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Abstract. Solid-phase synthesis by joint plastic deformation of the components under high pressure opens up completely
new possibilities in creating new materials. A key step in the materials synthesis during severe plastic deformation
(SPD) is the delivery of atoms of different components to specific locations in the sample. It is carried out due to the
mixing process in the solid phase. The details of the process are still largely unexplained in microstructural terms. This
hinders the employment of the enormous potential of SPD synthesis.

The report presents the results of studies on a mixing of metals during the formation of nanostructured metal
compositions by SPD technique.
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When creating new materials, the starting components are combined with each other, usually
in a liquid state. Solid-phase synthesis by joint plastic deformation of the components under high
pressure opens up completely new possibilities in this regard. The guiding principle was proposed
by the Nobel Prize winner Percy Williams Bridgman. He suggested an innovative technique based
on the torsion of samples in the form of thin disks between two anvils, and used it to create alloys
and polymers in his first experiments [1, 2]. The sample was compressed between the anvils during
the deformation under an applied pressure of tens of thousands of bars. Today the technique is
known as High Pressure Torsion (HPT).

Since the late 1980°s, HPT has been widely used to create ultrafine-grained metals and alloys
with remarkable physical and mechanical characteristics [3]. In addition to HPT other techniques
were developed, based on the Bridgman's idea to stimulate phase transformation by applying large
deformations. This approach has a common name of SPD [4].

A key step in the materials synthesis during SPD is the delivery of atoms of different
components to specific locations in the sample. It is carried out due to the mixing process in the
solid phase. One can distinguish the mixing at different spatial scales. We can outline the synthesis
during the SPD as follows. The starting material has rather large structural characteristic size of tens
or hundreds of micrometers and can be used in various shapes, such as wires, tapes, plates, powder
particles, etc. During SPD, they are thinned to micron and submicron scale, fragmented into small
pieces and mixed together. In parallel, crystal lattice defects including vacancies, dislocations, and
grain boundaries are formed, leading to the mechanical activation of the material and acceleration
of the diffusion processes. High hydrostatic pressure in the deformation zone prevents the failure of
the material. All this creates the conditions for the formation of solid solutions, new phases, and
chemical compounds, even those that cannot be obtained by liquid-phase approach.

The scheme of SPD synthesis looks rather understandable and was already presented by P.
Bridgman in his first works [1, 2]. However, the details of the process are still largely unexplained
in microstructural terms. This hinders the employment of the enormous potential of SPD synthesis,
since without the knowledge of the process details it is impossible to gain the desired result. In
particular, without understanding the mechanisms of solid-phase mixing, it is not possible to ensure
the necessary distribution of substances throughout the sample volume.

In order to quantitatively study the mixing process, a parameter characterizing the degree of
mixing is introduced in the work. This is done as follows. Let us consider schematically the process
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of mixing two substances, A and B. They are completely separated in the initial state, and their
volume fractions are equal to a and b respectively (a + b = 1) (Fig. 1).
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Fig.1. Scheme of mixing two components (a — initial, b — after deformation)

During the mixing, regions with two substances are formed (Fig. 1b). We define a parameter
that would characterize the degree of mixing of substances in such areas. In the study of mixing,
first of all, it is necessary to determine the size of the averaging area, which allows introducing such
concepts as the concentration of components and field characteristics of mixing. This area plays the
role of a representative volume in the mechanics of continuous media. Its characteristic size should
be determined by the physics of the process. In the study of mixing, the averaging area will be
considered a point, similar to material points in the mechanics of continuous media.

We will consider only two scale levels, each of which is associated with its determinative
mechanisms of mixing. For the lower scale level, where mixing is due to diffusion, the
characteristic sizes satisfy the condition [ < [;, where [; is the characteristic size of the diffusion

zone (g = \/2D¢¢T, where T is the characteristic diffusion time and D¢ is the effective diffusion
coefficient). According to preliminary estimations [;~1 pm.

Fig. 2. Scheme of the w index distribution through the sample cross section (a — scheme of samples with points
of XRD analysis, b, ¢, d — distribution of w index for beginning, middle and complete intermixed stages two
layers respectively)

The upper scale level is characterized by the lengths |; < | < L, where L is the size of the
sample (the area that the components originally occupy). At this level, mixing is due to the
mechanisms of advection mass transfer. Studies of mixing at the upper and lower scale levels will
be performed according to their respective methods. Below we describe the technique proposed for
the mixing at the upper scale level. At the upper level, we introduce the concepts of concentration
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of components &, (r) and &, (r), by which we mean the volume fractions of components A and B in
the averaging zone, centered at a point r. Obviously, &,(r) + &,(r) = 1. The numbers &, (r) and
&, (r) are determined by EDX analysis, with a spot size ~l;. As a measure of mixing w(r), we take
a value that satisfies the following conditions:
(1) in areas where there is no mixing, when {, = 0and ¢, = 1, w = 0;
(2) for perfect mixing, when ¢, = a, the value w reaches a maximum of 1.
A variety of expressions can satisfy these conditions, of which we take the simplest:

%a, whené, <a

11—%, whené, > a

As an example, Fig. 2 shows the distribution of the w value for the workpiece of two layers of
copper and aluminum of equal thickness under the HPT deformation.

The aim of the experiment was to restore the w(r) field in the sample volume according to the
results of its measurements in various sections of the sample. In the experiment, we have studied the
dependency of w(r) on the properties of the materials, the geometric characteristics of the initial

sample, the number of the anvil rotations, and the deformation temperature.

KinbkicHuii onuc 3MilIaHHA MeTaJliB NPU IHTEHCUBHIN NIacTHYHIN Aedopmanii

Beiireansimep S1.10., Kynariu P.1O., lapugenko O.A., JImurpenko B.IO.

Teepoogasnuil cunmes wiisxXom CRIILHOI NIACMUYHOL Oehopmayii KOMNOHeHmMI6 Ni0 GUCOKUM MUCKOM BIOKPUBAE
abCcoNomMHO HOGI MOJNCIUBOCMI 6 CMEOPeHHI Hosux mamepianie. Kuouosum emanom cummesy mamepianié nio uac
inmencugHoi naacmuynoi depopmayii (II1]]) € docmaska amomie pi3HUX KOMNOHEHMIE 6 Ne@Hi micys 6 3pasky. Lle
30IUICHIOEMbCS. 3a PAXYHOK npoyecy nepemiuiyéanus 8 meepoiu ¢hazi. [lemani npoyecy 6ce wje 3HAUHOIO MipolO He
NOsICHEeHI 3 mouKu 30py mikpocmpykmypu. Lle nepewkoooicac suxopucmannio eenuvesnoeo nomenyiany IJ-cunmesy.

YV 0onoeioi npeocmasneni pesyromamu 00cniodceHb 3MIULY8AHHA Memanié npu (opmMysanHi HAHOCMPYKMYPOBAHUX
Memanesux komnosuyiti memooom I11J].

Kurouosi cnosa: meepoogasnuil cunmes; iHmMeHCUBHA NAACTUYHA Oedhopmayis;, KPYMIHHA Ni0 8UCOKUM MUCKOM, MIiOb;
AMOMIHII, wapu, 3Miuy8aHHs.

KosmyecTBeHHOE OnMUCaHHe CMELICHUS MEeTAJIOB NP HHTEHCUBHOM
IUVIACTHYECKOH AedopManuu

Beiirean3umep S.E., Kynarun P.1O., laBuaenko A.A., JImurpenko B.IO.

Teepooghasuviii cunmes nymem COBMECMHOU NAACTHUYECKOU Oepopmayuu KOMHIOHEHMO8 NOO 6bICOKUM OasneHuem
OMKpbIBAEN COBEPUIEHHO HOBble BOZMONCHOCMU 6 CO30aHUU HOGLIX Mamepuanog. Kmouegbim smanom cunmesa
Mamepuanos 60 8pemsa uHmeHcusHou niacmudeckot oegpopmayuu (M) asraemcs 0ocmaska amomos pasnuiHbIX
KOMNOHEHMO8 6 onpedenenHvie Mecma 6 obpasye. Mo OCYWeCmeNaemecs 3a Cuem npoyeccda nepemMeuiusanus 6
meepooil  aze. [emanu npoyecca 6ce ewe 6 3HAYUMENLHOU CMENneHu He O0O0BACHeHbl ¢ MOUKU 3PeHuUs
MUKDPOCMPYKIMYpbl. IMO Npensimcmeyen UCnonb306aHui0 02pomHo20 nomenyuana U/ cunmesa.

B Ooknade  npedcmasnenmsl  pesynvmamuvl  UCCIe008AHUL  CMeWleHUs — Memauiios  npu  opmMuposanuu
HAHOCMPYKMYPUPOBAHHBIX MEMAIUYeCKUX Komnosuyui memooom HUITJ].

Kniouesvle cnosa: meepoogasnviii cunmes; UHMEHCUGHAS NAACMUYECKAs Oe@opmayus, KpyueHue noo 6blCOKUM
oaenenuem,; meos, ANOMUHUL, CTIOU, NepeMelusanue.
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