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temperature changes of the part from the moment of cutting to the ambient temperature is
higher in laser cutting and the residual stress in this method is higher than the plasma and wire

1. Introduction have on the residual stresses’ distribution of st37. There

) are several destructive methods to measure residual
The laser, plasma and wire-cut processes are used for .
. . . . stresses such as the hole drilling method [1, 2], the
the purpose of cutting parts in all industries. The o )
) ) o slitting method [3, 4], the ring-core method [5], the sachs
construction of each piece usually starts from cutting its
] ] o method [6] and the contour method [7-9]. The contour
components. It is so important that if it is not done . L
) method was invented by Prime in 2001. He presented a
accurately, it may cause problems for other components.
) ) powerful new method called the contour method to
The scope of this research encompasses a comparison of . )
. . . measure residual stress [10]. In 2006, Prime et al.
the impact cutting methods (laser, wire-cut and plasma) Lo
expanded the multi-slice contour method that measures
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the residual stress into two directions [11, 12]. He used
the new contour method to measure the cross-sectional
map of residual stresses in a welded plate, which
confirmed the capability of the contour method to
measure complex and two-dimensional stress maps [13].
Prime et al. [14] investigated the residual stress caused
by the destruction of a tungsten-carbide spherical object
on a thick plate of low-carbon steel with high strength
using the contour method. In 2003, Prime et al. [15]
investigated and predicted the residual stress of a forged
aluminum alloy sample that was quenched and hardened
in several stages, and the contour method was used to
experimentally measure the residual stresses. Zhang et
al. [16, 17] measured the residual stress caused by
welding on stainless steel 316L by utilizing the contour
method. The results of the contour method were checked
with the results of the neutron diffraction method, and a
good agreement was observed. In 2009, Morgan et al.
[18] performed a 3D transient thermal-mechanical
simulation on a T-shaped joint using the finite element
method to predict the longitudinal residual stresses and
used the new contour method to experimentally verify
the longitudinal residual stresses obtained by the
thermal-mechanical  simulation. They wused the
experimental results to agree well with the simulated
results of residual stresses. Dennis et al. examined a wide
range of constraints to determine the effect on measured
residual stresses. Plasticity, as a result of the cutting
process, is also known to be a factor that may affect the
measured residual stresses [16, 19]. Arif et al
investigated the residual stress caused by laser cutting of
a thick sheet of mild steel. The temperature and stress
field in the cutting sections were determined using X-ray
diffraction [20]. Arif et al. [21] investigated the stress
and temperature field around a hole-shaped which was
cut by a laser method. It was found that the main stresses
in the region near the surface of the hole are tensile and
as the distance from the surface of the hole to the solid
mass increases, the stress components become more
compressive. Harnikarova et al. [22] investigated the
residual stress caused by laser cutting on three different
samples of steel, aluminum alloy, and titanium. Yelbas

et al. [23] investigated the residual stress resulting from
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laser cutting of a type of alumina ceramic. Temperature
and stress field in the cutting section were predicted by
the finite element software. Salvati et al. [24] analyzed
the layer affected by wire cut cutting on the aluminum
alloy sample created after the initial cut, as well as after
the subsequent cut. Rao et al. [25] studied the effect of
wire cut cutting parameters on aluminum alloy by
Taguchi's method. Kumar et al. [26] described and
investigated the effect of residual stresses for the surface
machined with wire cut along with ultrasonic vibration
as well as the surface roughness and erosion rate to
increase the surface quality and prolong the life of D2
tool steel with high chromium and carbon. Bhattacharya
[27] used the finite element simulation method to predict
and study the residual stress in the wire cut cutting
process. Ekmekci [28] investigated the effect of
dielectric liquid and electrode type in electrical
discharge machining in terms of residual stresses using
X-ray diffraction. Ekmekci [29] used the layer removal
method to measure the residual stress in the wire cut
cutting process and presented the stress profile as a
function of subsurface depth.

To the best of authors’ knowledge, making a
comparison between cutting methods as laser, plasma
and wire-cut in residual stresses creation has not been
reported so far. Therefore, the aim of the present
research is to study the measurement of residual stress in
st37 cut by the above mentioned methods using the

contour method.

2. Experimental Procedure

In this research, three st37 sheets in 100 x100 mm?
dimensions with thicknesses of 4, 6, and 8 mm have been
prepared for cutting according to the test methods. The
mentioned samples were cut by laser, plasma and wire-
cut methods with standard parameters and a square of 50
x 50 mm? dimensions was removed from the inside and
middle of each. The purpose of this research is to study
the residual stresses in the three mentioned cutting
processes. In addition, the samples should have no
residual stress before cutting. Therefore, the sheets are

stress relieving by heat treatment. The desired heat

IJMF, Iranian Journal of Materials Forming, Volume 10, Number 3



Investigation of Laser, Wire-cut and Plasma Cutting Methods on the Residual ...

treatment was performed at 600 °C for 30 minutes [30]
and then the samples were cooled in the air. Using an
optical thermometer, the temperatures of the parts during
cutting processes have been recorded to investigate the
effect of temperature and also the slope of temperature
changes on the amount of residual stress. Due to the fact
that ionized water is used in wire-cut, the temperature
was not recorded during wire-cut, and temperature
recording was solely done in the case of laser and plasma
cutting. To investigate the effect of the slope of
temperature changes on the value of residual stress, the
cubic equation corresponding to the temperature graph
of each sample was extracted and then the slope graphs
were drawn for each thickness and process using
MATLAB software. To measure the residual stress after
the cutting processes, the samples must be cut and
prepared for the contour method. The cutting process of
the parts should be done directly, with a smooth surface,
at the minimum cutting width with the least amount of
loading. Therefore, the electrical discharge cutting
machining is reported to be the most appropriate method.
The samples to be tested should be divided into two parts
by using the wire-cut machine and with the quality of the
surface finish so that its points can be measured with less
error by the CMM machine. Wire-cut is done with brass
wire with a diameter of 0.25 microns and a speed of 0.6
mm/min for a polished surface. Additionally, the
measurement process must be done with accurate
measurement equipment to cover most of the surface
points with a suitable displacement range. The
procedures of this research can be seen in Fig. 1. Once
the cutting by the wire cut machine is completed and the
surface is polished, the cut surfaces should be measured
by CMM. The roughness of the cutting surface, which is
in the form of peaks and valleys, has sizes of about 10-
100 microns. Two cutting surfaces are placed on the
machine for measurement. The contour-graph device
must be programmed to measure the entire surface and
its points with a suitable distance to cover a suitable
displacement range. After performing contour-graphy,
wo sets of data are extracted for each sample, which
include data on two corresponding surfaces of the cut

odel. In these data, nominal x and y and actual z are the
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data we want to analyze using MATLAB software. For
this purpose, the average of the actual z should be
calculated and the numbers obtained from the
calculation should be used to draw a three-dimensional
graph in MATLAB. After analyzing a polynomial
equation in MATLAB, which is actually the
deformations resulting from the release of residual
stresses and includes specific coefficients, and after
sorting it and applying the coefficients, it is saved and
used as a displacement for the cut surface in the
ABAQUS software. In the ABAQUS software, half of a
cut sample is modeled, and the displacement of the
points that are the result of the release of residual stresses
and extracted from the MATLAB software to the cut

surface is applied as displacement.

3. Results and Discussion

As mentioned, the contour method measures the
residual stresses through a precise cut and dividing the
sample into two parts and then measuring the
deformations caused by the release of the residual stress.
Due to the use of the contour method by finite element
software, there is no limitation in the geometry of the
parts for stress measurement and the complexity of the
geometry can be solved. By measuring the contour of
each surface, the normal stresses of that surface can be

The path of cutting in the contour method to measure
he residual stress

i

The sample which cut by laser, plasma and wire-cut

Defined path to measure
the residual stress

The cut surfaces to
measure the
residual stress

Fig. 1. Schematic of research procedure.
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measured, however, as mentioned before, the effect of
shear stresses is neutralized by averaging the
displacement information. Figs. 2 to 10 show two-
dimensional contour maps and residual stress diagrams
along the length and thickness (Fig. 1) of the samples,
separated by thickness and type of cutting process. It is
necessary to mention that in order to verify the validity
of the results, some experiments were repeated 2 times
and others up to 3 times and the average results were
reported.

According to the Figs. 2 to 4, which are related to the
residual stresses in the laser cutting process, the residual
stress is compressive at the edges and tensile at the center
of the samples, and the self-balanced feature of the
residual stress can also be seen in them. The diagram of
the residual stress along the length of the piece also
shows that the residual stress is tensile in the center of
the piece and compressive at the edge of the piece. In the
residual stress contour, it is also possible to observe the

tensile and compressive residual stress and it’s self-balanced.
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Fig. 3. Residual stress changes thickness 6 mm in the laser
cutting process (a) In line of thickness (b) Along the length
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Fig. 2. Residual stress changes for thickness 4 mm in the
laser cutting process (a) In line with the thickness of the
piece (b) Along the length of the piece (c) Residual stress
contour.
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Fig. 4. Residual stress changes thickness 8 mm in the lase:

cutting process (a) In line of thickness (b) Along the
length (c) Residual stress contour.
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In the residual stress diagrams of the laser cutting
process in thicknesses of 4, 6 and 8 mm, two peaks along
the thickness line and two valleys along the length line
are observed.

According to the diagrams in Figs. 5 to 7, which are
related to the residual stress in the plasma cutting
process, the residual stress is compressive at the edges
and tensile positive at the center of the part. The diagram
of the residual stress along the length of the piece also
shows that the residual stress is tensile in the center of
the piece and compressive at the edge of the piece. In the
residual stress diagrams of the laser cutting process in
thicknesses of 4 and 6 mm, two peaks in the thickness
direction and two valleys in the length direction are
observed, but in the thickness of 8 mm and in the
direction of the thickness, only one peak point can be
seen (Fig. 7 (b)) and in terms of residual stress changes
in the thickness direction is different with the thicknesses

of 4 and 6 mm.
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thickness of 4 mm in the plasma cutting process (a) In line
with the thickness of the piece (b) Along the length of the

piece (c) Residual stress contour.
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Fig. 8. Residual stress changes of the sample with a
thickness of 4 mm in the wire-cut cutting process (a) in line
with the thickness of the piece (b) Along the length of the
piece (c) Residual stress contour.

Fig. 10. Residual stress changes thickness 8 mm in the
wire-cut process (a) In line of thickness (b) Along the
length (c) Residual stress contour.
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Fig. 12. Residual stress changes in the 6 mm sample along
the thickness in the three tested cutting processes (a) Along
the length of the piece (b) Along the thickness of the piece.

The distributions of residual stresses in the direction
of length in three cutting methods follow a similar
pattern, while the changes in the direction of thickness
do not, and as mentioned above, the changes of residual
stress in laser cutting are more than the other two laser

processes (Table 1).
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the thickness in the three tested cutting processes (a) Along
the length of the piece (b) Along the thickness of the piece.

Table 1. Numbers related to the highest residual stress in the
tested cutting processes

Process
laser plasma Wire-cut
Thicknes:

4 mm 142.3 (MPa) 63.8 (MPa) 48.8 (MPa)
6 mm 110.6 (MPa) 61.4 (MPa) 43.2 (MPa)
8 mm 91.4 (MPa)  37.6(MPa) 27.6 (MPa)

According to Table 1, in all processes, by increasing
the thickness, the residual stress decreases, which can be
caused by increasing the surface area where the residual
stress is measured. In this table, the residual stress values
measured in all three cutting methods are presented,
according to which the highest stress is for the laser
process and the lowest is for the wire-cut process.
Cutting using the wire-cut method creates less residual
stress because the sample is in ionized water or in oil,
and the low temperature of the part is one of the
conditions of cutting in this method. But, due to the
chipping through the spark and wire, to the part and the
cutting surface, it applies temperature changes and
causes residual stress. Investigating the effect of the
temperature of the piece at the moment of cutting until it
reaches the ambient temperature is one of the goals of
this research. Heat can cause the release of residual

stress. The temperature of the part or the thermal shock
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applied to it can be effective in residual stress values. As
mentioned in the previous sections, in the wire-cut
cutting process, due to the presence of ionized water in
the cutting process, the effect of temperature is
neutralized, and the part temperature is not recorded for
this process. In the process of plasma and laser cutting,
the temperatures of the samples are recorded from the
moment of cutting to the moment of reaching the
ambient temperature and are presented by the graphs
drawn in Fig. 14.

According to the graphs of temperature changes
given in Fig. 14, the temperature of the workpiece during
cutting in the plasma process was higher than the
temperature in laser cutting. But the cooling time of the
workpiece to the ambient temperature in the laser cutting
process is less than plasma and the workpiece reaches
the ambient temperature faster. In order to investigate
the effect of the gradient of temperature changes on the
amount of residual stress, the cubic equation, according
to the graph of temperature changes, was extracted and
then derived and plotted by MATLAB software in Fig.
15.
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Fig. 14. Temperature change graph in the tested samples
from the time of cutting to reaching the ambient temperature
(a) Laser cutting (b) Plasma cutting.
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Fig. 15. Slope diagram of temperature changes of 4 mm
samples in plasma and laser cutting process (a) 6 mm thick
sample (b) Sample with a thickness of 4 mm (c) Sample with
a thickness of 8 mm.

After plotting the slope of temperature changes in the
two processes of laser and plasma cutting shown in Fig.
15, it is found that the slope of temperature changes for
all three thicknesses tested in the laser process is greater
than in plasma cutting, and in the case of samples tested
in plasma cutting with a slope Fewer changes have
reached the ambient temperature.

According to this information, it can be concluded
that in plasma cutting, due to the gentler slope and longer
time to reach the ambient temperature, less residual
stress has been created in the sample. But in laser cutting,
which has more intense temperature changes and more
slope, more residual stress is also seen in the tested

samples.

4. Conclusion

The purpose of this research was primarily to
measure residual stress by using the contour method in

three different cutting methods including laser, plasma
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and wire-cut on ST37 sheets. After that, the effect of
temperature in the process of cutting on the residual
stress was also investigated. Due to the use of three
different cutting methods, a comparison was also made
between these three methods, as well as the use of three
different thicknesses for each cut which has been
investigated in various ways.

In general, the identification and study of residual
stress in different production methods has always been
of interest to engineers. The contour method is an
effective method for measuring residual stress, through
which complex stress fields can be relatively simply
measured, and the complexity of the part geometry is
considered a solved limitation.

In this research, the residual stress caused by three
different  cutting  methods was  investigated
experimentally, and the following results were obtained:
e  The highest residual stress was found in the sample

cut by the laser method and related to the sample

with the lowest thickness of the test, i.e. 4 mm.

e By increasing the thickness from 4 mm to 6 and 8
mm, the residual stress decreased. This issue was
observed in all three cutting methods.

e The slope of temperature changes from the moment
of cutting the sample to reaching the ambient
temperature in the laser cutting process that more
than the plasma cutting process, and then the
residual stress in the laser process is also reported
and measured to be more than the plasma cutting
process.

e The higher temperature of the cutting process does
not necessarily cause more residual stress and the
gradient of temperature changes is an effective
factor.

e In wire-cut cutting, the lowest amount of residual
stress was measured.

o Considering that the cutting methods used in this
research are among the most widely used cutting
methods in the industry, we will continue to provide
suggestions for reducing or controlling the residual
stresses caused by cutting. In addition, since
residual stress measurement with the contour

method is dependent on the cutting area and its
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deformation, the quality of surface and cutting in
this area improves the measurement of surface
displacements, and as a result, residual stress is

measured more accurately.

Acknowledgments

The authors are deeply grateful to all those who

played a role in the success of this research.
Conflict of Interests

The authors have no relevant financial or non-

financial interests to disclose.
Funding

The authors declare that no funds, grants, or other
support were received during the preparation of this

manuscript.

5. References

[1] M. Alinaghian, I. Alinaghian, M. Honarpisheh,
Residual stress measurement of single point
incremental formed Al/Cu bimetal using incremental
hole-drilling method, [International Journal of
Lightweight Materials and Manufacture, 2(2) (2019)
131-139.

[2] M. Sedighi, M. Honarpisheh, Investigation of cold
rolling influence on near surface residual stress
distribution in explosive welded multilayer, Strength of
Materials, 44(6) (2012) 693-698.

[3] M. Honarpisheh, E. Haghighatt M. Kotobi,
Investigation of residual stress and mechanical
properties of equal channel angular rolled St12 strips,
Proceedings of the Institution of Mechanical Engineers,
Part L: Journal of Materials: Design and Applications,
232(10) (2018) 841-851.

[4] M. Kotobi, M. Honarpisheh, Uncertainty analysis of
residual stresses measured by slitting method in equal-
channel angular rolled Al-1060 strips, The Journal of
Strain Analysis for Engineering Design, 52(2) (2017)
83-92.

[5] M. Moazam, M. Honarpisheh, Ring-core integral
method to measurement residual stress distribution of
Al-7075 alloy processed by cyclic close die forging,
Materials Research Express, 6(8) (2019).

[6] A. Aghababaei, M. Honarpisheh, Experimental and
numerical investigation of residual stress distribution in

July 2023



52

Al-6061 tubes under using tubular channel angular
pressing process by new trapezoidal channel, The
Journal of Strain Analysis for Engineering Design,
(2022).

[71 M. Moazam, M. Honarpisheh, Improving the
mechanical properties and reducing the residual stresses
of AA7075 by combination of cyclic close die forging
and precipitation hardening, Proceedings of the
Institution of Mechanical Engineers, Part L: Journal of
Materials: Design and Applications, 235(3) (2021)
542-549.

[8] M. Tavajjohi, M. Honarpisheh, Experimental and
numerical study of the longitudinal and transverse
residual stresses distribution in the constrained groove
pressing process of pure copper sheets, Proceedings of
the Institution of Mechanical Engineers, Part L: Journal
of Materials: Design and Applications, 236(1) (2022)
97-109.

[9] L. Alinaghian, M. Honarpisheh, S. Amini, The influence
of bending mode ultrasonic-assisted friction stir
welding of Al-6061-T6 alloy on residual stress, welding
force and macrostructure, The International Journal of
Advanced Manufacturing Technology, 95(5) (2018).

[10] M.B. Prime, Cross-sectional mapping of residual
stresses by measuring the surface contour after a cut, J.
Eng. Mater. Technol., 123(2) (2001) 162-168.

[11] P. Pagliaro, M. Prime, B. Zuccarello, Multiple stress
components from multiple cuts for the contour method,
in Proceedings of the XXXV AIAS Conference, (2006)
13-16.

[12] P. Pagliaro, M.B. Prime, H. Swenson, B. Zuccarello,
Measuring multiple residual-stress components using
the contour method and multiple cuts, Experimental
mechanics, 50(2) (2010) 187-194.

[13] M.B. Prime, D.. Hughes, P.J. Webster, Weld
application of a new method for cross-sectional residual
stress mapping, in SEM Annual conference on
experimental and applied mechanics, Portland,
Oregon, ASM, (2001) 608-611.

[14] M.B. Prime, R.L. Martineau, Mapping residual stresses
after foreign object damage using the contour method,
in Materials Science Forum, 404 (2002) 521-526.

[15] M.B. Prime, M.A. Newborn, J.A. Balog, Quenching
and cold-work residual stresses in aluminum hand
forgings: contour method measurement and FEM
prediction, Los Alamos National Lab.(LANL), Los
Alamos, NM (United States), (2003).

[16] M.B. Prime , A. L. Kastengren, The contour method
cutting assumption: error minimization and correction,
in Experimental and Applied Mechanics, 6 (2011) 233-
250.

July 2023

H. Spanani & M. Honarpisheh

[17] Y. Zhang, S. Pratihar, M.E. Fitzpatrick, L. Edwards,
Residual stress mapping in welds using the contour
method, in Materials science forum, 490 (2005) 294-
299.

[18] N. Murugan and R. Narayanan, Finite element
simulation of residual stresses and their measurement
by contour method, Materials & Design, 3(6) (2009)
2067-2071.

[19] R. Dennis, D. Bray, N. Leggatt, M. Turski, Assessment
of the influence of plasticity and constraint on measured
residual stresses using the contour method, in ASME
Pressure Vessels and Piping Conference, 48296 (2008)
477-485.

[20] A. Arif, B. Yilbas, B. A. Aleem, Laser cutting of thick
sheet metals: Residual stress analysis, Optics & Laser
Technology, 41 (3) (2009) 224-232.

[21] A. Arif, B. Yilbas, “Modelling of residual stresses
during laser cutting of small-diameter holes," SAGE
Journals, vol. 222, (2008).

[22] M. Harni¢arova, J. Vali¢ek, A. Ochsner, R. Grznarik,
M. Kusnerova, J. Neugebauer, D. Kozak, Predicting
residual and flow stresses from surface topography
created by laser cutting technology, Optics & Laser
Technology, 52 (2013) 21-29.

[23] B. Yilbas, S. Akhtar, C. Karatas, Laser cutting of
alumina tiles: Heating and stress analysis, Journal of
Manufacturing Processes, 15(1) (2013) 14-24.

[24] E. Salvati, A. Korsunsky, Micro-scale measurement &
FEM modelling of residual stresses in AA6082-T6 Al
alloy generated by wire EDM cutting, Journal of
Materials Processing Technology, 275 (2020).

[25] P.S. Rao, K. Ramji, B. Satyanarayana, Effect of wire
EDM conditions on generation of residual stresses in
machining of aluminum 2014 T6 alloy, Alexandria
Engineering Journal, 55(2) (2016) 1077-1084.

[26] S. Kumar, S. Grover, R. Walia, Effect of hybrid wire
EDM conditions on generation of residual stresses in
machining of HCHCr D2 tool steel under ultrasonic
vibration, International Journal on Interactive Design
and Manufacturing (IJIDeM), 12(3) (2018) 1119-1137.

[27] S. Bhattacharya et al., Simulation of residual stress
using thermomechanical analysis on wire EDM cut
surface, Materials Today: Proceedings, 19 (2019) 462-
467.

[28] B. Ekmekci, Residual stresses and white layer in
electric discharge machining (EDM), Applied surface
science, 253(23) (2007) 9234-9240.

[29] B. Ekmekei, A. E. Tekkaya, A. Erden, A semi-empirical
approach for residual stresses in electric discharge
machining (EDM), International Journal of Machine
Tools and Manufacture, 46 (2006)

IJMF, Iranian Journal of Materials Forming, Volume 10, Number 3



Investigation of Laser, Wire-cut and Plasma Cutting Methods on the Residual ...

[30] T. Arai, G. Baker, C. Bates, B. Becherer, ASM
Handbook, Vol. 4: Heat Treating. ASM International,
(1991) 448, 845.

IJMF, Iranian Journal of Materials Forming, Volume 10, Number 3

53

July 2023



