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ARTICLE INFORMATION ABSTRACT
Original Research Paper Ti-6Al-4V alloy due to excellent mechanical properties mainly is used in the aerospace, automobile and
Received 29 December 2017 biomedical industries. Electrical discharge machining (EDM) are used extensively for machining of this
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- A alloy. Due to the thermoelectric nature of this process, unwanted changes happen on machined surface
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such as development of residual stresses and the change in the corrosion resistance. The aim of this
study is the experimental investigation of the effect of input parameters (discharge current and pulse on

Keywords:

Electrical Discharge Machining time) on the amount and distribution of residual stresses and corrosion resistance changes of the

Residual Stress machined surface in EDM process of Ti-6Al-4V alloy. For this purpose, samples of Ti-6Al-4V alloy

Nanoindentation were machined by EDM process and residual stresses induced successive sparks in different setting

Corrosion resistance (different discharge currents and pulses on time) were measured by nanoindentation method and SEM

Ti-6Al-4V : - - .
images of machined surface used to better assess of samples surface integrity. TOFL measurement
method used to determine the corrosion resistance of the samples. Results indicate that at this process
tensile stresses is formed on surface and mentioned stresses increase with depth initially and after
reaching a maximum dropping out and eventually leads to pressure stress. By increasing pulse on time
and discharge current, maximum tension residual stress only slightly increases and is near ultimate
tensile strength of work piece material. Comparison of corrosion results indicated that the corrosion
resistance of EDMed samples, was less than the not machined specimens.

Please cite this article using: s lod o3liiwl B3 @ yle 5l o cul & glayl (61

M. R. Shabgard, H. Tavanaei, B. Khosrozadeh, Study the effect of electrical discharge machining (EDM) on residual stress and corrosion resistance of Ti-6Al-4V alloy, Modares
Mechanical Engineering, Vol. 18, No. 03, pp. 171-178, 2018 (in Persian)


http://mjmec.ir/

Ubhed 9 3)Kub Ls ) dexe

Ti-6A1-4V 3T 53,93 &3 caogliio 9 Silossy Sl yisi 33 (EDM) (% 5801 agliss 15 puablo juils anllios

110] el 356 5 85 EDM

2 e Sl el 6, sl [11] ohlSes 5 el
oz 3l mhw ol g ools plil cad i g gsS (oVsE Olxas
Sheslital LIy )8 omdle zohn Goe )3 o sbml wlowy slaiss
3051 s 47 gl oyl J38le 5 SaS 4y g Sl axl il g,
b 4Y o 888 s il wleny Glais dszs Sl Lol @b
o

Shgy 4w o odd sbul wlews slo ps [12] o Sea 5 wlsl
Lulys ol G5 5 G (oo oSl s )5 ile
Iy Wlomy slo s bl wlos,S anglio AISIOL 5l oYes y calise
ks oses 5 Sl (25U il 5 Sl Al Bl g, e
oS adss 615 eile anl b sl sla i a5 aad e olis bag]
e 52 33,3 59 5] et (sors

S omtle anlp o 1) sgume plall Julow [13] ) Kea 5 b
b o by o bl wisls all AISI 304 o¥ss S, Ul alss
L1 wlowy sla 25 5 00,5 ) oile cilisee (63955 slayel)l s
S bl @bl G g 03,5 @pSojlul WSOl assl 3ln s,
o wlals LT 5 ailes,S alie 5l gileand 5l Jols wley
S8 (i 8,2 (8551 4 423 5l ol oy (sl 5

eyl Sopsl adss o 5 onile anlp o [14] o) %en S
3330 1y e 525 5 oy SlaES Jolt s bl o¥sh chlisho
Slosy slogis Judgn &5 W) 4 cnl @ lagl isls H15 (o)
5 ol live Loy doe sloaY s Jg el Sglitte el sloay¥ o
18 (K 0als ()15 piilo 9V 93 £95 4y Wilowy i e

g5 5 SeUlss Jhw b 2 [15] ) Sen 5 28T ot gl
Sl o¥ed (S Sl adss 6 )5 eibe o daw s Y Jlsle oy Sl
b s sloasy 5o wuld 5l 3 Whowy lois &5 Sl ol LS
OSon a5 s Mo b il SISt 5 Kol sl
Ol oSSl adss anld sons gile 4t oolinul L [16]
3,90 AISI316L s¥e sl o8 @l b 1) gilwands 51 Jols ailowy
ol wilons (25 Judg 45 Wiy a3t (ol @ lag) T .aiols 1,3 anllae
e w¥ 05 ol per cllhe o 5 goue ileand
g go Ol cieiS Wlowy o i (6,5 piile sladiges

o S Ak S esle wnTp b [17] o) isen 5 5 s
S gl e 5 oy Gl Spel ol oS
053l golp il Jloel a5 Wlosls )l55 5 asllas |, Ti-BAI-4V
oSl ob 4 ) wileay slosis g ools Gl 1, (o)l mile ai]
el 00ls 2als 17% L.t).cu

33 S9y95 4 Cuslin p EDM anlp 36 o)y & [18] ol
ails ol 0dgs sl CPTH g CO-Cr i 51 S pilass 5LIT g4
WAl AgS Gide 9 (3w 9 EDM ig, g0 b Slebad ol ol
Sy Jsle 55 @il gl D by ladised (0,05 4 Cuglis
Log ool ags Slehad a5 WS o lo sal Cass @ s aias o)
Load agi sladiges 4y o (5705 (59,55 4 Cuglie EDM iyl 8
Ayl g 5 S, g,

oad 5 mile polw a5 wols 358 [19] oLiKes 5 g

© Stress AT

03 aYMBUENAPT! VI %A% Q CA° pAuU

i Cywi

doido -1
o ol 9 45 el (ngi gl pesly g, S (S Sl alss (6,5 etle
3 gloads J ;S g fmre dlold jo aS IS axdad o Il glapl 4 0 2SIl g0
03,5 5 Sl o6 o 1y Lol o slb 5 a5ls 3 %0,
Ay g oad ade (S Sl a8 > lagl G dlols oy 5 H05 58wl
560l oy plgisn (g, ol b oS oo Dpge oo b ol VL )l
5 oo oole o Ti-BAIAV 5LIT 1] sses 6,5 cpile 1) ool aous
5 Shnsm «Silwggt Ladles er sladin gl 0 o)
N plSoial oz (63,8 4 pamie plgt LT ol Ll (Saslais
el el loyS i Jle (Fo5 4 Cwglis ol JB
G e Sz ol iy el USts pgnsye slo by, b 0T 6,8 eblo
g oo ooltul S iUl adss oS pile aiile gauaz sla g, 5l ]
2]

455 31 5 (Yl s slod S 2SI i (6 IS e il B 50
0,Lgd e oole iy g oals I8 5l Lisu z9,5 9 e e > (55,
sl sl Y pl aes o JSis |, Tosio 4Y § odd deoxie
5 oo ags wilewny slo s 3] el 5y slocS 5 5l slasias 5 wilown
5 Jol,e olezsl 51 5L Gows SorSIladss o) ile a3
sty BB Ol Sleas slo s [4] el roge (Sojgltie Ol i
4 Coglie ol g Il zlrsel ( Kws jos dlox I SO olss
S Ti-BAIAV pails LT alax 5l alises dlge 05 Sl 5 (5,55
GBI 5 (53,55 Olime Gl S 5 GBS e il o a5 ]
G Gl J5S g oS osll jekiie e 4 1 000,8 Slakad Wike yes
4 Sd b ey e obbd gtk s logake wlew
son 3 Jelod jshiie rep g Cosl o Els 5| (o EDM g
bopile izl g Olalad b o Ll als o S wilony gloias
S s el )5 dalize bulys o g plaebl culblE bl sl
S iepg Oilp el ansl sl Glagdy, 5l eoliiel b dilews
03 S oolitl [65] wiien (g 15 0jlasl BB g F gl I o cnbline
@ b Cosgame (s pSojlul Cds 4 by e OMie o 4 gl
oole 55 p3l (6350 50 5 Liulej] (GYL aje dadises ojlal g iz
171 el oo Sgdze

3590 S ol gl gy 5l eolatwl b wilewy G55 e (SU @
Gilwoolel @ 5Li pas cle 4 by, ol el @8 F 18 00 1S g
ol Cdlate g (556 o> 5o olul (xals) $3985 olal o9 SgS g IS dnkad
ank s iy 5 (fin S5 5 50l S35 5300 o3t 05
[9,8;6] Q)Luéﬂ )5»\5-0

o,bbre i Glakd o mhw cdle ol sbadse 51 s (S
@ azg b oS o pew EDM an] s 0 a8 coul mhaw (59,95 Caglis
slo 0039 4 EDM sl 8 5l o olahad 5565 )8, cwyp Conl
Sigm 9 Sl caleal mlio glaa (555 Ladles wiile  cege
Sledbl o et 4y ol 48,5 O jg0 Ao (p) jo ol Olados

Ghgy 4 oad ) edle golan (53,65 4 Cuglie )13, 0)by8 99290

! Electrical Discharge Machining (EDM)
2 White layer

3 Neutron diffraction

4 Ultrasonic

® Nanoindentation

27



Ubhed 9 3)Kub Ls ) dexe

Ti-6A1-4V 3T 53,93 &3 caogliio 9 Silossy Sl yisi 33 (EDM) (% 5801 agliss 15 puablo juils anllios

A elg) oy 5 (5,50l Sz WsSiee S lgte s
S s S mtle g ad iy Ko 10 alold s (5 a5
o @bcaadse ple 5wl QL (5 askad 4 coS Sl g RS ol>
MBE S 5 RS Sl e Ko 25 slaalols 3 a3gai Jar 535
8,8 plnl sy b (nlesT e laialesl (VL ane S 4 ins
ol
b BB Gl 2Bl gy 0 Bloy S5 (55505l
Jos 4 A5 (g 5 vold aigei b oads 6,15 rdle sladiges o 53585 )l
el plralr -l Gl loses bawgi wlowy sl jlaie wylise
W3S dlxe @1) Ll 5 eslitl b g Jlg 35%05Sulyn 5 158l 5

16l
" "Op 06j0 @
N Op 0j07TQ @)

5 A sise ol JIly 55 amls b aS ol digas e H ool 5 L23

9w Ly, cnl o

le g wlomy 25 b aiged S50 5 (L2 (8,98 colis o5 4 Ao
olfiws ogase pble s 5l solitul b o] Jlade a5 ol ilowny 25 5
Slp oS Sl S35E qwain oo Tdishioe glizad Giatanlsls
e 0418 s 565 1 S35

GaSoilul gy 3l eael caws 4 glhals - L slajloses o
Sl A5 g gl 4 S FS el b (pla s (pieanleil
©)lad alows slaass Kby i cod b g (o285 il sla2s
B ) ol

oilesl 5l e S enile sladiges (Fo)5 Cunglie s sl
ombesl 1 Gias 0ol oolel lalad Lol eolaiwl BB 5L jlae Jewsly
S50 5l )l b ab odls gt gl 5 e T L LIS (Fo,05
3 alflis clbd 51 S e ale e ol 5l ey il Bl 5 Syl
AGIAGCT o 5 sals 09,8 (609 Sl s pgase Jw o S5
Slbd e 5l )5 098Ul g N W)y e LT 59 xSl
bt S5 L S, Jsbee ssl> (TH-BAIAV sns (55 rils
+ 0.24 g/l CaClz 4 0.2 g/l NaHCOz 0.43 g/l KCI .9 g/l NaCl
122] w3 )5 13363 les ,o caclos g0 e

EDM &llas 51 oo T-BA-AV labs 55,55 5o cosy 8l
sy by 5200 5 2000 MV 63l jo B pmalin My slocs pSosld
5 0 5,5 le sladisas plas (slp Sy Jslome ;0 3 MV/S7 (Sl
el g ol 58lp 5 51 olical b alis (s o plondl sl diged

] 00

Dilosy (i (5 dmmlmo Jogy-1-2

5 odel Caws 4 slrails — 4,0 4 b ye slaloges 51 (glaigei 4 slo S

Ti-6Al-4V 5LT soims JSi5 jolic sy oS 5 1 Jgus
Table 1 Chemical composition of Ti-6Al-4V alloy in %

Ti Al \Y Fe 0 C N H

89.464 6.08 4.02 0.22 0.18 0.02 0.01 0.005

5 TriboScope 3.5 PL
©Scan rate
7 PowerSuit

271

Soy55 4 Cuglie 928Ul 555 (6,5 ele a3 L (s3LIT o5 (slao¥gd
ooyl ai)ls EDM (sg; & a5 nile sloigas 4 S (5 i
S g5 6 Geile ald y0 deds Y jea> e | el Gl o
50,8 ol
LT 2 1) o9y S8 & EDM (515 e [20] S0 5 55 5 5L
ools bl 1 65 pble ikizeo sln a0 b o] wilos,S s, v-TIA
Ol mls wis,S 2Ll ) beaiged 51 Sy 0 (9,55 & Coglie s 5
@ Cod g Lol U nile Sladigel (59,93 4 Cwglie a5 ol
el flien 39 g Sl

rhw codle oo adlio 9 pgas ;0 oad bl Cliass axlas |
& oile an] )3 10 Ti-BAI-4V 5LIT (55,55 Caoglin g ailany Li5)
SBL 5 game Jlaws die) oyl 5o Sldllas a5 00 )5 o akie EDM
2 69559 kel slayally b gy ol )0 jhate eed 4 sl
Slo s ks (Gl g, olog 5 852 ol was) EDM aalp
Conglite 15y 5 00 (6,5 cyeile gl Bos Slaiel 1o ot slmyl Wlaney

el a8 5 13 ) 0550 TI-BAI-AV 5LIT $o )65

b7 plosit 9 9 3lge -2
0 Ti-BAI-AV 5LIT i 5l Liegh ool 5o ool oolitul sladiges
plod Gl @S Ko olBis awgs g ool angs o oo 10X10%5 slayl
slp wad G5 EDM axT b )5 0mtle 5 i gl zslaw
ooliiwl 8,50 Slakad iz (iolej] sladiges olionds cuS 5 5 el
Pl 5l B prmen (L Jsaz) w28 8 oberd T cos
58S sl o #8112 Jouz 4o TI-BAIAV 5UT S5 5 Sl
SIS Al s iz Sl e Gl (S0 STl Caaglie 4 4z g b
B Jsaz) s )5 pele e oo 30 glis ) 5 15 b 4y 5 0 s
1At wlons o tls o9z pae I pliebl Jpa> jlaie 4
ol ol p @05 ()l Slles (op g (S Slilas
loo o cele S Gan 4 bdiged daiulejl plosl 5l s jelaie (yuon
Lo glod B ooyl &) g g 3,5 13 Sealps 0,55 0 540°C
5SSl adss 65 eile sla bl abl (sl 21] was s
el o ool (sl se b 200 s agss, shoe L oS Lol olSis
g oad adS a5 s aids 10 5 oeble Giulojl o ol ke
pll gz a8 5 O jg0 Sleddal g bl ool oo 1SS )L g0 toles]

ol 0a 03,914 Jgaz 50 lajiales]
ey 4 oxd () oedle Dlakd wlewny sla i (5 pSojlal sl
757 olg peSlyn i Joo piaianlal olfius 5l (Sl adss
4 poledl i 5SS o pn TamgsS p ;53085 slls a8 el ooy solal
orbslssy o el 1l S Tl gy, regl 100 (Sl b
Pl 2 51 el Ss o el 035 jZagil 0.0004 (55i) lral>
g8 lacusdse olyen a (alesl 090 diged I (Sled 5 olRiws
S b el I35 gy cpl o el oad eols plas acialgl
gl @ O 358 oy e 0 08 o S9i askad o & A (55
s GISHL Jolie jo (Bsi5 Ges) plralr g gy e 5 askad

* Charmilles Roboform 200
2 TriboScope TS75

3 Berkovich

4 Load Resolution

03 aYMBUEMPF VLI %A% 1 Cy



OEed 9 3 )Kub Ld ) doxo Ti-6A1-4V 3WIT 53,53 &3 caoglite 9 Silowms B s 33 (EDM) % iUl ads ()15 paiblo a5l aslline
] e ek (Sl 5 (So5eb ol 2 Sy
g ] / ; K Table 2 Physical and mechanical properties of work piece
— Compressive | % 7 Ti-6Al-4V Sl (ol
stress state 4 J /
Le ;S 3 950 MPa S ol plSo!
/ " Tensile . -
/ '/ 880 MPa ‘SMS w:lmJ r:lSMl
/ s stress state .
i Vi 36 HRC P
F 6.7 W/mK Sy Salas
'd 113 GPa Syl g
1660 °C S alas
Canuion 178 pQ cm Sl Cenglie
indentation depth g S 5’
4.43 glcm?® SE
h, Depth

Fig. 3 the effect of tensile and compression residual stress on load-
displacement curve [24]

[24] Lloals b loges p o2eiS 5 5,Led o slo gz 563 S

S oetle Slebad g oo diged ln |y Sl 35 oSulgm s 53l 3
loads 6)“"5%[""‘52 JS...:d_aUa.A J;owmwy@)b 03
s oo QLS A A Gl wad g A ps (b (i) Glej 5o

HE el ades LT s slbaly b e ey A
O ald diges olals - b slo pomie Laug (g, ol jo 00,108 s
O a5 Ojgo s el o el 0ad )5 il mhaw jo wilewy
S Wilowy 25 Jg @ co ymalS 1, IS 3985 Bes (g,lid wlewy
Iy diges s (6 Lid ailowy (s aBly ;o apd oo (il38l 1) 3545 Gec
PR C IR XSS L - S WA N PUWRIR AT ) P N .|
39 Fas wilind (L1AS Wlowy (15 Cow AT loads (5 )5 udle zglan

Slowy 25 b b @l glrals —L S aSepl 4 a4 L
bodoel [0 cddyls il ey diged (Jotie 4 Sl (G5 cud (5 Lad
o sl adads je ey (25 Casle (4 JSE) Lo jloges ol 5l ol
g g0 atuie g, Lid L LanS

o33l 3 el alrale -5, slajlages 5l oolanal b bg, cnl 5
ahato plaw | adads oz 0 Wlewy la i g5 9 lade cpiuiianlel
aS Jools gl eslatul b g wus F aseine 2 JSE) oad (5,8 o
Ol Sad s Aus Gl bg) oloy s oeile lulpd o (T 5l laiges
2,1) Ly, 5l ooliiwl b wlowy 25 jlade w0aso,8 &1)15 Joum o 4A
colaw )L.U.a el Agal U}A)T aQ .‘05.\).0 CJL.- OJUAA Gl o0l ‘\.A-AL?LA

A dnlome g po ke 536 2.5%10° (1 Kils 5k 4 S5k S2b,55 5]

g @3

Wlowy i Judgyy 2 48y2 by o il -1-3

Gos el 3 wlowy AT Jdgn @ boye @l 6 5 5 slass
Sob g US25 93218 Gl (dy) Olej o 0ud 5B eile sladiges
s ool (sla JS3 45 (5 ,b o i oo oL 1) Sglice sl
haal o wilowy gl Coale Sglite Gy (s, slaglej 5o s o
Slagis & Goe GBI L g oums Jlalie Mo &) (s g 0390 (22T
b B e JobS Cumdy 4 e g Wsdioe b s)lad ilewy
w2y Ol 45 Gl 1) Wlewy 25 )0 398 Sl Sle 33 S e
slozsl Jo & lie azde> ;0 EDM anlp coale o) azgi b wogel

03 aYMBUENAPT! VI %A% Q CA° pAuU

i Cywi

o IR (Sls 5 (So5d olo 3 Jgu
Table 3 Physical and mechanical properties of tool materials

Cu Sl oI5
W/mK 401 Sl s
110 GPa SV Jgoe
1084 °C g alais
16.78 uQ cm oSl Caaglie
8.9 glem® S

S ol ol (corkiats sl il by 5 (6095 sl i 4 Jgior
Table 4 Input variables and process parameters of spark

oialoj! s e
25,32 (KS) ol 5255, Lo
24,4 (A) bz as
128 (M) oy sigals (o
160 (V) 5k e 560
Cede G wile gl
Tl SN Sl o g9

TR

— “
Fig. 1 Indentation Apparatus
ieiia el ol 5l oles 1 JSC&

b- Machined surface by EDM a-
1 e

Indented i s

locations |7 | B
4
5

Fig. 2 Sample used for indentation test, a-real, b- schematic
Seilos — 0 o 2Bly —all (8o lgil gy y0 ialejl 090 diged 2 S

* Oil Flux ELF

27



Ubhed 9 3)Kub Ls ) dexe

Ti-6A1-4V 3T 53,93 &3 caogliio 9 Silossy Sl yisi 33 (EDM) (% 5801 agliss 15 puablo juils anllios

oSl adss 6 )5 yuile anl 3 jo 0ald sl iid des o lid £abge
$oS 5 olxl oasay cpl wasl TI-BAIFAV LT 2sS plSowiul 51 i

.A.;SLSA A.._>5.:)L:.ﬂ w‘e.\.ﬁ u;)lfb‘ﬁ..ﬁué!a...:)o |)‘57r.|a...n)'.3)

Wilowy G5 b9 32 Il (iba)y oloj wero il -2-3
g il Ll gy lagley o Ges slatel )3 wlomy slo i Jids
oeiS Conle sadoly IS8 8 el oad 1,19 S5 10 4A (> ot
ol et ly ok 4 laaiged mdaw Y 50 wlewy sloiS o

1200

Residual stress of machined samples in 3.2 ps pulse duration

1000 - _4\
-

- A
\

®
]
]
L
~
~
u

600 - s \

=
o
o
L
-
—

Residual stress (MPa)
\
-

~
o
=]
L
-

o

20 40 60 éﬂ 100 120

-200 - \ _-a
Depth (pm) L

-400
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Fig. 4 Load-displacement curve in Nanoindentation test for reference
sample and machined specimen in five point (I=4A, Ti=25ps)

S axkad glyy cpigsanlgl b, 5l ool Cews 4 wlal - b slelogas 4 JSo
(S UTi=25.1 =4A ) alas ziy ;0 oads (5,5 piolo digas 5 & o

Wy S8l b b olde ules 51 (AU g w5 55 (Sl e
slagbols Jl 0 &5 (yek 4 258 cai 03ls o] 4 (ALl (S cus
3B g ol Sus s 4 ez Sld izmes 5 Vb (>
b as sl dols 508 3ok 5 55 SS 5 (Sl sladSem 5l Jol>)
Ol 9 998 os Slml diged v 53 (St slaJSih i (S0 Slss
J14] ssi o ol sloa¥ o L2aS wilown (i oSi5 Sl
DA 3 oud () Hetle gl 53 WS g S JSAS S 4 eizeen
it @ 5 T slass) wbise Gl iy, slaple 5 by
e ol ol sie ST ank gl o S wloy sl
o [154] o5 olrml gl ) 0 S2S Silowy G5 ASIa> S50
s & gl ;50 (828 Wlewy A5 Slas LS5 K00 O jle
sladbail 5 Jod d925 Js 4y asly ol (x5 S 5 sbnl )
el g osle G lod 4 anly (S (pleS (m (s2ose o
e 50 (BiST Silowy 5 BT K03 lo 4 el 58 )l Uil
OyS el g (Sl Cuaglie yiSTas lejed 9929 45T D4 o odnlice
[13] sl o st

by Sud L aiss e (il B 95 sl JSs 4 (5 5k les
Sl 5 098 cod bl (oS wlowy S At )3 Slaiz oS B>
ol oole siiS Gl ploinl sgax 4o

St 03be iz (5 Al 4y wlony 55 i ;00 &)l @
800 b 750 lowgie ,ob 4 o¥gd slp Jlade (pl a5 5,5k 4 )l
ot sl SR 950 sgam o TI-BAIAV 5T ol 5 JSubiSe

03 avMBUEWGW: V1 %A% u 1 Cy



Ubhed 9 3)Kub Ls ) dexe Ti-6A1-4V 3WT 53,83 a3 cuwoglie 9 Siloany sl yinis 3 (EDM) S il alss (5 )18 yabolo 225G anllos
1200
Residual stress of machined samples in 4 A pulse current
1000 A
z’ _: - '\\
800 rd \
/. 7 \

= e \

600 e \
E e \ -® 7i- 32ps
2 g
& 400 w \ ~m=7i=25us
Iz A}
= hY
_:g? 200 Y
F "
2, : : : A, :

20 40 60 &2 100 120
E W
200 P f—‘.
[ Stk
-400 L
-600 . —— " "
Depth (um) Fig. 8 SEM image of machined surface (Ti= 3.2 ps, 1=4A)

Fig. 9 Residual stress profile of cross section of machined samples in
different pulse duration (1=4 A)

slaple; ;0 0ais 5 uile diges alain o ;8 wilowy 25 Ldgn 9 JS&
(1= 4A) Cilise Ll g,

1200 T T 0
Residual stress of machined samples in 24 A pulse current
p_|
1000 .
_ et
- X
800 Q. b
A A
P
= 600 - _ [ & \
[-» T . .
= [ \ =& 1i= 32ps
a0 . 1)
2 £ 1 -m-7i= 25us
z Y
< 200 )
= \
3 "
g o T T T W T
[ 20 40 60 20 100 120
AN}
-200 N -
400 \L— -‘ -.--.
. .- -
-600
Depth (um)

Fig. 10 Residual stress profile of cross section of machined samples in
different pulse duration (1=24 A)

slagle; ;3 oad 5,5 rile aiges alafie oy Wlowy (15 Jidy 10 U5
(1= 24 A) Gilisea L ios,

aS 0og B ooasSly 5B 5 0 A bog3ligs Jlsle gl sals diges
Sezg ;00 Syle a4l (S0 4 Cwglie sl oolhe (g lisle
oad (5,5 cpaile labsd s 3 B g o Cojile "GlaYaY jlislogy,
() slodysS Olyie 4 wilonel 0929 43 g oo (s 0 0500 il 0 a5
Gladises (Foy5 g5 Gl 4 e 5 008 e i3e | (SIS
S anksd g e o gd e 4y cpizmen [21] g8 o 0 6 5 Caile
A08cfs) YL 5 b o, 5 o1 Jlos 4 g (S8l adss al> e o
gl 625 bis RIP Bk Sl 5 (5 g alend Dlpis
QoS5 ozmed (ol p) g (e ge ald diged 4 Cens VL
P s St S3has g sleay Gla s daally 575, leo i
ad 0 7, EDM g, 4y oas )5 piile sladiges jo &l > il
S 4 Swglie a5 4 e () g (e ogee (nl &
Wad s eatasplid b 568 5 ol den ad walys Saskd mlan
wged L EDM (g, 4 oads (6 5 0nitle ladiped (planisy 2SI 118,

120,101 col salss

! Lamellar
2 Galvanic couples
3 Micro pit

03 ayMBUEWGIL VI ¥A%o U CA°pAuU

i ey wi

d=4A) o)l5 pis s o ead 65 mile mlow SEM j0a5 8 o
(S UTi=3.2

555 ok 2510 B Gac il b 2t ey (55 al 45 (5 b 4
Ll 516 09800 Jr05 (55188 Wlowy (o5 &) (o 9 00w gl 2 50
sy 9,0 Slewy s Ko ojle 4 abl Jolw jo (SOl
azed Jobs o 4l eole SVl sl s b asdl,  Sadly IS s
[15]

Lo sl ) wlewy 25 Jdgn mli 10 JS8 en
iz Gl by, slaple; wae 5 24A Lz cal b g sl
e Y 0 w0gd oo odalive gl (ul 5l a5 ek les s oo lis
Slowy i oub Gbdges ;o 5 o225 oy i baaiges
2085 o Joles Cdlo a4y e 5 00l Slnl (g ,Lad

Obey e 5o (S Sl adss () oeile anlp e s O)le o
0y 290 Sl (S35 A kg ool g aS esle I a5 (Ll ()
sl Clde dl> Blibl asls olge 457 )50 ;0 @)l al lawse 4y LS
Gbid wilowy slo i Kate (ialidl el ol ol wigd se blo! oyl
o5 Sedly UKD s G 5090 () wediee a4l (nl o
dezie odile Bl Olis oole g oays &l Al as g aslsl o 00,5 e
g (0 am jo g 0olas ol (oLl ol o) Glibl sel> 518 54 e
[16] 55 o ol (Vb L28S Siloy Slo s 00 (5,15 il

Iy b oI B @5l GL (s, Gley IR L ax S
A S o0d (o) e gl 5 5o (£AS Wilewy A5 ST ke
3 el KWL 70 sgam 50 dilowy (25 Ol diioy a5 5,9k
5 ad, 8 eole CanSd plouinl I i wlewy o is cdl> o
@ bS5 onl dgdiee B oedle mhaw )3 1y S 5 i 4 ke
GRS jlaiie W3S oo o g WS oo e GRS o ol p3alSe lgie
b 2l (2l ol )3 wiley

59395 Cuoglio p al i (b wud il -3-3

5 baiges plos sl LU ol D 5 2Foslal 51 Lols slaosls zls
dged 3l yuin IS 50 6,0 il slodiges (58,95 b JBs

Ggai Sy Coglio S e o ol (onti )5 eile) aals

aY Cobis b glerd oSy il Lidse 4 ol o, eibe

P 05xse g s M 5 S g5 oS5 agzg bl e b

122] )5 o )5 itls mhaw (505 3 lan

27



Ubhed 9 3)Kub Ls ) dexe

Ti-6A1-4V 3T 53,93 &3 caogliio 9 Silossy Sl yisi 33 (EDM) (% 5801 agliss 15 puablo juils anllios

ol 8 el Gl i) ey Gl 5l e (0,05 bz S
Ol GRIB LI adad 4 60955 551 i GmlBl cde 4
3 g oad (s GBS 59 ,Se 5 s p) GRB4 e &5 Celadd >

208 (o0 (59,97 ol S RIBl cel ol

S 5 domii 4
sl 5l Al S0y Cuglie pusd g wilews Slo it ulizs (pl o
9 A8 15wy 8590 TIBAIAV 5UT 5 (S0 iSUl alss ()5 ile
2 (O By, ol s Bz Gl Sud) oy byl Sl
il Jole oy mll s <85 13 oy n 990 a2 >
3l oad (6,5 hetle s )o oS 59,0 oSt Jodo 4 -1
O Sl azs o g oad sl sl cpl jo (p285 dilewy (A5
9h o0 3 IS ankd mhaws 5 55 (285 wilewy
e @z ol Sl g Gl gy ley ol il L -2
0ad 5 )5 eile mhaw (605 AY ;0 aiS Wlawy 15 iSTas
Sl b e ol AL S as gllide LB e
ROMRCPRERIE
Gt (S oy 25 Sl 0y Sl 33l 55 -3
Sz Gl AU el gl ol b (i, ley s )
el 4B > (655
Glaksd _Fo 05 Conglio oSS adis 6,5 peile an] s 0 -4
Alge G815 0al (6,15 eile
i ol > 551 )3l b lediges (50,65 Cusglin als -5
S obz I Gl R ol Gl Ll s
el Wy (g, oy il 3 5l i

&lp-5

[1] A. Descoeudres, Characterization of Electrical Discharge Machining
Plasmas, PhD Thesis, EPFL Lausanne, 2006.

[2] J. Y. Kao, C. C. Tsao, S. S. Wang, C. Y. Hsu, Optimization of the EDM
parameters on machining Ti-6Al-4V with multiple quality characteristics,
Advanced Manufacturing Technology, Vol. 47, No. 1-4, pp. 395-402, 2010.

[3] A. Hascalik, U. Caydas, A comparative study of surface integrity of Ti—-6Al-
4V alloy machined by EDM and AECG, Materials Processing Technology,
Vol. 190, No. 1-3, pp. 173-180, 2007.

[4] . Ekmekci, Residual stresses and white layer in electric discharge machining
(EDM), Applied Surface Science, Vol. 253, No. 23, pp. 9234-9240, 2007.

[5] N. S. Rossini, M. Dassisti, K. Y. Benyounis, A. G. Olabi, Methods of
measuring residual stresses in components, Materials and Design, Vol. 35,
No. 1, pp. 572-588, 2012.

[6] L. Zhu, B. Xu, H. Wang, C. Wang, Measurement of residual stress in
quenched 1045 steel by the nanoindentation method, Materials
Characterization, Vol. 61, No. 12, pp. 1359-1362, 2010.

[7] J. E. Wyatt, J. T. Berry, A new technique for the determination of superficial
residual stresses associated with machining and other manufacturing
processes, Materials Processing Technology, Vol. 171, No. 1, pp. 132-140,
2006.

[8] F. Diaz, C. Mammana, A. Guidobono, Evaluation of residual stresses
induced by high speed milling using an indentation method, Modern
Mechanical Engineering, Vol. 2, No. 4, pp. 143-150, 2012.

[9] C. A. Charitidis, D. A. Dragatogiannis, E. P. Koumoulos, 1. A. Kartsonakis,
Residual stress and deformation mechanism of friction stir welded aluminum
alloys by nanoindentation, Materials Science and Engineering, Vol. A 540,
pp. 226-234, 2012,

[10] H. Sidhom, F. Ghanem, T. Amadou, G. Gonzalez, C. Braham, Effect of
electro discharge machining (EDM) on the AISI316L SS white layer
microstructure and corrosion resistance, The Advanced Manufacturing
Technology, Vol. 65, No 1-4, pp. 141-153, 2013.

[11] J. C. Rebelo, A. M. Dias, D. Kremer, J. L. Lebrun, Influence of EDM pulse
energy on the surface integrity of martensitic steels, Materials Processing
Technology, Vol. 84, No. 1-3, pp. 90-96, 1998.

[12] V. G. Navas, I. Ferreres, J. A. Maranon, C.G. Rosales, J. G. Sevillano,
Electro-discharge machining (EDM) versus hard turning and grinding—
Comparison of residual stresses and surface integrity generated in AISI O1

277

Al Glendats jo oo (6,5 pedle sbodiges 55,95 b, JE>
ol 58S ysb oled el snd ail)l 12 5 11 sla S o 6,8 il
Obes 3 obr GRIFIL baaises (59,05 obyr JBs cl pslas nslas
S5 ol (e Gley 9 Gl SRl L sl 4l 3 Gl (2,
7B bdiges mhaw 5l (g inn Clie oole 4l ja 10 g 0l 05433l Ladd >
bl onl jo gl yiin oald sbml sloosix slul 5 Fes g 0
5 5 ond by ladigad (59,05 (20 53 gl i (5lpenl al38l
18] sl go Gl ()l 5 loyi (59,55 o325 ) (59,65
3O e s a5 30,5 o astine 12 11 gla IS5 sonlin b
I 2 ol el b el 12 IS8 ) s 11 S

36°C (slos yo Kn; Jslome 50 (JBb gmal s D s (3903] @l 6 Jgur
Table 6 results of Tafel polarization tests in Ringer solution in 36 °C
temperatue

e SO ok
MV) (S8,95 Jamniliy Lges
& 9> 2 (uA/cmz) g0
366.896 0.02314 ol
469.962 1.0168 1
460.569 0.1622 2
537.431 0.6349 3
533.545 0.8893 4
1.2
Corrosion current density versus pulse current in
different pulse durations ~ 10168
% ' PR 0.8893
2 - P
< -
Zos PR L <
% 0.6349 -7 P
? 0.6 ol e ’
5 -,
= .7
R R - Ti= 325
z e —m-Ti= 25s
E s 0.1622,
O [ 2
0 T T T T T
0 5 10 15 20 25 30

Pulse current (A)
Fig. 11 Corrosion current density versus pulse current

UL‘J} [WIRWW) J;Ln.a R ‘_g)lfo:“bto A_ngAj}u' éa)? uL‘J‘> u:‘IL(> 11JS\J)

)
1.2 - - .
Corrosion current density versus pulse durationin
different pulse currents 1.0168
T 4
08893 .=
a |
£
5 08 |
<
= 0.6349
E‘ 0.6 - _- o
=] -
D -
< _-
= -
5 04 4 -
B -
=] -
2 -
5 0.1622 -7 -
= 0.2 - =0 /= 4A
g L 4
=] —m-/= 24A
<
&)
0 T T T T T
0 5 10 15 20 25 30

Pulse duration (us)
Fig. 12 Corrosion current density versus pulse duration
b9y Oley e y0 0ad (5 )il sladiges (50,95 ol JB 12 S
ot

03 avMBUEWGW: V1 %A% u 1 Cy



Ubhed 9 3)Kub Ls ) dexe

Ti-6A1-4V 3T 53,93 &3 caogliio 9 Silossy Sl yisi 33 (EDM) (% 5801 agliss 15 puablo juils anllios

Discharge Machining (EDM) on the corrosion resistance of dental alloys,
Dental Materials, Vol. 26, No. 12, pp. e237—245, 2010.

[19] Y. Uno, A. Okada, K. Uemura, P. Raharjo, T. Furukawa, K. Karato, High-
efficiency finishing process for metal mould by large-area electron beam
irradiation, Precision Engineering, Vol. 29, No. 4, pp. 449-455, 2005.

[20] B. Jabbaripour, M. H. Sadeghi, M. R. Shabgard, H. Faraji, Investigating
surface roughness, material removal rate and corrosion resistancein
PMEDM of y-TiAl intermetallic, Manufacturing Processes, Vol. 15, No. 1,
pp. 56-68, 2013.

[21] G. Latjering, J. C. Williams, Titanium, 2nd edition, pp. 115-125, Berlin,
Springer, 2007.

[22] M. G. Fontana, Corrosion Engineering, third edition, pp. 499-502,
Sinagapore, McGraw Hill, 1987.

[23] A. W. Warren, Y. B. Guo, M. L. Weaver, The influence of machining
induced residual stress and phase transformation on the measurement of
subsurface mechanical behavior using nanoindentation, Surface & Coatings
Technology, Vol. 200, No. 11, pp. 3459 3467, 2006.

[24] F. Karimzadeh, M. Heidarbeigy, A. Saatchi, Effect of heat treatment on
corrosion behavior of Ti-6Al-4V alloy weldments, Materials Processing
Technology, Vol. 206, No. 1-3, pp. 388-394, 2008.

03 aY¥MBUENAPF: VLI A% 1 Cywia

CAopAQ

tool steel, Materials Processing Technology, Vol. 195, No. 1-3, pp. 186-194,
2008.

[13] J. C. Rebelo, M. Kommeier, A. C. Batista, A. M. Dias, Residual stress after
EDM-FEM study and measurement results, Materials Science Forum, Vol.
404-407, pp. 159-164, 2002.

[14] F. Ghanem, C. Braham, H. Sidhom, Influence of steel type on electrical
discharge machined surface integrity, Materials Processing Technology, Vol.
142, No. 1, pp. 163-173, 2003.

[15] B. Ekmekci, O. Elkoca, A. E. Tekkaya, A. Erden, Residual stress state and
hardness depth in electric discharge machining: De-lonized water as
dielectric liquid, Machine Science and Technology, Vol. 9, No. 1, pp. 39-61,
2005.

[16] N. B. Salah, F. Ghanem, K. B. Atig, Thermal and mechanical numerical
modelling of electric discharge machining process, Numerical Methods in
Biomedical Engineering, Vol. 24, No. 12, pp. 2021-2034, 2008.

[17] M. R. Shabgard, B. Khosrozadeh, Study the effect of ultrasonic assisted
electrical discharge machining process on residual stress and hardness of Ti-
6Al-4V alloy, Modares Mechanical Engineering, Vol. 16, No. 8, pp. 169-
176, 2016. (in Persian ..,l8)

[18] A. Ntasi, W. D. Mueller, G. Eliades, S. Zinelis, The effect of Electro

27



