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Twist extrusion (TE) is a technique for simple shear treatment of long
metal products. This allows obtaining microstructure and texture in a
work piece radically different from those obtained by conventional extru-
sion. This study aims to investigate the vortex flow during TE, which has
not received sufficient attention in the literature. In particular, we study
the mechanism of a vortex flow and its influence on the microstructure at
different levels.

I'BunTOBa excTpysia (I'E) — cmoci6 gedopMyBaHHA MeTastiB AjIa 0OpOOIEH-
HA JOBIOMIipHUX MeTajJeBUX BUPOOIB 3a [JOIOMOIOI0 IIPOCTOTO B3CYBYy —
YMOJKJIMBIIIOE ONEP:KYBaTU MiKDOCTPYKTYPHU 1 TEKCTypHU B 3aroTOBKax, Kap-
IWHAJIbHO BimMimui Bim Tux, IO ofep:KaHi 3a AOIIOMOIOI0 3BMYANHOI €KCT-
pysii. IlpencraBieHe mOCIim)KeHHSA HaOpaBJ/ieHe Ha BUBUYEHHS BUXPOBOTO
miuay opu IE, AKOMY paHille He OPHALIAIOCH NOCTATHLOI yBArm B JiTepa-
Typi. 30KpeMa, POSTISZAEThCA MEXaHi3M BUXPOBOTO IJIMHY Ta HOT0 BILINUB
Ha MIKPOCTPYKTYPY Ha pisdHHUX piBHAX. TaKoX 3alIpPOIIOHOBAHO IIEPCIEKTH-
BH 3aCTOCYBAHHSA BHXPOBOTO IIHHY B [ E.

BunToBasa skcrpysua (B9) — cmocob medhopmMupoBaHMA METANJIOB AJA 00pa-
0OTKM [AJMHHOMEDHBIX METAJJIMUYECKMX W3OeJUi C IIOMOIIBI0 IIPOCTOTO
CIBAra — II03BOJIAET IIOJIyYaTh MUKPOCTPYKTYPHI M TEKCTYPbl B 3aroToB-
KaxX, PagUKaJIbHO OTJIUYAIOIIUECS OT TeX, KOTOPhbIe€ IIOJYYEHBLI C IIOMOIILIO
00BIUHOI dKCcTPy3uu. llaHHOE MCCaefOBaHUEe HAIPABJIEHO HA M3yUYeHUE BUX-
peBoro TeueHus mpu BI, KOTOpOoMy paHee He YIEJAAJIOCH JOCTATOYHOTO BHU-
MaHuA B JUTeparype. B uacTHOCTH, paccMaTpPUBaeTCd MeXaHU3M BUXPEBOTO
TeUeHUA U €ero BJIUAHME Ha MUKPOCTPYKTYPY Ha Pa3JIUYHBIX YPOBHAX.
TaksKe IIPeaI0KeHbl IePCIeKTUBLI MIPUMEeHeHN A BUXPEBOro TeueHusa B BI.
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1. INTRODUCTION

Twist extrusion is one of the most popular techniques of severe
plastic deformation (SPD) whose main aim is to produce ultrafine
grained (UFG), i.e., submicron scale, structures in the bulk of met-
als and alloys.

A burgeoning development of SPD processing over the last two
decades and undisputable successes of this research direction [1, 2]
have promoted the emergence of some forty various SPD tech-
niques. The taxonomy introduced in [2] distinguishes between the
‘principal processing schemes’ and the ‘derivative’ SPD processes.
According to the authors, the first group includes the following
methods: equal-channel angular pressing, high-pressure torsion
(HPT), accumulative roll bonding (ARB), multi-directional forging
(MDF), and twist extrusion (TE).

Recently, there has been a tendency to use the SPD processes not on-
ly to generate a UFG structure, but also to create hybrid materials with
a complex inner architecture furnishing them with a range of im-
proved properties [3]. Of special significance in this regard, there are
processes with propensity for profuse material flow in the deformation
zones, which allow creating various macro scale structures and tex-
tures [4]. Examples include vortex flows, which are characterized by
rotation of elementary units of the material. Such processes are used
for mixing liquids or particulate materials and for producing textures
in polymers during processing in a viscous state [5].

To date, the potential of vortex flows in forming structures and
textures in solids has not been tapped into, and research in this ar-
ea is undoubtedly very worthwhile and promising. Among the men-
tioned five 'principal’ SPD processing schemes, TE is the only ex-
trusion process involving a vortex flux. In this process, the materi-
al elements are engaged in translational movement and, at the same
time, are rotated about an axis parallel to the extrusion axis. As
will be shown below, such a vortex flow can be used to form a spi-
ral-shaped architecture within the billet. Furthermore, it can be ap-
plied to produce internal folds of the kind of damascene steel pat-
terns [6] and can also be used for mixing various substances that



VORTEX FORMATION UNDER TWIST EXTRUSION 555

constitute the billet.

2. THE PRINCIPLE OF TWIST EXTRUSION

The principle of TE is to extrude a billet through a die that has a so-
called twist zone between straight inlet and outlet channels (Fig. 1).

The surface of the twist zone is formed by the die profile ‘swept’
along a helix line. Such geometry of the die channels allows the
workpiece to well preserve its initial shape well.

When a workpiece is extruded through a TE die sketched in Fig.
1, the metal is subject to plastic deformation. During the TE pro-
cess, the main deformation mode is simple shear that takes place at
the transients between the twist and straight channels [7]. The
strain rate, accumulative von Mises strain, and its distribution in
the processed bar is determined by the geometry of the TE die:
height of the twist zone, pitch of the twist surface, and dimensions
of the transverse profile. The von Mises strain accumulated during
one TE pass is approximately 1.0 [8].

Owing to the little change in the shape of the workpiece during
TE, the process can be repeated for accumulation of large strains.
At relatively low homologous temperatures, TE leads to intensive
grain refinement accompanied by formation of deformation-induced
high-angle grain boundaries. As a result, TE can be used to form
ultrafine grained structures, which are characterized by physical
and mechanical properties significantly different from those in
coarse grained structures.

Kinematics of flow during TE was analysed in the paper that in-
troduced the TE process [9]. It was shown that the total metal flow
during TE can be considered as a sum of two components: so-called
helical flow and deviations from helical flow. Herein, helical flow
denotes ideal tool-controlled motion of a virtual rigid plane (remain-
ing plane during TE) normal to the extrusion direction. As a result
of such ideal helical flow, material points of each virtual plane pre-
serve their relative locations and move together in the extrusion

Fig. 1. Schematic of the TE process.
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direction. Deviations from ideal helical flow are termed as cross
flow; these deviations result in planar flow within the virtual
planes of the sample. In contrast to helical flow, cross flow leads to
displacement of the material points from their relative locations
within the planes normal to the extrusion direction.

Mathematically the decomposition of the total metal flow into the
two components can be shown by considering velocity fields. The
velocity field of total metal flow V [9] is decomposed as

V=V +V,, (1)

where V,, V, denote velocity fields of helical flow and cross flow,
respectively.

Below the velocity field in Eq. (1) is shown to lead to vortex flow
of metallic materials at different scales, which opens new routes to
tailored microstructures.

3. RESULTS AND DISCUSSION
3.1. Helical Flow and Vortex Flow at the Microscale

Let us consider a Cartesian coordinate system xyz whose z axis is
arranged along the symmetry axis of a rectangular TE die, while x
and y axes are parallel to the sides the die profile. The velocity field
of helical flow is then defined by the components [9]

yV, tan 3 _ xV, tanf3
Chi S

where 3 is the slope angle of the twist line, V| is the speed of the
billet along z-axis, and R is the radius of the circle circumscribing
the rectangle of the die profile.

When the components are known, the velocity field of helical
flow V; reduces to the following velocity gradient tensor

» Vie =V, (2)

00 — .’/Vo2 ap 0 _V,tanp 0
Rcos“ B dz R
av, =10 0 x—VOZ@ + V, tanp 0 o0l. (3)
dr Rcos” B dz
00 0 0 0 0

The first term in Eq. (3) shows the presence of simple shear at the
transient planes between the twist zone and the straight channels
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Fig. 2. Microstructures of aluminium alloy AV87 before (a) and after (b)
one passes of twist extrusion (extrusion temperature 100°C, backpressure
100 MPa).

because only at the transient zones df/dz # 0. The second term in
Eq. (3) describes rigid body rotation around z-axis.

According to the previous works [10], in metallic materials, large
simple shear strains cause vortex flow at a scale with a characteris-
tic dimension of 10 pm. This vortex flow is similar to the turbulent
flow in fluids. Vortex flow at this scale leads to intensive mass
transport and mixing of phases in the material (Fig. 2).

3.2. Cross Flow and Vortex Flow at the Macroscale

Cross flow is defined as deviations from the ideal tool-controlled
flow. The main features of cross flow were analysed for titanium by
using a flow visualization technique and numerical simulations.
Samples of commercially pure titanium were twist-extruded
through a die of a rectangular profile at 350°C with back pressure
of 200 MPa. For visualization of metal flow during TE, copper fi-
bres were embedded into the titanium samples as shown in Fig. 3.

Metallurgical sectioning and optical analysis of the sample cross
sections allowed tracking marker coordinates. For the titanium
sample shown in Fig. 3, b, coordinates of initial (x, y) and deformed
(x',y') markers were defined in terms of the Cartesian coordinate
system (Fig. 1).

The cross flow during TE can be considered as a mapping that
carries material points before TE into points after TE within the
planes normal to the extrusion direction. The mapping can be repre-
sented in a form of the following equations:

x':f(x,y), y,zg(x9y)’ (4)

where functions f(x, y) and g(x, y) are found from the experimental da-
ta.
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Before After

Fig. 3. Visualization of metal flow during TE: a) a sketch of the sample
with embedded copper markers before TE; b) photographs of the sample
cross sections with markers before and after TE.
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Fig. 4. Shape transformation of an inclined fibres that takes place during
multipass TE: a—initial arrangement and shape; b—after 5 passes.

The mapping described by Eq. (4) makes possible tracking any
material points during TE.

The mapping provides a solution for the inverse problem: to find the
arrangement and shape of an initial manifold of material points needed
for a prescribed final arrangement and shape. It follows that, for ex-
ample, fibres initially inclined in respect to the extrusion axis can
form a helical shape after multipass TE. The orientation of the helical
fibres is controlled by the die geometry. The ability to form helical fi-
bres during TE provides a route for producing materials with a chiral
structure [11]. Based on the mapping, Fig. 4 exemplifies a shape trans-
formation of inclined fibres because of multipass TE.

Finally, considering TE as a mapping supported by marker tech-
niques makes it possible to predict formation of vortex microstruc-
tures, which were observed experimentally in Fig. 5.
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Fig. 5. Vortex structure formed by TE: a point set after seven transfor-
mations described by Eq. (4); (b) microstructural traces of vortex flow in
aluminium after 4 TE passes [12].

Formation of vortex structure is accompanied by significant mixing
of the material [5]. In TE, mixing can be further intensified by rotat-
ing the billet 180° around its axis after every 5—7 passes, which results
in periodical change of the vortex direction. Moreover, during TE, the
material near surface periodically flows into the billet volume while
some inner material emerges. Owing to these counter flows, multipass
TE provides prerequisites for mechanical alloying [13]. By the virtue
of the mentioned mixing effect, performing TE in surface-active media
grants surface treatment of the material for further improvement of
its properties (e.g., surface hardening).

4. SUMMARY

In twist extrusion, deformation of metallic materials is accompanied
by vortex flow that takes place at different scales. Multiscale vor-
tex flow opens new horizons for tailored microstructure formation
and improving properties of materials.
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