is an effective method to decrease residual stresses
which is compatible with the result of Alinaghian et
al.’s study [40]. The results also showed that high-

frequency vibrations can reduce the maximum tensile
residual stress by 45% and increase tensile strength sig-
nificantly. In another study, they also indicated that
BMUAFSW can decrease the maximum longitudinal
residual stress by up to 24% compared with the con-
ventional FSW [41].

Fig. 8. Residual stress diagram perpendicular to the
surface of a) Path 1, b) Path 2, c) Path 3.

4. Conclusions

In this study, the ultrasonic-assisted CGP (UCGP)
process was investigated and the effects of process on
the residual stress were studied by the contour method.
The results showed that the stresses are compressive in
the sheet edges and tensile in the middle of the sheet
thickness. Also, a reduction in tensile residual stress in
UCGP compared to CGP process was seen in the first
and second pass.

In both UCGP and CGP and for both passes, resid-
ual stress decreased by about 20MPa while using ultra-
sonic vibrations compared to traditional CGP method.
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