Upper Bound Analysis of the ECAE
Process by Considering Strain
Hardening Materials and
Three-Dimensional Rectangular
Dies

Equal channel angular extrusion (ECAE) or pressing is a process used to introduce
severe plastic deformations to processed materials with the aim of improving their me-
chanical properties by reducing the grain size. At present, there are no analytical studies
that have considered strain hardening materials in order to determine the required force
to carry out the process. All the existing papers have only considered nonstrain harden-
ing materials. Furthermore, all those studies have been done by considering plane strain
conditions. In this work, an upper bound analysis of the required force for performing the
ECAE process is made by considering a full three-dimensional geometry with a rectan-
gular cross section. From this analysis, the influence of the geometric and the material
parameters is studied by considering both friction and strain hardening materials. By
using the upper bound method, an analytical formulation was obtained and the influence
of all the parameters was determined. With this work, it is possible to have a wider
knowledge of the influence of the main affecting parameters in the ECAE process and to
optimize them. [DOI: 10.1115/1.2844590]
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which is the case in the Iwahashi configuration. Moreover, it was
demonstrated that by increasing the internal radius, the strain im-
parted to the material is higher than that obtained by using the
geometry shown in Fig. 2. Therefore, as was demonstrated in
Refs. [5] and [6], the processed materials reach higher deforma-
tion values with less damage by using the new ECAE geometries
shown by Figs. 1(a) and 1(b) than by using the geometry from
Fig. 3.

Moreover, as the fillet radii are tangent and the radii are not
sharp, the stresses that the die has to support are much smaller,
which leads to longer die life and less wear. On the other hand, the

1 Introduction

Equal channel angular extrusion (ECAE) is a severe plastic
deformation process [1] that allows us to obtain mechanical im-
provements due to the accumulation of plastic strain, which leads
to grain size reduction [2].

The parts are extruded through two channels that intersect at
angles usually between 90° and 115°, as can be observed in Figs.
1(a) and 1(b). As the material crosses the intersection between
both channels, it accumulates plastic strain. In each extrusion,
deformation can reach values higher than e>1 [3].

The main advantage of the ECAE process in comparison with
other deformation processes is that the deformation can be im-
parted to the material without significant changes in the original
dimensions of the workpiece. This is possible because the cross
sections of both the entrance and the exit channels are manufac-
tured with almost the same dimensions. As the dimensions of the
processed billet are unchanged, it can be extruded again. This
allows us to process the billet several times; hence, more accumu-
lated strain can be achieved.

Iwahashi et al. [4] proposed the die geometry that can be seen
in Fig. 2. In this configuration, the internal radius is very sharp
and the external radius is not tangent to the walls of the channel.

A die design with tangent fillet radii, which improve attained
deformation values, was first proposed by C. J. Luis [5], and the
analytical strain expression was determined. Another ECAE die
configuration was proposed by Luri et al. [6], and it was demon-
strated that the fillet radius has to be tangent to allow the correct
flow of the material. If a sharp internal radius is used, the material
gets needlessly damaged, introducing cracks in the processed part,
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machining process to manufacture these dies is not very compli-
cated; hence, it makes no sense to use a die design that has the
above mentioned drawbacks. Therefore, in this work, upper bound
analysis is made for the optimized ECAE dies, which are shown
in Figs. 1(a) and 1(b).

When the ECAE process is carried out at high temperature, the
strain hardening of the material is almost negligible. In these

(b)

Fig. 1
< Rext-

(a) ECAE die when R;;<R.,. (b) ECAE die when R;;
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Fig. 2 Iwahashi’s ECAE die geometry

cases, the process can be studied by using a material model having
constant flow stress [7]. Nevertheless, when the process is carried
out at room temperature, the strain hardening can have a great
influence on the required force to perform the process; hence, in
order to model the process, a strain hardening material has to be
considered.

Up to now, all the previously published studies to obtain an
expression to determine the extrusion pressure have been per-
formed by considering plane strain assumptions. Analytical stud-
ies such as those of Refs. [1,8] do not consider strain hardening,
which may lead to differences between the analytical formulas
and the actual results when the material is processed at room
temperature.

In this work, a three-dimensional study is carried out for the
first time, taking into consideration strain hardening in order to
determine the influence of the process parameters when the ECAE
is performed at room temperature.

2 Determination of an Admissible Velocity Field

First of all, a kinematical admissible field has to be obtained to
apply the upper bound theorem. In order to do that, a study of the
velocity of the particles in the die channels has been made.

In Figs. 3(a) and 3(b), the streamline for a particle (p) is shown.
The stream can be constructed by drawing two lines at both the
entrance and the exit channel, which are parallel to the channel
wall lines, and both of them are placed at the same distance (x) in
a perpendicular direction to the channel walls. The circular part of
the streamline can be obtained by drawing an arc of circumfer-
ence, which is tangent to both lines.

By this streamline construction, the center of the arc (O')
changes from one streamline to another, and the radius curvature
(r) changes as the distance (x) changes from the internal radius
when x=0 to the external radius when x=D, where D is the width
of the channel at both the entrance and the exit channel.

This means that the material completely fills the channel, and as
velocity changes gradually between the entrance and the exit, the
discontinuities in the velocity field are avoided, as shown later.

The position of this particle can be expressed by using a Car-
tesian base (x,y,z) with the origin in (0), as the addition of two
vectors in Eq. (1) shows. As the material is extruded, the particle
(p) describes the streamline that can be seen in these figures, and
as this happens, the (¢) angle increases. This means that the (¢)
angle depends on time while the other parameters do not,

{OP},,.={00"},,. +{O'P},,, (1)

where the vector {O'P},,. can be expressed by Eq. (2), and the

(r), (x), and (¢) parameters were as previously defined in Figs.
3(a) and 3(b),

{O'P},,, =[-rcos ¢;—rsin ¢;0],,, (2)
The vector {00'},,, can be written as
[-0'0,;- 0'0},;0])5yz if Riy < Rey
e [OIOX;O/O)';O]X)'Z if Rint > Rext

By substituting Egs. (2) and (3) in Eq. (1) and by making the
derivation in the Cartesian base (x,y,z) and in an inertial refer-
ence, the velocity of point (p) can be obtained from

{0'0} 3)

.
(( 4 oo ) \
—(- ' —rcos
dt * ¢
9 d ’ . if Rim < Rexl
—(- 00, - rsin ) do
dt r— sin ¢
d{0'P} 0 vz dt d
\ Xy
—_ =< . }: do =r—(p[sin @;—cos ¢;0] 4)
dt yz d - rd— cos ¢ dt
—(00; - rcos ¢) !
dt 0 .
| d (00! —rsin ) if Ry > Rey '
% v = 7sin g
\ L 0 w2 J

Equation (5) can then be obtained by expressing the velocity of
particle (p), shown by Eq. (4), in cylindrical coordinates,

d
V() = [o;rd—‘f;()] (5)

If the velocity of the punch during the extrusion is maintained

051006-2 / Vol. 130, OCTOBER 2008

constant with a value of (V;), the velocity at the entrance is
V(p)=V, and, hence, the angular velocity can be determined from

de de V,
Zr X _ 10

Vo=
T T Ay

(6)
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Fig. 3 (a) ECAE die when R;,;<R.,. (b) ECAE die when R;,;< Rey;.
v, V. 14V V. As can be observed, the velocity of particle (p) is the same
g, = :0! e :_+——‘£:0’ 5_—‘:7:-”:0 . .
or T dp I when R, is greater than R;, as when R.,, is less than R;,. By
using the expressions that appear in Eq. (7), the strain rate tensor
1 ( LoV, Vv, K(e) 1y ) can then be calculated. This tensor can be expressed in principal
fre= o rde dr r) 271’ axes as
1(1aV, 4V,
2\ r do 9z
1V, 1V,
0 --—20 -0 0
2r 2r
&= 1V o ol® (pricipal axes) = ¢;,=( 0 0 0 (8)
2r 1V,
0 0 -<
0 0 0 2r
[
As can be observed from Eq. (8), the volume incompressibility de
condition is satisfied. From this velocity field, it can be stated that (m—-®)= ;l‘f
the velocity changes gradually, from the entrance channel to the =t=t—— (10)
exit channel; hence, there are no velocity discontinuities, as is the _do (m— D)
case with actual velocity fields. This gradual change of velocity is T odr
due to the tangent radii of the die. If radii are not tangent to the Th ivalent plastic strai b d
channel, then an abrupt change of velocity will appear. This can ¢ equivaient plastic strain can be expressed as
be mathematically described as a variation of velocity in a surface
discontinuity. As is widely known, when an abrupt change appears _ ! . N N
in the material flow, more damage is caused. In addition, the pro- g= | &di=gt+Cy=5t (11)
0

posed velocity field provides a complete filling of the channel die
during the extrusion. If the extrusion velocity is constant, then Eq.
(9) can be used,

1
d d d

(p=f —(pdt=—qpt+C1=—qDl 9)
,dtdr dr

where C; is a constant. In order to determine its value, an initial
condition must be used. When =0, the (¢) angle must be zero,
that means that the constant (C;) is equal to zero.

If #; is the time spent by the particle to cover the intersection
angle (7-®) and (¢) is the time that particle (p) needs to cover the
angle (¢), it can be demonstrated that the time (r) can be ex-
pressed as
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where C, is a constant. In order to determine its value, an initial
condition must be used. When =0, (g£) must be zero, which
means that the constant (C,) is equal to zero.

Equation (12) can be obtained by substituting Eq. (10) in Eq.
(1),

_ = ¢ ¢
S_Stf(»n'_cb) _C3(7T_(I))

(12)

where C5 is a constant. In order to determine its value, an initial
condition must be used. When the particle (p) covers from ¢=0 to
@=(m-®), the total equivalent plastic strain (£) is equal to (&),
which can be calculated by using Egs. (13) and (14). These equa-
tions were calculated in Ref. [6],
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(Rexl - Rim)tan E
2 tan”! o if Ripe < Rex
D + Ry, — Ry + D tan 2(;)
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(Rint - Rexl)tan<z>
2 tan™! o if Ripe > Rex
D+ Ry = Ry + D tan2<—>
\ i 2/ ]

(14)

Therefore, the total equivalent plastic strain of the material
when it is placed in the position of the particle (p) can be ex-
pressed as

____ @
=8f(77_(1)) (]5)

3 Upper Bound Method for the ECAE Process Con-
sidering Strain Hardening Materials

When a material is deformed at room temperature, its resistance
to further deformation increases, this behavior is called strain
hardening. One hypothesis is to consider that the degree of hard-
ening is a function of the plastic work. For mathematical formu-
lation, it is assumed that the final yield locus is the same, inde-
pendent of the strain path a given stress state has reached
(isotropic hardening). By those assumptions taking into account,
the upper bound limit can be expressed as Eq. (16), as demon-
strated in Ref. [11],

J*=f&§dV+f ﬂAvds—f Tvds
S, s,

1

(16)

where J* is the power that must be supplied to perform the pro-
cess, 7 is the flow stress of the material, &;; is the strain rate
tensor, V is the volume of the deformation zone, 7 is the shear
stress in the friction surfaces and in the discontinuity surfaces if
they exist, |Av| is the relative velocity in the surfaces previously
mentioned, Sy is the area of these surfaces, 7; is the external
tension on the material, v; is the velocity of the surfaces where the
external tension appears, and S, is the area where the external
tension is applied. In ECAE, there is no external tension, so the
last term is equal to zero.

By using Eq. (15) and taking a Hollomon hardening rule into
consideration, Eq. (17) can then be obtained,

7

[4
— )"

By using the tensor shown by Eq. (8), the equivalent strain rate
can be calculated from

2 1V
8_\/7(81+82+83)1/2=?é1=?—0
V3 N3 7

Taking into account Egs. (17) and (18), Eq. (16) can be written
as

o=k&" —ksf( (17)

(18)
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qf) [ <<I>
— |+ (m=D)| 1 -cot| —+
2 2

N4 )
5) . tan(;) ]] if Ry < Rey
v )
5) . tan<z> ]] if Ry > Ryt

(13)

n

P —n
FVO—f Fer Iy (71' q))"

The second term of Eq. (19) is the power lost by the flow of
material when it has to go through the discontinuity surfaces and
the power lost by the friction force that exists between the inter-
face of the workpiece and the die.

As previously mentioned in the kinematical study, the velocity
changes progressively from the entrance channel to the exit chan-
nel, so there are no discontinuity surfaces in this modeling, which
means that the integral of the second term is extended to the
interface between the part and the billet. Considering a Tresca
friction model, which is given by Eq. (20), Eq. (19) can then be
rewritten as Eq. (21) shows,

+f 7Avlds (19)
Sr

a
T=m—= (20)
3
1 \Z 4 o
Vo= | i 2y v+f m—|Avlds  (21)
v V3 "(77 D) s, \3

The material is deformed at the intersection between both chan-
nels, so the integral of the first term is extended to that region. The
differential of volume can be deduced from Figs. 4(a) and 4(b)
and is expressed mathematically in

r

.
" v

sin(—+—
2 2

——— dod
v (@ w) P i Ry > Reye
smm| ———

if R, <R

nt ext

>d(pd

dV =1 (22)

\

where r, x, ¥, and ® have been previously defined in Figs. 1(a),
1(b), 3(a), 3(b), 4(a), and 4(b), and w is the dimension in the
perpendicular direction to the symmetry plane.

The r radius is related to x. By observing Figs. 5(a) and 5(b),
the relationship between both r and x can be obtained from

o v )
r=Ry+x|1-cotl —+ — |tan| — if Ry < Ry
2 2 2

(ORI ()
r=Ry+x|1-cotl ——— |tan| — if Ry > Ry
2 2 2

The first term in Eq. (21) can be calculated from

(23)
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Fig. 4 (a) ECAE die when R;,;<Rey. (b) ECAE die when R, < Reyt-
(
D 7D 1 k_nVO an , i
—=k&g,— x .
0 0 \’3 Sf r (Tl'— (I))n ((I) q’) ¢ if Rim < Rexl
in| —+—
1 Vo & 2 2
—=k&——————dV =1 .
V\B f r (7T—(I))” D CDLk_n& (Pn , ed
G oy (@ W\ Ry > Ry
0 -0 sin| — - —
\
) (24)
1 k&) D
Ly - D) .
n+143 . <c1> \P) if Ripy < Rex
sin| —+ —
_4 2 2
1 k&} D
_SrLVO(TT— D) - .
n+1 ) <<D \If) if Ry > Roy
sin| ——-—
\

In order to calculate the second term in Eq. (21), the integral
has to be separated into three integrals: one for the entrance chan-
nel, one for the intersection between both channels, and another
one for the exit channel. The material in the entrance channel has
an equivalent stress constant and is equal to the yield stress (o)
of the processed material. In the intersection between both chan-
nels, the material is progressively deformed, and hence the
equivalent stress increases, following a Hollomon stress hardening
rule, which has been considered as the flow stress of the processed
materials. It should be pointed out that this procedure is also ap-
plicable in the case of considering different flow stress rules for
the processed materials. In the exit channel, the material has to
have approximately the stress of the hardening material, that is,
&f=k§}’-, and hence the second term of Eq. (21) can be expressed
as

J

o Oy
nglAU|ds =m Tgvodscntrancc
\ Semmnce '

i

ke ¢
+tm f [ n VOdS intersection
s V3 (77— )
entrance

ke’
+m J ~H Vodsexi (25)
S V3
exit
In order to calculate the integrals contained in Eq. (25), some
parameters have to be considered. In Figs. 6(a) and 6(b), the pa-

rameters Lex;, Lr. . L . Lentances and L,,; are defined for both
1l (24
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ECAE dies with R, higher than R;, and ECAE dies with R,
higher than R.,. In both cases, w is the width in the perpendicular
direction to the symmetry plane.

The parameter L., can be expressed as a function of the width
of the channel (D) and the fillet radii (R, and (R;,) as Eq. (21)
shows,

o v\
L =D cot Py + > if Riy < Rey
(26)
if Ry, >R

nt ext

(OB
Logc=Dcot| ———
2 2

By solving Eq. (25) for ECAE dies having R;, <R, Eq. (27)
is obtained, as shown in the Appendix,

=m

% ¥
“"— VO ZWLentrance + WD COt 2 + 2 + 2DLemrance
P

V3
ol 35))
+ D~ cot 5 +m

[~
:

=
2

2)

P
=
2

VO(ZWLexit +wD cot< 5

1 ks"f
+m—= Vow(Ripg + Rex) (7
V3n+1
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(OB
+2DL,; + D? cot(— + —))
2 2

Rint + cht
2

D
o v

5

2 ke’
-q>)+m=—sﬁ(w-q>)v()< (27)
V3n+ 1

sin| — + —

2
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Fig. 5 (a) Geometric parameters for determining the relationship between r and x in the
ECAE dies with Rj,;< R.y. (b) Geometric parameters for determining the relationship between
r and x in the ECAE dies with Rj;;> Rey.

By following the same procedure as before, the second term of 1 ke
Eq. (21), considering ECAE dies having R;,,> Ry, can be calcu- +m= Vow(Ripi + Rex) (7= ®)
lated from V3n+l
a, o v iﬁ _ Rint + Rexl D
=mﬁvo(2wLentrance+ wD cot(; - ;) + 2D Lengance P R PV T ) (cp qf) 2
nl = - =
2 2
) o v k_az o v
+ D cot| ——— | | +m—=V| 2wL; +wD cot| — - —
2 2 V3 2 2
By using Egs. (24), (27), and (28) in Eq. (21), the required
+2DL.. + D? cot(g _ E)) force can be calculated for the ECAE process when strain hard-
exit 2 2 ening materials are processed. This required force is shown by
|
1 (m=®)Dw m o v ) (OB
F= c‘_gameﬂ"ﬁ + —5 0| 2WLepgance + WD cot 5 + D) + 2D L ppance + D~ cot 5 + 5
v sin(— + —) v
2 2
o v ) (OB D .
+ 0 2wl + wD cot E + E +2DL.; + D~ cot E + ; + Omean(Rint + Rex) (1= @) w + <CD—‘I’) if Ripy < Rex
sin| —+ —
2 2
(29)
1 (m=®)Dw m o v ) [ONEN)
F= Eamean—. <(I) ‘I’) + G o 2WLenirance + WD cot 5 - E + 2DLrance + D~ cot ; - E
sinf| ——-—
2 2
o v N (OB D .
+ 0| 2wLeyi +wD cot 275 + 2DL, + D” cot 275 + O pean(Rint + Rex) (1= D) w + W if Riy > Rey
sin| ——-—
2 2

where oy is the yield stress of the material, Oy, 1S the mean stress for a Hollomon material that has been deformed and which has
reached an &7 value of deformation, as shown by

1 (7 1
Opean=— | k&'de = ke (30)
Ef 0 n+1

and oy is the yield stress of a Hollomon material that has accumulated a total deformation value of &/ as can be observed in

o= ka"f'- (31)

In extrusion processes, it is more usual to use the extrusion pressure instead of the extrusion force. So, from Eq. (29), Eq. (32) can
be obtained,

1 (7T— ®) m Lemrance @ ’\I’ LentranceD D @ ’\Ij
0= "= Omean +—=| oy 2 +cot| —+— |+2—————+—cot| —+ —
V3 VR V3| D 2 2 D w w 2 2
sin E + E

Lexit P 4 Lexil D D P R4 Rim Rext D 1 .
+oy 2 +cotl —+— |+2— —+—cotl =+ — | | + Tmean +— [(m=D)[ 1 +— if Ripy < Regt
D 2 2 Dw w 2 2 D D wo <<D \If)
simn| —+ —
2
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Fig.6 (a) Geometric parameters for determining the contact area in ECAE dies with Ri,;< Rey:. (b) Geometric parameters for
determining the contact area in ECAE dies with R;,;> Rey;-

1 (77. Q)DW m Len[r'dnce @ \P Lentrdn(,e D D ¢ ’\I,
0= "F0mnen™ 74 o\ T 70 2—— +cot| ——— 22—+ ———
NE ( ® ﬂf) V3 2 2 D
sin
2 2

+ <2Le"“+ t<q) \I’)+2L°"“D+D t(cp \If))+ (Ri"t+Re’“)( ®) 1+D ! if R >R

{272 L cot| — = — | + 2= = 4 Zcot| — — — an =X (= - if Ry, N

N"p 272 Dw w \2 o)) Imean Ty Ty AT W ‘(¢ w) (7 et
sin

(32)

It is clear that Lg,ance and L, are related because as the ma- (OB (- D) (Ripe + Rext)
terial disappears from the entrance channel, it appears at the exit Lexit = Linit — D cot E + E - > v 5
channel. By considering the volume incompressibility of the ma- sin(— + —)
terial, Eqs. (33) and (34) can be obtained. These equations give a 22
r<elIa$t1or;sr?(;pror< ligentrance and L,; in both ECAE dies with R;, —Loppance  if Rint < Roxe (33)
ext int exts
DWLiyie = DWLyrance + DWLexi + DWL, DwLiyiy = DWLentrance + DWLeyit + DWLey
7P m—®
———~ded
f J‘ ¢> w)dwﬁ f J. ¢’ W) o
sm —- + — sm
2 2
(OB o v
Linit = Lenrance + Lexic + D cot| — + — Linit = Lentrance + Lexic + D cot| — — —
2 2 2 2
+ (7m—®) ( (Ring + Rexd) ) + (m-®) ( (Rin( + Rexl) )
o v 2 (O 4 2
sin( —+ —) sm( >
2 2 2 2
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L -L D t(? E) (77_(1)) ((Rinl+Rext)>
exit = Linit €Ol ) . ( o ‘I’) 5
s\ ———_
2 2
- Lentrance if Rim > Rexl (34)

where L;,; is the length of the billet before the extrusion process.

(m— D) m

By using Egs. (33) and (34) in Eq. (32), the extrusion pressure can
be calculated as a function of the initial length of the part (L),
the fillet radii (Rjy, Reyy), the cross section dimensions (D,w), and
the instant of the extrusion process, which is defined by the length
of the material at the entrance channel (L.pyance)> @ Eq. (35)
shows,

1 D Lenlrance q) \I,
0= "F0men 74 ot ol 1+—]|2 +teoll o+
\3 , (fb W) V3| w D 2 2

S

- =
2 2

o | 1+— )| 2———cot| =+ |-
w D 2 2

Ry, Re
+ (rmm(ﬂ-—d))(ﬁl + T?l) 1+—

(77 - (I)) (R_lm + 1&) 2Lentrance
_((I) \If) D D D
sm{ —+ —
2
1 .
W 1fRint<Rext
_+_)

(m—®D) m

35)

1 ( D)( Lenlrance <(D W))
0="TFO0pen T v+ —=o|l1+—||2—— +cot| ———
N ,((I) \If) W3l W D 2 2
sm|\ ———

2 2

D Lini[ (D ,\I,
o | 1+— || 2———cot| - ——
w D 2 2

Rint Rext) D

+(Tmean(7T_(I))( + 1+—
D D

4 Discussion of Results

By using Egs. (14) and (35), the extrusion pressure can be
calculated. In Fig. 7, the force stroke of the ECAE process for an
ECAE die geometry, which has R;;=0.5 mm, R.,=1.5 mm, D
=10 mm, ®=90 deg, w=10 mm, and a length of the part (L;,;,) of
80 mm, can be observed.

As can be observed, as the extrusion process is carried out, the
extrusion pressure increases because of the increase of the friction
force. As was previously mentioned, the contact pressure at the
exit channel is higher than that at the entrance channel as a con-
sequence of the strain hardening behavior.

1600

1400
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1000

800
600
400
200

o(MPa)

60 50 40 30 20 10 0
Lentrance

Fig. 7 Stroke curve for an CEAE die having R;,;=0.5 mm, R

=1.5mm, D=10 mm, =90 deg, w=10 mm, L;,;=80 mm, k

=428.18, n=0.1161, and m=0.125
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As the material passes from the entrance channel to the exit
channel, the contact pressure in the contact area between both the
die and the workpiece increases, and the higher the contact pres-
sure is, the higher the friction force, and the higher the friction
force, the higher the force required to perform the process.

As can be observed in Eq. (35), the extrusion pressure depends
on the material properties (07, Omean» 0y), the die geometric prop-
erties (Riy /D), (Rey/ D), (D/w), and (®), the part dimensions
(Linit/ D), and the shear friction coefficient (m).

From Eq. (35), it can be shown that the higher the yield stress
of the processed materials and the higher the k and n values of the
Hollomon material model, the higher the extrusion pressure. In
this work, a 5083 aluminium alloy has been considered to obtain
the different response surfaces. The material flow stress for this
5083 aluminium alloy was determined in Ref. [12] and is shown
by.

g =428.188"116! (36)

The friction coefficient (m) is a parameter that is difficult to
control. This means that it is impossible to fix it at a desired value.
From Eq. (35), it can be stated that the higher the friction coeffi-
cient, the higher the required extrusion pressure. From Eq. (13), it
is possible to see that an increase in the friction coefficient does
not increase the attained deformation. Therefore, the friction co-
efficient must be reduced as much as possible by using appropri-
ated lubricants at the interface between the die and the part, with
the aim of reducing the process force, which may cause the punch
to undergo buckling.

In Ref. [12], a shear friction coefficient of approximately 0.125
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Table 1 Selected intervals for the variables in the ECAE dies

80 deg=P =100 deg

was obtained for an ECAE process by using MoS, in spray as
lubricant and a 5083 aluminium alloy as the processed material.

In most of the ECAE die designs, when a rectangular cross
section is considered, the relationship between D and w is the
unity, which means a square cross section. Hence, for all the re-
sponse surfaces shown in this work, the variable D/w is taken to
be equal to 1. Furthermore, it should be pointed out that Eq. (35)
allows us to estimate the required force when rectangular cross
sections are used, if needed.

In order to know the influence of the geometric parameters, the
intervals of variation shown by Table 1 have been considered.
Typical values for ECAE dies are D=10 mm, ®=90 deg and the
part length L;.;; =80 mm. These intervals have been chosen so that
the most commonly used values are located in the middle of the
interval.

The response surfaces are plotted in order to show how the
extrusion pressure changes when two variables change, while the
others are fixed at the average value of the interval.

As the extrusion pressure increases during the process, the ex-
trusion pressure in the middle of the stroke will be used in order to
compare the extrusion pressure when different ECAE die geom-
etries are used.

As Fig. 8 shows, the higher the external radius (R../D), the
lower the extrusion pressure. As demonstrated in Ref. [6], by us-
ing Eq. (13), the higher the external radius, the lower the imparted
deformation (&;). As the first term of Eq. (35) is related to the
power employed in deforming the material, this term decreases
due to the decrease of the deformation.

AlS0, 0y and oy decrease due to the decrease of the imparted
deformation. This decrease reduces the second term of Eq. (35).
Therefore, when the imparted deformation is reduced, both terms
of Eq. (35) are decreased, and so is the extrusion force.

Fig. 8 Response surface of the extrusion pressure (o) when
L,/ D and R.,/D vary and R;,/D=0.25, ®=90 deg, and w/D
=1
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Fig. 9 Response surface of the extrusion pressure (o) when
L,/ D and R;,;/D vary with R.,/D=0.25, ®=90 deg, and w/D

In Fig. 8, it can be observed that as the length of the billet
(Lini/ D) increases, the extrusion pressure increases. The second
term of Eq. (35) is related to the power wasted in overcoming the
friction force. The higher the part length (L;,;/D), the higher the
interface surface between both the workpiece and the die, and
hence the higher the friction force. Therefore, as the length of the
part increases, the second term of Eq. (35) increases because of
the increase in the friction force and hence the necessary pressure
to develop the process increases.

It can be stated that there is no interaction between (R /D)
and (L;,;/ D) because of the shape of the response surface; that is
to say, the variation of one of the variables does not depend on the
value of the other.

As can be observed in Fig. 9, the higher the length of the part
(Lini/ D), the higher the extrusion pressure. As was previously
mentioned, this is related to the increase of the interface surface
and the increase in the friction force. This increase on the friction
force increases the required force in the punch to carry out the
process.

When the internal radius (R;,/D) increases, the required pres-
sure on the punch increases. As can be deduced by using Eq. (13),
the attained strain (&) increases when the internal radius (Ry,/D)
increases. As was previously mentioned, when the attained strain
increases, both terms of Eq. (35) increase. The first term of Eq.
(35) increases because it is related to the deformation energy, and
as the material reaches higher strain values, the power required
increases. The second term of this equation increases because
Omean and o increase when the imparted deformation to the ma-
terial increases. These increases entail higher extrusion pressure,
as can be observed in Fig. 9. It can be affirmed from Fig. 9 that no
interaction exists between variables L;,;/D and R;,/D.

It can be observed in Fig. 10 that an increase in the length of

Fig. 10 Response surface of the extrusion pressure (o) when
Lini/ D and @ vary with R.,/D=0.25, R,/ D=0.25, and w/D=1
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Fig. 11

Response surface of the extrusion pressure (o) when
® and R;,;/D vary with R,,;/D=0.25, L;,;/D=8, and w/D=1

the billet increases the required pressure to perform the process as
a consequence of the increase in the friction force.

From Fig. 10 it can also be stated that the lower the intersection
angle (®), the higher the required extrusion pressure. As can be
deduced from Eq. (13), the lower the intersection angle (), the
higher the attained strain (Ef). This increase in the attained strain
increases both terms of Eq. (35). The first term of Eq. (35) in-
creases because it is directly linked to the deformation energy, and
the second term increases because Oy, and oy increase since
they depend on the material properties and on the reached strain.
The higher the reached strain the higher oy,cq and o, and hence,
a decrease on the intersection (P) angle makes the required force
increase.

It can also be stated by observing Fig. 10, that there is no
interaction between L;,;/D and ®.

As can be observed in Fig. 11, as the intersection (®) angle
decreases or the internal radius (R;,/D) increases, the extrusion
pressure increases. As was previously mentioned, as the internal
radius (R;,/D) increases or the intersection angle (®) decreases,
the achieved deformation (&) increases.

The increase in the achieved strain is a consequence of the
increase of both terms of Eq. (35). The first term increases be-
cause it is linked to the energy wasted in deforming the material,
and more deformation requires more power. The second term in-
creases because of the increase of 0ey, and o So, as the material
hardens because of the increase of strain, the contact pressure also
increases, and so does the friction force; hence, the extrusion pres-
sure has to be higher. As can be observed, due to the shape of Fig.
11, no interaction between the intersection (®) angle and the in-
ternal radius (R;, /D) is observed. This means that a variation on
the intersection () angle does not change the tendency of the
internal radius (R;, /D) and vice versa.

When both the intersection (®) angle or the external radius
(Rexi/ D) decrease, the extrusion pressure increases, as can be ob-
served in Fig. 12. This behavior of the extrusion pressure can be
explained from the increase of the attained strain (£,) that the
material accumulates when it is processed by using a die geometry
with either a smaller intersection angle or a smaller external ra-
dius.

As can be deduced from Eq. (13), a decrease in both the inter-
section (@) angle or the external radius (R./D) increases the
reached strain (&), and this increases both terms of Eq. (35). As
can be observed from Fig. 12, a very slight interaction between
the intersection (®) angle and the external radius (R /D) does
exist.

When either the internal radius (R;,/D) increases or the exter-
nal radius (R.,/D) decreases, the extrusion pressure increases.
This can also be explained from the increase of strain imparted to

051006-10 / Vol. 130, OCTOBER 2008

Fig. 12 Response surface of the extrusion pressure (o) when
® and R.,;/D vary with R;,;/D=0.25, L;,;/D=8, and w/D=1

the material (&y) when a die geometry with either higher internal
radius (Rj,/D) or lower external radius (R./D) is used.

As can be deduced from Eq. (13), the imparted strain (g,) in-
creases when either the internal radius (R;,/D) increases or the
external radius (R.,/D) decreases. This increase in the attained
strain () entails an increment in both terms of Eq. (35), and
hence leads to an increase in the required pressure to perform the
process.

As can be observed from Fig. 13, no interaction between the
internal radius (R;,/D) and the external radius (R, /D) exists. In
order to see the results more clearly and in a compact way, a
summary from all of these results is presented in Table 2.

5 Conclusions

In this work, an analytical formula considering all the geomet-
ric parameters has been obtained in order to calculate the required
force for performing the ECAE process. This study has been made
for the first time by considering both a three-dimensional ECAE

Fig. 13 Response surface of the extrusion pressure (o) when
Ri./ D and R.,;/D vary with ®=90 deg, L;,;/D=8, and w/D=1

Table 2 Summary table

) 1 o ! & L
Linit T o T & =
D
Rin 7 o T £ T
D
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D
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die geometry and strain hardening materials. Therefore, with this
work a precise formula for the ECAE process has been obtained.

Since the main aim of the ECAE process is to impart severe
plastic deformation to the processed materials, the variables
should be chosen in order to obtain higher deformation values.
Nevertheless, it is also important to reduce the necessary force.

Taking these considerations into account, it can be stated that
the friction coefficient should be reduced as much as possible by
using appropriate lubricants since it increases the required force
and does not improve the obtained strain.

Normally, when the process is going to be carried out, a volume
of the material is required to be processed so D and L;,; are fixed.
It is useful to calculate the required pressure for processing the
material in order to determine if the punch is going to undergo
buckling or not. There are two possible limitations on the length

Appendix: Development of Eq. (27)

=m _VO(Q’WLemrdnce + WLext + ZDLenmmLe + DLexl) + mf

7
+2 FV
m —+ —

2 2

=m EVO(ZWLSHU'&HCC + WLSX[ + ZDLenlrame + DLCX[) + mf

— 3 —

7D

0

of the billet (Liy;): One is the pressure that the press can develop,
and the other is the length of the billet which, in combination with
the extrusion pressure, does not produce buckling on the punch.
Nevertheless, to optimize the die shape, the main influencing de-
sign variables are (®), (R;, /D), and (R, /D). As shown in this
paper, changes in these variables, which increase the reached
strain, increases the required force, and hence a compromise so-
lution should be reached.
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