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ABSTRACT

The friction-assisted lateral extrusion process (FALEP) is gaining attention as a
candidate for fabricating high-performance ultrafine grain alloys for potential
industrial applications. It consists of extruding metal in bulk or powder form into
a solid sheet in a single operation to obtain ultrafine-grained (UFG) structures.
The sheet has high yield strength due to its UFG microstructure and a shear-type
crystallographic texture that is fundamentally different from the textures of sheets
obtained by rolling. Apart from its single-step feature, FALEP requires lower
forces than in rolling, so less energy is required to achieve large reductions. The
present work introduces analytical elastic/plastic continuum calculations for the
mechanics of the FALEP process. The results of the calculations demonstrate the
great advantages of FALEP with respect to rolling and equal/non-equal channel
angular pressings.
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Introduction

The topic of severe plastic deformation (SPD) pro-
cesses is attracting many researchers because of the
exceptional enhancement of the properties of metals
and alloys that can be achieved by simply applying
very large plastic strains. The most significant change
in properties is the strength, which may be increased
tenfold by FALEP. Such high strength results from
the extreme level of grain fragmentation inherent to
ultrafine-grained (UFG) or even nano-structured met-
als induced by large strains. The emergence of modern
research on SPD can be traced to 1946, when Bridgman
received the Nobel prize for his high-pressure experi-
ments, among which the high-pressure torsion (HPT)
method of SPD was introduced by applying extremely
large strains on metals under high pressure [1]. The
topic of SPD research gained new interest when Segal
proposed the equal channel angular pressing (ECAP)
process [2]. Since then, SPD research has been a stimu-
lating topic of materials science; see a recent review
of the history of the development of SPD research in
Ref. [3].

The different effects of SPD on the metallurgical
state of alloys have been examined in detail. However,
the continuum solid mechanics descriptions of SPD
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are less developed. The present work examines the
mechanics of three ECAP-like angular extrusion pro-
cesses: the ECAP, NECAP (non-equal channel angular
extrusion), and the FALEP processes (friction-assisted
lateral extrusion process), with particular attention to
FALEP. Only the case of perpendicular entrance and
exit channels is examined. Schematics of these pro-
cesses are presented in Fig. 1, and their main charac-
teristics are discussed below.

ECAP In ECAP, the entry and exit channels have
equal cross sections. A single pressing force is applied
along the axis of the entry channel in the simplest con-
figuration [4], while a second resisting force along the
extrusion axis of the exit channel is sometimes applied
to provide back-pressure in more advanced ECAP
equipment [5, 6]. The back-pressure adds a compres-
sive stress component across the plane of maximum
shear at the channel intersection and throughout the
material as it moves through the exit channel. The
sample fills the entry channel completely ahead of the
punch, increasing the hydrostatic pressure, especially
when back-pressure is applied, making it easier to
deform difficult-to-work materials. The friction forces
between the sample and the channel hinder the pro-
cess and lead to gradients in the strain fields [7]. Fric-
tion can be reduced by die-walls that are moving with
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Figure 1 Schematic presentation of the ECAP, NECAP, and FALEP processes.

the sample [8-11]. It is possible to deform bar sam-
ples without length limitation in the ECAP-Conform
process [12, 13]. The possibility of upscaling ECAP
without significant change in the properties has been
shown by Mathaudhu et al. [14] and Frint et al. [8].

NECAP In non-equal channel angular pressing,
the entry and exit channels have different cross sec-
tions, with the exit channel being smaller. The strain
imposed in a single pass is larger compared to ECAP;
however, higher pressures are required. One advan-
tage of NECAP compared to ECAP is that there is no
need for back-pressure, because the hydrostatic stress
is higher in the plastic deformation zone due to the
reduced diameter of the outgoing channel. NECAP
experiments were presented in 2009 by Téth et al. [15],
followed by an analysis of the strain state in Hasani
etal. [16].

FALEP The friction-assisted lateral extrusion pro-
cess was proposed in 1992 [17, 18]. Since then, FALEP
has been further applied in studies by Kobune and
Itoh [19], Vu et al. [20] and by Pariyar et al. [21]. In
the FALEP process two punches are used, one to
apply compressive force in the entry channel-like
in ECAP-while a second punch translates a sliding
anvil, applying a shear force by friction at the bottom
of the sample as it moves in the exit channel. There is
no sliding between the side anvil and the sample, as
illustrated in Fig. 1. The combination of compression
and shear within the sample enables plastic flow, with
each stress component being lower than the flow stress
of the material.
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Previous analytical approaches addressed ECAP
and NECAP, and they are briefly reviewed here.

The simplest plastic deformation approach for
ECAP was proposed by Segal [4] which considers that
simple shear localises in a narrow band around the
intersection plane of the two channels. This approach
simpliflies calculations and was adopted in many
studies (examples: Beyerlein et al. [22], Furukawa et al.
[23], Estrin and Vinogradov [24]). However, because
of the thin layer, the strain rate should be very large,
which is physically questionable. Indeed, observations
on scribed flow lines showed that the deformation can
extend into a large region at the intersection area of the
channels [5, 25-27].

Toth et al. [28] introduced a flow line function for
90° ECAP, from which the velocity gradient field could
be obtained analytically. They applied the flow line
approach for texture predictions, with good agreement
with experiments. Such modeling was also applied for
a 120° ECAP die [29], for NECAP [15, 16], and also for
T-ECAP [30]. Hasani and Toth [25], as well as Wag-
ner et al. [31], proposed an extension of the original
90° approach of Téth et al. [28] for arbitrary ECAP die
angles.

Beyerlein and Tomé [32] introduced a fan-type
plastic deformation zone (PDZ) in ECAP, with cir-
cular flow lines within the PDZ, and determined
the velocity gradient field and the shape changes of
an initial spherical material element. The applica-
tion of this model showed a gradual rotation of the
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crystallographic texture as a function of the angle of
the fan with respect to the ideal shear model.

Paydar et al. [33] examined 90° ECAP using an
upper-bound analysis by minimizing the total energy
that contained the plastic and the friction energies.
They applied this only on a fan-shaped area for the
plastic zone, assuming a circular velocity field. They
concluded that the size of the fan depends on the fric-
tion only, for zero friction, the zone is only the ideal
shear plane, while for significant friction, it can extend
to the whole corner region of the die. The experi-
mental verification was done on commercially pure
aluminum, using a very short sample, and without
back-pressure.

Hasani and Téth [34] also developed a fan-type
PDZ approach for 90° ECAP by solving the flow line
function. They found that the flow lines must be ellip-
tical within the PDZ, not circular. In their approach,
the flow lines continued without discontinuity at the
boundaries of the PDZ, contrary to the modeling of
Beyerlein and Tomé [32] and Paydar et al. [33], where
there is a discontinuity in the velocity gradient. There-
fore, it is possible that the flow lines are rounded,
the shear zone is large, while the simple shear state
is valid within the deformation zone (see Eq. (12) in
Hasani and Téth [34]. This particular result will be
exploited in the present calculations as well.

There is only one analysis for FALEP, carried out by
Nakamura et al. [17], which is an upper-bond calcula-
tion. In that work, it was assumed that there is no pres-
sure gradient in the inlet channel and that the shear
stress applied by the shear-anvil is equal to the shear
flow stress of the material. Apart from these two very
simplistic assumptions, they analyzed the geometry

Figure 2 a The definitions y
of the two reference sys- 1 a
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defined by the relation: ~+05-7 =1, whereaand b
are the diameters of the i 1ncom1ng and outgoing chan-
nels, respectively, and & is the sample height. Unfortu-
nately, this restriction implies that i becomes negative
for% > 2, so the analysis is invalid for larger a/b ratios.

In the present work, continuum mechanical descrip-
tions of the FALEP process are developed for the elas-
tic and plastic stress and strain states. The effect of
friction on the necessary loading forces is also incorpo-
rated and compared for ECAP, NECAP, and FALEP. It
is shown that FALEP has very significant advantages
with respect to classical rolling and other SPD pro-
cesses, so it shall be the prefered candidate for new
processes in modern sheet production.

Plasticity analysis for FALEP

In the following, we first analyze the strain and stress
states in the plastic zone. An elastic analysis is also car-
ried out above the plastic zone to properly account for
the effect of friction. Two reference systems are used:
one fixed to the die (x, y, z) and another defined on the
theoretical shear plane (x', y', z'), as defined in Fig. 2.

Plastic strain state

There is a remarkable similarity between the strain
states that develop during ECAP, FALEP, and NECAP.
For each, we adopt the hypothesis that simple shear
takes place in a band along the plane of intersection
between the two channels, as indicated in Fig. 2a.
The thickness of the band is not a parameter in the

flow
line

tems used here for angular y
extrusion with perpendicular
channels. The dashed area is

the assumed plastic deforma-

tion zone. b Schema for the

angles in the shear strain

formula. B

&f b 227 flow line
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equations that follow. This approximation of the defor-
mation zone is borrowed from the flow-line model
of Hasani and To6th [34] described above for ECAP,
where a homogeneous simple shear was described
analytically by elliptical flow lines. It is assumed that
similar plastic deformation mode can take place also
in NECAP and FALEP.

Angular extrusion is a large strain process, so we
first define the plastic deformation gradient tensor F/,

which describes the deformation of an incompressible,
infinitesimally small material element as simple shear
by y, in the x-y"z' reference system (note that y is
negative):

170
g’: 010 | 1)
001

Then F’ is expressed in the x-y-z testing reference
system with the help of the rotation matrix R,

cosf —sing 0

R =| sinf cosp 0 @)
=X —>x
0 O 1
using the transformation operation F = R - F’ - R%:
1 — ysinp cosp ycos®p 0
F= —ysin?p 1+ ysinp cosp 0 |. ©)
—\o 0 1

The use of F is to get the deformed length dq of a
small material vector from its dQ undeformed state by
the transformation: dg = F - dQ. The deformation gra-
dient tensor is very useful for calculating changes in
the shape of a material element after it passes through
the die (see later below). The shear strain value can be
readily expressed in terms of the incoming and outgo-
ing angles of a material flow line that crosses the shear
plane [35] (see Fig. 2b):

ly| = ctga + ctgp. (4)

For 90° dies, this formula reduces to [16]:

b
+ (5)

ISl RN

lyl =

The plastic deformation gradient Eq. (3) can be
rewritten using only the geometrical parameters of
the two channels:

2 -a/b0
EF=|b/a0 0] (6)
o o 1

The inverse of F is:

0 a/bo
5-1 =|-b/a2 0] 7)
0 0 1

Once F and F~!are known, the Eulerian finite defor-

mation tensor can be readily constructed by its
definition:

. t 1—(b/a)* 2b/a 0
E=s(1-F"EY)=3|2w/a  —am?-30]
- T 0 0 0

(8)
For the special cases when a/b=1 (ECAP):
010
E =[1-20} (9a)
- 000
and when a/b > 1(extreme FALEP)with y —%:

1 10 0
E =30 ~@/by 0| (a/b>1) (9b,0)
B 00 0

Note that for extreme FALEP, when a/b > 1, the
deformation mode slightly differs from simple shear.
For simple shear, the Eulerian strain tensor is:

N | —

E, (simple shear) =

0
y> 0|
0

S | R

0
4
0

Shape change due to plastic strain in FALEP/
ECAP/NECAP

An important aspect of a large strain experiment is
the shape change produced by the deformation. Fre-
quently, the initial grain shape is elongated already in
the x or y direction, so in the following, we consider
this general case. The equation of such an initial ellipse
in the X-Y plane of testing is the following:

X\ Y\
<A—o> +<B—o> = a0

@ Springer



6064 J Mater Sci (2024) 59:6059-6074

where Ay and By are the long and short half-axes of
the ellipsoid. During shearing within an angular die,
this initial ellipsoid is transformed into another shape.
The equation of the new ellipse can be calculated using
the deformation gradient tensor. F transfers an initial
vector dQ(X,Y,Z) into its deformed state dg(x,y,z). For
a vector (X,Y,Z) in the reference configuration, the
deformed vector coordinates (x,y,z) after extrusion
can be determined by:

X 2 —a/b0)(X
y|=|b/a0 ofl Y| (11)
z 0 0 1NZ

Using Eq. (10), this is rewritten as:

X 2 —a/b0 X 5
y|=|b/a0  0||B\/1- (%) : (12)
z 0 0 1 0 0

This relation provides two equations:
X\’ b
= 2X - B /1- <—> y=lx (13a,b)
a

By eliminating X, we get the equation of the
deformed ellipse:

2
x=2¢y —¢By1/1- <gAlo> ,where ¢ = %. (14)

The function y(x) can be expressed from this
equation:

+£2A%x + gByAg - 1/ Big? + 4A3 — x2 5)

(Bge? +447)3

yx) =

The values of the new large half axes and the orien-
tation @ of the deformed ellipse are derived in Appen-
dix 1:

A.B Ay - B
A=2% Mgy [p2o A 00,
V2 A2B2? A
0 g (16a,b)
where H = L+i+a—.
aZBg Bg bZAg
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1 4bA3
= ——arcsmy|{ —m |. 17
v=72 a(B2 — A7) 17)

Strain rate state in FALEP

The strain rate state for NECAP was examined by
Hasani et al. [16]. Here, we recall the velocity gradient
(L) and the Eulerian strain rate tensor (&), expressed in

the reference system (x, y, z) of Fig. 2a:

sinf - cos f —cos? p 0
L=y sin? g —sinf-cosp 0|,
- 0 0 0
. (18a,b)
[sin2f —cos2p 0
§=% —cos2f —sin2f 0 |.
- 0 0 0

Here y is the shear strain rate on the intersection plane
(note that it is negative), which is oriented at an angle
B with respect to the horizontal channel. The compo-
nents of these tensors can be rewritten using the channel
dimensions a and b:

) a-b-b2 0 xx Exy 0
L= a2 —a-b0lée=|ée, .0 (19a,b)
=T o, & yx Eyy VI /
= #+Py o o)T o o0 o
. , . a-b
where Exx = —6yy = —)/m,
Lo, ., a = (20a,b)
£Xy—£yx—}/2(a2+b2)-

The ratio of the two primary strain rate components
is:

Sy _1fa_b o1
éyy_Z b a) (21)

There is a particularity in Eq. (20b) above for the case
of ECAP, where the shear components are zero. The
reason is that the strain rate state is expressed in the x—y
reference system where the simple shear state is repre-
sented by equal compression and tension Eq. (20a). At
the same time, the same shear components of the veloc-
ity gradient are nonzero; they are equal and opposite,
describing a pure rigid body rotation. These particu-
larities of the ECAP deformation mode were examined
already in Téth et al. [28].
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The stress state in FALEP

Here, we examine the Cauchy stress tensor for the case
of FALEP, which is energy conjugate to the Eulerian
finite strain tensor Eq. (8) [36]. For NECAP, the calcula-
tion process is similar and is detailed in Appendix 2.

As the die is open for the outgoing material flow, the
o, Normal stress component can be taken zero in the
plastic zone, so the stress tensor has the form:

0
o=|*
~ o

© qQ 1

0
w0 | (22)
GZZ

The deviatoric stress state is:

O'yy +0,,

S=o-0, wheregh=£-%=£- : (23)
, —Oyy = 0y, 37 0
§= 3 37 —0,, + 20y, 0 - (24)
0 0 —Oyy +20,,

Relation between stress and strain

We assume von Mises (isotropic) material behavior, for
which the yield function is:

7(8) = 55 si==0 = £(8) N
= (R 42 52,452 482 ) 2=, )

where 7 is the flow stress in simple shear. Using the
associated flow rule for the strain rate component ¢,

arelation is obtained between o, and o,,:
: . Of Oyt 20y Oyy
ezz=ﬂaszz =4 5 =0—>6ZZ=7. (26)

Therefore, the deviatoric and hydrostatic stress states
are:

Syy
2%y 0 2 ?,yy 0
§= T 70yy 0 | g = 0 = (; . (27)
0 0 0 0o 0 X

2

Substituting the deviatoric stress components Eq. (24)
into the yield function Eq. (25), we obtain:

O-}zly +47%= 413. (28)

A further relation can be found between the 6, and
7 stress quantities by using the associated flow rule for
the £,y and ¢, strain rate components:

of Oyy | ¥ of _

b u=A—— =A==, &, ===41 Ao (29
yy xy (29)
0Syy 2 2 asxy
The ratio of these two strain rates is:
by 2.
— == (30)
fyy  Oyy
Now using Eq. (21), we obtain:
& _1fa_b
o=ilia) @1

Using Egs. (28), (31), both Cauchy stress components
can be expressed by the geometrical parameters a and b,
and the simple shear yield stress, 7
O = 2 T T = ‘0

vy = o P T
_ 2)2 1+ —4
” (i-5)
(32a,b)

It is interesting to notice that Eq. (32b) shows zero
shear stress for the case of ECAP (when a=b). The rea-
son of this result is that the corresponding shear strain
component is zero in ECAP, so isotropic plasticity leads
to zero shear stress. At the same time, some ECAP tool-
ing possesses a bottom part that slides to reduce the
effect of friction on the sample (for example; [8]), that
is, the shear stress is zero. Increasing the shear stress
artificially is not possible because the bottom punch
must be in displacement control to account for volume
constancy of the specimen, so the shear stress accom-
modates to the required value. In ECAP, the required
value is actually zero. In FALEP, it is not: the shear stress
can be calculated from the force applied on the punch
and theoretically should be the value given by Eq. (32b).

SRS
QT

Elastic analysis

In the upper part of the sample, the deformation is
only elastic, so an elastic analysis is appropriate. The
Cauchy stress and infinitesimal strain tensors for the
case of a rigid die are:

@ Springer
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50 0 00 0
o= 0620 ., £= 0820 (33)
=~ loos) ~ looo

For elastic behavior, the stress and strain tensors are
related by the elastic formula:

oij = Cijia - €1 (34)

where Cjy is the elasticity tensor. Assuming isotropic
elasticity, one can obtain from Eq. (34):

(K + G)
(35)

Here G is the shear modulus and K is the compress-
ibility modulus. The latter can be expressed as a func-
tion of the Poisson number v, and the Young modulus
E:

2
Oy = Oyy = (K - §G) Eyys Oyy

E

T 3(1-20) (36)

The two equations in (35) provide a relation
between o, and 5,

-2G

3
c,, = * Oy e 37
i K+4G Y (37)

This relation shows that o, < oy, . For example, the

ratio of % for aluminum is 0.516, not far from the per-
yy

fectly plastic case, where it is 0.5 Eq. (26).

The effect of friction on the extrusion force

Equation (32a) shows the stress level of the compression
needed for the plastic deformation in the plastic zone.
However, the external compressive force for pushing
the sample through the die is somewhat larger because
of the friction of the sample with the die walls. Friction is
expected at the lateral surfaces of the vertical part of the
die (Fig. 2a), on four surfaces: two on the walls with nor-
mal vectors parallel to the x axis, and two walls that are
oriented with their normal vectors parallel to the z axis.

The friction force operates on the sample in the direc-
tion of the y axis. It causes a progressive increase in the
value of the necessary force to extrude the material.
The stress state can be considered hydrostatic-elastic
in the sample above the plastic zone because that part

@ Springer
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of the sample is completely constrained by four walls,
by the compression punch, and by the sample itself. In
the plastic part, however, there are only two walls that
produce friction forces on the sample because there is no
stress along the x axis. Within this part, the stress tensor
is considered to be constant. The corresponding friction

force, Tf , applied on the sample in the plastic zone, is:

Tf”r. ==2u-a-b-o,,0b) — Tfr_ =—p-a-b- cryy(b). (38)

u is the friction coefficient between the sample and
the lateral surfaces of the die. Note that T} is positive
because o is negative. The equilibrium COl’ldlthI’l of the
forces in the y direction on a horizontal material slice of
thickness dy, in the upper part of the sample, leads to

the following equation:

oyy (y+dy) - @ — oy, (y) - @° = 2u - 0y (y)

(39)
ca-dy—2u-0,,(y)-a-dy=0.
Using Eq. (37):
, K+3G
oy (v +dy) -a* = oy (y) -a* = oy (y) '4”'1<+§G a-dy=0
(40)
In differential form, Eq. (40) reads:
oy (v) = r.t 6 & (y) (41)
4 k4l G dy
The integration of this equation leads to:
4 K+3G
.3 (h-b)
ny(h) — yy(b) .e K+%G . (42)

Using Eq. (32a), we obtain the stress variation as a
function of h:
=
oyy(h) = e 3 : (43)

One can then obtain the compression force neces-
sary for the extrusion:

Teomp. = Oyy (1) - @ + 0y, (0) - p -+ b, (44)

where the friction force acting on the bottom plastic
zone is added from Eq. (38).
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The force on the shear-punch can also be calcu-
lated from the shear stress by adding the friction force
between the punch and the die:

Tohear =T - @2 + u* - a2 - 65(C). (45)

Here 7 is from Eq. (32b), and u* is the friction coef-
ficient between the punch and the die at the bottom of
the shear-punch (not with the sample).

During extrusion, a steady-state condition devel-
ops after an initial transition stage, during which the
extruded material increases its yield stress by strain
hardening as the material passes through the plastic
zone. Therefore, for the 7, value one must take the
shear yield stress belonging to the final hardened state
after extrusion.

Discussion

The calculations presented above were developed for
obtaining analytical formulas for the stress and strain
rate states, the effect of friction, and the shape changes
of an initial elliptic grain in the ECAP/NECAP/FALEP
processes. Here, we first examine the main character-
istics of the results with the help of suitable figures.

Important elements in metal forming are the
amount of strain and the shape change that a mate-
rial element is experiencing during its passage in the
die. Figure 3 shows the shear strain, the large and
small half axes of the ellipse, the aspect ratio, and
the orientation of the axis of the ellipse with respect
to the outgoing exit channel direction (the x axis) for
an initially spherical grain with 60 um diameter, as a
function of the a/b ratio. The shear strain is limited to
the value of 2 in ECAP for a 90° die. In NECAP, large
a/b ratios cannot be reached; experiments for a/b =2
are reported in Toth et al. [15], Hasani et al. [16],
Asgari et al. [37], Fereshteh-Saniee et al. [38], Hasani
et al. [39]. However, FALEP can result in extremely
large strains compared to ECAP or NECAP. As can
be seen in Fig. 3, the shear strain is higher than 20 in
one step, which is equal to 10 passes (!) in ECAP. To
demonstrate that this is not only theoretical, Fig. 4
shows a half-extruded aluminium AA1050 sample
produced at room temperature by FALEP in the
LEMS3 laboratory (Metz, France).

One can see from Fig. 3 the changes in the ini-
tially spherical grains. The change in grain shape is
tremendous in FALEP: the initial 60 um diameter

6067
ECAP
1000 large half axis, A
i aspect ratio (A/B)
100 H
]
i shear strain
10 //
I
i small half axis, B
1 1
1
1
1
1
01 |
i orientation, ¢ [°]
0.01 '
0 5 10 15 20 25

Geometry of the die: a/b ratio

Figure 3 Shear strain, dimensions, and orientation of an ini-
tially spherical grain as a function of the geometry of the ECAP/
FALEP/NECAP process. The initial diameter of the grain is 60
pm.

grain is elongated into an ellipse of 1200 pm x 3 pm
for a/b=20. Such a grain shape change promotes
the grain fragmentation process. Indeed, the final
fragmented grain size was about 0.6 um and equi-
axed in the Al sample shown in Fig. 4. This size is
about the same order as the average thickness of
the ellipse, which varies from 0 to 3 um along the
elongated ellipse. It is also demonstrated in Fig. 3
that the deformed ellipse aligns with the direction
of the outgoing channel very close; at an a/b =35, the
ellipse large axis is within 1° oriented with the chan-
nel. Note that at this value of the die geometry, the
orientation of the shear plane is actually larger; it is
11.3°.

It is also very important to compare the extrusion
forces necessary to carry out FALEP vs NECAP.
Equations (44) and (45) were developed to cal-
culate the pressing and shear forces in FALEP.
These relations were applied for the AA1050
alloy in Fig. 5a for the following selected case:
7y = 100 MPa, 2 =20 mm, b = 2 mm, E = 70 GPa, G = 25 GPa,v=0.33 .
The sample length was left as a variable:
h =2mm — 50 mm, for different friction coefficient
values. As can be seen, the normal extrusion force
gradually decreases as the sample slides through the
die. This effect is due to the reduced surface area of
the sample that has frictional contact with the die.
Our experiments confirmed this effect. It is also natu-
ral that the extrusion force rapidly increases when
friction is higher. It is interesting that the shear force

@ Springer
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Figure 4 Example of a FALEP half-extruded AA1050 sample, deformed to a shear of 20 in one step.

remains nearly independent of both the friction and
the die geometry (represented by a/b in Fig. 5a). The
situation is completely different for NECAP, pre-
sented in Fig. 5b, for the same material parameters

(a) 12
10 =
pn=0.25
FALEP
8
i
c u=0.20
26
]
5 shear force pn=0.15
T 4
,g - u=0.10
g , pn=0.05
o 1=0.00
0
0 10 20 30 40 50 60
Sample length [mm]
(b) o0
50
— 40
w
c
]
2 30
L
Lo
S 2
‘@
=]
£
Z 10
0
0 10 20 30 a0 50 60

Sample length [mm]

Figure 5 The compression and shear extrusion forces as a func-
tion of the sample length in the vertical channel for a FALEP and
b NECAP of AA1050, including the effect of friction, for a chan-
nel section of 20 mm X 20 mm, and a/b=10 (outgoing channel’s
diameter is 2 mm).

@ Springer

as for FALEP. In NECAP there is only a single com-
pression force for which the formula is developed
in Appendix 2, in Eq. (63). As can be seen in Fig. 5b,
the extrusion forces are very high in NECAP with
respect to FALEP; about five times higher! Therefore,
by adding a relatively small shear force, there is a
tremendous gain in FALEP in the normal extrusion
force. This can be understood by analyzing the rela-
tion between the compression and shear stresses in
the plastic zone; we obtain from Eq. (31) for a/b> >1:
b

o, =24

vy ET.

This relation shows that the compression stress
depends strongly on the geometry, the b/a ratio. For
example, for b/a=1/10, the compression stress is 2.5
times smaller than the shear force, so it is mostly the
shear stress that controls the deformation process.
Indeed, we obtain for this case from the flow crite-
rion of Eq. (28): 7 = 0.98 - 7y. Nevertheless, o, cannot
be too small because it is the compression force that
produces the necessary friction force for achieving
the non-sliding condition between the shear anvil
and the sample. Indeed, using the Coulomb friction
law, the non-sliding condition requires that ¢ > 7.
Therefore, according to Eq. (28), the minimum com-
pression stress in the deformation zone is:

oyy(min.) = \/gfo =0.894 - 75. The normal extrusion

stress on the punch is, of course, larger than that
because of the friction of the sample with the die,
expressed by Eq. (43).

Another way to show the efficiency of the FALEP
process is to examine the extrusion forces as a func-
tion of the geometry of the die, the a/b ratio. This is
displayed in Fig. 6, for different friction coefficient
values. As can be seen, the extrusion force decreases
very much by increasing the a/b ratio (Fig. 6a), while it
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increases constantly without the assistance of the shear
force, which is the case for NECAP (Fig. 6b).

The efficiency of the FALEP process can also be seen
by the much higher plastic strain achieved in the work-
piece compared to conventional forming processes, yet
producing the same final shape. To demonstrate this,
we compare FALEP to rolling. Starting with an initial
thickness & of the workpiece and arriving at a thick-
ness h of the rolled sheet, the equivalent strain in roll-

ing is: ¢ = (2/V/3) - In(lo/h), while in FALEP it is:
e= (hom—:/rg/h‘)) Figure 7 shows the comparison of these

two strains as a function of the ratio of the initial thick-
ness to the final one (h/h). It can be seen, especially for
high h/h ratios, that FALEP imposes a much higher
strain in the material. To reach the UFG/nano steady
state of a metal in SPD, a minimum equivalent strain
of about 6 is required, which can be readily achieved
in FALEP in a single step at hy/h = 10, while in rolling

ECAP

a
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g 25
3 20
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c 15
2
(%]
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w
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0
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®) ECfP
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»E i p=0.15
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a/b ratio

Figure 6 The compression and shear extrusion forces as a func-
tion of the sample length in the vertical channel for a FALEP and
b NECAP of AA1050, including the effect of friction, for a chan-
nel section of 20 mm X 20 mm, and for variable a/b ratio (sample
length is #=50 mm).

20 —— i ———————————

Equivalent strain
-
o

: _» UFG/nano domain
4 FALP
2 Rolling
0
0 5 10 15 20 25 30 35

Thickness reduction ratio of the workpiece (hy/h)

Figure 7 The equivalent strain in FALEP versus rolling as a
function of the thickness reduction ratio.

it cannot be reached, even for a thickness reduction of
30, as seen in Fig. 7. To achieve such a large strain by
rolling, a reduction of hy/h = 181 would be required,
which is difficult to reach, and requires multiple passes
with inter-pass heat treatments.

Finally, we compare the presented extrusion force
predictions with some experimental results. We have
conducted FALEP experiments at room temperature
on commercially pure aluminum, OFHC copper, and
a Nb-53%Ti alloy. The testing parameters, elasticity
constants, and measured and predicted extrusion
forces are presented in Table 1. As can be seen, the
predicted extrusion forces agree well with the normal
forces, while the shear forces are predicted to be about
20% lower level for the OFHC copper and the Nb-53Ti
alloy. Note that the friction coefficients were not meas-
ured; they are estimated values. The lower predicted
shear force is probably due to the extra friction taking
place in the outgoing channel, which was made larger
only beyond 5 mm distance from the exit point. Never-
theless, the overall agreements between measured and
predicted extrusion forces are good, verifying that the
equations developed here can be used to estimate the
extrusion forces in the FALEP process.

Finally, concerning the assumed simple shear
deformation mode in the present analysis, it is pos-
sible to verify it experimentally in an indirect man-
ner: by measuring the crystallographic texture of the
extruded sample. In all our texture measurement so
far, we observed simple shear textures that were ori-
ented parallel to the assumed shear plane (see, for
example, in Abhishek Pariyar et al. [21] and Vu et al.
[20]), demonstrating that the simple shear approxima-
tion is a reasonable one in the theoretical modeling.
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Table 1 FALEP experimental testing parameters and measured as well as predicted extrusion forces for different materials (the latter in bold letters)

Measured Predicted Measured Predicted Reference

Incoming Outgoing Estimated Estimated Sample

Shear

Poisson

Young

Material Shear

height compres- compres- shear shear
force
[kN]

coefficient [mml]

channel friction friction

channel

modulus  number yield

[GPa]

modulus
[GPa]

sion force force
[kN]

sion force

[kN]

coeffi-

[mm]

stress after [mm)]

[kN]

for shear-

cient for

extrusion
[MPa]

sample-die punch-die

J Mater Sci (2024) 59:6059-6074

Own data

6.0
10.6

6.0
13.2

5.9
13.1

6.0
124

20
26
20

0.5

0.35
0.35

0.3

23
2.3

20
20
20

115
220
220

0.33
0.32
0.33

70

AA1050 24
Cu-OF
Nb-53Ti

Own data

0.5

110

65

48

Own data

13.0 15.0 12.0

12.9

0.6

38

Conclusions

FALEP is an SPD process that can be the preferred can-
didate for introduction in industry for forming strip
and sheet. In order to help engineers in planning such
installations, the basic mechanics of FALEP must be
established, as has been done in the present work. The
main conclusions of the analysis can be summarized
as follows:

1. The mechanics of FALEP has been developed and
expressed in terms of simple geometric parameters
and the flow stress of the material.

2. Analyses of the shape and orientation of ellipti-
cal grain shapes resulting from FALEP have been
developed.

3. Friction is a major factor that affects the extrusion
forces; its role is expressed in analytical formulas
for FALEP/NECAP/ECAP.

4. FALEP has been compared to ECAP and NECAP.
It has been shown that FALEP requires about five
times smaller extrusion force by adding only a
small shear component.

5. The extrusion force in FALEP can be decreased by
reducing the exit channel dimension (the a/b ratio).

6. The amount of equivalent deformation in a single
step in FALEP is far greater than can be achieved
by rolling, where multiple passes are required to
obtain the same final sheet dimensions.
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Appendix 1

Calculation of the axes and orientation of an initial
ellipse after deformation in FALEP/ECAP/NECAP.

The canonic equation of a non-rotated ellipse is
given by Eq. (10). It is a —¢ angle rotated version of
the ellipse of Eq. (14). The change of coordinates can be
obtained by the pure rotation matrix that corresponds
to a rotation angle ¢:

X cosp —sing 0 |( x
Y |=|sing cosp 0|y (46)
4 0 0 10z

From this, we obtain the following coordinate
transformation:

X=x-cosp—y-sing,Y=x-sinp+y-cose

(47a,b)
With these relations, Eq. (10) can be rewritten as:
2 2 2 2
2. [cos @ sin (p] 2 [sm ¢ cos (p]
A? B2 A? B2

1 1 (48)
+ Xy - [sin(2<p)- <§ — E)] =1

Or, using the C, D, E notations for the terms in the
parentheses:

X2 C+y*-D+xy-E=1. (49)

One can also make use of the relation that expresses
the surface area invariance of the ellipse during its plas-
tic deformation:

Ag-Byp=A-B. (50)

From Egs. (48), (49), (50), one obtains the following
useful relation:

A2 1
C+D= 5 +ﬁ. (51)
00

Now we express Eq. (14) in the same format as
Eq. (48):

2
xz. L +y2. i+g_ +Xy. _i =1.
$°B; B A7 8B}
(52)
From this equation, we obtain another formula for the

(C + D) term, named H:

2
C+D=H=—+243

—+ <
2B B A 3)

The A axis of the ellipse can be obtained from the two
expressions of (C + D), while B follows from (50):

AyB Ay B
A=L\]H+‘/H2— 242,B= - (54ab)
\/5 AOBO

@ Springer
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Finally, the orientation ¢ of the ellipse, measured
from the x axis, is obtained by identifying the terms after
xy in Egs. (48) and (52):

1 4A2
(p——Earcsm g(BZ—_AZ) . (55)

The aspect ratio of the ellipse can be obtained from
(54a) and (50):

A ApB 4

B~ 2 <H+ He - Asz>- (56)
00

Appendix 2

The mechanics of NECAP

Figure 1b shows schematically the geometry of
NECAP. During extrusion, the material is flowing
into the horizontal channel. It is assumed that the
plastic deformation takes place by simple shear in
a band that connects the two corners of the die, as
shown in Fig. 1. In the following, we first analyze the
strain and stress states in the plastic zone. The elastic
deformation is neglected in the analysis, and only the
plastic part is considered because of the very large
plastic strains. The reference system is defined in
Fig. 2.

Strain state

The strain analysis has already been done in
Sect. “Strain rate state in FALEP” for FALEP by
assuming the strain mode in NECAP, so the same
results are valid for NECAP.

Stress state

The difference with FALEP is that there is no tangent
shear force applied to help the material flow. Instead,
there is a friction force at the bottom of the vertical
channel, acting in the opposite direction of the flow.

@ Springer
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The effect of the friction force is local and restricted
to a narrow material zone at the bottom, so its effect
on the plastic flow in the bulk of the plastic zone can
be neglected. So, it can be assumed that in the plastic
zone of NECAP, the stress tensor has the form:

00 O
g =10 O'yy 0 . (57)
0 0 o

zz
The deviatoric stress state is:

—0Oyy = 04, 0 0

0 —04, + 20y, 0 - (58)

0 0 —0yy +20,,
Following the same kind of calculation as in

Sect. “Relation between stress and strain” above, we

obtain from the associated flow rule the same rela-

tion between oy, and o,, as for FALEP:
O
Yy
Oz = T (59)

~2%y ? 0
s=lo ls,0f (60)
0 0 0

Substituting the deviatoric stress in the yield func-
tion Eq. (25), we obtain:

Oyy = 27y. (61)

The effect of the friction in the sample above the
plastic zone (y > b) is the same as in the calculation
for FALEP, so the variation of the axial stress state is
similar to Eq. (42):

1
4y K+§G

4. 252 by
oy =2-179-¢ K+36 (62)

To obtain the total extrusion force, the friction of the
sample with the two walls around the plastic zone has
to be added, we obtain:

Teomp. = Oyy (1) - a* + - b oy, D). (63)



J Mater Sci (2024) 59:6059-6074

References

(1]

(2]

(3]

(4]

(5]

(6]

(71

(8]

(9]

[10]

Bridgman PW (1935) Effects of high shearing stress com-
bined with high hydrostatic pressure. Phys Rev 48:825—
847. https://doi.org/10.1103/PhysRev.48.825

Segal VM (1977) Method of material preparation for
subsequent working; (USSR-Patent Nr. 575892 english
translation)

Edalati K, Bachmaier A, Beloshenko VA, Beygelzimer Y,
Blank VD, Botta WJ, Bryta K, Cizek J, Divinski S, Enikeev
NA, Estrin Y, Faraji G, Figueiredo RB, Fuji M, Furuta T,
Grosdidier T, Gubicza J, Hohenwarter A, Horita Z, Huot
J, Ikoma Y, JaneCek M, Kawasaki M, Kral P, Kuramoto S,
Langdon TG, Leiva DR, Levitas VI, Mazilkin A, Mito M,
Miyamoto H, Nishizaki T, Pippan R, Popov VV, Popova
EN, Purcek G, Renk O, Révész A, Sauvage X, Sklenicka
V, Skrotzki W, Straumal BB, Suwas S, Toth LS, Tsuji N,
Valiev RZ, Wilde G, Zehetbauer MJ, Zhu X (2022) Nano-
materials by severe plastic deformation: review of his-
torical developments and recent advances. Mater Res Lett
10:163-256. https://doi.org/10.1080/21663831.2022.20297
79

Segal VM (1999) Equal channel angular extrusion: from
macromechanics to structure formation. Mater Sci Eng,
A 271:322-333. https://doi.org/10.1016/S0921-5093(99)
00248-8

Hasani A, Lapovok R, Téth LS, Molinari A (2008) Defor-
mation field variations in equal channel angular extrusion
due to back pressure. Scripta Mater 58:771-774. https://
doi.org/10.1016/j.scriptamat.2007.12.018

Lapovok RY (2005) The role of back-pressure in equal
channel angular extrusion. J Mater Sci 40:341-346. https://
doi.org/10.1007/5s10853-005-6088-0

Skrotzki W (2019) Deformation heterogeneities in equal
channel angular pressing. Mater Trans 60:1331-1343.
https://doi.org/10.2320/matertrans. MF201926

Frint S, Hockauf M, Frint P, Wagner MF-X (2016) Scal-
ing up segal’s principle of equal-channel angular pressing.
Mater Des 97:502-511. https://doi.org/10.1016/j.matdes.
2016.02.067

Mathieu J-P, Suwas S, Eberhardt A, T6th LS, Moll P (2006)
A new design for equal channel angular extrusion. J Mater
Process Technol 173:29-33. https://doi.org/10.1016/j.jmatp
rotec.2005.11.007

Omranpour B, Kommel L, Mikli V, Garcia E, Huot J (2019)
Nanostructure development in refractory metals: ECAP
processing of Niobium and Tantalum using indirect-extru-
sion technique. Int J Refract Metal Hard Mater 79:1-9.
https://doi.org/10.1016/j.ijrmhm.2018.10.018

[11]

[12]

[13]

[14]

[15]

(16]

(17]

(18]

(19]

[20]

[21]

[22]

(23]

6073

Segal V (2020) Equal-channel angular extrusion (ECAE):
from a laboratory curiosity to an industrial technology.
Metals 10:244. https://doi.org/10.3390/met10020244
Davis CF, Griebel AJ, Lowe TC (2020) Isothermal con-
tinuous equal channel angular pressing of magnesium
alloy AZ31. JOM 72:2603-2611. https://doi.org/10.1007/
s11837-020-04195-4

Raab GJ, Valiev RZ, Lowe TC, Zhu YT (2004) Continu-
ous processing of ultrafine grained Al by ECAP—Conform.
Mater Sci Eng, A 382:30-34. https://doi.org/10.1016/].
msea.2004.04.021

Mathaudhu SN, Blum S, Barber RE, Hartwig KT (2005)
Severe plastic deformation of bulk Nb for Nb3Sn super-
conductors. IEEE Trans Appl Supercond 15:3438-3441.
https://doi.org/10.1109/TASC.2005.849044

Té6th LS, Lapovok R, Hasani A, Gu C (2009) Non-equal
channel angular pressing of aluminum alloy. Scripta Mater
61:1121-1124. https://doi.org/10.1016/j.scriptamat.2009.
09.006

Hasani A, Té6th LS, Beausir B (2010) Principles of non-
equal channel angular pressing. J Eng Mater Technol
132:031001. https://doi.org/10.1115/1.4001261
Nakamura T, Hiraiwa M, Imaizumi H, Tomizawa Y (1995)
Development of friction-assisted extrusion process for pro-
ducing thin metal strips. JSME Int J Ser C Dyn, Control,
Robot, Design Manuf 38:143-148. https://doi.org/10.1299/
jsmec1993.38.143

Nakamura T, Tanaka S, Hiraiwa M, Imaizumi H, Tomizawa
Y, Osakada K (1992) Friction—assisted extrusion of thin
strips of aluminium composite material from powder met-
als. CIRP Ann 41:281-284. https://doi.org/10.1016/S0007-
8506(07)61204-9

Kobune S, Itoh G (2018) Tensile properties of AZX612
magnesium alloy sheets processed by friction-assisted
extrusion. DDF 385:91-96. https://doi.org/10.4028/www.
scientific.net/DDF.385.91

Vu VQ, Toth LS, Beygelzimer Y, Zhao Y (2021) Micro-
structure, texture and mechanical properties in aluminum
produced by friction-assisted lateral extrusion. Materials
14:2465. https://doi.org/10.3390/ma14092465

Abhishek P, Vu VQ, Kailas SV, Toth LS (2023) Single-
step high shear processing of aluminum powder into an
ultrafine-grained bulk sheet at room temperature. J] Manuf
Sci Eng ASME

Beyerlein 1J, Lebensohn RA, Tomé CN (2003) Modeling
texture and microstructural evolution in the equal channel
angular extrusion process. Mater Sci Eng A 345:122-138.
https://doi.org/10.1016/S0921-5093(02)00457-4
Furukawa M, Iwahashi Y, Horita Z, Nemoto M, Lang-
don TG (1998) The shearing characteristics associated

@ Springer


https://doi.org/10.1103/PhysRev.48.825
https://doi.org/10.1080/21663831.2022.2029779
https://doi.org/10.1080/21663831.2022.2029779
https://doi.org/10.1016/S0921-5093(99)00248-8
https://doi.org/10.1016/S0921-5093(99)00248-8
https://doi.org/10.1016/j.scriptamat.2007.12.018
https://doi.org/10.1016/j.scriptamat.2007.12.018
https://doi.org/10.1007/s10853-005-6088-0
https://doi.org/10.1007/s10853-005-6088-0
https://doi.org/10.2320/matertrans.MF201926
https://doi.org/10.1016/j.matdes.2016.02.067
https://doi.org/10.1016/j.matdes.2016.02.067
https://doi.org/10.1016/j.jmatprotec.2005.11.007
https://doi.org/10.1016/j.jmatprotec.2005.11.007
https://doi.org/10.1016/j.ijrmhm.2018.10.018
https://doi.org/10.3390/met10020244
https://doi.org/10.1007/s11837-020-04195-4
https://doi.org/10.1007/s11837-020-04195-4
https://doi.org/10.1016/j.msea.2004.04.021
https://doi.org/10.1016/j.msea.2004.04.021
https://doi.org/10.1109/TASC.2005.849044
https://doi.org/10.1016/j.scriptamat.2009.09.006
https://doi.org/10.1016/j.scriptamat.2009.09.006
https://doi.org/10.1115/1.4001261
https://doi.org/10.1299/jsmec1993.38.143
https://doi.org/10.1299/jsmec1993.38.143
https://doi.org/10.1016/S0007-8506(07)61204-9
https://doi.org/10.1016/S0007-8506(07)61204-9
https://doi.org/10.4028/www.scientific.net/DDF.385.91
https://doi.org/10.4028/www.scientific.net/DDF.385.91
https://doi.org/10.3390/ma14092465
https://doi.org/10.1016/S0921-5093(02)00457-4

6074

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

J Mater Sci (2024) 59:6059-6074

with equal-channel angular pressing. Mater Sci Eng, A
257:328-332. https://doi.org/10.1016/50921-5093(98)
00750-3

Estrin Y, Vinogradov A (2013) Extreme grain refinement
by severe plastic deformation: a wealth of challenging sci-
ence. Acta Mater 61:782-817. https://doi.org/10.1016/].
actamat.2012.10.038

Hasani A, Toth LS (2015) Deformation field analysis in
equal channel angular extrusion of metals using asymmet-
ric flow function. Adv Eng Mater 17:1760-1772. https://
doi.org/10.1002/adem.201500070

Hosseini E, Kazeminezhad M (2009) The effect of ECAP
die shape on nano-structure of materials. Comput Mater Sci
44:962-967. https://doi.org/10.1016/j.commatsci.2008.07.
002

Perig AV, Galan IS (2017) The experimental verification
of the known flow line models describing local flow during
ECAE (ECAP). LOM 7:209-217. https://doi.org/10.22226/
2410-3535-2017-3-209-217

To6th LS, Arruffat Massion R, Germain L, Baik SC, Suwas
S (2004) Analysis of texture evolution in equal channel
angular extrusion of copper using a new flow field. Acta
Mater 52:1885-1898. https://doi.org/10.1016/j.actamat.
2003.12.027

Arruffat-Massion R, Téth LS, Mathieu J-P (2006) Mod-
eling of deformation and texture development of copper in
a 120° ECAE die. Scripta Mater 54:1667-1672. https://doi.
org/10.1016/j.scriptamat.2006.01.004

Hasani A, Sepsi M, Feyzi S, Toth LS (2021) Deformation
field and texture analysis in T-ECAP using a flow function.
Mater Charact 173:110912. https://doi.org/10.1016/j.match
ar.2021.110912

Wagner MF-X, Nostitz N, Frint S, Frint P, Ihlemann J
(2020) Plastic flow during equal-channel angular pressing
with arbitrary tool angles. Int J Plast 134:102755. https:/
doi.org/10.1016/j.ijplas.2020.102755

Beyerlein 1J, Tomé CN (2004) Analytical modeling of
material flow in equal channel angular extrusion (ECAE).

@ Springer

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Mater Sci Eng, A 380:171-190. https://doi.org/10.1016/j.
msea.2004.03.063

Paydar MH, Reihanian M, Ebrahimi R, Dean TA, Moshksar
MM (2008) An upper-bound approach for equal channel
angular extrusion with circular cross-section. J Mater Pro-
cess Technol 198:48-53. https://doi.org/10.1016/j.jmatp
rotec.2007.06.051

Hasani A, T6th LS (2009) A fan-type flow-line model in
equal channel angular extrusion. Scripta Mater 61:24-27.
https://doi.org/10.1016/j.scriptamat.2009.02.045

Lee DN (2000) An upper-bound solution of channel angu-
lar deformation. Scripta Mater 43:115-118. https://doi.org/
10.1016/S1359-6462(00)00377-8

Norris AN (2007) Eulerian conjugate stress and strain. J
Mech Mater Struct. https://doi.org/10.48550/arXiv.0708.
2736

Asgari M, Fereshteh-Saniee F, Pezeshki SM, Barati M
(2016) Non-equal channel angular pressing (NECAP) of
AZ80 magnesium alloy: effects of process parameters on
strain homogeneity, grain refinement and mechanical prop-
erties. Mater Sci Eng, A 678:320-328. https://doi.org/10.
1016/j.msea.2016.09.102

Fereshteh-Saniee F, Asgari M, Fakhar N (2016) Special-
ized mechanical properties of pure aluminum by using non-
equal channel angular pressing for developing its electri-
cal applications. Appl Phys A 122:779. https://doi.org/10.
1007/s00339-016-0305-3

Hasani A, Toth LS, Mardokh Rouhani S (2019) A new flow
line function for modeling material trajectory and textures
in nonequal-channel angular pressing. Adv Mater Sci Eng
2019:e5682585. https://doi.org/10.1155/2019/5682585

Publisher's Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.


https://doi.org/10.1016/S0921-5093(98)00750-3
https://doi.org/10.1016/S0921-5093(98)00750-3
https://doi.org/10.1016/j.actamat.2012.10.038
https://doi.org/10.1016/j.actamat.2012.10.038
https://doi.org/10.1002/adem.201500070
https://doi.org/10.1002/adem.201500070
https://doi.org/10.1016/j.commatsci.2008.07.002
https://doi.org/10.1016/j.commatsci.2008.07.002
https://doi.org/10.22226/2410-3535-2017-3-209-217
https://doi.org/10.22226/2410-3535-2017-3-209-217
https://doi.org/10.1016/j.actamat.2003.12.027
https://doi.org/10.1016/j.actamat.2003.12.027
https://doi.org/10.1016/j.scriptamat.2006.01.004
https://doi.org/10.1016/j.scriptamat.2006.01.004
https://doi.org/10.1016/j.matchar.2021.110912
https://doi.org/10.1016/j.matchar.2021.110912
https://doi.org/10.1016/j.ijplas.2020.102755
https://doi.org/10.1016/j.ijplas.2020.102755
https://doi.org/10.1016/j.msea.2004.03.063
https://doi.org/10.1016/j.msea.2004.03.063
https://doi.org/10.1016/j.jmatprotec.2007.06.051
https://doi.org/10.1016/j.jmatprotec.2007.06.051
https://doi.org/10.1016/j.scriptamat.2009.02.045
https://doi.org/10.1016/S1359-6462(00)00377-8
https://doi.org/10.1016/S1359-6462(00)00377-8
https://doi.org/10.48550/arXiv.0708.2736
https://doi.org/10.48550/arXiv.0708.2736
https://doi.org/10.1016/j.msea.2016.09.102
https://doi.org/10.1016/j.msea.2016.09.102
https://doi.org/10.1007/s00339-016-0305-3
https://doi.org/10.1007/s00339-016-0305-3
https://doi.org/10.1155/2019/5682585

	The mechanics of the friction-assisted lateral extrusion process
	Abstract
	Graphical Abstract

	Introduction
	Plasticity analysis for FALEP
	Plastic strain state
	Shape change due to plastic strain in FALEPECAPNECAP
	Strain rate state in FALEP
	The stress state in FALEP
	Relation between stress and strain

	Elastic analysis
	The effect of friction on the extrusion force
	Discussion
	Conclusions
	Acknowledgements 
	Appendix 1
	Appendix 2
	The mechanics of NECAP
	Strain state
	Stress state
	References




