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THE INTERACTION OF THE PUNCH
TOROIDAL SURFACE WITH THE EYELET
DURING GROMMETING TEXTILE MATERIALS

Introduction. For the effective use of equipment for setting metal fittings in light industry products, in particular
in footwear, leather goods, textiles, corsetry, and curtain products, the regularities of changing the strain force
acting on metal grommets during their interaction with the punch toroidal surface should be taken into account.

Problems Statement. For solving many practical problems, it is necessary to calculate the parameters of the
strain force acting on metal accessories (in particular grommets) from the working surface of the tool. Knowing
the force parameters allows us to calculate the strength of the punch, to predict its wear resistance, and to deter-
mine the necessary kinematic and energy characteristics of the equipment.

Purpose. Establishing the regularities of changes in the strain force acting on metal fittings during their inter-
action with the toroidal surface of the punch, given the conditions of contact interaction and the physical and
mechanical properties of the fittings material.

Materials and Methods. Theoretical and experimental methods of research based on the classical laws of
mechanics and the simulation of the process of deformation with the use of information technologies have been
employed. Microsoft Excel has been used to create the computation program. The analytical calculations and the
experiment have been made for a 08 kp steel eyelet.

Results. The dependence of the total strain force acting on the eyelet on the punch step has been analytically
established; the process of grommet deformation by the toroidal surface of the punch has been experimentally
studied. The strain forces are most significantly affected by: the grommet thickness, the radius of the punch toroidal
part, the radius of the point of transition of the punch conical surface into the toroidal one.
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Conclusions. The shape of the working surfaces and the geometric parameters of the punch have a decisive influence on the
process pressure values. The resulting dependencies can be used for developing new press equipment for grommeting light indus-
try products, as well as for selecting the operating conditions of the existing equipment. This improves the quality of process op-
erations, reduces the energy consumption of equipment, and increases the labor productivity.

Keywords: grommet, insertion of accessories, deformation effort, punch.

For solving many practical problems, there is a
need to calculate the force parameters of deforma-
tion of the metal fittings (in particular grommets)
with the working surface of the tool. Knowledge
of force parameters allows us to calculate the
strength of the tool, to predict its durability, to
determine the required power of the equipment.
The analysis of research in this area has shown
that the stress-strain state of such structures has
been partially calculated [1, 2]. The solution of
the problem of grommet deformation with a com-
bination of punch shaping surfaces has not been
studied so far. Analytical ratios of this depen-
dence determine the influence of the geometric
parameters of the punch on its interaction with
the grommet and, as a consequence, makes it pos-
sible to control the deformation force. The use of
the obtained dependencies contributes to the ef-
ficient use of metal accessories in light industry
products, including footwear, leather goods, tex-
tile, corset, curtain products [3—5].

The grommet deformation process consists of
the three stages determined by the geometry of
the punch’s shaping surface [6].

The schematic representation of the deforma-
tion process stages is shown in Fig. 1 [1, 6].

The interaction of the working tool with the
grommet at the first two stages has been descri-
bed in [6].

This research deals with the force interaction
of the working tool with the grommet at the third
stage, when there is the deformation of grommets
by the punch toroidal part. The radius of curvature
of this surface is denoted by 7, (Fig. 1, ¢). The surface
is an extension of the conical part, but the angles
of inclination of the adjacent surfaces are different.

The mathematical apparatus of the calculation
depends on the nature of the eyelet and the tool.
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They may contact with each other in the three
ways: no contact, the contact is concentrated
along the eyelet edge, and complete contact bet-
ween the surfaces. Identifying these stages of
deformation is an important task for the further
calculations.

So, let us consider the initial stage of the grom-
met transition from the conical part of the punch
to the toroid surface. As mentioned before, the
angles of inclination of the conical and the toroid
surfaces of the punch at the point of their conver-
gence are different. Therefore, at the first stage of
the transition, there is no contact with the sha-
ping surface. Under the action of tangential stres-
ses that take positive values on the conical part of
the punch, the diameter of the upper end of the
grommet slightly decreases before contact with the
toroid surface at a certain point in deformation.
Let us denote the grommet part that has come in-
to the punch toroidal zone as [. As a result of the
contact between the edge of the eyelet and the
toroidal surface of the punch, a distributed load
appears on the edge, the intensity of which we de-
note as p. The contact stresses result in an increase
in the diameter of the eyelet end face and a growth
in the deformation load, at a certain stage of which,
the eyelet takes a conical shape (Fig. 2) [9].

Figure 2 shows part of the grommets that has
come into the toroidal cavity of the punch at the
time when the eyelet takes a conical shape. In this
case, ¢, indicates the angle of inclination of the
radius, which connects the eyelet edge with the
center of the toroid cross section. Let us deter-
mine the length of the grommet part within the
toroid surface at this point. It determines the
punch step, where there is no contact with the
toroidal part and for which we do not calculate
the load by the proposed algorithm.
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Let us consider triangle AO BA and draw the
altitude O,C to the side AB. The angle AOC is
equal to the angle of inclination a,, of the punch
conical part to the vertical axis, since they are the
angles with mutually perpendicular sides. From
this, it follows that the angle of inclination of the
radius is:

P, = 20, 1)
The magnitude of the toroidal part of the grom-
met is equal to:

l,=2r, -sina,. (2)

With the further sliding on the toroidal surfa-
ce, in the grommet, there appears a bending stra-
in. This leads to meridal stresses and, as a conse-
quence, plastic bending deformations in a certain
cross-section of the eyelet. The nature of the in-
teraction and, therefore, the mathematical appa-
ratus of the calculations depend on the location
of the section where there are plastic deforma-
tions. If the plastic bending deformations are at
the point of the transition of the conical surface
into the toroidal one, the upper part of the eyelet
revolves, remaining elastic, and the parts con-
tact along the circular line. Let us assume that
the grommet completely fits the toroidal surface
when plastic bending deformations act in the
middle part of the grommet, which has passed
into the punch toroidal zone. Let us determine
the moment of beginning of the complete fit of
the surfaces of the punch and the grommet, con-
sidering the condition of equilibrium of the frag-
ment of the toroidal part of the grommet. The
scheme of forces and torques that act in this case
is shown in Fig. 3 [9].

Figure 4 shows a grommet fragment limited by
two meridional planes turning one with respect
to other by the angle y, by the upper end of the
eyelet and the horizontal plane located at the
bottom of the punch toroidal surface. The load p
distributed along the arc, the tangential stresses
o,, the friction forces acting on the line of contact
t = f - p, and the plastic torque M, the place of
which application is unknown, but on the scheme
shown in the lower part of the grommet, act on
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Fig. 1. Schemes of characteristic stages of grommet deforma-
tion: @ — the first stage; b — the second stage; ¢ — the third
stage; 7, is the grommet internal radius; ¢, is the grommets
thickness; 7, is the radius of the punch toroidal part; A,, is
the height of the part of the punch, which is deformed at the
first stage; o, is the angle of inclination to the axis at the
first stage; h,, is the height of the part of the punch, which is
deformed at the second stage; a,, is the angle of inclination
to the axis in the second stage

k2

Fig. 2. The initial stage of the grommet transition into to-
roidal part of the punch: /is the intermediate value; o, is the
angle of inclination to the axis; ¢ is the angle of inclination
of the radius; /,is the magnitude of the toroidal part of the
grommet

the fittings. It is assumed that the friction forces
act between the fittings and the punch and are
calculated by the Coulomb law. The logical consi-
derations indicate that the torques caused by the
load p, tangential stresses and friction forces turn
the fragment in opposite directions. The torques
they create depend on the height of the grommet
fragment and change during deformation. There-
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Fig. 3. Scheme of forces and torques acting on a fragment
of the grommet toroidal part: y is the angle of rotation
of the meridional planes; o, are the tangential stresses;
p is the load; ¢ are the friction forces; M is the plastic
torque

Fig. 4. The axial section of the punch toroidal part and
the grommet fragment: o, is the angle of inclination to
the axis; R, is the radius of the point of transition of the
conical surface into the toroidal one; » is the radius of
cross-section of the toroidal surface where plastic bend
occurs; 7, is the radius of the punch and grommet contact
point; x, is the coordinate of the section where plastic
bend acts; /; is the size of the initial contact area of the
toroidal part; [, is the size of the toroidal part, where the
contact becomes solid; ¢ is the angle of rotation of the
radius
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fore, it is possible to determine the location of the
plastic torque in advance. To detect the cross-sec-
tion where it is applied, let us consider the condi-
tions of equilibrium of the fitting fragment.

The scheme of forces and geometric parameters
of the grommet and punch is convenient to con-
sider in their axial section, as shown in Fig. 4 [9].

The net contact load P is determined as:

P=p-r-y-6.28, 3)
where 7_is the radius of the punch and grommet
contact point.

To analyze the equilibrium condition, let us de-
termine some geometric parameters. The AD line
is directed perpendicular to the cross-section of
the grommet. Based on the fact that the force of
contact interaction is directed under the radius of
the toroidal part, we determine the angle of incli-
nation of CKD between the direction of AD and
this radius. From the triangle AOOK it follows
that the angle OKO, is equal to (180° — ¢) /2. Gi-
ven the fact that the angle OKD is equal to 90, we
get that CKD = ¢ /2.

Let us write the equation of equilibrium of tor-
ques in the cross-section of the grommet fragment
with coordinate x, the count of which begins from
the upper end:

2
M:—P-cos(gJ-x+P-fsin(g)x+q%. (4)

In the above equation ¢ indicates the distribu-
ted load that is caused by the action of tangential

stresses:
_ Y ¢
q=2c,- sm(aj -cos(;] 't

Based on the condition that the effect of con-
tact load and tangential stresses ensures the emer-
gence of a plastic torque in the grommet, the spe-
cific value of the torque can be determined by the
known ratio:

()

o -t

M=k, (6)

where o, is the meridional stresses that act in the
cross-section during plastic deformation.
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It should be noted that their value is lower
than the tension of fluidity as a result of mutual in-
fluence of tangential and meridional stresses. The
same is true for the tangential stresses ¢ ;. Given
that the torque acts in an arc within the angle v,
its full value is equal to:

2
M- 6.28¢,-t, 7, y, 7
4-360
where 7 is the radius of cross-section of the toroi-
dal surface where plastic bend occurs.

For cross-section with coordinate x = /, the ra-
dius is 7, = R,. Based on simple geometric consi-
derations, it is possible to determine it in the ave-

rage section of the toroidal part of the grommet:

P
r, =R, +7, -(1—(:055}

(8)
where R is the radius of the point of transition
of the conical surface of the punch into the to-
roidal one.

With a certain approximation, ratio (8) can be
written as function of the punch AH, = H — (h,, +
+ hy,), which leads to the transition of the grom-
met to the toroidal zone:

( [H—(hk1+hk2)]]
r,=Ry+rn|1-cos| ——=||.  (9)

2.7,

Let is determine the stresses 6 in this case. Neg-
lecting the stresses that are normal to the grom-
met surface, the equation of relationship between
stresses and strains in this case we write as follows:

5% %

& Oy

where & , &, are the meridional and tangential de-
formations.
From the above, it follows that

_ 8 0
[ ae
Given the insignificant difference between the
radius of the toroidal surface and the thickness of

the eyelet (¢, / r,= 0.4), it can be assumed that the
meridional tensile stresses act on the entire cross-

)

(&}

(10)
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section, and the neutral surface is located on its
inner surface. Then the meridional deformations
can be determined as follows:

tg
g, = : (11)
T _tg
Let us write the plasticity condition for this
case as
G, —O4 = O, (12)

where o _is the stress under uniaxial load.
From the above, it follows that

C,=0,~ 0. (13)
Substituting relationships (9), (10) into (13),
we get:

& "0,

e (14)
€
1 P
éﬁ( +é9]

The tangential deformities is found as follows
(Fig. 4):

=,
&y = - (15)
£
Then for the lower section of the toroidal part:
R, -7
g =", (16)
7
in the middle of the toroidal part:
R, +1, (1—cos((2pn—ri
&e = =
h
H—(h, +h
R, +1, [1—005( u? "2)]—ri
2r;
- e
T,

Given this, equation (4) can be written as fol-
lows:

2
® @ q%,
—P-cos| = |-x +P-f-sin|=|-x + =
[ShoersalZ)e s

_ 6.280 s T,y
4-360
where x is the coordinate of the section under the
action of plastic bending strain.

The equation has the three unknowns: the part
of the punch that determines the angle of incli-
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Fig. 5. The dependence of the contact force P on the angle
of rotation of the toroidal part of the grommet ¢: 7 — underr
plastic deformation in the lower part; 2 — inside the toroidal
part of the grommet

H—- (hk1 + hkz)
7

and the equilibrium contact load P. Of course, to

obtain the solution of this equation analytically is

impossible, so we offer the following algorithm [6].

In a certain range, there are set several values
of rotation of the radius of the toroidal part of
the punch ¢. For each, the length [ of the toroidal
part of the grommet is determined by the ratio
[ = 2r, - sing. Using the equilibrium equation, we
find the contact load P. The calculations are made
for the bottom of the grommet, where x = /, and
in the middle, where x = [ /2, provided in these
sections, there act plastic deformations. At this
angle of rotation, the plastic bending strain acts
in the section where the load is smaller. If plastic
deformation acts in the lower plane, the toroidal
part of the grommet remains almost straight and
contact is realized along the contour. If the plas-
tic torque acts in the middle part of the grom-
met, there is a complete fit of the surfaces of the
grommet and the punch. To perform the calcula-
tions, we assume that the angle ¢ ranges within
09<¢<25rad.

The lower boundary of this range is equal to
20, at which the toroidal part of the grommet
becomes straightforward, while the upper one is
taken approximately, which corresponds to the
grommet contact after the transition through the
upper point of the punch toroidal part.
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nation @, | ¢ = J, the coordinate x,

The angle y is taken equal to y = 0.26 rad. (y =
= 15°). It is known that the tangential stress is
equal to the stress of approximately o, = 200 MPa;
the radius of the beginning of the toroidal surface
is R, = 0.0055 m; the thickness of the grommet
Wall ist,=0.0003 m.

Let us determine the contact load, assuming
that 6,= o, from equation (18):

2
2c_-sin i -COS @ -t % +
N 2 2) 8 2

6.28c,, -t; T,y
4-360

aEaE=G)

The x, takes two values: x, = /and x, = [/ 2;
r,=R, or determined by ratio (9) [6].

The results of the calculations are shown in
Fig. 4 that shows the dependence of the equating
contact load distributed across the grommet sec-
tion between the angle of rotation of the radius
that connects this end with the center and the
center of the toroidal surface. The H,, H, mark
the boundaries of the punch where the contact
occurs. For convenience of analysis, Fig. 5 shows
the dependence of the punch step [ on the angle of
rotation of the radius ¢.

At this stage of deformation, the increase in the
slider step is equal to the length of the toroidal
part of the grommet, while the step is determined
by the ratio:

H=h, +h,+2r-sine. (20)

As it comes from the above dependencies, within
the range 51° < ¢ < 97°, the contact is concent-
rated and takes place along the circle. At higher
angles, the grommet is fully fitted to the punch sur-
face. More precisely, the transition to complete fit
occurs at the upper point of the toroidal surface at
angle ¢ =90°. The specified range can be written in
the magnitudes of the toroidal part of the grommet:

IO<AHI<Z1, (21)

where [, = 27, - sin 90° is the value of the toroidal
part, in which the contact becomes continuous.

P= (19)

ISSN 2409-9066. Sci. innov. 2024. 20 (4)
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The calculations have shown that the bounda-
ries of the concentrated and distributed on the
surface contacts take place at other friction coef-
ficient in the range 0.1 < /< 0.2, and the radius of
the toroid surface significantly affects the strain
force and the boundaries of the concentrated and
distributed contacts. Figures 6, 7 feature the cor-
responding graphs calculated for r, = 0.001 m and
7,=0.0015 m.

Analyzing these graphs, we see a significant ef-
fect of the radius of the toroidal part at the time of
transition to continuous contact. At 7, = 0.001 m
and r, = 0.0015 m, the punch step and the defor-
mation force decrease [6].

Therefore, when the radius of the punch toroi-
dal part is equal to 7, = 0.00075 m, at a punch step
within 2, + h,, <H< h, +h,+ 2.7 sinb1°,
there is no contact on the tor01d surface and the
load is not determined by this algorithm.

Within i, +h,,+ 27, -sin51°<H<h, +h, +
+2 -7, -sin 90°, the contact is concentrated and
takes place along the circle. The strain force can
be determined by ratio (20).

To explain the geometric considerations, let
us consider Fig. 8 that features the scheme of
interaction of the grommet and the punch. This
scheme shows an increase in the strain force ac-
ting on the toroidal part of the grommet AN, and
the contact force P. From the triangle ABO it
follows that the angle ABO, between the vectors
AN and Pis equal to 90 — ¢.

Given the fact that the force P is the normal
projection of AN, on the contact surface, we
write:

N - p __P
cos(90°—o)

To determine the total deformation, it should
assumed that the contact load acts along the circ-
le, not along the arc. Therefore, the value obtai-
ned from (19) shall be multiplied by 6.28 /y. It
can be assumed with a certain approximation
that, at this stage, the bending strain at x, =/, is
determined by ratio (20). In this case, the straln
force is equal to:

—. (22)
sin@

ISSN 2409-9066. Sci. innov. 2024. 20 (4)
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Fig. 6. Dependence of the contact force P on the angle of rota-
tion of the grommet toroidal part ¢ at 7, = 0.001 m: 7 — under
plastic deformation in the lower part; 2 — inside the toroidal
part of the grommet

AN, :@x

Y
2 P
6.28¢_-t>-r -
w3 o{3)e 3] ™
' (23)

x[m{ jfsm(jﬁm@

As a function of the punch step, with the toroi-
dal part of the slider denoted as H, = H — (h,, + h,),
ratio (23) is written as follows:

X

AN, = 360
Y
2
6.28 t?
203'Sin[;j'00{§‘]-tg[g’] i va36g0" Y
x & .(24)

AR AR A

The previous studies have found that in the
case of deformation of the toroidal surface of the
punch, when the slider moves with a step within
H>h, +h,+2-r-5sin90° the contact is con-
tinuous. The strain force at this stage is deter-
mined based on the condition of the work balance
(Fig.9) [6].

This condition can be written as follows:
A=N-H, (25)
That is, the work performed by the punch at

the step H, and the load N, is equal to the work
of grommet deformation A, consisting of the two

87



Polishchuk, O. S., Neimak, V. S, Romanets, T. P, Polishchuk, A. O.,, Karmalita, A. K., Bilyi, L. A, Tymoshchuk, O. G.

PN
16
15
14
13F ™ <o
12

11
10

T
N

- ~
-o-"’\
1

H HcZ
1 1 / 1 1 1 1
04 05 06 07 08 09 10

¢, rad

Fig. 7. Dependence of the contact force P on the angle of rota-
tion of the grommet toroidal part @ at 7, = 0.0015 m: 7 — under
plastic deformation in the lower part; 2 — inside the toroidal
part of the grommet

e O

C

Fig. 8. Scheme of interaction of the grommet and the toroi-
dal surface of the punch: a is the angle of inclination to the
axis; AN, is the strain force acting on the toroidal part of the
grommet; ¢ is the angle of rotation of the radius; P is the
contact force

parts: the work of the meridional A stresses and
the work of the tangential stresses A ;:

A=A+ A, (26)
Let us determine these values depending on
the punch step. The angle of rotation of the radius
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of the toroid surface is connected with the punch
step by the ratio ¢ = H, /.. The specific work of
meridional stresses is equal to the product of the
torque acting in the cross-section of the grommet
and the angle of rotation of this section ¢:

4,-M-g, 27)
its increase at this stage of deformation is
M-AH

t
The specific torque can be determined by pre-
viously mentioned ratio (4).
Given that the torque acts along the circle, its
total value is equal to:

2
_3.4o, 1} R
2

where R is the radius of the cross-section of the
toroidal surface where the torque acts.

Based on the geometric considerations, the ra-
dius is determined by the formula:

R=R,+7,-(1-cos)=R, +rz(1—c05£in. (30)

t

: (29)

The meridional stresses are determined by ra-
tio (14):

c = g”‘c‘*

o= (31)
2
1 P
‘t’e[ +éeJ

while the tangential stresses are found from the
plasticity conditions (13): 6, =0, ~ o,

Using (30), we determine the tangential strain
as follows:

RO +7’[(1—COSI—I_(hk1+th)J—f

r 1

&= (32)

7.

The specific increase in the tangential stresses
is equal to:

AA,= 6280, &, - R, (33)
and the total increase in the tangential stresses is
AA, = 6280, & - R-t - AH, (34)

ISSN 2409-9066. Sci. innov. 2024. 20 (4)
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Where the product of the grommet thickness
t, and the increase in the punch step at this stage
of deformation AH, is the increase in the cross-
section area of the toroidal part of the grommet.
Given ratio (32), we get:
AA =

0

o, [Ro+r[ -[1—COS[AH‘ D—rl}-tg- 6.28R-AH,
7
- f (35)

7.

1

Given ratios (34), (35) the equation of the work
balance is as follows:
N,-AH, = M-2H,

"

o, (RO +7, '[1—005(H‘D—n]-tg' 6.28R-AH,
7,
‘ . (36)

7.

1

+

+

From the above, it follows that:
N, = M +
&

c, {RO +7, [1—COS(I—LJJ— ri]-tg - 6.28R
h

7.

1

It should be noted that the resulting ratio al-
lows us to calculate the increase in the strain for-
ce on the toroid surface of the punch, rather than
the total strain force.

As a result of the research, we have developed
the algorithm for calculating the strain force, de-
pending on the punch step throughout the defor-
mation period. The calculation begins from the
moment of contact of the punch with the grommet
for which the step is equal to zero z = 0. At the first
and second stages, the deformation is realized by
the lower and upper cones of the punch with for-
ces that are determined by the following ratios [6].

For the former cone, at 0 < H <A,

N =

k1

+

. (37)

/

o [1+8% | ] 4 “6.28r 1.
s f r+H-tga,, ts

= ,(38)

7.

i
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its highest value at H = h,, is

N, =
/
gayy
o, |14+ 8% || T 628 1,
/ 1+ hy tgou, ¢
= .(39)
r
For the latter cone, at h,, < H< h,,;:
tgakzj
—o, |1+ X
S
/
7 180ty
1- 0k2 -6.287,, -t
g (TOM +(H_hk1)'tgak2j Toiz %
N,= +
coso,,
/
8oy
o, |14 8% [T “|6.28r -2,
/ n 4y, gy, ¢
+ ,(40)
cosa,,
its highest value at H = &, + h,, is equal to:
Nth
g kQJ
—o, |1+ X
o
;
7. 8 1
- w2 " 698y, -t
g [rom +hy, 'tgalﬂj foiz s
= +
cosa,
[
8
o |14+ 8% | | T " g8,
‘ S 7+ by ctgoy, ¢
+ .
cosa, (41)
Within h,, < H < h,, + 2r, - sin a,,, practically,

there is no contact on the toroidal surface, and
according to this algorithm, the strain force is
not calculated, its value is determined by inter-
polation of the strain forces in the adjacent in-
tervals. The next stage of deformation, where
the contact is realized by the end of the grom-
met with the toroidal surface of the punch, takes
place within the limits 4, + 27, - sina,, < H <
< hy, + 2r, - sin 90°, and the force is determined
by the ratio:
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Fig. 9. Deformation by the toroidal surface of the punch at
continuous contact: AN, is the strain force acting on the to-
roidal part of the grommet; R is the radius of the cross-sec-
tion of the toroidal surface where the torque works

360
=——X
Y

2
26 -sin Y. cos 4, -t i, +
' 2 2, ) # 2

6.28c, -5 7, -y
4-360

H, [cos[f}fj —f- sin(in . sin(i{tj

At the last stage, at &, + 27, - sin90° < H< h,, +
+ 3.14r, the force is determined by the ratio:

M
=—+

7

c, (RO +7, (1—cos(H‘B—ri]~tg- 6.28R
"

+ +
7.

+N,. (43)

The plastic torque M and o, are calculated by
ratios (13), (14), (15), and (29).

According to formula (43), the dependence

of the strain force acting on the grommet on the

N

t

N, . (42)

F,

20

N,N

2000

1600

1200

20 24 2.8 3.2 36 H-10°m

Fig. 10. Dependence of the force of grommet deformation
by the punch toroidal part on the punch step: 7 — calculated
values; 2 — experimental values

punch step has been calculated (Fig. 10). The cal-
culations have been made for a 08 kp steel grom-
met in Microsoft Excel [8].

To confirm the adequacy of the obtained ma-
thematical model (43) of the dependence of the
total strain force acting on the grommet N on the
step of the punch H, experimental studies of the
process of grommet deformation by the toroidal
surface of the punch have been conducted. With
the help of the measuring system, we have obtai-
ned diagrams of the dependence of the strain
force acting on the grommet N and the punch
step H.

The strain force acting on the grommet from
the toroidal part of the punch obtained analyti-
cally has been compared with the experimental
results (Fig. 10).

Having analyzed the obtained results, we con-
clude that the shape of the working surfaces and
the geometric parameters of the punch have a sig-
nificant influence on the force N. The most influ-
encing parameters are the grommet thickness #,;
the radius of the toroidal part of the punch r, the
radius of the point of transition of the punch co-
nical surface into the toroidal one R,.

The difference between the calculated and the
experimental values of the strain force N is about
16%. This is an acceptable error. Thus, formula
(43) can be used for approximate calculations of
the maximum strain forces acting on metal grom-
met from toroidal punch surface N [9].
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B3AEMO/IIS TOPOITAJIBHOT TOBEPXHI ITYAHCOHA 3 JIIOBEPCOM
[IPU M1OTO BCTAHOBJIEHHI B TEKCTUJIbHI MATEPIAJIN

Beryn. [[uist eekTrBHOrO BUKOpUCTAHHST 0OIa[HAHHS JIJIsI BCTAHOBJIEHHST MeTasieBol (DypHITYpH y BUPOOHU JIETKOI ITPOMHUC-
JIOBOCTI, 30KpeMa y B3y TTEBI, NIKiprajaHTepeiiti, TeKCTUIIbHI, KOPCETHI, rapAuHHI BUPOOHU, CJIijl BpaXOBYBaTH 3aKOHOMIPHOCTI
3MiHM 3ycuJLIs iehOpMyBaHHS METAJIEBUX JIIOBEPCIB IIPY iX B3aEMO/Ii1 3 TOPOiIaIbHOIO IOBEPXHEIO ITyaHCOHA.

IIpo6aemaTuxka. [Ipu BUpilieHH] MPaKTUYHUX 3a/1a4 BUHUKAE MOTPe6a 0GUNCIEHHS CUTIOBUX MapaMeTpiB feopMyBaHHst
MeTaneBoi (pypHiTYpu (30KpeMa JIoBepciB) poOOUYOI0 MOBEPXHEI0 IHCTPYMeHTa. 3HaHHs CUJIOBUX HapaMeTpiB A03BOJISE
PO3paxyBaTu MIiLHICTh IIyaHCOHA, IPOTHO3YBATH 3HOCOCTINKICTh, BUSHAYATH HEOOXIHI KiHEMATIYHI Ta eHepreTHyYHi Xapak-
TEPUCTUKU O0JIA[HAHHSL.

Merta. BcranoBiieHHs1 3aKOHOMipHOCTEH 3MiHM 3ycuiuig aeopMyBaHHsS MeTasieBoi (GypHiTypu npu ii B3aemozii 3 To-
POiIaTbHOIO TIOBEPXHEIO MyaHCOHA 3 YpaXyBaHsAM KOHTAKTHOI B3aeMOJIil Ta Di3nKO-MeXaHiYHUX BJIACTHUBOCTEN Marepiary

dypHiTypu.
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Marepianu it MeToau. BUKopUCTAHO METON [OCTIKEHb, 10 6a3yI0ThCst Ha KIACHYHUX 3aKOHAX MEXAHIKM Ta MOJIEIIO-
BaHHSI TEXHOJIOTIYHOTO Tpotiecy AedopMaliii 3 BUKOPUCTAHHSM iH(bOpMaliitHux TexHosorii. [[yis mporpaMu po3paxyHKy
3acrocoBano Microsoft Excel. Tlpu aHaiTHUHUX OOYKMCIICHHSIX Ta B €KCIIEPUMEHTI OYJI0 BUKOPUCTAHO METAJIEBUIl JIFOBEPC,
BUrOTOBJIEHMIA 31 cTasi 08 KiI.

Pesyabratu. BeranoBiieHo aHANMiTHYHO 3aKOHOMIPHOCTI 3MiHM CyMapHOTO 3YyCHUJLIS /lehOPMYBaHHS JIIOBEPCA BiJl X0y
IIyaHCOHa Ta MPOBEIEHO EKCIEPUMEHTAIbHI OCII/KeH s Ipoliecy edopMyBaHHS JIIOBEPCA TOPOIAAIbHOIO MOBEPXHEIO
nyaHcoHa. HailGisibin cyTreBo Ha 3ycusuist aedOpMyBaHHS BILIMBAOTH: TOBLUIMHA JIIOBEPCA, PalliyC TOPOiAaIbHOI YaCTHHU
MTyaHCOHA, PAJIiyC TOUKY TTepexoy KOHITHOI TOBEPXHI IIyaHCOHA B TOPOiTaIbHY.

BucHoBku. BusHauajibHMil BIUIMB Ha TEXHOJIOTIUHE 3yCHJUIA MaloTh (hopMa poOOUMX MOBEPXOHb Ta F€OMETPUYHI T1a-
pamerpu yancona. OTpuMaHi 3aJe’KHOCTI MOXKHA 3aCTOCYBATH IIPU PO3pOOILI HOBOTO IIPECOBOTO OOJIA[HAHHS /ISl BCTA-
HOBJIEHHSI MeTaJIeBOi (DypHITYpH y BUPOOU JIETKOi IIPOMKCIOBOCTI Ta P BUOOPI peskuMiB pobotu obmagHanus. Lle m1o3-
BOJIMTH MiIBUIIUTH SIKICTh BUKOHAHHS TEXHOJOTTYHUX OIepaiiil, 3HU3UTH €HePrOEMHICTh OOJIaJHAHHS Ta IiJABUIIITH
MPOYKTUBHICTD TIPAITi.

Kniouogi cnosa: mosepc, BCTaHOBJIEHHS (QDYPHITYPHU, 3ycHiLIs 1e(hOPMYBaHHS, TyaHCOH.
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