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Abstract

In the current study, the deflection-electro polishing method was used to evaluate through-thickness
residual stresses. A modified equation was developed to calculate the non-uniform residual stresses
of creep-feed ground plates concerning the three-order polynomial curve fitting of the deflection in
the specimens. Employing the current density of 825 A/m? for the specimens caused stressed
materials to be removed from their surface with the corrosion rate of 1 p/min, which facilitated
estimating the thickness of the removed layers concerning corrosion time. To investigate residual
stresses created by creep-feed grinding, three different cooling conditions, i.e. dry, flood, and small
quantity cooling lubrication (SQCL) were tested. The literature review showed a dearth of research
on through-thickness residual stresses under SQCL creep-feed grinding. The results demonstrated
that due to a considerably lower flow rate of the SQCL compared to that of the flood cooling system,
considerable performance was detected so that compressive residual stresses were observed in the
depth beneath the surface.
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Abbreviation
E Young's modulus[GPa] M Moment [Nm]
a Depth of cut [um] Vs | Wheel liner speed [m/s]
F Force [N] V,, Feed rate [mm/s]
b Width of the specimen [mm] f, = Deflection of the specimen [mm]
H | Thickness of the specimen [mm] L  The length of specimen exposed to

corrosion [mm]
y Distance above from removed layer [mm] yo @ Variable amount related to removed layer
thickness [mm]
Total residual stress in each layer beneath
the surface of the specimen [MPa]

Yo

1. Introduction
Grinding is one of the important machining processes for manufacturing industrial parts, which calls
for excessive surface integrity and particular geometries. Creep-feed grinding may be taken into
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consideration as small-chip or abrasive machining, able to change broaching or milling the machining
of complex forms and slots, in hard-to-grind materials, such as advanced alloys and hardened tool
steels. This producer goals to decrease the processing time by minimizing the grinding passes. To
achieve this, the magnitude of cutting depth has expanded some orders compared to conventional
grinding. As the process completes a part in one pass and a single fixturing, the creep-feed grinding
decreases the total cost and time and improves efficiency.

Despite all merits of creep-feed grinding, it should be mentioned that a trade-off is always between
surface imperfection and efficiency in the process. The increasing rate of material removal leads to
incensement in the generation of heat and temperature because of wheel workpiece friction and plastic
deformation of chips in the contact area. When heating results in excessive temperature, considerable
surface changes, and subsurface damage may happen, including phase transformation, cracking,
hardness changes, and unwanted residual stresses [1-2]. The heat created in the grinding area is
generally eliminated by chips, the workpiece, wheel, and coolant, which vary depending on grinding
parameters. Nevertheless, a workpiece exposed to process commonly reports a speedy cooling-
heating cycle [3-5]. A particularly good example of this is research conducted by S. Kohli et al. [6],
reporting that the amount of heat absorption into the workpiece can considerably differ depending on
the type of grinding wheel. In their study one-third reduction was observed using CBN abrasive wheel
instead of aluminum oxide. This is while the coolant plays a more significant role in absorbing
generated heat during creep-feed grinding, reported at more than 90% [5-7].

To reach a good surface quality, controlled-stress creep-feed grinding is a necessity. For controlling
stresses generated by grinding processes, elements causing them must be perceived. Relying on their
kind, residual stresses are either desirable or detrimental. Mechanical plastic transformation, thermal
plastic transformation, and phase transformation are three factors to generate residual stresses in the
creep-feed grinding process. The first and third factors are compressive, whereas the second is tensile
[8]. It should be noted that cooling conditions greatly affect the nature of residual stresses
(compressive or tensile) generated in creep-feed grinding. The most unwanted and harmful tensile
stresses are observed under dry grinding whereas flood grinding, depending on the kind of coolant,
reduces the grinding temperature and generates desirable residual stresses [9]. Although many
industries have stayed true to the conventional cooling systems, this is no longer appropriate owing
to high costs, ineffective closed-loop coolant circulation, and health and environmental risks [10-12].
Nowadays, researchers have become interested in a new environmentally friendly technique, namely
spraying nozzles, which atomize different coolants into the grinding area to investigate the residual
stress behavior [13-15]. This environmentally friendly method can be named Minimum Quantity
Lubrication (MQL) or Small Quantity Cooling Lubrication (SQCL) depending on the amount of flow
rate. As a criterion, it is interesting to mention that the coolant consumption in conventional flood
cooling varies from 10 I/min to 100 I/min, whereas this amount is 5-100 ml/h in MQL and up to 1000
ml/h in SQCL [16-18]. However, it should be pointed out that it is not always possible to achieve an
acceptable outcome through the low amount of coolant particular in the creep-feed grinding process
which the temperature history is quite high and the MQL system does not function effectively, hence
the necessity for higher flow rates is felt. The SQCL method is presented as an appropriate alternative
to MQL which contains a wider variety of flow rates up to a thousand ml/h.
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On the other hand, designers always tend to diminish undesirable residual stresses in ground
components with an appropriate choice of grinding parameters. This could be obtained best in case
they have dependable data from grinding events. It is worth mentioning that as experimental data are
based on reality, they can be a reliable analysis tool. However, the costs of experiments should be
considered, and choosing unexpansive and highly efficient methods are of particular importance.

In this study, the deflection-electro polishing technique was selected as the residual stress
measurement method. This selection was due to several merits of this method compared to others.
Let us consider neutron diffraction as an example. Because of the high penetration of neutron beams
into materials, unlike X-ray beams, it is possible to measure through-thickness stresses, however, the
existence of a nuclear reactor is pivotal and works on a certain range of materials [19-20]. Moreover,
in residual stress measurement, using strain gauges is highly common, especially in hole drilling,
slitting, and contour methods. However, these gauges are disposable and require a quite long
preparation and installation time [21-23]. Therefore, a method is needed, which can measure through-
thickness residual stresses without using any relatively-expensive consuming tool (like strain gauges)
or equipment. The deflection-electro polishing technique can strongly perform this measurement with
low cost, high accuracy, and simple operation [24, 25]. However, the removal of stressed materials
can be performed using mechanical machinery like a five-axis milling machine or electrochemical
processes [26, 27]. The electrochemical process can be electro-etching or electro-polishing related to
input current density to the workpiece [28]. The electro-polishing process uniformly removes highly
thin layers from the surface of the workpiece, making the surface quality far better compared to the
electro etching process [29]. To measure the deflection of the workpiece after removing stressed
materials from the surface, because of the mentioned limitations of strain gauges and challenges
related to the acidic environment, non-contact displacement sensors are suggested.

In this work, in-depth non-uniform residual stresses were comprehensively investigated using the
deflection-electro polishing technique. The electropolishing process was employed on 420 stainless
steel to uniformly remove layers from the surface. Moreover, a semi-empirical equation was
presented to calculate residual stress in thin creep-feed ground plates in terms of the deflection of the
specimen. Notably, the literature review demonstrated a dearth of research on through-thickness
residual stress behavior in the creep-feed grinding process through the SQCL cooling system.
Therefore, the experiments were performed under dry, flood and small quantity cooling lubrication
(SQCL) cooling conditions.

2. The deflection-electro polishing technique theory

The deflection-electro polishing technique is a destructive technique based on mechanical stress
relieving to measure non-uniform residual stresses. As shown in Figure 1, the specimen is assumed
to be thin and parallelepiped, stresses along the thickness are zero, and the main stress is parallel with
the axis of the sample. If the layers of the material containing residual stresses are removed, the
balance between internal forces and moments is disrupted at the same time, and the specimen is
subjected to the following forces and moments:

dF = —oy, b dyy 1)
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(H—-1yo)
o) 2
_ @
By removing a layer, the specimen is deformed which requires the opposite force dF’ and the opposite
moment dM’ to rebalance it. Deformation generally depends on the type and magnitude of residual
stresses.

dM = —oy b dyj

H “— Removed layer

Figure 1. The schematic representation of the method

In a simply supported beam, the bending moment caused by stresses in the specimen can be obtained
by the following relation:

8EI
M=——f, 3)
According to the above relation and the moment caused by residual stresses in the specimen, variation
in the deformation df, caused by removing a layer of thickness dy, is expressed with the surface

stress oy, which is obtained by the following equation:

4 (H- }’0)2 dfy(yo)
o _ - 4
Yo 3 E L2 dy, (4)

o

To obtain stress, in addition to calculating stresses in each layer, the effects of layer removal on the
stress variations Ac should also be considered. The opposite force dF'" and the opposite moment dM’
cause Ao at the dimension of (H-y) so that:

do = do, + do; (5)

do, and do; due to normal and bending stresses are given by:

_dF 4 (H-yy)
dc“_b(H——y)__S ——dfi(y) (6)
(H —yp) — &2 _8E
dor = M — = == — 7 (= 30) 2 (H = ) ) (7)
12
Therefore:
8 E
dop = 713 (H = y)df,(y) = (H ~yo)dfx () (8)

The total stress variation at the dimension of (H-y) on the account of layer removal above the dimension
of (H-y) is given by Equation (9):

(H — y)dfi(y) 9)

8E(H — (H=-yo) 8 E (H-vo)
po = —SEH =0 [

312),
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Finally, the amount of residual stress in the specimen for each layer is obtained from the equation
below:

oy, = Ao + G’YO (10)
4 E , dfx (yo) Yo
=30 (H —yo) S 4(H — yo)fy(yo) —2(Byo — 2H)f,(0) + 2 | f(y)dy
Yo 0

3. Experimental

3.1 Creep-feed grinding process and Material

The material utilized in the present work is 420 stainless steel. Specimens were cut off from a stainless
steel plate with 95 mm, 15 mm, and 2.15 mm (the length, width, and thickness), respectively. Before
grinding, the initial stresses of specimens were relieved at 400 °C for 90 min. To measure the
mechanical properties of 420 stainless steel, specimens were prepared based on E8/E8M-13a
(standard test method for tension testing of metallic materials). To achieve this, the universal test
machine STM-250 was employed as shown in Figure 2(a). The chemical composition of 420 stainless
steel was measured based on ASTM E1010 (standard test methods for low alloy steel) using an
ARUN technology PolySpec machine as demonstrated in Figure 2(b). It should be noted that to
achieve reliability, each test was done three times, and their averages were utilized for data
processing. The chemical composition and mechanical properties of the incorporated material after
preparation are demonstrated in Table 1 and Table 2, respectively. The creep-feed grinding process
was done using the MST300 grinding machine with 87 kW spindle motor power. Aluminum oxide
grinding wheel with dimensions of 230 mm, 32 mm, and 76.2mm (diameter, thickness, and hole size,
respectively) and specifications 96 A46M9V were employed at the liner speed of 23 m/s. A single-point
diamond dresser was utilized to dress the grinding wheel after each test. Each experiment was
repeated three times to reach reliability, and their mean values were utilized for the analysis.

Figure 2. a) The universal test machine STM-250 b) The ARUN technology Poly Spec machine

The process was done in a pass in a grinding direction. The creep-feed grinding set-up is depicted in

Figure 3. The specimens were constrained on a steel plate connected to a dynamometer, which sent

the creep-feed grinding measured forces to the monitoring system. To atomize the compressed air

and coolant to the grinding zone, the SQCL system was employed. As shown in Figure 3 a positive

fluid flow was created via a gravity-feed container. The SQCL atomizer nozzle was stabilized at a
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distance of 80 mm and an angle of 10° relative to the specimen. The air pressure and the flow rate
were fixed at 6.5 bar and 400 ml/h, respectively. It should be noted that the flow rate of the SQCL
system decreased about 325 times compared to that of the conventional cooling system. Figure 4
illustrates a close view of spraying the coolant into the grinding area.

Table 1.The chemical composition (wt. %) of 420 stainless steel”

Element C Mn Si Cr Ni Fe Cu P S V Mo
Component 0.215 0434 0.362 12.01 0485 86 0.165 0.023 0.005 0.036 0.084
(%)

“Measured by authors

Table 2.The mechanical properties of AISI 420 stainless steel”

Alloy Nominal  Tensile Strength, Yield  Tensile Strength, Ultimate ~ Modulus of Elasticity
Composition (MPa) (MPa) (GPa)

AlSI 420 852 920 200
“Measured by authors

"‘.‘ [ 7\ MACHINE SAZI
; TABRIZ
% 2 PN

Gravity-Feed Container

Dresser

Ca —  ——

Air Pressure Regulator ', B

Figure 3. The creep-feed grinding set-up

Grinding Wheel

Nozzle
Coolant Mist

Dynamometer

Figure 4. A view of coolant mist spray in SQCL creep-feed grinding
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To investigate through-thickness residual stresses in this process, three test conditions were selected.
The experiments were done under three different cooling conditions, i.e. dry, flood and SQCL. The
dry and flood creep-feed grinding conditions were selected because of the creation of detrimental
tensile stresses and desirable compressive stresses in the specimen, respectively. This is while the
residual stress of creep-feed ground plates under the SQCL cooling system has not been yet studied.
The process conditions are demonstrated in Table 3.

Table 3. The creep-feed grinding experimental conditions

Grinding machine

Mode

Specification of grinding wheel
Dimension of grinding wheel
Wheel speed V; (m/s)

Grinding coolant

Specimen material

Dimensions of specimen
Environment(coolant-lubricant)

MST300

Surface down grinding

Aluminum oxide (96A46M9V)

230 mm,32 mm, and76.2 mm(Diameter, thickness, and hole size)
23

Soluble cutting oil Behran Oil Company (5vol %)

420 Stainless steel

90 mm,15 mm, and 2.15 mm(diameter, thickness, and hole size)
Dry, SQCL, and Flood

Flood lubrication flow rate (L/h) 130

SQCL flow rate(mli/h) 400

SQCL air pressure(bar) 6.5

Cutting depth a (um) 150

Feed rate 1}, (mm/s) 1

Dresser Single point dresser
Total dressing depth(um) 90

Speed of dressing(mm/s) 8

3.2. Residual stresses Measurement

Residual stresses were evaluated using the deflection-electro polishing method. As shown in Figure
5 the FASTUS CD22-100AM122 laser displacement sensor was used for measuring the deflection of
the specimen constantly. Moreover, as shown in Figure 6, the measuring arm provided a condition,
in which the deflection of the specimen was measured at a safe distance from the acidic environment
with a 20x magnification. It should be noted that only an area of 55 mm from the grounded surface
was subjected to corrosion and the remaining area was preserved by the electrical tape.

65



Vahid Jafarpour et al., Experimental Study on In-Depth Residual Stress due to 420 Stainless Steel..., pp. 59-74

\ V
=1
Specimen ’ {
{Anode) R

Cathode

Figure 5. Layer removal setup and measuring the deflection of the specimen using the laser displacement sensor
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x Removed layer
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Figure 6. The schematic illustration of deflection measurement

The illustration of the measurement system is demonstrated in Figure 7. One of the challenges of
using electrochemical processes is to control corrosion. Electrochemical polishing provides uniform
corrosion in a way that the surface quality of the specimen becomes far better after the process
compared to other chemical processes. To reach a condition similar to the theory of this method (from
the uniform material removal viewpoint), the current density of 825 (A/m?) was applied to the
specimen parallel to the cathode (316 stainless steel) with a 20 mm gap. It should be noted that the
surface area of the cathode must be greater than that of the anode (4:1, in this study) and the cathode
must have a good surface quality. The electrolyte used in this study consists of 10 mL of HCL, 5 mL
of HNO3, and 85 mL of ethanol (95%). To stabilize the process, the electrolyte temperature should
be fixed at 25 °C. Table 4 summarizes the process.
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Table 4. Summary of the electro-polishing process

Electrolyte 10 ml HCL+5 ml HNO3+ 85 ml ethanol (95%)
Cathode material 316 stainless steel

Anode material 420 stainless steel

The ratio of the area of the cathode to the anode 4t01

The temperature of the electrolyte (°C) 25

Current density(A/m?) 825

The distance between the anode and cathode (mm) | 20

[ }1 -
| 7
: R

+

T == 10 U j

JJE) 11 AR HEHEHHHEHEERRTR TR
Figure 7. The scheme of a through-thickness residual stress measurement system based on the deflection-electro
polishing technique 1: Laser displacement sensor, 2: Data logger, 3: Computer, 4: Measuring arm, 5: Cathode, 6:
Specimen (anode), 7: Thermometer, 8: Cooling and stabilizing system, 9: Container, 10: Holder, 11: Power supply
system

4. Results and discussion

As mentioned in the previous section, the electro-polishing process uniformly removes layers from
the specimen surface. The relationship between corrosion time and thickness of the removed layer is
demonstrated in Figure 8. As can be observed, there is a linear relationship between the thickness of
the removed layer and corrosion time so the material removal rate was obtained at 1 pum/min. The
controlled corrosion rate during this study facilitated the estimation of the thickness of the removed
layers about corrosion time. The discreet measurements of the thickness of the specimens verified
these estimations. The deflections of specimens versus the removed layer thickness under the electro-
polishing process are illustrated in Figure 9. To calculate the residual stresses, it is essential to express
the deflection values in terms of polynomials equations. It should be noted that the extracted equations
must have the most coincidence with experimental data. In this study, the three-order polynomial
equation met the needs. Therefore, the deflection of the specimen (f,) concerning the removed layer
(vo) is presented by the following equation:

fx W0) = a1y0*+azyo*+azyetc (11)
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In which,a,, a,, as, and c are the constant coefficients obtained experimentally. Table 5 indicates the
coefficients of third-order polynomial under the dry, flood, and SQCL creep-feed grinding conditions.
The coefficient of determination (R?) is also presented for polynomial equations.

0.07
0.06
0.05
0.04
0.03
0.02
0.01

0
0 10 20 30 40 50 60 70

Removed layer thickness
¥o (mm)

Time (min)
Figure 8. The material removal rate under the electro-polishing process

Table 5. The coefficients of the curve fitting

ay a, as C R2
DRY ‘ -135.83 +32.69 +2.672 +0.0009 0.9994
FLOOD ‘ +125.24 -21.050 +1.1702 - 0.0006 0.9958
SQCL ‘ +92.781 -14.763 +0.7282 -0.001 0.9881
0.015 0.025
= 0 2 002
& 2015 § 0.015
2 .0.045 =
3 2 0,005
= -0.06 ~ S
2 .0075 -
_0-09 '0.005
0 001 002 003 0.04 005 006 0.7 0/ Q0% (002 D3 GOL: Q050G [0N7
Removed layer thickness y, (mm) Removed layer thickness y, (mm)
a) b)
0.012
Z o001
< 0,008
= 0.006
£ 0004
D
= 0.002
9
@ 0
-0.002
0 001 002 003 004 005 006 007
Removed layer thickness y, (mm)
c)

Figure 9. The measured deflections under the electropolishing process: a)dry b)flood c)SQCL

Substituting equation (11) into equation (10) resulted in:
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4 E

Oy~ 312 [(H—=0)2(3a1y0? + 2a,y0 + az) — 4(H — yo)(a170° + 202 + azy, + ¢) +

2 [°(a1y® + ay? + azy + c)dy] (12)

The above equation calculates the through-thickness residual stress in the creep-feed grinding
process. As mentioned, the deflection of the specimen is a third-order polynomial, in which
a,, a,, as, and c are the constant coefficients obtained experimentally from the curve fitting.
The equations of residual stress under the dry, flood, and SQCL creep-feed grinding
conditions are respectively as follows:

oy,= — 0.085951 e3[(2 — 0)?(—407.49y,? + 65.38y, — 2.672) — 4(2 —y()(—135.83y,> +
Yy
32.69y,° — 2.672y, + 0.0009) + 2 [°(~135.83y> + 32.69y* — 2.672y + 0.0009)dy]

(13)
oy,= — 0.085951 e3[(2 — ¥9)?(375.72y0% — 42.104y, + 1.1702) — 4(2 —y()(125.24y,° —
21.052y,2 + 1.1702y, — 0.0006) + 2 f0y°(125.24y3 —21.052y? + 1.1702y — 0.0006)dy|

(14)
oy,= — 0.085951 e3[(2 — )%(278.343y,* — 29.526), + 0.7282) — 4(2 — y()(92.781y,> —
14.763y,% + 0.7282y, — 0.001) + 2 foy"(92.781y3 — 14.763y? + 0.7282y — 0.001)dy]

(15)

Substituting the thickness of the removed layers into the above equations (13-15) results in through-
thickness residual stress profiles, which is one of the strong points of the deflection-electro polishing
technique compared to others. The non-uniform residual stress profiles under the dry, flood and
SQCL cooling conditions are depicted in Figure 10. As expected from the graphs in Figure 9, the
higher deflection levels are demonstrative of higher degrees of residual stress so the dry grinding
condition with the maximum deflection of 0.0674 (mm) showed the maximum stress of 919 MPa at
the grounded surface. This is while the flood and SQCL grinding conditions presented the maximum
surface stresses of - 402 MPa and -251 MPa under the maximum deflections of 0.0210 (mm) and
0.0094 (mm), respectively. It is considered that in addition to the deflection magnitude, its direction
is also important. As observed, the negative degrees of the deflection caused tensile stresses to
dominate whereas the positive degrees of deflection led to desirable compressive stresses in the
specimen. Moreover, it was detected that after a certain material removal rate, the deflection of the
specimen was elevated gradually. After y,=0.04942 (mm), the specimen deflected only 0.0055 (mm)
(12.18% of the total deflection) under the dry grinding condition, where the residual stress profile
showed that stresses approached zero. The same conditions occurred in the flood and SQCL creep-
feed grinding conditions after y,=0.03861 mm and y,= 0.0305 mm, respectively.
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Figure 10. The values of residual stresses along with the depth of the specimen under creep-feed grinding in the a) dry,
b) flood and c) SQCL conditions

Residual Stress (MPa)

The detrimental and unwanted tensile residual stresses of the dry grinding condition, observed all
over the removed layers, were transformed into compressive and desirable stresses using the flood
and SQCL cooling systems. However, the flood cooling system is no longer appropriate for green
manufacturing. Chief among the drawbacks of flood cooling system is that coolant consumption is
quite high, in this study 130,000 ml/h, whereas the flow rate of SQCL cooling system is by far lesser,
in this study 400 ml/h (325 times lower). This high amount of flow rate can result in health and
environmental problems. Further, the costs of recycling or disposal of coolants are exorbitant and
include a lot of total machining costs, hence considerable reduction in consumption of coolants in the
SQCL cooling system is of great merit. Therefore, the SQCL can be an interesting alternative method
for conventional flood cooling with enhanced cooling and heat dissipation ability, in that cooling is
done by atomizing the small amount of coolant using compressed air on the grinding zone. A glance
at Figure 9 also reveals some striking similarities between Flood and SQCL cooling systems. Both
systems provided dominant compressive residual stresses throughout the removed layers. The highest
degree of compressive stress under flood cooling conditions was obtained near the surface with a
magnitude of 402 MPa. The following 20 micrometers (from the surface) saw a rapid decline in the
residual stresses, to somewhere in the vicinity of 150 percent. It was followed by a sustained fall,
with compressive stresses in the specimen, reaching the lowest point of zero in the depth of 70
micrometers. The highest value of compressive stress under the SQCL cooling system, meanwhile,
was observed close to the top side with a magnitude of 251 MPa (60 percent reduction compared to
that of flood). These stresses, then plunged to a low of -50 MPa in the depth of 25 micrometers,
followed by a steady decline. It is interesting to note that the SQCL cooling condition indicated a
close performance to that of the flood cooling system regardless of any differences to flow rates in

70



Journal of Modern Processes in Manufacturing and Production, Volume 11, No. 1, Winter 2022

terms of the residual stresses behavior. However, the residual stresses in the creep-feed grinding
process are a result of a complicated mechanism. In particular, the performance of SQCL cooling
condition depends on a wide range of spraying parameters including the nozzle direction, air pressure,
the distance toward the grinding contact zone, flow rate, spring cone angle, and so on, which can play
a significant role in generating compressive residual stresses even better than that of the flood.

5. Conclusion

High tensile and compressive residual stresses were generated by the creep-feed grinding process. To
some extent generating these detrimental or desirable stresses depend on the type of cooling system.
Primarily based on the results of the current experimental study, the subsequent conclusions may be
drawn:

e Tensile stresses were observed throughout the thickness of the specimen under dry grinding,
reaching a peak of 919 MPa near the surface, followed by a steady decline.

e Compressive residual stresses, then, were observed in the specimens through the flood and
SQCL cooling conditions. The maximum values were obtained close to the surface with a
magnitude of 420 MPa and 251 MPa under flood and SQCL cooling systems, respectively.

e Similar residual stress behavior between two cooling systems (flood and SQCL) was
observed while the cooling consumption saw a drastic decrease of 325 percent in the SQCL
system. Therefore, given the problems of flood cooling systems, the SQCL cooling condition
can be an interesting alternative. However, it should be noted that the spraying parameters of
this study were fixed and only the through-thickness residual stresses behavior was
investigated. The authors suggest that to achieve a closer residual behavior or even a better
one, other spraying parameters should be investigated.

e Anovel semi-empirical equation was proposed to calculate residual stresses. In this equation,
a shape function was developed, representing variation in deflection of the specimens
concerning removal depth. The proposed function was founded as a three-order polynomial,
with constant coefficients, which are obtained experimentally. Results have shown that
relying on the direction and magnitude of the released stresses, these coefficients varied.
Consequently, the residual stresses distribution pattern can differ, depending on cooling
conditions.
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