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THEORETICAL STUDY OF THE SCHEME OF SHAPING
FORGINGS BY UPSETTING FROM STEP SHAFTS

Abstract. Experimental studies have shown that shaping forgings by upsetting in
closed dies is not possible, since an annular clamp is formed at the junction of steps of
larger and smaller diameters. To eliminate the clamp, the upsetting of stepped shafts with a
conical cut is proposed and theoretical studies are carried out. Calculations have shown that
metal leakage occurs simultaneously with the upsetting of the conical transition and the risk
of clamping is small.
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Introduction. Preliminary experimental studies have established that the
shaping of forgings by upsetting in closed dies is not possible, since a ring clamp is
formed at the conjugation of steps of larger and smaller diameters, which is
unacceptable for most shafts due to strength conditions (Fig. 1) [1].

Fig. 1. Macrostructure of a sample with a formed clamp

In connection with the formation of a clamp, we will analyze the version of
the workpiece with a conical transition from a larger to a smaller step. Theoretical
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analysis should give the optimal value of the cutting angle, at which clamping can
be avoided.

Materials and methods. With the selected geometry of the workpiece (Fig.
2), we will determine the dimensions of the compensator required for welding to
the end of the smaller step in order to restore the dimensions of the shaft by
volumetric deformation.

/ f 7 A Z

Fig. 2. Scheme of movement of metal of a workpiece with a conical cut

The calculation of the length of the compensator, carried out according to the
diagram in Fig. 2, gave the following value

Lo Ve s, (2r +s)) +5,(2R+8,)L Vi, | L,02R* —Rr —r?
T Hr? r Hr? 3r? (1)

where, L _ length of the conical part of the larger step.
The last term of the equation indicates the increase in metal required to
compensate for the conical cut, at the transition of the steps.

L

If we express the length 1, through the corner &, then the last expression

takes the form:

| - 5,2r + 51 +5,(2R+6,)L N, (2R? —Rr—r*YR-r)
K r Hr? 3rllga )

Let's consider the deformation process step by step, following the rule of
displaced volumes. We determine the stroke of the movable punch at stage 1 of
deformation:

h_oer+o ) +6,2r+s)H,  L[RS, +5,(2r +4,)]
' r 3r? (3)

In formula (3), the unknown value is H, which is determined below. The
value of the stroke of the movable punch at stage Il and the total value of the stroke
of the movable punch are determined by the formulas:
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R2(H, +L)-r2-H, —1/3L(R? +Rr +r?)

" 3 @
Full stroke of the movable punch
hnyaH = hl + h2 (5)

Research results and discussion. At stage III of deformation, the movable
punch moves together with the movable matrix and the metal moves along the
surface of the larger step with partial flow of metal into the grooves of the splines.
We determine the stroke of the movable matrix at stage 111 of deformation.

S SN
) R, (6)

If in formula (2) we replace

R, =R+,

(7)
L, = R-r
lga (8)
Then we get
a2(2R+52)(L—R‘rJ
lga Vv
H,= 2 + U
(R+6,) H(R+3,) (9)

After substituting the value of H into the formulas for determining the stroke
of the movable punch (3, 4, 5), we obtain

h,. =l

nyya kom —

A, (10)

After determining the necessary data for the design of die tooling, we will
analyze the possibility of forming a clamp when using a blank with a conical cut. A
number of works on the upsetting of blanks in the idea of a truncated cone have
been published in technical literature. We will note the most significant works of
the authors [2,3,4,5], in which the analysis of the deformation process of conical
blanks is carried out using the slip line method. The results of the listed works can
be used by us in full, since they were carried out for upsetting "high blanks™ with a

height greater than the diameter of the small base (L/ d>1)

of slip lines looks like this (Fig. 3).

. In this case, the field
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Fig. 3. Field of sliding lines during upsetting of a “high” cone

Using such a “long” cut on blanks would lead to excessive metal
consumption and increased labor intensity of mechanical processing. In addition, as
shown by in-depth studies conducted by Zhuravlev A.Z. [5], during upsetting of a
high cone, defects in the form of folds (clamps) may appear. Based on the
theoretical and experimental studies conducted, Zhuravlev A.Z. determined the

limits of possible fold formation depending on the ratio atD/d the cone angle
a=0°-10°

During upsetting of stepped blanks, the clamp is formed together with the
transition of the steps. Therefore, the works of Zhuravlev A.Z. are valuable in that
they indicate the lower limit of the cone angle with a value of , above which the
appearance of folds and clamps on the conical surface is excluded. Our task
includes determining the optimal value of the cutting angle of a larger step, at
which the clamp would be excluded or its value would be reduced to a minimum.

From the adopted clamping scheme, it is possible at the II stage of
deformation, when the upsetting of the diameter of the small step ends and the
metal begins to flow into the cavity (receiver) for its further movement along the
outer surface of the diameter of the larger step. For analysis, we use the slip line
method.

Let us consider the flow of metal at the moment the metal begins to flow out
in the diametrical direction into the cavity-receiver.

h/dy the possible field of

With a “short” length of the conical transition (
slip lines will look like this (Fig. 4).

From the diagram of the field of slip lines (Fig. 4) it is clear that we have
two centers of plastic deformation at the exit of the metal into the cylindrical belt
and on the free surface of the conical transition between the steps.

The first field of slip lines (AFS) corresponds to the typical field of slip
when displacing metal into a burr groove during hot stamping.

The second slip line field (VO, D) corresponds to the typical slip line field
during closed stamping, when the die corners are filled.

Based on the rigid-plastic body hypothesis, it can be said that plastic
deformation occurs in the zone outlined by the slip line field. The rest of the body
is conditionally rigid. Thus, the deforming force is necessary to displace the metal
into the cylindrical belt through the rigid zone O VO acts on the conical transition,
forcing the metal of the conical transition to move in the radial direction.
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Figure 4 shows the normal stress distribution diagrams constructed on the
basis of slip line fields.

c 5 H,
8 0
|
& '3
rd 0
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Fig. 4. Slip line field at the moment of metal flow into the diametric receiver

The author [6] proposed the following analytical dependencies for
determining the magnitude of the deformation force, taking into account the nature
of the normal stress distribution in the section of the deformed part.

Cylindrical belt (after slip lines AOB):

P, = 5{1.2In A, +1}LZ—0.2JHr2

n

where: 2 — degree of deformation; F _ cross-sectional area of

a deformable body; ' — area of the free surface of the metal flow.

After substituting the values Ay formula (10) will take the form:

P =502l + 122 ooy
H

2 n (1 1)

Mathematical processing of the field of slip lines of the VO D allows us to
write the following analytical expression for determining the force required to
deform the conical transition:

RZ rZ
P, =5,(1.85In— +cos® o —)Hr?
r R (12)

where ' — radius of the minor section of the cone; R — radius of the base of the
cone; & —angle of inclination of the cone generatrix.

From the condition of metal flow towards the minimum resistance, we need
the resistance to deformation in the annular part and in the conical transition to be
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the same. In this case, uniform metal flow in the annular and conical parts of the
part is ensured.

From the condition of equality of deforming forces P =P you can find
the value of the conical cut angle & for the original workpiece. Let's make an
equation from formulas (11 and 12).

2 2
55(1,2Inr1+1’2H2—0,2]Hrf =§S[1,85InR2+coszar2]Hr2
H2 n r R (13)
From the resulting equation we find:
2 2
cos = R\/rlz(l,Zlnr1+1’2H2—0,2}—1,85InR2
ryr 2 n r (14)

The obtained expression (14) shows that the magnitude of the angle depends
R
on the ratio r and heights M2, which in turn is determined by the volume of metal
moved to restore the second stage of the product.

In the analysis, the assumption used in their works by the authors [5,6] is
that the cone generatrix retains a rectilinear shape during upsetting. Then, in the
intermediate position, it can be represented by the diagram (Fig. 5).

In the analysis, the assumption used in their works by the authors [5,6] is
that the cone generatrix retains a rectilinear shape during upsetting. Then, in the
intermediate position, it can be represented by the diagram (Fig. 5).

As the forming punch moves, the conical transition is upset from the initial
height to some intermediate height, and, taking into account the above assumption,
the angle of inclination of the generatrix decreases from the value @ to %. At the
same time, the metal flows into the diametric receiver. The initial height -

increases to 12 due to the cone's settlement.

n

L 1 A
’-éél B ‘0 = vava ”2 2y
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a) field of sliding lines; b) change in product shape.

Fig. 5. Intermediate stage of metal displacement into the diametric receiver and
cone upsetting
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From the condition of constant volume for the conical transition, we can
write:

%Hh(rz+Rr+R2)=%Hhi(rk?+Rrki +R2)’ (15)

where, given the value h, , you can find the radius of the upper base of the cone:

2
r, __RLRS ﬁ(r2+Rr+R2)—R2
2 4 h

(16)

Size h, we select based on the condition that the deformation at each
deformation interval is approximately 10%, and we find the magnitude of the
deformation from the ratio:

Y= h-h -100%
h (17)

From the diagram in Fig. 5 it is evident that the metal will flow out in the
cylindrical receiver by some amount, and the shape of the field of slip lines will
change. Mathematical processing according to the method of Shofman [7], in this
case gives the following analytical expression for calculating the deformation
force:

pos12m 12 gy 2MBY,
' H H

2 rl 2i

(18)

where # — coefficient of friction in hot stamping.
2MB

Equation (18) differs from equation (11) only by the term H, taking into
account the friction forces when displacing the metal into the ring receiver.

Given the value h, , we determine the dimensions of the upper base of the

cone M by formula (16). Then we determine the required deformation force for a
given period of deformation of the conical transition by formula (12). In this case,
in formula (12) instead of the value, a specific value found by formula (16) is put.
Next, it is necessary to determine the amount of metal movement into the
annular diametric receiver under the action of the technological force that was
necessary for the deformation of the conical transition.
The amount of metal movement in is found from equation (18) by the given

P =P
value ~ ¥ ki

B="a| P gop i goHa g5
2M | &,Hr, H,,

T

(19)
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In this way, it is possible to determine step-by-step the metal movements in
the cylindrical belt and conical transition for the entire process of filling the
receiver with metal. It should be noted that formula (12) shows the maximum force

M =R

required at the end of the cone upsetting, when
RZ
In—-=0,a=0,cosa =1

In this case N

_ 2
P, = HS5,R (20)

At each interval we compare the magnitude of the radial displacement of the
metal in the conical transition (rki) and in the cylindrical belt (rLI =h +B).

The difference between them determines the magnitude of the resulting
clamp.

B,,.. =#(r +B)-r,] (1)

Conclusion. Calculations have shown that metal leakage occurs
simultaneously with the conical transition settling. The risk of clamping is small
within 0.5 mm.
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M. U6bingaes
M.X. Aynamu ameiHOarsl Tapas eHipnik yHusepcumemi, Tapas K., Kazakcmat

CATblJ1bl BINIKTEPAEH TYHAIPY APKbl/1bl COFYAbIH KANIbINTACY CXEMACbBIH
TEOPUANDIK 3EPTTEY

AHAATNa. JKCMEPUMEHTTIK 3epTTeynep KabblK WTamnTapaa TYHAbIPY apKbiibl
cofynapaplH, nanga 60/ybl MyYMKIH emMec eKeHiH aHbIKTaZbl, 8MTKEHI Y/IKEH KaHe Kili
AMameTpai  KajamzapablH, KOHBIOraUMACbIHAA CaKWHabl KbICKbIW naiga 6onagbl.
KbICKbILLTbI KO YLWiH KOHYCTbIK KeciHgici 6ap caTbibl BifiKTepAiH WweriHainepi ycbiHbIAbI
KOHEe TeopuANblK 3epTTeynep Xyprisingi. Ecenteynep KepceTKeHAeW, MeTanAblH afybl
KOHYCTbIK TYMicy WweriHaicimeH 6ip mesriffe *Kypeai *aHe KbICKbIWTbIH, naiiga 6ony Kayni
as.

TipeK ce3aep: caTblibl 6iNiK, CAKMHANbI KbICKbILL, KOHYCTbIK, Kecy, eTneni opbiHAAP,
naacTuKanbik aedopmauus, sepTrey.

M. U6bingaes
Tapa3sckuli pecuoHanbHell yHusepcumem umerHu M.X. ynamu, 2. Tapas, KazaxcmaH

TEOPETUYECKOE UCCNEAOBAHUA CXEMbl ®OPMOOBEPA30BAHUA MNOKOBOK
OCAXUBAHMEM U3 CTYNEHYATbIX BAJIOB

AHHOTauUA. IKCNepMmeHTaNbHbIMU NcCNegoBaHUAMM  YCTAaHOBAEHO, YTO
bopmoobpasoBaHMe MOKOBOK OCaMBAHMEM B 3aKPbITbIX WTaMMax He NpeacTaBaseTcs
BO3MOMKHbIM, TaK KaK B COMPAMKEHUU CTyneHei 6GONbLIETO M MEHbLIEero AMaMeTpoB
obpasyetcA KONbLEBOW 3axKUM. [iA yCTpaHeHWA 3a)KMMma MpeaJioKeHbl 0cajKa
CTyNeH4yaTbIX Ba/loB C KOHYCHbIM CPEe30M M NpPOBeAeHbl TEOPETUYECKUE WUCCea0BaHuMA.
PacueTbl NMOKasanu, YTO BbITEKaHWE MeTanna NPOMCXOAMT OAHOBPEMEHHO C OCaAKOM
KOHMYECKOro nepexoaa M onacHoCTb 06pa3oBaHmaA 3axKknma HebobLuas.

KnioueBble cnoBa: CTyneH4aTblii Baj, KO/MbLEBOW 3a)KMM, KOHYCHbIN cpes,
nepexoAHble MecTa, niactmyeckasn gebopmauus, uccnefoBaHue.
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