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BUXPEBOE TEYEHUE METAJLIA ITPY BAHTOBOM SKCTPY3UH

Twist extrusion (TE) is a metal forming technique for processing long metallic products by simple shear. This allows producing
microstructures and textures of the billets radically different from those produced by conventional extrusion. The current study aims
at investigation of vortex flow in TE that previously received little attention in the literature. Particularly, the mechanism of the
vortex flow and its effects on the microstructure at different scales are elucidated.

For the experimental study of the kinematics of the flow of material workpieces of twist extrusion processed was used improved
method of plasticity theory. According them the latter lies in the fact that to determine the stress-strain state of the workpiece is used
kinematically admissible velocity fields with variable parameter determined by identifying the criterion of best fit lines of current
theoretical and experimental.

Prospective applications of vortex flow in TE are also discussed.
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Introduction

Conventional extrusion processes usually change cross sectional dimensions of semiproducts. In this sense, twist
extrusion (TE) is not a conventional extrusion technique because the billet does not change its cross section during the
process. Similar to other severe plastic deformation techniques, the primary use of TE is aimed at improving properties
of metallic materials through producing special ultrafine grained microstructures [1].

Another critical difference between the TE and conventional extrusion processes lays in their main deformation
modes: simple shear in TE instead of elongation in the conventional ones. Simple shear was reported in many works to
be quite a distinct deformation mode in terms of microstructure formation [2-4]. For this reason, there is continuous
interest in metal forming techniques based on the use of simple shear: high-pressure torsion [5], equal channel angular
pressing [6], shear extrusion [7], torsion extrusion [8] as well as processes emerged from the concept of TE [9-11]. All
of these methods allows for producing ultrafine grained structures in metallic materials, which are known for improved
and sometimes unique properties [12].

The current study reviews and discusses some features of metal flow during TE, particularly, the fact that

deformation in TE is uniquely associated with vortex flow, which

forward pressure provides wide opportunities for microstructure formation at different
dummy block scales, .. . . . . .
The principle of twist extrusion and kinematics of plastic flow
billet 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”
extrusion 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 process, the
main deformation mode is simple shear that takes place at the transients
between the twist and straight channels [1]. 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

backward pressure surface, and dimensions of the transverse profile. The von Mises strain
Fig. 1. Schematic of the TE process accumulated during one TE pass is approximately 1.0 [13].
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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 analyzed in the paper that introduced the TE process [14]. 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 (remaining plane
during TE) normal to the extrusion direction. As a result of such ideal helical flow, material points of each virtual plane
preserve their relative locations and move together in the extrusion 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 ¥ [14] is decomposed as
V=V +V,, (1)
where 7, , 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.
Helical flow and vortex flow at the micro scale
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 [14]
vV, tanf3 xV,tanf3
Vi, = _OT , Vly 270 F
where P 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

V=V, @

circumscribing the rectangle of the die profile.
When the components are known, the velocity field of helical flow 171 reduces to the following velocity gradient

tensor
00 -2 &), Kunp
Rcos’ B dz
M _lg o o A JHwB ] )
dr Rcos™ P dz R
0 0 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 because only at the transient zones d%z # 0. The second term in Eq. 3 describes rigid body rotation

around z axis.
According to the previous works [2, 15], in metallic materials large simple shear strains cause vortex flow at a
scale with a characteristic 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).

Fig. 2. Microstructures of phosphorous-copper alloy (8.5% wt. of P) before (a) and after (b) two passes of twist extrusion
(extrusion temperature 100 °C, back pressure 200 MPa)
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Cross flow and vortex flow at the macro scale

Cross flow is defined as deviations from the ideal tool-controlled flow. The main features of cross flow were
analyzed for titanium in work [16] by using a flow visualization technique and numerical simulations. Samples of
commercially pure titanium were twist-extruded through a die of a rectangular profile (Fig. 3) at 350 °C with back
pressure of 200 MPa.

)

!
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Fig. 3. Design of the die used in the experimental studies of titanium flow during TE

For visualization of metal flow during TE, copper fibers were embedded into the titanium samples as shown in
Fig. 4.

Before After

TE

a b
Fig. 4. 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

Metallurgical sectioning and optical analysis of the sample cross sections allowed tracking marker coordinates.
For the titanium sample shown in Fig. 4b, coordinates of initial (x, y) and deformed (x’, y') markers are listed in Table

1 in terms of the Cartesian coordinate system defined in the previous section.

Table 1
Marker coordinates (mm) before and after one pass of TE. The origin (0,0) is at the center of the cross section
1 2 3 4 5 6 7 8 9
X -9,0 0,0 9,0 -9,0 0,0 9,0 -9,0 0,0 9,0
y 6,0 6,0 6,0 0,0 0,0 0,0 -6,0 -6,0 -6,0
X' -8,1 1,1 9,6 -9,3 0,1 9,3 -9,5 -14 7,9
y' 6,0 5,9 4,9 1,0 0,0 -1,5 -4,9 -6,0 -6,4

These experimental results suggest that 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
represented in a form of the following equations:

¥ = flxy), v =glxy), @)
where functions f(x,y) and g(x,y) are found from the data in Table 1.

The mapping described by Eq. 4 makes possible tracking any material points during TE. For example, for a

material point whose initial position is defined as

x=x(z), y=5(2), (5)
the mapping (one TE pass) can be written in the form of the equations:
¥ = f(x(2)x(2). y' = glx(z). v(2)). (©)

Eq. 6 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 example, fibers initially inclined
in respect to the extrusion axis can form a helical shape after multipass TE [16]. The orientation of the helical fibers is
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controlled by the die geometry. The ability to form helical fibers during TE provides a route for producing materials
with a chiral structure [17]. Based on the data in Table 1, Fig. 5 exemplifies a shape transformation of an inclined fiber
as a result of multipass TE.
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Fig. 5. Shape transformation of an inclined fiber that takes place during multi-pass TE:
a — initial arrangement and shape; b — after 3 passes; ¢ — after 5 passes

Finally, considering TE as a mapping supported by marker techniques (e.g. coordinates in Table 1) makes it
possible to predict formation of vortex microstructures which were observed experimentally in Fig. 6.

Fig. 6. Vortex structure formed by TE: a point set after seven transformations described by Eq. 4; and (b) microstructural
traces of vortex flow in aluminum after 4 TE passes [18]

Formation of vortex structure is accompanied by significant mixing of the material [19]. In TE, mixing can be
further intensified by rotating 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
[20]. 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).

Summary

In twist extrusion deformation of metallic materials is accompanied by vortex flow that takes place at different
scales. Multi-scale vortex flow opens new horizons for tailored microstructure formation and improving properties of
materials.
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Anunomayua. Bunmosasn skempysua (B3) - cnocob degpopmuposanus memannos 0is 06pabomu OTUHHOMEPHBIX MEMAITUYeCKUX
u30enuti ¢ NOMOWbI0 NPOCMO20 CO8uea. IMo NO360asem NOLYHAMb MUKPOCHPYKIYPbL U MEKCMypbl 8 3d20MO6KAX PAOUKATILHO
omauNawuecs om mex, KOmMopwvle NOLYYEHbl ¢ NOMOWbIO 0ObIUHOU IKCmMpY3uu. JJaHHOe UCCIe006aHUe HANPABIEHO HA U3VYeHUe
suxpegoco meuenus npu BD, xomopomy pamnee ne yodenanocb odocmamounozo GHumanus 6 aumepamype. B uacmmnocmu,
PaACCMAMpPUBAEMcs MEXAHU3M —6UXPEB020 MeUeHUs U e20 6GIuAHUe HA MUKPOCMPYKMYPY HA PA3IUYHbIX YPOSHAX. [na
9IKCHEPUMEHMATILHO20 U3YHUEHUS KUHEMAMUKY MeYeHUs MAmepuana 3a20moeok npu B3O ucnonv3osan ycosepuieHcmeo8antulii Memoo
susuonaacmuynocmu. Omauyue om NOCIEOHE20 3AKTIOYACMC 8 MOM, Ymo Ol OnpedeieHUs HANPANCEHHO-0eQOPMUPOBAHHO20
cocmosHus  0opabamvlBaeMol  3a20MO6KU  UCNOIb3YeMCs  KUHEMAMUYECKU-803MOXMCHOE NONe  CKOPOCMEN ¢ 6apbupyemvim
napamempom, onpeoeniemMbiM nymem UOeHMuGUKayuy no KpUmepuio Hauiyyuezo coOOmeemcmeaus meopemudeckux JuHull moxka u
aKcnepumenmanoHuix. Taxoce npednodceHvl NePCneKmuebl NPUMEHEHUs 8UXPeo20 meyeHus 6 BO.

Kniouesvie cnosa: Bunmosas sxcmpy3us, npocmoil cogue, guxpegoe meuenue, cMeuusanue
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Anomauin. 'sunmosa excmpysis (I'E) — cnocib6 Oepopmysanns memanig 0nsi 06poOKU 00820MIpHUX Memanesux 6upobie 3a
odonomozoio npocmozo 3cygy. Lle 0o3onae ompumysamu MiKpocmpykmypu i mexkcmypu 6 3a20mo6Kax KapOUHanbHO GIOMINHI IO
TUX, WO OMPUMAHT 34 0ONOMO2010 38unailinoi ekcmpysii. [Ipedcmasnene 0ocaiodiceHHs Hanpasiene Ha 00CTIONHCEHHA 8UXPOBOT meuii
npu I'E, sakiii paniue ne npudinsnocsa docmamuvoi ysaeu 8 aimepamypi. A came: po32nsioaemvcs Mexauism euxposoi meyii ma ii
6NIUB HA MIKPOCMPYKIMYPY HA PI3HUX PIGHAX. [{Isl eKCnepumMeHmanibHo20 8UgHeHHs KinemMamuky meuii mamepiany 3a2omogox npu BE
BUKOPUCAHULL YOOCKOHATIeHULl Memoo sizionnacmiunocmi. Ha 6i0Miny 6i0 0cmanHb020 GiH NOIsAeAE 6 MOMY, WO Olsl GUIHAYEHHS
HANPYHCceHO-0ehopmMoanozo cmary obpoOI0eanol 3a20Mo6KU UKOPUCIIOBYEMbCS KUHEMATNUYECKU-MONMCIUBE NONE WEUOKOCHEN 3
BAPINOBAHUM NAPAMEMPOM, SUSHAUATLHUM WLIAXOM I0eHmu@iKayii 3a Kpumepiem Haukpawoi 6i0noeioHOCmi meopemuyHux JiHil
cmpymy i ekchepumenmanbHux. Takodc 3anpononosani nepcnekmugy 3acmocysants euxpoeoi meuii ¢ I'E.

Kniouoei crosa: 26unmosa excmpysis, npocmuil 3cy6, 6UXpoea meuis, 3Miuly8anHs
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