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Effects of the equal channel angular pressing (ECAP) on the fracture and
fatigue parameters of Al-6063 alloy
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ARTICLE INFORMATION ABSTRACT

In this paper, effects of severe plastic deformation (SPD) on the fatigue crack growth, mechanical
properties, texture, roughness and fracture toughness of Al-6063 were studied. The Al-6063 alloy was
deformed by ECAP process. The average grain size refined to less than 100nm. The textural study
conducted before and after ECAP process. The fatigue crack growth tests were performed for different
load range at same load ratio. The yield and ultimate stresses increased about 230% and 79% after
ECAP process, respectively. The elongation reduced from 16.6% to 7% after four passes of ECAP
process. The fatigue crack growth rate increased after first pass of ECAP process. The Paris equation
parameters changed before and after ECAP but there is no significant change for different load ranges.
The fracture toughness decreased after first pass of ECAP process. The atomic force microscopy (AFM)
were used for measuring roughness. The scanning electron microscope (SEM) pictures were made for
fracture surface study. The ductile and fissured fracture with large dimples were seen before ECAP
process. The fracture surface with refined dimples observed after ECAP process.
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Fig. 1 Fundamental processing routes used in ECAP [7]
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Table 1 Chemical composition (wt. %) of Al-6063 alloy

Al Si Fe Cu Mg Mn
Base 0.44 0.93 3.50 1.02 0.59
Cr Co Pb Ti Zn Ni
0.03 0.005 0.1 0.04 0.38 0.005

Fig. 2 (a) Schematic view of die parts (b) cross section of assembled
die (c) Cone shape parts of the die
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Fig. 6 Atomic Force Microscopy image (a) as-receied (b) after five

passes of ECAP process

ot (B) 5 oole (8) (ool (5903 55y Sion poslas 6 S
ECAP

anld ol 5 5

1180nm
HHU nm

.

Fig. 7 material surface 3D image (Atomic Force Microscopy) (a) as-
received (b) after five passes of ECAP process

la:L"> oole (@) Lf“l Gy 9wy, e Ja..u53 oole c]aaa S M).leaJ 7 JS.Q
ECAP a8 Wb 5 51 o (D)

After fifth pass
T T Max: 10.62

50um /
T

As-recieved

Fig. 8 Pole figures for as-received and after ECAP process samples
ECAPAL] 3 5l s g ol ool sladiges (gly (ol Slan 8 JSCi

12 o plads 17 093 1396 siausl o r30 il as igee

ain
300

250

»
=3
S

T

(200)

Intensity (a.u.)
g
_

Y

=3

S
T

o
S
T

311
220

OWI|;||I|\|1IA||1I\|||
30 40 50 60 70 80
ze(degrees)

Fig. 5 Intensity (a.u.) for different 26 degrees for sample after five

passes of ECAP process

d 5:Sike s0e ,2) ECAP 0515 5l o 5 L3 oole 2iS gloaasein 2 Jguo

(3l g0 (331
Table 2 Tensile data of Al-6063 for as-received and ECAPed samples
with different passes (each data is the mean value of three tests)

Jsbo okl Sl plsa el s

(%) (MPa) (MPa) e
16.6 209 90 NES
10.0 304 225 auld el S
7.0 375 300 sl bl

Loy ECAP anld 5l an 5 8 badised oo by gl sl
518 eole aw pglas "6 S wud ags (ED) es S sl
Rsbal 3 85 psboler ams e ol | anld ol gy 5l ey 9wl
3 om osle gamails jo iy S 1SS ¢ ails ojlasl sy cnl Jasuie
oads (Sl 5 a3 digad ;0 lawgio 5 ) ol 455 LB ECAP 0yl %
"7 Jm"
3o dged mhaw s o LS 1) eal 20 IS g sl sladises Zolaw
el Pl Aiged dy oy 316G gl anT ) Jlee!

sanld 5l s cll> g0 50 (111) 5(220) lxio dad yyglas
sl oolie BB "8 K" jo a5l o

il e 123nm 5 140NM ol oS5 4 a5 a6 S ol

3o &S ggige ool 9wl el (6l A e Sl 4 25 b
ot @ o g Cancd 4yl 2Bl b S0 eole il an T gl Wb
GBS g 4 s i 52 ([ 28] sl e a3 plonl Cg Sl
50 oo HLid |y Eadge (pl s odal Cawoay s as s Wl o)90
ol Cughs ECAP a1 3 5l L oole cdl oS ol asein "8 2"
Ol 50 ol (R (o IS bl I ey eole 2l S el
408 ools plSouinl

Consls plSniw] 9 S 5wy —3-2

ool 50 A Bads o po 03l sy S Ay 75 Dl jloged jo

Ll dgl aslb cwl jawsess BB e 4ol aw Yooro o o) 8

Ay Sy lake cpl 5l B L 4T 0gd e g9, ailiw] i Gad oo

el Jlosl b e 5 S5 Jsb 5l omli (35 Sl gy S e
ol by olss g oole Jislug, 4 diely aml ol 5 S5 o,

Sl i, ol cwl oles als olail 4 ST ol F5asbee

* Atomic Force Microscopy

348


file:///C:/Users/Desert%20Rose/dropbox/MME/Azar%2096/2364/Enew172364M.docx%23_ENREF_28

S (ped) 9 (b e dexe

6063 pgaisog)T LTiwwd 9 aanSibs b piol )by p2 (ECAP) spluno s1343515 SLOJLLS )3 (3 35Ty 3l

200N L cog oS 04 oo camlie "11 510 glo JSo" gls awslio b
LS5 lp el (K S ab) 9,0 50 el sl Sl o i
b e o Gilgs Lyl (gove 4w pp 0.5MM S50 51 iy
o opl el 00,8 lag aubsl 1.75MmM sgu= b by slass il 150N
SFL L esle ol iy, xeS Hb amsls gl 4y A wes el
Alis Sy 55 301, 505 5 ganile b oo LmalS caiels LT3l L a5 sl
s L8, gy Jb atels ol L ails gy ) olge jo aS wisly Hlis 65950
Sb aels il b uen .l Jodalice BB ails oo dlge a4y Cas
ol g eras 4 wsle plSouiul 4 Cond 0ol Job ool palS o
Slge dy Cond (S ;0 s L8 slge pl a5 ool cvaline ol
1311wl wils i jo

oole ;o EI ol o dield e S5 Ak, #5112 JS”
aps oo olid 1) Golate o, asls gR = 0.1 gl oals 2o JSo
ASTM E647 s lasliwl ululy B) akal, 5l s Sod oo ab
[30] ol onty asloxe

AP a
o = Gy (i) ®

2
a a a a
f(&)= (2 + (W)) [0.886 +464(2) —1332(2) +
a\3 a4 a 1.5
+14.72 (W) -56 (W) ]/(1 - (W))
il Jlosl L P dolro oyl jo a8
5o b asls o Gl wwl asie "12 JS" o a5 jeblen
55U Gl ol wluly S5 ol pes anl jo eole (St LS,
132] les o a3l 1) o Stmghy 500wl fadge cpl 3l cwgune
Ol cwl Goles oole Jlislon, 4 4l ol jo )l Aol il o
ol 0001 3 Jgaz 40 alire slaob 5 ams parieagl LT (sl ol o
solie sl 4 o]y ead a5l bas 5y mls "13 S
odd 23S g p > g0 y0 0obe gl (Sws S F5 alise
556 sl dolee LSl ails ojlasl sies o lid s Ll Sglate
Jo [29] cat Bl jo Ko laiagy b b gadge onl o)
Ganaly Sgugy pls oole a4y o 23 S5 5 Lol yo oole yas ol

—a— 5 passes ECAP (P max=200N)
3 __u As-received (P max=200N)
[ —e— 1pass ECAP (P max=200N)

25 R=01
.t
[
ELE -
o |-
j:
05f
o8 10000 20000 30000 _ 40000 50000
N (cycle)

Fig. 10 Fatigue crack length for as-received and ECAPed material at
R=0.1 for same load range

Jbasels g R=0L o onls (20 S g pls oole gl (Sos S5 Job 10 S0
oS

349

b deleS SAS S5 ad 5 ol @ @ ed i slaails e
bee GllBl eole pdud (35 ool ganails sge b b jsbay
Ay ipes 4>l o el 5y, 1ol L 0d )55 S malan (65 Guizen
Ol S WS Cexd @ alayl) )l dlaly wiile Sl Lalg, 51 ST
Slge gl M 5 C ol o 5 Canl uolas ool [liSloy, 4 S5 ol ab

[29] et gl Ciliises
da

T = C@k™ @)

oo o Stud S Jsb sy 4Bk g N @ glajize T 50 &5
9D pow 4>l )3 ABlge AT DA upb 03l 5 e Slasl e
3 3 (on ) (SienS Suled 50 5 9pb e plonl gy QLA L S S
ASTM EB47 5 )uilia] ololyy Sind S5 ady o9e)] Lidal o
ol b el aseie "9 S 5 aS CT slaaiges [30] coul ooty ploe
Wbl go diged Cusls g Lgy i 4 oS B =3mm 3 W = 10mm
Yo O Abssts oy 5 sl ol 50 0l (Ra S 5 el disas
gy (S 903 o ye j2 50 (Shs Sp sk aloads asle
o b pln 200 oles Sop Sl b oSy S ()l g )l
5 pl oole gly Ses S5 Jsb "10 IS8 i (S5l 0.1mm
poeSle o GlR =01 L cond o 1) ead (oSS
Sy aigai 45 39 o0 alimde 45 jsblar s o 5L Pray = 200N
il A8l diged yor g odd S S5 ah) 5 edd (aJSS Wl
3o adedses GRals "3 US4 azrg b o] Jds G yege
ol Jds [24] el gl o iz Ko @l b oS wibos Jol oob
ool (gauaily dgge Jdoty b Sbul e8> ul JaiS Wlgh oo onuay
Lol sl (65208 yi Jgl (ol 0 o T g 0bij) ooy oy o bl
s ialdl ole ) plSoal sole Cl Casi 5 canals Sgegr s &
ROV NINENOVATL: | RO PSS AR O
Jo ool Sl pluul o (LB, nl el 00,8 oy Gial8l 55 diges
sl 1 3,50

Sl 5l an (S glodise glp S5 Jsb et "11 S
s i |y Soglie b anels g ey b o b po S5 ilise

ol el ply 5l Cews L 150N 4 200N 5 oS L rals
e oy St jae alisdo L6

2mm Dia
6 mm
~ £
£ g
£
£ w
© v
—; o
— ——
£
£
v
b
oi
6 mm
! ] -
12mm
10 mm

Fig.9 CT specimen geometry
CT $ges slal g awain 9 Sl

! Wire cut
2 Elongation

12 oplouis 17 ©)93 1396 suawl ()3 SHlse Swdie


file:///C:/Users/Desert%20Rose/dropbox/MME/Azar%2096/2364/Enew172364M.docx%23_ENREF_29
file:///C:/Users/Desert%20Rose/dropbox/MME/Azar%2096/2364/Enew172364M.docx%23_ENREF_30
file:///C:/Users/Desert%20Rose/dropbox/MME/Azar%2096/2364/Enew172364M.docx%23_ENREF_24
file:///C:/Users/Desert%20Rose/dropbox/MME/Azar%2096/2364/Enew172364M.docx%23_ENREF_8
file:///C:/Users/Desert%20Rose/dropbox/MME/Azar%2096/2364/Enew172364M.docx%23_ENREF_31
file:///C:/Users/Desert%20Rose/dropbox/MME/Azar%2096/2364/Enew172364M.docx%23_ENREF_30
file:///C:/Users/Desert%20Rose/dropbox/MME/Azar%2096/2364/Enew172364M.docx%23_ENREF_32
file:///C:/Users/Desert%20Rose/dropbox/MME/Azar%2096/2364/Enew172364M.docx%23_ENREF_29

S (ped) 9 (b e dexe

6063 porinogT Sim 9 oSl (5l yiolyly 2 (ECAP) sobuso Jl3assls SJULS 53 (3 3isT 58 3l

aials ds Silea ¢ laie ,2) 6063 poicag] (gl b Wolee il 3 Jguar
(Gl gliin b
Table 3 paris equation parameters for Al 6063 (each value is mean for
three load ranges)

(¢} m
10710 3.27 adgl diges
10712 5.34 anl s gl el
10711 4.38 il B ety b
-05F
7 E_ —&— 5 passes ECAPed (Pmax=200N)
0 é — & — As-received (Pmax=200N)
.2 i_
sk
3 af
5 _E
T-A5F
T
S O4F
45F
-2
5
55F
6 F
6508 0.8

1
Log Ak
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ECAP w15 ol iy 5 ot 5 5 6063 pipasll S 55 5, 13 U
R=0.1 )L s yo

Sl yo ol plas s 1 s aen oobe 8 (Siws Sl
Al abasMe (el (iol38l g (g,mdy IS Haile ol Lo ,is Jdoay gum
CanSs plSorial 14 S Bl il eole jo Sl plSouiul a5
dbu‘l‘ 6‘)‘.’ |) (KIO) ‘el} oole Sl Plg.?d..ul LVREGNUWERY N VW Fypr
a5 o ol ECAP us] )3 Calises
S o b S 5 g0 ,0 CenSh plStiul 1,4l Cewsas Iy
sloaiges 5l [34,33] ASTM D5045 3 ASTM E1820 (sl lusten!
G (15 JSo) ol eolawl B = 3mm s W = 10mm slel L CTS
Spoad, uls (Jol sge wiiles 0 5 el Sbuls ey clSS
3L Jleel Gl o a8 )3 L o (K) dges 5w 2alS aoy0 5 Joles
b ool "16 JS" sllae 5,1 sas PMlol aig od 5l lediges &
Jsl 250 Billas aigei (59, 4MM Jsbo @ ,Ld sl o (Ko S5 iy
a0l Jlesl lbaiges 4@ = 60° g = 15° aygl; 90 0 5,05 0 bl
"16 Ji{::" B as Mbsn )lA.MJ W).: Sges )L)).g 5)"5 );‘ s O 4.)5|)
9 yl0ges 51 S 5 Al Sl )b 9] Cawsds sl el sos ool LS

ECAP on 5 dilisee slo b (13 I J1,S5 5 conSts plSoial palie 4 Jguor
Table 4 J integral and fracture toughness values for different passes of
ECAP process

Jic KJm™? K;c MPaym anT ool oyl
438 184 el} oole
3.8 15.71 1
3.31 15.86 2
3.25 15.7 3
3.85 17.1 4
4.66 18.8 5

12 o )lais 17 095 1396 sl (w30 SilSo uwdise

I ——— As-received(Pmax=200N)

F g 1 pass ECAPed (Pmax=150N)
35 ——s—— 1pass ECAPed(Pmax=200N)
f—e— 5 passes ECAPed (Pmax=150N)
3F 4 5pass ECAPed (Pmax=200N)

e

T N T T N BN |

0 = 50000! ! 100000 150000
N(cycle)
Fig. 11 Fatigue crack length for as-received and ECAPed material at
R=0.1 for different load range
Sb el g R=0L [0 onls (20 S g pls oole sl (S S5 Job 11 Y&
=9

GBS g pls oole 5l CT (slaaiges [33] ASTM E1820 s sl
o yieds slal Cosgame Jdoay wad aisle calize glawly o oud
SF Gheobml gl ol adS ks s W=10mm ply sel 5ye
Hb ojlastiul elel o oolatul Jg - Sidgs (Sws olliws 5l (K
Slasl lp s as 3 k0 250N Sis S5 ol gl gl
Gllao CanSs plouinl Lol plosl Qy,ﬂ aw s jo 0wl 4 aisy
A dwle (B) ol 5l o st

Laigal Culies o lailbnl Bllhe glaxas jid,S lylus o)l8, oy
S 5l polie (B =3mm) o a3 Ll 0 2.5mm 5l x5
Al Cewsds (4) doles

.2
Jie ~ 22V @

Al ge amolys oo g aliwn ¥l Jodo cui g 4V s E o o a8
ounlie B4 Jgum o d JI,Sul 5 consis plSioinl dpnle gl
Pl il ol Sl Ssdee ali>de a5 psbpler ol
JIs 4y o opl b oe LalS 15.7 4y 18.4MPavm jl Sl oo cunsis

Con )0 O St B o) r:lSz_‘;.J Flio yo oole (i JS& als

“E wPmax=120N
5E A Pmax=150N
2F  oPmax=200N
. 28F R=0.1 -
3 4 o5 %o
S ask o6 &
E A
2 4k Og CR
’_]-4.55— L ] L 8
F a
-5 e .-I. IA
-55F -
.5;- =
S5E L0
04 06 0.8 1 1.2
Logak

Fig. 12 Fatigue crack behavior of Al-6063 after one pass ECAP for
different load range at R=0.1

WECAP 013 Lol G 5l e 6063 pgiegl] Sins S5 )i, 12 JsCio
R=0.1 | cus 5 Sglate sl )b asels

350


file:///C:/Users/Desert%20Rose/dropbox/MME/Azar%2096/2364/Enew172364M.docx%23_ENREF_33
file:///C:/Users/Desert%20Rose/dropbox/MME/Azar%2096/2364/Enew172364M.docx%23_ENREF_33
file:///C:/Users/Desert%20Rose/dropbox/MME/Azar%2096/2364/Enew172364M.docx%23_ENREF_34

SR (o3 9 5B e dexo 6063 pgaisog)T LTiwwd 9 aanSibs b piol )by p2 (ECAP) spluno s1343515 SLOJLLS )3 (3 35Ty 3l
i 1155
1200 L Py=Pua 1.1 i—
1000 |- R
2 800 |- of
S oo osf
F 0.75 ;—
400 _ _ Load 07fF
3 — K=100% 0.65F
B ——K=095¢ it AN Yt u e s E i B U e
200 - K=95% 0 1 2 3 4 5
L Pass NO
ol DL Fig. 14 First mode fracture toughness in different pass
0 0.2 04 06 0.8 alises slaowly sl gl Sge ConSd plSovinl 14 JSi

Disp lacement (mm)
Fig. 17 Force—displacement curve recorded for mixed-mode loading at
a =60°

a = 60° ay5l5 glp oS 5 990 5,151 50 Slmla g0 loges 17 S0

oolazwl (B) aoles Lalg, 51 (oS 5 g0 30 S plSotin] dulxe (gl
136] el ouss

_Pcosa\/na (a) _Psina\/na (a)
= 125w “"\w/ T T 125w M \w

Kt = KIZ + K"Z (5)

oyl o as
a a a2
£ (2 = 5266 — 32.736 (1) + 99.968 (%
I(W) 266 — 32.736 (W) 4;9;9 968 (W) »
—127.078 (W) +65.331 (W)
fu (%) = 0.3657 + 1.646 (%) —0.083 (%)2 ©)

ool 005 03,51 B oz 45 oS 5 Sge 30 e alSoial il
4,0 15 woly jo cusls pllul (il asin bl a5 jebyles
o o8 ol Byl 38 iy ok 3 o 5 il 20lS gl ok 3 o
Sgo LIS Db g po Bl oo S ol 950 40 oole HL8, aslis L,
aslen 55 Olhess Gl (Jg o)l ol Sy wiz e sy cnl o g
el sial38l ol o g sials ) ol g0
CanSl plSoinl [0 90 dge Dl b b w0 60 agly o
Gials Lol olass il b Ll ol wim o sl atily islEl oS
oS a3 dgas 3l b B diges Sl plSoinl (e Crad 4y ol aidly
009 aigS cplaz 10 15 aygli b oS5 55 g Jol 990 y0 a5 > jo ol

sl

5 pl> ool (gl (oS 5 090 y0 J IS0 g cenSls plSoinl y0lie 5 Jgus
om‘_,,_:aa‘_,&:

Table 5 Fracture toughness and integral in mixed-mode loading for
as-received and ECAPed materials
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