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Abstract: One of the most used processes of the severecptbetirmation is the cold deformation pro-
cess in the conventional ECAP d&ince it is a process with low productivity it isimy used in labora-
tories for SPD testing. Starting from the sevemEspt deformation process in conventional ECAP die,
new method was realized that allows the realizatibthis process in better conditions, with lovefion.
The work piece is 10 mm square section. The mobile part of the die t®ntact with three of the four
surfaces of the work piece. Only one surface ofatbek piece is in direct contact with the fixed paf

the ECAP die that leads to reduced friction fordesing plastic deformation. The objective of thigppr

is to perform a thorough analysis based on numérstmulation methods of the SPD process in the
ECAP die with low friction applied on a work pieskaluminum alloy ENAW 6082. At the same time, it
is aimed the way in which the plastic deformatiares produced and the solution obtained analyticaly
compared with that obtained numericalljdso, the influence of the die geometrical confegion on ef-
fective strain, effective stresses (Von Mises)liagforce, and influence of the friction coeffitieon the
applied force for the same geometrical configunatid the die were pursued.
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1. INTRODUCTION tensions or high shear tension in order to obtta-fine
grain structure in work piece [6].

Nomenclature The unique mechanical properties of the ECAP-ed

ECAP — Equal Channel Angular Pressure; material are directly affected by plastic deformoati
El. — Tensile elongation; For a better understanding of the phenomena of the
FEA — Finite Element Analysis; plastic deformation that occurring in the work gieto
SPD — Severe Plastic Deformation: design a functional die, for achieving an optimunc-f
UTS — Ultimate Tensile Strength; tion inside the die, etc. it is necessary to coml@rper-
YS — Yield strength. imental research with numerical simulations of imioo
geneous deformation behavior of the work piecerdyri

1.1. Concernsof scientistsregarding SPD in conven- the deformation process [5].

tional ECAP die To achieving good numerical simulations of SPD, it

Starting from this conventional process, other pro-js necessary to obtain experimentally (by tensifs) a
cesses have been developed including: ECAR rollingcorrect characteristic curve (stress-strain) ofrtieerial
ECAP rolling, ECAP incremental process, and theesev  of which the work piece is made. This is the beayw
plaStiC deformation in ECAP die with low frictioifhe [5] Another poss|b|||ty is to use mechanical clcheais-
friction-reduced ECAP processes were developedrin 0 tics of the material taken from the software dasaisa
der to produce long bulk bars with square crosiesec (stress-strain curves) but, sometimes, this leadfter-
[6]. ent results of the numerical simulations, becahsset

The tre-nd in the Cu.rrent worldwide is to introdsee . data do not Correspond exacﬂy to those Obtainwrfe.x
vere plastic deformation processes (cold or hojewi mentally [5].

spread in order to obtain materials (work pieces)ants Some researchers have submitted in an article SPD
with superior mechanical properties with regardhimse  effects regarding the properties and structure atenals
obtained by conventional methods. used in the different tests, for two materials:hhjmurity

SPD describes a group of metalworking techniquesgluminum (99,999% Al) and Al-Cu-Mg-Zr aluminum
involving a large plastic deformation, due to tlenplex alloy [5]. By means of laboratory tests performéuey
studied the dependence of the strain level, méateria
strength, micro hardness, plasticity and grain,sa®e
cording to the number of passes of the work piece
' Corresponding author: Splaiul Independentei 313fridt 6,  through conventional ECAP die. The results obtained
gg??fibgﬁgggﬁﬁom""”'a’ after one pass of the work piece from aluminumyallo
Fax: +40214029465 through ECAP die, in terms of the mechanical cherac
E-mail addresseselstefan@hotmail.cos. Velicu); istics of the material were presented. In g@sse, stress-




194

strain curves (obtained by laboratory tests) famahum
alloy processed by different methods of plasticodef
mation or heat treatment were compared in Fignt. |
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differences were observed (7%) in terms of thetiglas
strain values: 1.12 for the mechanical charactesist
taken from the database and 1.2 for those expetahen

plementation of the SPD by ECAP method caused ary obtained [5].

increased resistance of the aluminum alloy compéved
the two systems in which this process has not lagen
plied [5].

1.1. Objectives of the paper
The objective of this paper is to perform a thofoug

The results of tensile tests on the samples pratluceanalysis based on numerical simulation methodshef t

by various processing methods are presented ireTabl
The significant increase of yield strength for tted-

SPD process, in ECAP die, with low friction, apdlien
a work piece. At the same time, it is aimed the way

ied aluminum alloy was caused by SPD in its passagquhich the plastic deformations are produced andsthe
through ECAP die. It was also observed a decremse ijytion analytically obtained is compared with thesult-

ductility of the material. It was performed, a FBAaly-
sis to simulate the plastic deformation occurringisin-
gle pass of the work piece through conventional BCA
die in two casesa — mechanical characteristidaken
from the database of the software d@mé mechanical
characteristics obtained on experimentally way Bidn
the maximum area of the stress-strain curves, &aiokep
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Fig. 1. Stress-strain curves for alloy Al-Cu-Mg-Zn-Zr, sub-

jected to various processes aimed to improve ishagical
characteristics [5].

Table 1
M echanical properties of investigated aluminum alloy

Al-Cu-Mg-Zr [5]

Processing M echanical properties

YS UTS El

[MPa] [MPa] [%]
As-rolled 235 381 22.3
Quenched 157 394 32.8
ECAPed 511 593 17.1
ECAPed+aged 515 541 14.4
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Fig. 2. Distribution of equivalent straira — characteristics
from databasedy — characteristics from experimental tests [5].

ed by numerically path.

Equivalent plastic deformation of the work piecteaf
one pass by the ECAP die € 90°)is obtained by the
analytical relation [6]:

€= iCotq> =115

NE

Also, the influence of the die geometrical confaur
tion on effective strain, effective stresses (Voisds),
application force and the influence of the frictiomeffi-
cient for the same geometrical configuration ofdieon
the applied force were pursued.

)

1.2. Numerical simulation steps

Currently, numerical simulation has become im-
portant tool engineering. Numerical simulationddao a
similar procedure for all scientific approaches,icih
consists of passing through several stages. Sidfiim
a phenomenon or process a physical model is created
mathematical model expresses the quantitative palysi
laws by means of the governing equations. The stext
is the creation of the meshing model. After meshthg
boundary conditions of the problem are inserted ttwed
pre-processing is completed. The last two stepssale-
ing the problem with the software solver and retpely
the post-processing.

2. THEPHYSICAL MODEL

The principle of this process is shown schemati-
cally in Fig. 3. By moving the mobile part of theedthe
frictional forces of the three areas of contacthwiite
work piece becomes zero. The only area wherednas
achieved is between the fixed part of the die amal t
work piece. Thus, the required load in extrusioocpss
decreases.

3. MATERIAL MODELSFOR WORK PIECE
AND DIE

To achieve a good simulation of the deformation pro
cess of the work piece in the ECAP die with lovetfon,
it is necessary to correctly determine the matgmiaper-
ties, for all states of deformation up to failukéore tests
of tensile and compression was performed to géastip
feature for the aluminum alloy studied. To extehé t
real characteristic diagram up to fracture, for ahemi-
num alloy, was required a FEA analysis, which alsed
experimental data. In this analysis, control patanse
that describe the phenomenon, were: neckingetim
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Fixed part Table 2
of the die | Aluminum alloy EN AW 6082. M echanical properties
Mobile part -
of the die Material state 0 T4 T6
Yield strength 0.2%[MPa] 60 170| 31p
" Tensile strength [MPa] 130 260 340
Shear strength [MPa] 85 170 210
Elongation A5 [%] 27 19 11
Vikers hardness [HV] 35 75 100

Element Per centage [%]

Si 0.7..1.3

Mg 06..12

Mn 04..1.0
Fixed part Fl 0.50
of the die Cr 0.25
Workpiece of aluminium alloy Zn 0.20
EN AW 6082 Cu 0.10
Ti 0.10

Fig. 3. The physical model of ECAP dies with low friction. Al balance

PLASTIC CHARACTERISTIC CURVE OF .
ALUMINIUM ALLOY EN AW 6082
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Table 3
Chemical Properties

4. MESHING DIE AND WORK PIECE

The die geometry was designed directly in LS-DYNA
2D. The geometrical parameters of the die are:dike
channels are for 18 10 mm square sectiolR — outer
fillet radius; r — inner fillet radius; the angle between
channels is 90 °.

Nodal mesh density for the die component parts was
different compared to nodal mesh density of thekwor
piece. So, the step used to achieve the nodal foesil
component parts of the die was 1 mm. For the wa&ep
that represents the area of interest, a step ahth2was
adopted. The total number of finite elements forkwvo
piece and for die was 33 954 from which 20 000 were
distributed only to work piece (Fig. 5).

5. THEMATHEMATICAL MODEL

Simulation of SPD that occurs when passing the work
piece through the ECAP die with low-friction is lbdson

Fig. 4. Plastic characteristic curve of aluminium alloy
EN AW 6082.

in the final stage, final elongation and final loddking
data obtained from laboratory tests and with theeni
cal simulation of tensile sample, the plasticityweufor
aluminum alloy studied was built (Fig. 4) [7].

The work piece used in the numerical simulation of
plastic strain is considered from square bar, with
10x10x80 mm dimensions and it have been assigned the
mechanical properties and chemical compositionhef t
aluminum alloy EN AW 6082 presented in Tables 2 and
3. To achieve numerical simulations, the work pieee
considered in its natural state "0" as Table 2 show

A plastic characteristic according to the stresahst
curve given in Fig. 4 was attributed to a samptamfr
aluminum alloy EN AW 6082. For the material of tie
tools (the fixed part and the mobile part of the)diave
been attributed to the elastic features of the rzte
which correspond with the tool steels. The mechanic
characteristics of material for the tools of the dre su-
perior in comparison with the material of the weikce.

and work piece.

Fig. 5. The meshing models for the component parts of ikne d
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theory of plastic flow that establishes incrememtda-
tions between the strain, stress and other parasnitat
characterize the plastic state. Assumptions pldkiie
theory is [1]:

The work piece is isotropic.

Changing unit volume is infinitesimal, elastic and
proportional to the mean stress,

1
de =—do. 2
" (2)

Total incrementsde; of the strain consists of elastic

strain increments def and plastic strain incre-

mentsde?

ij?
de, = def +de}.

®3)

Hooke’s law,

1

2G

3v
+v

(4)

def =

(dcij - o, doj .
1

The plastic strain increment deviator is propotion
to stress deviator,

de? =S,

» (5)
where d\ is an infinitesimal scalar factor. It concludes
that the state of stress determines the instantzneo
increment of plastic strain. Infinitesimal terndA
depends on the incremental plastic strain work ted
yield stress on flow surface. The flow surface onv
Misses equation is accepted as cylindrical shapenarr
the hydrostatic axis. Because the effort requicedmork
piece strain in ECAP die with low friction is uniak the
flow condition for von Mises equation ig;j # 0, o, = 03

= 0 and equation became:

(6)

(01_02)2+(02_03)2+(03_01)2 :ZO'f,.

6. CONDITIONSOF NUMERICAL SIMULATION
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due the deformation to which it is subjected in the
ECAP die, work piece practically is moving on both
directionsX andY.

7. NUMERICAL SIMULATION

After putting the boundary conditions, the pre-
processing phase is completed and the solver of LS-
DYNA software takes over fully the solving of prebts.

The influence of the geometric parameters of tlee di
was pursued in terms of: effective plastic strdiedd;
effective stresses (Von Mises) and the appliedeforan
the mobile part of the die. Also, in the case & same
geometrical configuration of the die, the influencé
friction coefficient on the applied force on the Inile
part of the die was pursued.

Numerical simulations on three geometrical configu-
rations of the die were performed: R)= 5mm;r = 0

The elastic strain increments are obtained withmm; 2)R=25 mm,y =1 mm and 3R=0,r =0 mm

(instead of the radius chamfersx145° and 0.5x 45°
were made) for the same coefficient of frictipr= 0.1.
In case of the die having the configuratiéh= 0,r = 0)
three numerical simulations with different frictieoeffi-
cients (1 = 0.05,u = 0.1 andu = 0.12) were performed.

8. OBTAINED RESULTSBY FEM METHOD

After achievement of the simulations, post-proaassi
phase followed, in which the colored maps with etffee
stresses, strains and the graphs with applied daneed-
ed for the plastic deformation process were made.

Numerical simulation of the mesh deformation after
the first pass through the ECAP die with low fractiwas
made using LS-DYNA 2D software. The largest plastic
strains of the mesh are located in the area in lwthe
work piece exceeded the right angle between the two
channels of the die (horizontal channel area).ah be
also notivced that in the immediate area of thellsfiliat
radiusr of the die, the first layer of finite elements re-
mained almost unaltered, unlike the second layezl®f
ments that is remaining behind (displaced with eespo
each other.).

This can be explained by the occurrence of a large
friction force between the work piece and fixedtpafr

After meshing models, the boundary conditions onthe die during the SPD that causes a sliding (ghgaof

component parts of the die and the work piece stixe
to SPD process were put. SPD of the work piecédén t
die takes place only in th&-Y plane. This process pre-
sents a great advantage in terms of files size wbhis
is explained by the fact that the number of firtements
of the component parts of the die and work pieeerar
duced due to the lack of size alaf@gxis.

2D numerical simulation conditions are:

fixed part of the die shows no displacemenXoor Y
axes;

mobile part of the die (which is playing the rolé o
punch) moves only oX axis;

die - 10 s;

depends on the geometrical configuration of the die

this speed has values between 7.2 mm/s and 7.

mm/s;

time needed acheving the plastic deformation in the

speed of the mobile part of the die is constant and

the material layers (Fig. 6). Approximate value this
shearing strain angle is= 60°. In the large fillet radius
area of the die, it is noted that the friction isah small-
er and this has resulted in a much smaller plaktior-
mation for the layers of the finite elements. Appnoate
value of the shearing strain angle in this area#s10°.
These two values are very close to those obtained b
finite element analysig (= 60° andy = 8°) by the authors
of the article [5].

Two comparative analyzes of the simulation results
were conducted:
A comparative analysis of the simulations resutts f
the three geometrical configurations of the dietlat
same coefficient of frictiop = 0.1) in which the evo-
lution of the effective stressesyon mises €ffective
plastic strainse,, and applied force exerted by the
moving part of the die on the work piece were pur-
sued.

5
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EXTRUSION DIRECTION

Fig. 6. Evolution of the nodal mesh, during work piece fitas
deformationsR =5 mm,r = 0 mm,u = 0.1).

* A comparative analysis of the simulations resutts f
the geometrical configuration of the de= 5 mm,

r = 0 mm for different coefficients of frictionu(=

0.05,p = 0.1 andu = 0.12) in terms of the evolution

of the application forces on the moving part of die

was pursued.

In Fig. 7, the effective plastic strains for theeth ge-
ometrical configurations of the die are presented.

From this figure we can draw the following conclu-
sions:

* On the die with geometrical configurati®&~ O,r = 0
(chamfers of 1x 45° and 0.5x 45°) two fields of
plastic strains are observed (see no. 1 and 2 @n Fi
7.), in the contact area of the work piece with the
fixed part of die, both in the right of the largeaenfer
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Fig. 7. Effective plastic strain in the work piece, witHfdrent
geometriesa-R=0,r=0;b-R=25,r=1 mm;c-R=5,
r = 0 mm (coefficient of frictionn = 0.1).

« from the technological point of view, a die withoge
metrical configuratiorR = 0,r = 0 (chamfer) is more
easily achieved.

The die with the geometrical configurati®w 5,r =

0 is technologically more difficult to realized, tthas the

advantage of a more homogeneous distribution of the

effective plastic strain field.
In Fig. 8 the distribution fields of the effectigtress-

es (von Mises) are shown for three configuratiohthe

die. From the diagrams of the distribution fields f

theeffective stresses (von Mises) a similar digtitn in

the three cases is observed. The maximum effective

stresses for the three geometrical configuratiorss a

R=0,r=0-0y, =195 MPaR=25,r =1-0,= 185

MPa andR=5,r = 0- o, = 188 MPa.

In the case of the geometrical configuration ofdre

R=5,r =0, a distribution of effective stresses field,a

lower surface than in the other two configuratigese

and the small one. This is due to the effect of thethe areas noted with no. 1 on the Figy)8,

larger friction forces that occur in these areas @so
that locally they leads to greater deformations tha
the entire cross-sectional area of the work piéads;
noted that on approximately 75% of the cross-
sectional area of the work piece, the effectivestida
strains field is yellow (see no. 3 on the Figa)7,
which indicates an effective plastic strain between
1.15and 1.2;

* On the die with geometrical configuratidh= 2.5,

The evolution of the applied forces accomplished
during the SPD in the three geometrical configoraiof
the dies is presented in Fig. 8.

The graph from Fig. 9, obtained in post-processing
phase, highlights that the internal geometry of dne
(fillets, chamfers) does not influence in a largeeat the

Effective stress

R = 1 the effective plastic strains field is simjlaut
less pronounced in the contact areas of the fixet p
of the die with the work piece, which suggests Iowe
friction forces (see no. 1 and 2 on the Figp).7Effec-
tive plastic strain is situated in the same linbes
tween 1.15 and 1.2 (see no. 3 on the Fig), 7,

e On the die with the geometrical configurati@rs 5, r
= 0 it's observed a stronger field of effective gtia
strains only in the area of the contact between the
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fixed part of the die and work piece in the righttee
small fillet radius (see no. 2 on the Figc)7Here, the
friction forces that occur, leads to the appearasfce
the local higher effective plastic strains. In redsee
no. 3 on the Fig. @) indicates a field of effective
plastic strains slightly lower than the previousico
figurations, within the range 1.05 and 1.1;

[MPa]

c

Fig. 8. Effective stress (Von Mises) in work piece, witlifeti-
ent geometrie@a -R=0,r=0;b-R=25r=1mm;c-R=
5,r =0 mm (coefficient of frictiorn = 0.1).
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Fand
o
.

the value of the application force on the mobilet pa
I— of the die, grows once with increasing friction ffee

1 _A_RO0-1 .
{ B R25-1 clent;
| LRS-  the fields of the effective plastic strains for ttie
configurations, from Fig. 8 a and b, are local riiest
prominent (see the no. 1 and 2) in the areas of the
contact High coefficients of friction can lead tepwo-
sitions material on the walls of the die, that e
plastic deformation process and may ultimately lead

o
[ N

b a
;o oW
; )
+ t t t

-
-
4

The application force [kN ]

05 to its blocking;
i il NP M I S B I R I « inner geometry of the die (fillets) does not muaoh i
£ 4 @ & & &F 8 0 & B fluence the application forces that working on the
Tmeir] moving part of the die;
Fig. 9. Forces applied on the moving parts of the dieyéoi- « even if the friction forces developed are less thman
ous geometriess -R=0,r =0;b-R=2.5r=1mm;c-R= conventional ECAP die however to achieve plastic
5,r = 0 mm (coefficient of frictiom = 0.1). deformation with less effort is necessary to uspex

cial anti-friction oil;
« after the analyze by numerical simulation, need to
| _ achieve a inclined areas (chamfer or fillet) at¢ba-
A tact between the die and the work piece has resulte
G Miu_0.15-R0 for its engaging, without blocking the process lafsp
tic deformation;

« the goal of this process is the obtaining of amault
fine grain structure of the material, that meansesu
rior mechanical properties to those by conventional
processes achieved;

a- b b oo b * numerical simulation presented in this work has in
4 5 6 7 8 9 10 addition to the one realized in the article [5]nfrohe
e references, 2 studies: the influence of the frictio-
efficient as well as the internal geometry of the, d
on the application forces;
« the numerical simulation provides an alternatival to
for scientific investigation, substituting costlblora-

size of applied forces. It should be noted thatapplied tory experiments, time consuming and funds.
force is exclusively the result of the forces imsttie die:
the forces consumed for the plastic strains andethaf 2. REFERENCES
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