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Introduction

Depending on the configuration, dimensions, mechanical and technological properties of materials,
various methods of hot and cold die forging of powder products are used [1-3, etc.]. When die forging parts
with curvilinear elements, characteristic, for example, of spherical sliding bearings, levers, fine-modular
gears and others, it is advisable to design powder blanks taking into account the plasticity of the material,
forming schemes, as well as the requirements for the die forged products [4—8]. Particular attention is paid
to the design and optimization of technological parameters of powder blanks production, since powder
metallurgy methods guarantee greater metal savings, productivity growth, energy costs reduction, etc.
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Technological possibilities of cold or hot die forging of powder products can be successfully realized
in the presence of scientific, design and technological generalized results, the use of which will provide
the required quality and properties of the obtained materials, density distribution by volume, durability and
cost of tooling [9-12]. This makes it necessary to determine the stress-strain state during cold or hot die
forging of powder blanks of different configurations and materials. One of the ways to solve boundary value
problems in the theory and technology of hot and cold die forging of powder products is to determine the
kinematic parameters in characteristic cross-sections of blanks at different stages of its forming in order to
establish the relationship between the strain component and stresses, as well as to identify the allowable
values of strains, nucleation and development of cracks during die forging [13—17]. Various simulation
models and programs can be used for this purpose [18, 19].

The purpose of the work is to study the influence of tool design, lubricant composition and method of
manufacturing sintered blanks from corrosion-resistant steel powders on the kinetics of forming during
cold die forging of spherical sliding bearing parts.

Research methods

One of the design options of the non-separable spherical sliding bearing is shown in (Fig. 1). The
manufacturing technology of such sliding bearings, often used in aviation industry, is not described in the
publications available to us. However, some requirements for it have been formulated: reliable operation in
various conditions under the action of high radial and axial loads, minimum wear and friction coefficient,
predictable operational life and others. Such friction units are made of corrosion-resistant steels with the
use of special lubricants. Inner rings of the bearing unit are made of steel 4157 52100, after maintenance
its hardness is HRC 58-61. The outer ring is made of powders of corrosion-resistant steels 304L-AW-
100 of “Hoégands” (Sweden) and 0.12C-18Cr-10Ni-Ti of domestic production, as well as components and
ligatures (Table 1).

To study the mechanical and technological properties of porous blanks, circular (GOST 2652985 and
GOST 18227-98) and prismatic (GOST 1497—-84) tensile test specimens were made. Specimens for research
were pressed on a hydraulic press HPM—60L in a cylindrical mold with a floating matrix under pressure
from 200 to 800 MPa. Part of the pressings was sintered in a laboratory furnace with carbide-silicon heaters
in dissociated ammonia, another part was sintered at 1,150 °C for 1.5-2 hours in a vacuum electric furnace
VSI—16-22-U.

Fig. 1. Spherical sliding bearing:

a — sections of friction unit; » — maximum rotation angle of the inner bearing
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Table 1
Chemical composition of the powder materials used
Chemical composition, %
Material
Si Cu | Mn Ni Ti P Cr S C V | W | Fe
0.12C-18Cr-10Ni-Ti | 0.8 | 0.3 | 2.0 10.0 | 0.7 | 0.035 | 18.0 | 0.020 | 0.12 | 2.0 | 0.2 | Bal
304L-AW-100 087 | — | 0.2 | 10.63 - 1 0.017 | 18.18 | 0.01 0.03 | - — | Bal.
18Cr-4Ni-3Cu 20 | 3.0 | - 4.0 - 0.03 18.0 0.05 2.0 - — | Bal.

Porosity of sintered specimens was determined by hydrostatic weighing and varied in the range of
12-25 %, the coordinate grid on the sintered blanks was applied on a CNC laser engraver JL-F20W with a
laser power of 15 W with a step of 0.5 mm (Fig. 2).

Simulation model Experimental speimen

a b

Fig. 2. Section of the outer ring of a spherical bearing with a coordinate grid after punching:
a — with a chamfer; b — without a chamfer

Molybdenumdisulfide(7U48—19—-133-90),pencilgraphite(GOST23463—79)andpolytetrafluoroethylene
(PTFE) (GOST 10007-80) were used to study the influence of a lubricant composition on the contact friction
coefficient and deformation resistance. To simulate cold die forging of the outer ring of the spherical sliding
bearing outer ring according to the scheme shown in (Fig. 3), we used the QForm program, based on a
hybrid approach that combines finite element and volume methods, providing fast and accurate calculation
of porosity changes and stress-strain state of the workpiece at all stages of forming [19].

The process of forming the spherical part of the inner surface of the ring S5 by cold forming (two-
sided pressing) and the influence of the design of the end surfaces of punches 2 and 6 on the kinetics of
deformation of porous cylindrical blank were investigated using a mold, the scheme of which is shown in

(Fig. 3).

Results and their discussion

Studies have shown that the strain resistance force P, of powder blank 5§ during cold forming of sintered
blanks is influenced not only by the mechanical properties of the material, but also by the configuration
of the forming surface of punches 2 and 6 (Fig. 3). By simulating in the QForm program the process of
deformation of a blank with an initial relative density of 0.8 mm, a height of 14.5 mm, an outer diameter
of 25 mm and a wall thickness of 2.75 mm according to the double-sided pressing scheme, it was found
that at the stage of compaction of the porous molding (i.e. that is, with its relative degree of strain
¢, <0.08...0.1), the force P, insignificantly depends on the angle of the internal chamfer (Fig. 4, a). In the
case of using punches w1th a flat end face (a = 0) and with an increase in ¢_above 0.15...0.16, the strain
resistance force increases almost twice as compared to when a = 40-50 deg (F1g 4, b). In particular, if the
cone angle corresponds to the angle of rotation of the spherical bearing by 45°, then the strain resistance
force of the porous blank at & = 0.25 does not exceed 50 kN, while at a =0 the force P, is equal to 200 kN.
Similarly, the angle o, affects the strain energy.

Vol. 26 No. 2 2024 %
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Fig. 3. Press tool for cold die forging:
1 — rod; 2, 6 — upper and lower punches; 3 — floating die;
4 — internal (spherical) bearing of the hinge unit; 5 — powder blank;
7 — fixing lower punch

a b
Fig. 4. Influence of relative strain of the porous blank on the strain resistance depending on the chamfer
angle a , at the end of the upper and lower punches, deg:
1=0;2=10;3=20; 4=30; 5=40; 6=50

The QForm program allows not only to establish the dependence of strain resistance and evaluate the
work of active forces, but also to simulate the process of cold forming of a porous blank at any moment of
time. As an example, (Fig. 5) shows the density distribution, stress field and accumulated (effective) defor-
mation at different values of €.

After the pressure is removed during cold forming, the bearing outer ring is tightly seated in the forming
seat of the matrix as a result of elastic aftereffects (Fig. 3). Therefore, a certain force is required to push it
out of the matrix, which depends on the initial and residual porosity of the ring, the specific work of cold
deformation, the characteristics of lubricants, etc. In this case, the outer diameter of the outer ring of the
bearing after ejection increased by about 0.03 mm relative to the diameter of the matrix, and the radial
increase in the inner diameter of the ring as a result of elastic aftereffect was about 0.01 mm, which is suf-
ficient in the presence of lubricant for free rotation of the inner ring relative to the outer ring.
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Since in the process of molding the inner spherical surface of the outer ring as a result of bilateral sin-
tered blank upsetting, the relative displacement of metal on the surface of the inner ring is insignificant, in
the process of experimental studies did not observe adhesion or splicing of the material of the outer and
inner rings of the bearing.

When die forging porous blanks, it is necessary to identify the distribution of material density in each
stage. The top and bottom edges of the outer bearing are most intensively compacted when the punch faces
are produced with a chamfer angle of 30-40 deg. With increasing &_up to 0.30-0.35, residual porosity in
these zones (have dark orange and red background) does not exceed 0.5-2.0 % (Fig. 5, a).

€, Relative density Strain resistance, MPa de?cfﬁ::iuolzt;cell d
0.093
0.174
0.244
0.306
0.345
a b c

Fig. 5. Volume distribution of relative density (a), specific strain resistance (b) and accumulated
deformation field (c) during simulation of die forging of a porous blank in QForm program

To experimentally evaluate the distribution of residual porosity in the bearing outer ring after cold
forming, microsections were used. (Figs. 6, a and 6, b) show the microstructure of the unetched microsections
of two areas of the meridian section of the ring with maximum (Fig. 5, a, has a red background) and
minimum (Fig. 5, a, has a bluish background) relative density. Porosity in these zones does not exceed
1-2 and 7-9 %, respectively. These studies show a fairly good agreement between the results of simulation
and experiment in estimating the density of the material.

In the cold forming process, the relative density 0 increases in proportion to the accumulated strain
(Fig. 5, ¢). For example, 0 of the material in the region of the inner spherical surface of the ring, depending
on the height and degree of strain (g, = 0.33-0.35) ranges from 0.92-0.98. Since the central inner part of
the blank is compacted to a lesser extent than the ends, on the one hand, it allows to increase the amount
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a b
Fig. 6. Microstructure of unetched microsection of the bearing outer ring areas with porosity, %:
a—89;b—-1-2

of solid lubricant concentrated in the pores of the metal matrix, respectively, to reduce the coefficient of
friction between the spherical bushing and the outer ring of the bearing, and on the other hand, relatively
large residual porosity reduces the ultimate strength of the ring material and the limit values of axial
loads.

In the case of using punches with a flat end surface (Fig. 7, a), the maximum relative density (0.98-0.99)
was obtained in the zones of contact of punches with the end surface of the workpiece, where the inten-
sity of plastic deformation of the material is significantly greater than in the central zone. Such areas of
the blank after die forging are highlighted in (Fig. 7, a) in red color. However, the work of active forces
and strain resistance in this case is somewhat greater than when using punches with internal chamfers
(Fig. 7, b).

The QForm program allows modeling a rectangular grid (Fig. 2, a), which is initially two-dimensional,
but with some assumptions it is possible to calculate parameters for a three-dimensional grid with a certain
error, provided that the radius R is constant at any point of the section. The displacements of nodal points
were determined by the total displacement of each grid element, so we calculated linear and shear deforma-
tions based on the changes in linear dimensions and shape of a particular grid element (Fig. 2, b). Taking
into account the results of simulation and using the thin section methodology, we selected representative
elements by height and radius of the blank (Fig. 8, d) with coordinates K, = h/h and K = r/r . As an ex-
ample, the values of ¢ _, €, and €, calculated by known formulas [20, 21] are shown in (Fig. 8).

The nature of the dependencies of &, g, and g, on the radius of the outer ring of the hinge, determined
by the deformation of the coordinate grid and modeling by the QF orm program, practically does not differ
(Fig. 8). However, the values of component & _, £, and £, calculated from the increment of the coordinate
points of the grid are slightly larger than those determined by simulation.

Assuming that the strain energy from the inner spherical bearing is insignificant, the strain energy
balance equation is written in the following form:

Ay =Aq + Ay, (1

where 4 is the work of active forces; 4, is the strain energy; 4 » is the work of external friction forces.
Work of (external) active deformation forces:

A, = PjAh, 2

where P, is the strain resistance force of the blank; A/ is the change in height of the blank.
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Fig. 7. Simulation in the QForm program of plastic strain of a porous bushing
being settled on a spherical bearing of a hinge unit:

1 — strain resistance force; 2 — strain energy

c d

Fig. 8. Distribution of the relative strain degree of the ring section elements g (a),
g, (b) and £, (c) with coordinates K, = 0.5 (3; 4) and 0.85 (/; 2) as a function of K ,
determined:

I and 3 — experimentally; 2 and 4 — by simulation
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If the stress-strain state at each stage of molding a porous blank is known, the stress and strain intensity
can be determined. Since in the plastic state the stress intensity is constant o; = ¢, and the increment of strain
work [20-22]:

dA, =m.css-sl--dV, 3)

where dV is the volume increment of the displaced metal; o_is the yield strength of the porous blank mate-
rial; ¢, is the strain intensity.

Fig. 9 shows, as an example, the strain intensity distribution of the top and middle layer of the blank,
calculated using the following equation:

2 2 3,
Si:T (Sxx_gyy) +§ny- 4)

Fig. 9. Dependence of strain intensity €, of thin sections
with K, = 0.5 (3, 4) and 0.85 (1, 2) of the sintered blank on
its reduced radius K , determined:

1 and 3 — experimentally; 2 and 4 — by simulation

The incremental work of contact friction forces was generally represented as follows:

dAf =Te ch, (5)

where 7, is the tangential stresses on the contact surfaces; dF, is the increment of the contact area “tool-
blank”.

If the contact friction stress is known, the following formula has been proposed to determine the work
of contact friction forces [20]:

Ap = [[\Juy + vy + wydF . (6)
The specific deformation force of the porous blank was determined from the simulation results and
according to the formula [22]:

1 (D-d)

P:Gs+—‘Tc'T,

3 ™)

where 6_is the material yield strength; z_ is the tangential stresses on the contact surfaces; D and d are the
bushing outer and inner diameters.

The equation for determining the stress T, on the tangent surface of the tool and the porous blank has
the following form [9, 23]:

T =05y (1-0) (8)

where p_ is the contact friction coefficient; O is the relative density of the blank.
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Substituting expression (7) into formula (6), we find:

1 [ 3 D-d
p=03+§'(uc'cs' (1_®) j( h ) )
Solving dependencies (8) and (5) together, we determined the work of active forces:
1 3\(D-d
A, =§(D2 —dz)[cs +§(uccs«/(l—®) )%}Ah. (10)

Yield strength o of sintered corrosion-resistant steel depends on many factors: chemical composition,
structure, porosity, concentration and configuration of foreign inclusions, etc. Various formulas are used to
evaluate the effect of porosity on the yield strength of sintered structural materials. In particular, the follow-
ing expression was proposed in [18]:

2(1-0)
=0 —_—
N% /4_3® s

where o is the yield strength of compact material.

For compact chromium-nickel steels of the austenitic class offset yield strength is (o, ,) is 250450
MPa. Therefore, o, of sintered steels, the composition of which is indicated in Table 1, were determined
experimentally according to GOST 1497-84, using prismatic tensile test specimens.

Table 2 shows some mechanical properties and porosity of prismatic specimens after sintering at
1,150 °C, 1.5 hours. The ultimate strength of specimens sintered in dissociated ammonia is very low, because
even in the case of sintering in the backfill chromium is intensively oxidized, especially at the boundaries of
powder particles, due to the interaction not only with oxygen contained in the protective medium, but also
with oxygen slammed in the pores of the blank.

Gy

(11

Table 2
Physical and mechanical properties of chromium-nickel sintered corrosion-resistant steels

Dissociated ammonia
Sintering
. . Backfill Vacuum
d
medium Backfill SiO, Si 0,+ Alz 03
Powder 0.12C-18Cr- ) 0.12C-18Cr- .
arade JON-T; 304L-AW-100| 18Cr-4Ni-3Cu JON-Ti 304L-AW-100| 18Cr-4Ni-3Cu
o, MPa 29.7 45.59 45.10 243.59 237.84 144.15
0, % 0.13 0.11 0.60 7.84 8.89 0.69
¥, % 0.00 0.00 0.00 7.85 12.96 0.57
I, % 32.05 27.61 30.12 25.24 19.25 27.32
P, g/cm3 5.58 6.21 6.09 6.32 6.64 6.22
HRB 70.4 90.4 67 74.2 59.1 74.1

In the specimens obtained from a mixture of ferrochrome, iron powders with copper and nickel addi-
tives, even after sintering in vacuum, the relative elongation 6 and relative contraction ¥ do not exceed 1 %
(Table 2). Therefore, in calculations, the yield strength of all steels under study, in which 6 and ¥ are less
than 1-2 %, was assumed to be equal to the strength limit.

Since the plastic properties of steels are influenced not only by chemical composition and structure,
but also by the stress-strain state, radial settling of sintered ring specimens with residual porosity of 14-25
% was carried out to evaluate 6. It was found that in the compression zones the relative density during
upsetting increases to 0.95-0.97 and cracks appear only in the tensile zones. Taking this into account,
6, =200 MPa was taken in the calculations.
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To determine the contact stresses T, and the friction coefficient, we used the method of transverse de-
formation of the sintered blank using a punch with different diameters (Fig. 10). The initial height of the
sintered ring blanks was 14.5 mm, outer diameter was 25 mm, wall thickness (/) was 2.75 mm.

Before testing, lubricants in the form of suspensions consisting of graphite, molybdenum disulfide and
polytetrafluoroethylene (PTFE) particles were applied to the inner surface of the sintered blanks. As an
example, Fig. 11 shows the effect of lubricant composition on the work (4 ) and transverse deformation
resistance (P,) of a 304L-AW-100 powder blank with an initial porosity of 17 % at a relative radial strain
g, =0.24.

The minimum resistance to transverse deformation of the porous blank at €, = 0.24 was obtained in the
case of coating the inner surface of the billet with PTFE (Fig. 11, b, curve 3). The maximum strain resis-
tance in all cases was obtained at 12—14 mm displacement of the punch. With increasing degree of radial
deformation P, smoothly increases from 0.5 to 45-50 kN, and at ¢, > 0.24-0.25 the force of deformation
resistance increases more intensively (Fig. 12).

It should be noted that regardless of the composition of lubricants, the strength of resistance to trans-
verse deformation of the workpiece at € < 0.24-0.25, determined experimentally and by simulating using
the QForm program, practically does not differ (Fig. 12).

Let us assume that the work of friction forces on the contact surface of the blank with the matrix is much
less than on the punch-blank surface (Fig. 10, @). Then on the inner surface of the blank the elementary
work dA of tangential forces in the deformation center with height dh [21]

|l\)

IL;J

N

Fig. 10. Scheme of radial deformation for determining contact stresses:

1 — punch; 2 — annular specimen; 3 — matrix; 4 — stand

a b

Fig. 11. Dependence of energy (a) and resistance to transverse strain (b) of the sintered blank
at Ar = 0.65 mm on the lubricant composition:

1 and 4 — pencil graphite; 2 — MoS,; 3 - PTFE

% Vol. 26 No. 2 2024
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Fig. 12. Strain resistance under radial deformation of a ring specimen
with porosity 17 %:
dotted line — simulation data; solid line — natural data / — soap solution;
2 — graphite + oil; 3 — phosphate + soap; 4 — PTFE + oil; 5 — MoS, + oil;
6 — graphite + oil

dA =r.rd, = o, rda = %Gspchsrz, (12)

where c_is the yield strength of the workpiece material; p  is the contact friction coefficient; r is the inner
radius of the powder workpiece after radial deforming; a is the punch cone angle.
From expression (12) we find:

e =228 (13)
ogrh.g,

Since in the process of radial deformation the work and the strain resistance force depend on the rela-
tive degree of radial deformation and the displacement of the punch (Fig. 11, b), for each value of & _the
coefficient of contact friction for the given values of the yield strength of the material was determined by
formula (13). In particular, Fig. 13 shows the influence of the degree of radial deformation &, of vacuum
sintered ring specimens with porosity of 17 % from 304L—-AW-100 powder, depending on the composition
of lubricant and punch displacement on the coefficient of contact friction.

Similarly, we determined the work of friction forces on the inner contact surface as a result of moving
the punch along the entire height of the blank by the following equation:

Ac = Sghc(Ar) by sin® 2. (14)

Formulas (13) and (14) do not take into account the effect of blank porosity on the contact friction coef-
ficient at all stages of transverse deformation. As can be seen from (Fig. 13, d), p, will be influenced not
only by the initial porosity of the blank, but also by the nature of its height distribution, as well as by the
concentration of solid lubricant particles located in open pores.

The strain energy calculated by formula (10), using the results of experimental studies p, (Fig. 13, b
curve 1), is noticeably greater than determined experimentally (Fig. 11, a). Therefore, depending on the
design, operating conditions, technological properties of antifriction and lubricating materials we recom-
mend to use the variant of sintered blanks design developed by the authors and methods of calculation
of energy-force parameters, creation of new technology for obtaining non-displacement spherical sliding
bearings. The results of research can be used in the development of technology for cold and hot die forging
of powdered parts from other materials, as well as in the calibration of sintered blanks.

Vol. 26 No. 2 2024 %
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b d

Fig. 13. Dependence of the coefficient of contact friction during radial deformation of an annular
specimen on the degree of transverse strain (¢, = 0.05 (a); €. = 0.24 (b), € = 0.42 (c)) and lubricant
composition:

1 — pencil graphite; 2 — PTFE; 3 — MoS,

Conclusion

1. It is experimentally proved that the strain resistance and strain energy, as well as the density of
the spherical sliding bearing ring made of corrosion-resistant steel powders, obtained by cold forming of
sintered blanks, are influenced by the configuration of the end surface of punches. The top and bottom edges
are most intensively compacted when the punch faces are made with a chamfer angle of 3040 deg.

2. It is established that in the production of one-piece spherical sliding bearings it is advisable to use
sintered cylindrical blanks coated with lubricants containing solid particles of molybdenum disulfide and
polytetrafluoroethylene, which makes it possible to reduce the strain resistance during cold forming of the
outer ring by 20-30 %, and the sliding friction coefficient during operation is within 0.05-0.06.

3. It is revealed that mechanical and technological properties of sintered blanks from chromium-nickel
stainless steels are influenced not only by the chemical composition of powders, but also by the mode and
conditions of press sintering. The ultimate strength of specimens sintered in vacuum is 230-240 MPa, and
in dissociated ammonia the ultimate strength is 4045 MPa due to intensive oxidation of chromium on the
boundaries of powder particles not only by oxygen contained in the protective environment, but also with
oxygen slammed in the pores of the blank.

4. A simpler method of calculated and experimental determination of the contact friction coefficient
is developed, which makes it possible to evaluate the influence of the degree and work of deformation,
composition of lubricants containing solid particles of molybdenum disulfide and PTFE on the kinetics of
forming at obtaining parts of various configurations by cold die forging of porous blanks.
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