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The article considers the process of forming the inner slot profile on a pipe billet by the method of
cold plastic deformation, by compressing them with a matrix on a profile slotted mandrel (by the method of
"covering" drawing). A comprehensive study of the mechanics of shaping products to assess their quality and
study the possibility of improving the process itself.

In the case of three-dimensional molding, the surface of plasticity depends on the history of
deformation, which is determined by the change in the stress state with increasing accumulated intensity of
deformation. The surface of plasticity in this case is not fixed and can be constructed using the criterion of
deformability, which provides the position of the point of the fracture surface, taking into account the history
of deformation.

The planes of deformation and boundary surfaces of plasticity are constructed, which showed a
sufficient margin of plasticity for the process of forming the inner splined profile.

It is substantiated that when constructing the load trajectory in the space of dimensionless indicators
n and y its type is unambiguously determined by the conditions of formation characteristic of the studied

process and practically does not depend on the mechanical properties of the deformed metal.

The areas of deformation closest to the failure are determined by indicators that take into account the
influence of the first and third invariants of the stress tensor (lateral region and area of depressions of the
profile relative to the process of forming the internal splined profile), in which the used plasticity reaches
values v =0,34 ... 0,4.

From the point of view of providing a margin of safety, such calculations must be performed taking
into account the indicator that takes into account the influence of the third invariant of the stress tensor.

Key words: forming, workpiece, plastic deformation, splined mandrel, plasticity reserve, load
trajectory, stress tensor invariants, plasticity resource.

F. 4. Fig. 7. Table. 2. Ref. 11.

1. Problem statement

The implementation of modern technologies, accompanied by operations in which the flow of metals
with complex rheology in conditions of complex load is impossible without scientifically sound process
parameters that ensure the quality of products. The emergence of new methods of pressure treatment is
constrained by a number of problems: the loss of resistance to plastic deformation, the destruction of the metal
of the workpieces in the process of their deformation, the growth of metal grains after heat treatment.

These problems can be solved using the phenomenological theory of deformability of metals without
destruction, which was developed at the end of the last century, which allows to estimate the marginal
deformation, used plasticity, marginal deformation, and predict technological heredity (residual ductility, size
grains after cold plastic deformation and subsequent heat treatment and other factors).

Phenomenological theories, based on the hypothesis of the dependence of plasticity on the history of
loads, which is given in the stress space, are widely used in technological practice.

The characteristics of the stress state can be its indicators, which allow to study the trajectories of loads
not in the space of the stress tensor, but in the space of its invariants.

It is of practical interest to conduct research, the results of which allow us to evaluate the applicability
of plasticity diagrams constructed under conditions of flat or linear stress states to assess the deformability of
metals deformed under volumetric stress conditions. The solution to this problem is associated with the
difficulties that arise when conducting special experiments in high-pressure chambers.
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2. Analysis of recent research and publications

In the works [1, 2] it is shown that the dependence of plasticity on the stress state scheme can be
characterized by two indicators of the stress state. In the case of a volumetric stress state, it is necessary to take
into account the effect on the plasticity of the third invariant of the stress tensor [3], the results of researches
of dependence of plasticity on invariants of stress tensor at hydrostatic processing of metals, and also a
technique of construction of the volume diagram of plasticity for conditions of volume stress are presented.
The given results of the specified works allow to estimate boundary deformation in case of volume formation
under conditions under usual diagrams. © =const, y =const, H =0 (parameter characterizing the trajectory
of the deformation curvature).

In traditional research, the load process is set by six time functions al.j(t), or five functions Sij(t)

and an independent function of time o—(t), which leads to the need to study a large number of trajectories. It

is established that under the same conditions the formation of the load trajectory for different materials may
be different, this requires additional research and the creation of a cumbersome mathematical apparatus to
describe each of the processes.

In connection with the above, to specify the trajectory in the stress space, it is proposed to use two
dimensionless indicators of the stress state [3]:
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The main advantage of the approach, in which the load trajectory is set not in the six-dimensional
stress space, but in the space of dimensionless indicators 7 and y is that in the latter case, the type of load

trajectory is uniquely determined by the conditions of formation characteristic of the process under study, and
practically does not depend on the mechanical properties of the deformed metal. This provides ample
opportunities for computer modeling and selection of the optimal material for the product, for which it is
necessary to know the parameters of the coefficients of approximation of the flow curve and the surface of
ultimate plasticity. In addition, this approach significantly reduces the number of time-consuming experimental
studies.

Another advantage is that as shown in the works [4, 5, 6], and also in researches on the given work -
properties of research materials have little influence on ways of deformation in dangerous areas (the areas
closest to destruction) - deviations make no more 5 %, which is consistent with the results presented in the
works for the processes of deposition, transverse extrusion, cold planting, etc.

Having constructed deformation paths for the hazardous area of one test material, it is possible to plot
the plasticity diagrams of other materials in the same coordinate system, and to determine the total used
plasticity resource, ie the expediency of material selection for this process.

1)

3. Purpose of the research

To consider the process of forming the inner slot profile on the pipe blank by the method of cold plastic
deformation. Calculate the limit deformations that take into account the influence of invariants of the stress
tensor on the resource of plasticity in dangerous areas of deformation during the formation of workpieces, not
the monotonicity of the load and not the linearity of the accumulation of damage.

4. Results of research

Consider the process of forming the inner slot profile on the pipe billet by cold plastic deformation.
The Institute of Superhard Materials of the Academy of Sciences of Ukraine has developed a technological
process of forming internal slots in pipe blanks by compressing them with a matrix on a profile slotted mandrel
(by the method of "covering™ drawing) [7].

The essence of the process (Fig. 1) is that the pipe blank 1 together with placed inside with a minimum
gap slotted mandrel 2 on the guide sleeve 3 is pushed by the punch 4 through the deforming matrix 5, which
is located together with the guide sleeve in the holder 6. After crimping along the entire length of the product,
the mandrel is extruded. In this way, formed a rectangular splined profile corresponding to the profile of the
bushing shaft bushing of the steering of the car GAZ-3307.
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Fig. 1. Scheme of the process of Fig. 2. The equipment for reduction of splined plugs established
forming internal slots in pipe on hydraulic press model 1PS-200: a — general view;
blanks b — working position

The process can be performed on vertically-extended machines or hydraulic presses (Fig. 2) and is
recommended as a high-performance, which allows to obtain slotted sleeves of high accuracy without further
finishing in mass production.

In the process of forming the inner slot profile on the billet by cold plastic deformation axial and radial
forces reach the order of 250 kN, and contact pressures of 1 GPa, which can adversely affect the durability of
equipment and facilities. The slotted mandrel is made solid, so if you make slots or damage one of them, it is
unsuitable for further use. It is known that the cold plastic deformation treatment reduces the surface roughness,
increases its hardness and wear resistance, creates residual stresses of the required sign, the volume plastic
deformation of the entire thickness of the part, which increases its strength. However, with increasing strength

characteristics of the material (tensile strength o, yield strength o, , hardness HB) there is a decrease in

plastic characteristics (relative elongation ¢ and relative narrowing ).

Based on the above, we can conclude that for the process of forming the inner slot profile on the pipe
blank by cold plastic deformation, it is important to comprehensively study the mechanics of forming products
with an assessment of their quality and study the possibility of improving the process.

In the case of three-dimensional molding, the surface of plasticity depends on the history of deformation,
which is determined by the change in the stress state with increasing accumulated intensity of deformation. The
surface of plasticity in this case is not fixed and can be constructed using the criterion of deformability, which may
include the position of the point of the fracture surface, taking into account the history of deformation.

Assessment of technological strength can be carried out if the dependence is known 7 from the

accumulated degree of deformation in the most dangerous area of the deformable workpiece, the magnitude of the
characteristic deformation and other process parameters. The latter affect the stress and strain in this area. Such
parameters when pressing the slot are the angle of the tooth profile, contact friction, the type of lubricant and others.

The analysis of the stress state showed [8] that the most dangerous are the contact areas of the mandrel
slot and the plastic area and the area of growth (represented by a semicircle under the slot), as shown in Fig. 3.
In dangerous areas, the stress parameter reaches the highest (including the sign) value, so this area is the most
severe. In the course of research the movement of points of dangerous areas in the physical plane was studied
by means of modeling on component samples and in the plane of indicators. €, ; 7; x [6]. Thus, for point 1, the

initial position was taken as shown in Fig. 3.

Table 1
Parameters of the deformation path of point 1 and area growth

) e 0,28 0,3 0,35 0,4 0,45
Point 1 !

n -1,42 -1,45 —1,47 -1,49 -15

Region e, | 00045 0,2 0,28 0,33 0,45

outgrowth | —15 | —15 | —15 | -15 | —15

formation
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When pressed to the depth h = 1,5 mm point 1 falls into point 2, with the parameters e; = 0,28; o =
610 MPa; oo =—290 MPa; n=—1,42. In subsequent indentations, point 1 passes sequentially to points 3, 4

and 5, which limit the area of growth. Data for the construction of the deformation path are given in table 1,
which also presents data for the area of growth.

Fig. 3. Calculation scheme for determining the stress-strain
state during the formation of the internal spline profile

Table 2 presents the calculation data for the construction of the surface (deformation plane) for points
1, 2, 5, taking into account their movement in the physical plane.

Table 2
Data for the construction of the deformation plane for points 2, 5
Calculation results for point 2
h. mm eu Oy Gp Op Op 7 Tp(g y
MPa MPa MPa MPa MPa
15 0,28 610 0 — 600 — 305 -15 90 0,22
1,7 0,32 620 100 —510 —200 -1 77 0,366
1,8 0,35 630 120 —510 —-190 | -0,92 76 0,374
2,3 0,4 650 160 —490 -160 | -0,75 73 0,37
2,7 0,45 660 180 — 480 -150 | -0,67 71 0,36
The results of the calculation for point 5
1,5 0,13 550 120 —430 -150 | -0,83 74 0,373
1,8 0,28 610 160 —430 —138 —-0,7 69 0,35
2 0,33 630 180 — 450 —130 | -0,63 67 0,36
2,4 0,4 650 240 —410 -85 -04 61 0,316
2,7 0,45 660 300 — 360 -13 -0,13 54 0,226

The starting position of point 2 was the distance r (Fig. 3). When pressed to the depth h = 1,5 mm it
falls at the beginning of the converging channel. Subsequent calculation for point 2 was performed, as for the
mobile, on the border of the converging channel. For point 5, the calculation was performed as for the mobile,
from the beginning to the end of the converging channel.

For the areas closest to the destruction, ways of deformation of characteristic points were built: 1-1;
2-2; 5-5; n —n (growth) (Fig. 4).
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Fig. 4. Diagram of plasticity of steel 20X and ways of deformation
dangerous areas when pressing the slotted stamp

As can be seen from Fig. 4 areas 2-2; 5-5 have complex deformation pathways, so we applied criteria
based on the nonlinear theory of damage accumulation, which take into account the history of deformation in
the form [9]:
el

——de =1, (2)
e,(n)

-
0

d L ,
where n=1+ 0,2—77; ep(e,.) — the value of the plasticity diagram, which corresponds to the value
e, path of deformation, as well as a criterion that takes into account the tensor nature of the accumulation of
damage [10]:

¥ e de.
v, =||1-a+2a—= |B,— = (3)
![ : wj o)

p
VW = 1, (4)
where B, = \E di — guide tensor of strain rates; a=const — some coefficient that is selected to
ei

satisfy condition (4), which is taken as the condition of destruction.
In fig. 5 presents the results of the calculation of stress indicators n and  and the used plasticity
resource along the contact line of the slot of the mandrel and the plastic region, as well as the discrepancy of

the calculation results (), w(n). v;(x). v;#n).
These studies are more widely presented in [6, 8].

\l!
0.4
0.3 T ] —
w(n)
0.2 e
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Fig. 5. Discrepancy of calculation results (), y(z) — by criterion (2);
v (7). vy (r7) — by criterion (3);
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From the graphical data it follows that the values of the used resource of plasticity, calculated taking
into account the impact I3(T,), appeared at different values » higher values y, calculated without taking it into
account. The magnitude of the discrepancy depends on the indicators # i y. With a decrease # (increasing
hydrostatic pressure) increases the impact 13(T,) by the magnitude of the ultimate deformation. It should be
noted that at certain levels of hydrostatic pressure, when its value modulo approaches the yield strength of the
material on the displacement, the effect I3(T,) decreases. Further increases in pressure are likely to increase the
impact again 13(T5,).

In fig. 6 and 7 show the planes of deformation and the boundary surfaces of plasticity for points 2 and 5.

—
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Fig. 6. The plane of deformation of the point 2 Fig. 7. The plane of deformation of the point 5
(‘& =f(n x))and marginal surface e =f(y, ) (& =f(n »)) and marginal surface e = f(z, »)

As shown in Fig. 6 and 7 the plasticity boundary surfaces for points 2 and 5 indicate a sufficient margin
of plasticity of the products.

4. Conclusions

1. The constructed deformation planes and boundary surfaces of plasticity showed a sufficient margin
of plasticity for the process of forming the inner spline profile.

2. Itis substantiated that when constructing the load trajectory in the space of dimensionless indicators
n i y its type is unambiguously determined by the conditions of formation characteristic of the studied
process and practically does not depend on the mechanical properties of the deformed metal.

3. The areas of deformation closest to the failure are determined by indicators that take into account
the influence of the first and third invariants of the stress tensor (lateral region and area of depressions of the
profile relative to the process of forming the internal splined profile), in which the used plasticity reaches
values w = 0,34...0,4. From the point of view of providing a safety margin, such calculations must be

performed taking into account the indicator that takes into account the influence of the third invariant of the
stress tensor.

4. Investigating the processes of cold plastic formation, co-accompanied by complex non-monotonic
deformation, it is necessary to apply models that take into account the nonlinear nature of the accumulation of
damage.
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XOJIOJAHE INVTIACTUYHE JE®OPMYBAHHA 3AI'OTOBOK B YMOBAX
I'PAHUYHOI'O ®OPMOYTBOPEHHS

B cmammi poseasnymo npoyec popmoymeopenus 6HympiutHb020 wiiyb08020 NPoqhinio Ha mpyoHii
3A20MOBYI MEMOOOM XOJIOOHO20 NAACTNIUYHO20 0epOPMYBAHHS, WLIAXOM IX 0OMUCKY Mampuyero Ha npoQiivHy
waiybo8y onpasxy (memoodom ‘“‘oxonnoiouozo”’ npomsieyeanns). Ilposedeno ecebiune 6UGUEHH MEXAHIKU
hopmoymeopenns supobis i NPoeeOdeHHs. OYIHKU iX AKOCMI MA OOCIONCEHHS MONCIUBOCI 800CKOHAICHHS
camozo npoyecy.

Y eunaoky o6'emno20 opmoymeopenHs nogepxHs NAACMUYHOCMI 3dnedcums 6I0 icmopii
0ehopmyBanHs, KA GUIHAYAEMbCS 3MIHOIO NOKAZHUKIE HANPYICEHO20 CMAHY NpU 3POCMANH] HAKONUYEHOT
inmencusnocmi oegpopmayin. Ilosepxns naacmuunocmi 6 Yybomy 6UNAOKy He € (DIKCO8aHow i Modice bymu
no6y0osana 3a 00NOMO20K Kpumepilo Oehopmyemocmi, aKull nepeddauac NONONCEHHS MOUKU NOBEPXHI
PYUHYBAHHS 3 8DAXYBAHHAM ICMOPIi Oeghopmyeants.

Tlobyoosani naowunu Oeghopmysanus i epaHuyHi NOGEPXHI NAACTMUYHOCMI, $KI NOKA3AAU HA
0oCmamHitl 3anac nIACMUYHOCI 071 npoyecy YopMOYmMEoperHs BHYMPIUHbO20 UWLTIYbOB8020 NPOQPIiO.

Obrpynmosano, wo npu noby0osi mpackmopii Ha8aHMAdHCeHHs  NPOCOPI 6E3POIMIPHUX NOKAZHUKIE
n i ) ii6u0 00OHO3ZHAUHO GUIHAYAEMBCS YMOBAMU POPMOYMEOPEHHS, XAPAKMEPHUMU 015 O0CAIOHNCYBAHO20

npoyecy i NpAKMU4HO He 3a1eHCUMb 80 MEXAHIUHUX GIACMUBOCMEN 0ehOPMOBAHO20 Memany.

Busnaueni obnacmi Oeghopmyseanns, Haubinbws OAU3LKI 00 PYUHYBAHHA 34 NOKASHUKAMU, SKi
8PAX0BYIOMb GNIIUE NEPULO20 MA MPEMbO20 IHEAPIAHMIE meH30pa HanpyiceHb (boKosa obracms ma ob1acme
6naoun Npo@inio  CMOCOBHO npoyecy OPMYSanHA GHYMPIUWHBLO2O WTIYLOB020 NPOPINI), 6 AKUX
BUKOpUcmanuli pecypc naacmuunocmi docsaeac 3navenv Yy = 0,34 ... 0,4.

3 mouxu 30py 3abesneyenHs 3anacy MiyHocmi NOOIOHI pPO3PAXYHKU HEOOXIOHO nposooumu 3
8PAXYBAHHAM NOKASHUKA, SAKULL 8PAXOBYE GNIIUE MPEMbO20 THBAPIAHMA MEH30PA HANPDYICEHD.

Knwuogi cnosa: opmoymeopenns, 3a2omoeka, niacmuune 0eopMySanis, Wiiyb08a ONpaeKd,
3anac  NAACMUYHOCMI, MPAEKMOPIs HABAHMANCEHHA, IHBAPIAHMU  MEH30pA  HANpPYH#CeHb, pecypc
nAACMU4YHOCMI.

@. 4. Puc. 7. Tabn. 2. Jlim. 11.
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XOJOAHOE INMIACTHYECKOE JE®OPMHUPOBAHHUE 3AI'OTOBOK B YCJIIOBHUSX
HOPEAEJBHOI'O ®OPMOOBPA3OBAHUS

B cmamuve paccmompen npoyecc (popmoobpazoeanus 6HympeHnHe20 wauyeso2o npopuis Ha mpyoHoul
3a20moeke MemoooM XO0JI00HO20 NAACHMUYECKO20 0epOopMUposanus, nymem ux obscamus mampuyel Ha
npogunvHyIo wauyesylo onpasky (memooom "oxeamuisarowezo" npomseusanus). [lposedeno ececmoponnee
uzyueHue Mexamuku @Gopmoobpazoeanus uzo0eauti no NpoeedeHur0 OYeHKU Ux Kaiecmeda u uccied08aHus
B03MOINCHOCU COBEPULEHCIMBOBANUS CAMO20 NPOYeccad.

B cnyuae obvemnozo opmoobpazosanus noeepxHocmv NAACMUYHOCIU 3A6UCUM OM UCMOPUU
Oeghopmuposaniis, KOmopas onpeoensiemcs usMeHeHuem nokasamenel HanpsA}CeHHo20 COCMOAHUS NPU pOCMe
HAKONIeHHOU uHmencusHocmu oegopmayuil. Ilosepxnocms NAGCMUYHOCMU 8 DMOM ClyYde He A6IAemcs
Qukcuposannoll u Mmodcem OblMb NOCMPOEHA € NOMOWbIO Kpumepus 0eQopmMupyemocmu, KOomopbill
npeodycmampueaem nojiodceHue mouku n08epXHOCMU paspyuleHus: ¢ y4emom UCmopuu 0eopmuposanus.

Ilocmpoennvle nrockocmu 0egopmMuposanus u npeodeibHovie NOBEPXHOCHU NAACIMUYHOCTU, KOMOpble
nOKA3aau HA OOCMAMOYHBIN 3aNAc NAACMUYHOCIU 01 npoyecca @Hopmoodpa3o8aHus GHYmMpeHHe20
WIUYeBo20 NPOPUA.

ObocHosano, umo npu NOCMPOEHUU MPAeKmopuu HA2py3KU 6 NPOCMpancmee 0e3pasmepHbix
nokaszameneti U ee U0 OOHO3HAYHO ONPeOeNsemcs YCI08UAMU GOPMOOOPA308AHUSA, XAPAKMEPHBIMU O
uccnedyemMozo npoyecca U NPaKmMudyecku He 3A6UCUM OMm MeXAHUYECKUX C80UCmE 0epopMuposaHHo20
Memanna.

Onpedenenvl obnacmu Oegopmuposanus, Haubolee OIU3KUE K pAPYUIEHUIO NO NOKA3AMENAM,
KOmopble yuumleaiom 6IuUsAHUe Nepeoeo U Mpemve20 UHBAPUAHMO8 MeH30pa HanpsiceHul (Ooxoeas
obnacme u obnacme 6NAOUH NPOPUISL OMHOCUMENLHO NPOYECca OPMUPOBAHU BHYMPEHHESO WIUYEEO20
npopuis), € KOMOPLIX UCNOL306aH pecypc naacmuunocmu docmuzaem snavenuu Y/ =0,34 ... 0,4.

C mouku 3penus obecneueHus 3anaca NPOYHOCMU NOOOOHbIE paciemvl HeoOX00UMO NPOBOOUMD C
yuemom noxasamelis, KOMopblil Y4umoleaem GIusHue mpemve2o UH8ApUaAHma meH30pa HanpaiceHull.

Knioueswie cnosa: opmoobpazosanue, 3a2omoeka, niacmuueckoe oepopmuposanue, WIUYe8ds
onpaska, 3anac NAACMUYHOCU, MPAEKMOPUs HASPY3KU, UHBAPUAHMbL MEH30pA HANPANCEHUll, pecypc
NAACMUYHOCTU.

@. 4. Puc. 7. Taon. 2. Ium. 11.
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