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Abstract. This article describes the results of a study that looked at the stress state and the specific force or contact pres-
sure through the application of the slip line method and computer simulation (i.e. using the Deform 3D software pack-
age) when a workpiece was subjected to severe plastic deformation (SPD) in a special closed die. SPD is achieved when
a flat punch is embedded in a round workpiece enclosed in the die and alternately compressed by a ring-shaped punch.
Analysis of the results shows that compressive stresses prevail in the deformation zone resulting in the production of
blanks with ultrafine-grained and/or nanostructure, as well as high mechanical properties. The relative discrepancy be-
tween the results obtained through the slip line method and those obtained through modelling in Deform 3D was about
1.3% indicating that the results can be considered reliable. It should be noted that this closed-die technique can be used

to produce such products as gears, i.e. heavy-duty parts.
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Introduction

The process of intensification and plastic defor-
mation in the processing of metals by pressure is
one of the main task at the present stage of the de-
velopment of science and technology, in particular,
in the processing of materials. Widely known meth-
ods such as ECAP, comprehensive forging, high
pressure twisting and other advanced methods and
tools for the implementation of severe plastic de-
formations (SPD), which for the N-th number of
passes, ensure the production of nanostructured ma-
terials with high mechanical properties [1].

Therefore the creation and development of new
ways and means for the implementation of SPD re-
main today for one of the most urgent tasks. In this
article, we present the results of an investigation of
the stressed state and the determination of the con-
tact pressure (specific force) of the deformation of
the circular billet in a closed matrix (Fig. 1).

Section I. Determination of the stress state
and specific deformation force of blanks
in a closed matrix by the method of slip lines

The SPD process in a closed matrix [2, 3] is per-
formed by alternately compressing the blank 4 with
punch punches with a beveled working surface 3
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and inserting central flat punches 2 (Fig. 1). When
compressed with ring punches, the metal flows into
the central hole of the side punches, the central
punches are moved back: one up, the second down.
In this case, the die tooling (puncheons enclosed in
the container 1) is mounted on a ring-shaped stand,
which, after compression by ring punches, is re-
moved and the blank is deformed by the central flat
punches 2, while lateral punches are moved back by
the flow of metal in the opposite direction. Then the
cycle is repeated until the alignment and ensuring
the uniformity of the stress-strain state of the billet
and the obtaining of a nanostructure with high me-
chanical properties. The most common method of
slip lines (s.1.) was used to determine the stress state
and specific deformation force, which is based on a
physical phenomenon, often encountered in prac-
tice: the Chernov-Luders lines, which are clearly
visible when the punch is pressed against a surface
of sheet metal covered with scale, on the surface of
a cylindrical specimen under tension, etc. Slip lines
have a number of important properties that allow
them to be used to determine stresses throughout the
volume of the blank and knowing the stresses at any
point in the body, contact stresses and specific de-
formation forces can be determined.

To determine the specific force and stress state,
when the flat central and annular punches are insert-
ed into the blank, a field of slip lines is constructed
(Fig. 1 and 2).
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1 — container; 2 - central cylindrical punch;
3 —ring punch; 4 — workpiece
Fig. 1. Scheme of the introduction of a flat punch
into the blank and the field of slip lines
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1 — container; 2 — central cylindrical punch;
3 — ring punch; 4 — workpiece
Fig. 2. Compression by ring punches and the field of s.1.

It is known that in the absence of friction on the
contact surface (when using a process lubricant) hp
come out on the contact surface at an angle of 450 or
7/ 4 radians (Fig. 1). At the same time, it is believed
that the field of hp. The surfaces adjacent to the flat
surface of the central punch and the surface of the
annular punches are uniform. It should be noted that
the beveled surfaces of the ring punches only touch
the blank and these surfaces can be considered free,
and accordingly, these surfaces are hp. also come out
at an angle of about 50-45°. Combining homogene-
ous fields from points a and b with radii aC = bC, we
obtain centered fields of s.1., as well as the boundaries
of the plastic region of ACB (Fig. 1). It should be
noted that the field of hp. constructed according to
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the method proposed by L. Prandtl.

We now turn to the determination of the stressed
state and the specific force when introducing a flat
punch into the central part of the billet. From the
constructed field of s.1. it can be seen that the angle
of rotation of the HP. when passing from the point
A (on the free surface) to the point C or B, because,
as already noted, the stress state under the punch is
homogeneous 90° or @ap=Tt/2 radians. We assume
that in the annular zone of the workpiece (on the
free surface), for example, at point A, the metal un-
dergoes compression, and along the Y axis, the
stress is zero, i.e 6ya=0, and from the plasticity con-
dition we can write the following: oya — oxw=2k,
then at point A the average stress Gaera= —k, where k
is the plasticity constant or the shear yield strength.
The Henka equation [2], taking into account that
GaverA > OaverB, Can be represented as follows:

Ouers ~ Oavers = 2K

=2ko,; -

Oaver Oepa

=2k, +k

averB

Savers = Zk(PAB -k

1

Hence average stress at points C or B:

Opers =K (120,45 @
Similarly, we can write for the point C (B), that is:

D,y =—0,,, 0TCI0O1a, 4

Py =2k (14 0,) = 21{1 +gj =2570, (5

Here: o, — is the deformation resistance of the
deformable material, which we take as a function of
the temperature-velocity parameters of the defor-
mation. It should be noted that the plasticity con-
stant is related to the deformation resistance by the

*

following dependence k=2L

5 or approximately
o, =2 k [4].

For example, if the aluminum blank is de-
formed, then from the reference literature the strain
= 58,8 MPa, then the specific

force or voltage on the contact surface will be:

resistance value is o

P sp.in.= 2,57-58,8=151,116 MPa.

Field s.l. when compressed with ring punches
with a sloping working surface is shown in Figure 2.
It should be noted that the greater the angle of
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slope a, the greater the IPD. At the considered stage
of deformation, the metal flows into the hole of the
ring punch, i.e. the metal flows in the opposite di-
rection, relative to the previous stage of treatment.
In the zone of the matrix hole (between the points E
and F) o, is compressive, and 6,=0 and from the
plasticity condition we can write 6,= -2k. The aver-
age stress at this point is k, i.e. 6= 690= - k.

The average stresses at the node points 0.1-0.4
and on the contact annular surface are determined
by the above procedure, i.e. from the Henka:

T
Gaver0.0 - Caver0.4=2K (4 * 5) 5 (6)

Where: m / 9 = vy is the angle of rotation of the
s.l., for example, from point 0.0 to point 0.1.

Then at the point 0.4 or at the point E on the
contact surface, the average voltage will be: Gayero.4

= Gwere = - 2 k (0,5 +4 * %) ~ - 2k*1,90. Hence the

specific force on the contact annular surface will be:

Psp.:'GyEs
or
psp_=2k(]+4*%)=2,40*0';; %)

Then, assuming that an aluminum blank with a
deformation resistance 0; = 58,8 MPa is processed,
the specific force will be:

P spcomp. = 2,40%*58,8 =141,12 MIla.

An analysis of the results of calculating the
stress state obtained by the s.l. method shows that
compressive stresses act mainly in the deformation
region, which contributes to the intensification of
plastic deformation, which facilitates the closing or
"healing" of internal defects of the billet and the ob-
taining of a nanostructure [5].

Section I1. Determination of stress state
and specific deformation force of blanks
in a closed matrix by computer simulation

In recent years, software complexes, such as
Deform 3D, based on the finite element method
are widely used, in particular in metal pressure
machining, which accurately provides information
on stresses and deformations in the volume of the
deformed body. We use this method to determine
the stress state and the specific deformation force
in the SPD of the blank in a closed matrix. After
calculating the stress with the help of the Deform
3D program, pressure changes were obtained

when the blank was compressed with a ring punch
(Fig. 3) [6].
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Fig.3. Pressure variation during blank compression
by ring punches

Analysis of the results of computer simulation
shows that the specific force of compression of the
blank by ring punches was 143 MPa (Fig. 3), hence
the relative difference of values with the previously
obtained result, i.e. value obtained by the s.l. meth-
od (141.12 MPa) was 1.5-1.3%. It should be noted
that in computer simulation, aluminum billet was
also used to calculate the stress state.

Conclusions: The slip lines method and comput-
er simulation using the Deform 3D software pack-
age determine the stress state and the specific de-
formation force for the blank PPD in a closed ma-
trix. Analysis of the results of the study shows that
in the core of the deformation the compressive
stresses predominate, which intensify plastic defor-
mations that help to close internal defects and to
obtain nanostructured materials with high mechani-
cal properties. In this case the relative difference in
the results of the study, obtained by the hp method
and simulation in the software complex Deform 3D
was about 1.3%, which allows to judge the reliabil-
ity of the results of the study.
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ONPENENEHWUE HANPSAXEHHOrO COCTOAHWUA U YAEJIbHOIO YCUNUA
NPU UHTEHCUBHOU NNACTUYECKOW OE®OPMALIMK B 3AKPLITON MATPULIE

Amkees XK.A.', Aupesmenko B.A.%, A6aupamanos C.T.'

1Kaparammucm/uﬁ rocy/1apCTBEHHbIH HHlyCTpHaNbHbIH yHuBepcuTeT, Temupray, Kaszascran
IKNGACTY3CKHil HHKEHEPHO-TEXHUUECKHIT HHCTHTYT MM. aKaziemuka K.Carnaesa, xubacrys, Kasaxcran

Annomayusn. B pabGoTe mpuBENEHBI  PE3yNbTATHI
HCCIICI0BAHHsl HANPSHKCHHOTO COCTOSHUS M YJIENBHOTO
ycuiust (KOHTAaKTHOTO JIABIICHHS ), TIONY4CHHBIC METOIOM
JMHUA ~ CKONBXEeHHs  (1.C.) M KOMITbIOTEPHBIM
MOJIC/IMPOBAHHEM, C HCIOIb30BAHUEM IIPOrPAMMHOIO
komiuiekca Deform 3D mpu HHTEHCHBHO#M IIACTHYECKOM
nedpopmarmu  (MI1J]) 3aroToBkM B ChieHalIbHOM
3aKpBITOM MaTpHIIe. HIia OCYIIECTBIIAETCS
MONEPEMEHHBIM ~ BHEJPEHHEM IUIOCKOr0 IIyaHCOHa U
CKATHEM KOJBIEBBIM ITyaHCOHOM 3arOTOBKM KpPYIJIOH
(opMBI, 3aKITIOUECHHOI B MaTpuIle. AHAIH3 Pe3yIbTaTOB
HCCIe[0BaHMs TOKa3bIBaeT, 4YTO B odare aehopMaiun
[PEBAIUPYIOT CKUMAIOLIE  HAIPSDKCHUS, 4TO
Croco0CTBYET TIONyYeHHIO0 3aTOTOBOK c

YIBTAPMENKO3EPHUCTON — W/WIM ~ HAHOCTPYKTPOH U
BBICOKMMH TIOKa3aTEIAMU MEXaHUYECKUX CBOWCTB. an/I
STOM OTHOCHTENIbHAS PasHMIA PE3yIbTaTOB HCCIIEI0BA-
HUS, TOIY4YE€HHBIX METOAOM J.C. U MOACIUPOBAHUEM B
nporpaMmmHoM Kommuiekce Deform 3D cocraBma okono
1,3%, 4TO HO3BOISAET CYMHUTH O JIOCTOBEPHOCTH PE3Yllb-
TATOB HCCIICAOBAHMA. Cne/:lye'r OTMETUTb, YTO HJAHHBIM
Croco6OM B 3aKpBITOI MaTPHULE MOXKHO ITOJTy4aTh TaKHE
M3JeNMs KaK, HalpuMep, 3yOuaThle MIECTEPHHU, KOTOphIE
pa60‘ra10‘r B TSDKEJIBIX YCIIOBUSX U K HUM MPEABIBISAIOT
BBICOKHE TPEOOBaHH.

Knrouesvie cnosa: matpuiia, 1yaHCOH, KOHTEHHep, 00-
Ppasiibl, 3ar0TOBKH, JiehopMariysi, HalpspKeHHE.
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