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ABSTRACT: The possibility of workpiece deformation after or during machining due to residual
stresses is of crucial importance in precise components. These stresses are induced mainly due to plastic
deformation or heat generation during the metal cutting process. Therefore, the magnitude of machining
residual stresses is affected by mechanical and thermal stresses. Mechanical stresses depend on the
cutting forces and thermal stresses originate from the magnitude of heat generation during cutting action.
Therefore, it is expected that machining processes with lower cutting forces and cutting temperatures,

will induce lower machining residual stresses as well. Plasma assisted machining is a process that uses  Keywords:

a heat source to increase workpiece local temperature and thereby decrease the strength of the material =~ p g 0o
which is to be removed; therefore lower values of cutting forces, temperatures, and residual stresses are ) o
. . . Heat assisted machining
expected. In this research work, the effects of undeformed chip temperature, cutting speed, and feed have

been investigated on the machining induced residual stresses in the plasma-assisted orthogonal turning Plasma

of AISI 4140. According to the achieved results, undeformed chip temperature is the most effective ~ Cutting forces

parameter on machining residual stresses and by increasing this parameter from 75 to 220°C, machining  X-ray diffraction.

induced surface residual stresses became more compressive averagely by 85.30%.

1- 1. Introduction

Heat assisted machining is a process that uses a heat
source, Fig. 1(a), to increase workpiece local temperature
and thereby decrease the strength of the material which is
to be removed; therefore lower values of cutting forces and
cutting temperatures are expected [1-3]. Farahnakian et al.
studied plasma-assisted machining of hardened steel 4140.
They found that if the heat source is controlled so that the
undeformed chip temperature could vary between 150 and
390°C, the main component of cutting force will be reduced
by 27% compared to traditional machining [2]. On the
other hand, cutting forces and cutting temperature are the
main causes of machining residual stresses; therefore, it is
expected that applying a concentrated local heat source will
also lead to a lower level of machining-induced residual
stresses. For instance, Balba et al. studied residual stress in
Inconel 18 alloy by developing an SPH model. They showed
that in contrary to traditional machining which produces
tensile residual stress on the workpiece surface, laser-assisted
machining, in the selected range of machining parameters,
will result in compressive residual stresses [3]. However, they
did not present any experimental data to verify their claim
and did not address the effect of heat source parameters or
undeformed chip temperature on the type and magnitude of
machining residual stresses.
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In this research work, the effect of undeformed chip
temperature, cutting speed, and feed has been investigated on
machining induced surface residual stresses in the plasma-
assisted turning of AIST 4140.

2- Methodology
2.1. Plasma assisted machining

The plasma-assisted machining process is schematically
shown in Fig. 1(a). Consider an element of workpiece located
on the outer surface of the workpiece at point A. This element
comes close to the heat source due to workpiece rotation and
its temperature rises rapidly, Fig. 1(b). When this element
reaches the location of the heat source (point B), it will achieve
its maximum temperature. By moving away from the heat
source, the temperature of the element begins to decrease due
to heat transfer to the surrounding environment (mainly due
to thermal conduction and convection). Finally, the element is
exposed to the cutting tool at point C. The temperature of the
element at this point is a good approximation of undeformed
chip temperature (i.e. 7).

Controlling T, is one of the most important challenges
in the heat-assisted machining process; if this temperature is
below a certain limit, the material flow stress will not change
significantly, therefore, reduction in cutting forces can’t be
expected. On the other hand, if the temperature exceeds the
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temperature of the re-crystallization, the unwanted changes
in the microstructure of the machined workpiece will be
inevitable. Therefore, in order to achieve the required levels of
T, it is necessary to determine the temperature distribution
of the workpiece so that the plasma source current can be
adjusted according to the required 7 ,. To achieve this goal,
a mathematical model was developed to predict the effect of
feed, cutting speed, and electrical current density on the value
of undeformed chip temperature.

2.2 Experimental setup

In this research, tests were done by a universal machine
(TN50BR). Plasma-assisted machining equipment included
an inverter and a plasma torch from Saba electric Company.
The model of the applied generator was CUT 121 which
supplied electric current in the range of 20-120 A and in
voltage of 70 V. The machining setup is shown in Fig. 2.
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Fig. 1. Modeling of undeformed chip temperature in heat-assisted
turning [1] (a) heat transfer problem boundary condition, (b)
undeformed chip temperature variations, and (c) effect of feed,
cutting speed, and electrical current intensity on undeformed
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Table 4. Variables and their levels.

Parameter

1 2 3 4

Cutting Speed (m/min) 60 90 120 -

Feed (mm/rev) 0.08 0.14 _ _
Undeformed ((3}21)) Temperature 20 75 150 200

2.3. Design of Experiments (DOE)

In this study, to conduct the experiments and investigate
the effect of machining parameters (including cutting speed
and feed) and undeformed chip temperature on machining
induced residual stresses, the full factorial method was
implemented. Finally, 24 experiments were defined.
Parameters and their levels are presented in Table 1.

3- Results and Discussion

-The results of surface residual stresses measurement
in plasma-assisted turning show that by increasing 7,
machining induced residual stress reduces and becomes more
compressive, Fig. 3(a). Reduction of material flow stress due
to increased temperature caused by plasma source is the key
point regarding the ability of the laser-assisted process to
make machining-induced residual stresses more compressive.
In the present study, increasing T, , form 75 to 220°C resulted
in 85.3% increase in compressive residual stress due to lower
flow stress.

In the constant value of 7 ,, increasing cutting speed
resulted in more tensile residual stresses mainly due to higher
heat generation, Fig. 3(a); for example, it is observed that at
T ,=75°C, increasing cutting speed from 60 to 120 m/min
made machining induced residual stresses more tensile by
about 50.00%.

Increasing feed will make machining induced residual
stresses more tensile in both traditional and plasma-assisted
machining, Fig. 3(b); increasing feed will increase the
undeformed chip cross-section and thereby cutting forces.
Therefore, the amount of heat generation in cutting regions
will increase. Generating more heat during cutting action
will lead to an increase in tensile stresses and reduces the
compressive residual stresses; for example, increasing feed
from 0.08 to 0.14 mm/rev made machining induced residual

- Tool Embed i,
Thermocouple .

Fig. 2. Experimental setup of plasma-assisted machining.
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Fig. 3. The effect of cutting parameters and undeformed chip temperature on residual stress (a) = 0.08 mm/rev, (b) V=90 m/min.

stresses more tensile; this increase in tensile stresses is about
38.9% in traditional cutting while this increase was about
28.34% in case of plasma-assisted machining.

As mentioned above, increasing cutting speed and feed
will make machining induced residual stresses more tensile
but plasma-assisted machining, attenuates this phenomenon;
for example in Fig. 3(b), it is observed that at T =75°C,
increasing feed from 0.08 to 0.14 mm/rev made machining
induced residual stresses more tensile by about 40.00%; but
at 7 ,=150°C and 220°C, the same increase in the feed will
respectively make machining induced residual stresses more
tensile by about 25 and 20%.

4- Conclusions

According to the achieved results, in plasma-assisted
turning of AISI 4140, in the selected range of machining
parameters, by increasing undeformed chip temperature from

75 to 220°C, machining induced surface residual stresses
became more compressive averagely by 85.30%
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Table 1. Johnson Cook Constants for AISI 4140 [19].
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Fig. 5. Modeling of undeformed chip temperature in heat assisted turning [21] (a) heat transfer problem bound-

ary condition, (b) undeformed chip temperature variations and (c) effect of feed, cutting speed and electrical current
intensity on undeformed chip temperature.
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Table 2. Charactristics of Plasma Source Device
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Fig. 6. Experimental setup of heat assisted machining (a) setup arrangement, (b) surface temperature measurement
using thermal camera and (c) residual stress measurement using Phillips PW 3040.
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Table 3. Mechanical Properties of AISI 4140 [15].
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Fig. 7. The effect of cutting parameters and undeformed chip temperature on main component of cutting force (a) a=
0.08 mm/rev and (b) V =90 m/min.

i Hgly o pd g diY] Jgoo U g B calal, cpl o
ghe Jloy oy 5 Giln azio Jloji oy (e ausly W oS anlad
wiboo W =0 il @ clmio dlold d izan ol diges
Sl wilonsy i gpSojll ln GiRsi ol 5
sl i ol el b ol oy o SIS plg Jawgd Sasdad 51 5,3
5% 397 g0 Slows Gl S o 0925 T axkad )3 SLII wilowy
s 5, 5ol o PI oo sekid olS0s Lasgs ilalad
sk o X' Pert Stress ))bla 4y some olKiws opl (7 -) J5io
szman S o5 sl Giliss slgo 51 LalS wliolzS S, gl ls 5

Sl a5 358 o0 Sl O 2 Sges Sz o pdpex g L)) S
Ol 0 380 (S0l b 0gd s Olbo (o alold jo s
PRI R EH P ST SCESRIPINGH Y IE ORI e L UUES SN V0N
sl cov Sl $in selaie cal ly Sged annlone 1 aises
Jaa.‘g) u»L»‘)J u».u )LLDA O 9 éyud.o OML dxlad L ‘54.1.».7:,6
OA) aal, sleslatwl b clrbn o alold &l uss g (13,5 9 s

dz// _dn
dn

_E
(1+v)sin®

o, Qh9)

Yoo



Y5 B YYAD dcio NFr e Jlo o&F ojleid @Y 093 (pS ol Sl cuwidines 4y i

P Ol SeS 4 gl anls Ul Lokl o oS
a0 Gl L e Sl 4 S 9508 Lol adlie tals
Sl az )0 dewodly Jlosl alaly 4y aidls S s 0ol p &)l >
2 Sl ez Rl cpl S (o an GBI iy (e 50
s by G s sl cel (F) 5 (F) S¥olae Lulal
03 p &jly> a2 50 13 gh o0 gy 1alS 4 e g 0ud
hol oy LKl azys YY o 5 10+ VO ails IS5 i
NFIFO bawgie johay i 4 Jyere A5 4 Cuns B p
e LRl o LialesT Lyl o aoys YEIOS o VA/AY

Oilial cals IS s ool Syl a0 ol polie o
Joo 09 o0 o 59 (ol adlse alS 4 e (B Ly
o aslol ad LS5 pae by g LielS alily 4 Goee el oyl
Sy P L ol ragh po cwl SYL LA slace
or o shol adlse gl aiSs p me VY P Sl
G )il o g wo VYT sgus o cun g il o
Wb o SalS s, VY. lavwgin jsb 4 Ol > SaS

Oili8l sl IS s ool Oyl a0 oYL ol o
S350 Lamgie adlie jlade ;0 alaxdo B (AalS o (b Sy
39 0 oddlive (AI-Y) JSo [0 digad ylaie 4.0l walgss oy
o Kl az 0 YO U ol assls JSi s o0l p &)l > a y0 0 a8
Soe kol adlge aids 5 2 VY 4 Pl B Co e I3
Oyl 4z yo Lol wes o ialS we ) AT sgas o 1) Sy
sy 33l ol Sl az 0 10+ b il azili IS s ool
ol adlie cuo 0 VAN ol s s 5 e VY e 5l Sy
03l Sl a0 50 e med 4 o)l Jlis 4]y (B 5958
5 Gt el s a3 T Ll a0l S5 i
o chol g coo,s FIVA Lals wids 2o VYo 4 £
Sl Jlis gty e

3 e Bl S s eoly Ol ax e colb polae o
GRIPI L Ol S 4 )il )3 e g (S )l
(o V) IS8 b lBl (o slag s bawgie (59580
ooly ghiie gl oyt R L oS ool O Sl cnl S
2 Sare GMIPB s ol Gl g 4l al8l andls JSS s

UM.:‘)B‘ L: ‘fal} w.tbj).: B 05...469 oolo w‘o).: ‘5‘)4 )Lu S50

YEe

3 Gl gz lp |y Ogln curd g iVl oo
Log gy & aged oliws 090 Waskd 5,18 L ojls
WS esd W sl U 055 o0 0l 2 sasiiie slasly sloplS
d =8I Y Jsgai sy 5 Sl i ol 3 o
Joged sl Bl s 5 Slaye Sl Lot o P calizes gy o
G wluye Jlas bd ol e b 5 09000 00l e

Liboyl >lb ¥-Y

S ek YA S8 L g5 (boo Koo 5l Sl SIS ol yo
oolatwl b ogz Job y0 0 Koo .ol ouds oolazwl FVF+ oYg8 i
ok Ve Jsb 4 ploaigel 4 falis O Sl 4 b )leb
sl Oldas 5l oolainl b adigel pav (£8uw s -0 ol
5 oVs ol (SolSe Lplss i owils, o JsST, FAEY
& yancis] o0latl 0590 15l piman anl sals (5 ,918,5 (F) Jgo>
25,150 s TPAO MFY-+a.Y.A SNMG usb) 5 o 255,
Canglie 4 0 bl S &5 1 el -2 Y- Y- K PSBNR
G oa g cby Glp el (Sejiz 5 wpr Ghle @
Ll o0l Cow sloaYed

Dyl 420 g Serie iy S ol (63959 la el
O3 5 B Spgons bagialesl il oo bl IS i o0l
b o yrell ol s wind plosil (Sis (6 (Kipisle) IS,
3 Baskd g by IRl Olplindle Suieless 098 (28,5 )iy
SLosesl Gy Kool | e 0350 5 05 48,5 L
ool ciges ;o b alaly ;o 098 0 cvalin (F) Jgoo o gl
5 65 5 i 5)Saile S T adyl tacks Yo oo
Jsb 6 8able )3 Lewdly &l (B anld ol 5l e
3 Ao 4ol e o ab Jloel diges j2 san yiedkes ¥
Gob o 3 ek o Jilas ax3,8 18 bodigas dasy yo &l
5,8 walyss Sl 1) LT g o s aluls jglxe slaaiges b

oy g gl -F
P sy -V -F

OS5yl as e galial S s eole b s rels



VEo5 B YYAD dsio O+ Jlo F o,lod DY 0,95 ¢yusS pool SilSo pusiges 4y il

250

200

150

g

=]
}

23 T, = 150°C]
07, =220

Residual Stress (MPa)
3
1

)
o
1

:

-150 ;

V, (m/min)

(AN

250 ———————

200
s 0
100

50+

Residual Stress (MPa)

-50 4

-100 T T

- @ - a~0.08 mm/rev
--@-- a~=0.14 mm/revi|

o
ne

60 80 100 120 140 160 180 200 220
Undeformed Chip Temperature (T, ) °C
(<)

300 |-

200 -

Temperature (° C)
g

J \\

Loy S8 @ (5,0l

S (5, Sl

Time (sec) 10

@

et oo (9) 0399 2 yhouden +AL+ (59 sy (1) 10dlonmny (15 32 AL S ynds 03132 1y 4250 9 (638 crilo 5l ol ST Ll los A S
399 3 poabio v Al (G99 alaB0 1 yio Av (o kv () 9 4B o Ae o
Fig. 8. The effect of cutting parameters and undeformed chip temperature on residual stress (a) a= 0.08 mm/rev, (b)
V =90 m/min and (¢) a= 0.08 mm/rev and V =90 m/min.
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