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Buxonani docnioxncenns enubunu, cmynens
Haxaenysanus i ouysii ximiunux eremenmie
nogepxnesozo wapy. OcHOBHUM MexXaAHi3MOM
oupysii € epadienm winvrocmi Oucaoxauiil.
Hocaidceno npouec 3HOUYBAHHA KOHMAKMHUX
Nn0GeEPXOHL Mepms NPU KOUeHHI 3 8PAXYBAHHAM
nPOK063YBaAHHS. 3ANPONOHOBAHT CROCID, mex-
HOJI0215 T npucmpii Ons o0Kamyeanus Kkanam-
HUx 0J10Ki6 KAUHOBUM POJUKOM, AKi 3a0e3ne-
UY10Mb HU3LKY WOPCMKICMD | BUCOKU CIYNIHD
HAKIEeNYBAHHS NOBEPXHI

Knrouosi cnoea: koumaxmua miynicmos, 3H0-
wyeanns, noeepxmese niaacmuyune oedopmy-
8aMHA, KAUHOBUL PONUK, KaHAMHULL 010K

[m, ]

Boinonmenst uccaedosanus enyounsvt, cme-
nenu naxnena u oupdysuu xumuneckux sgne-
Menmos nosepxnocmuozo caos. OcroéHbim
Mexanusmom oudpysuu sensemcs epaduenm
naomnocmu oucaoxauuii. Hecnedosan npoyecc
UHOCA KOHMAKMHBIX NOGEPXHOCMEl MpeHus
npu Kauenuu ¢ yuemom NPOCKAAb3bLEAHUL.
IIpednoscenvt cnocod, mexnonoeus u ycmpoii-
cmeo 0ns 00KamvleanHus KaHamuovlx 0J10K06
KAUNOBBLM POSUKOM, KOMOPbLe 0becneuusaiom
HU3KYI0 WepoxX06amocns U 6bLCOKYI0 Cmenes
HAKJIeNnbI8AHUS NOBEPXHOCTU

Kmiouesoie crosa: konmaxmmas npounocmo,
u3nOC, NogepxHOCMHOE naacmueckoe dedop-
Mupoeanue, Kauno6ou poauK, KaHamuvlil 610k

1. Introduction

The problem of increasing wear resistance, contact strength
and resistance to contact spalling is becoming increasingly rele-
vant as intensity of handling equipment operation is constantly
increasing. The most economical extension of the rope block
service life is possible by improving properties of the surface
layer. Surface properties can be controlled by changing the
surface layer structure and physical and mechanical properties.

When operating equipment for general technical purposes,
large-sized steel parts that perceive contact loads, such as cable
blocks, tackle blocks, pulleys, etc. often fail. Significant work
forces in the presence of misalignment of interconnected parts
often bring about spalling and wear of the working friction
surfaces, shape distortion, alteration of clearances between the
parts. As a result, service life of handling equipment and ma-
chinery units in general is reduced. Numerous studies [ 1] have
shown that up to 85 % of machine failures occur in operation
not because of an insufficient structural strength of the parts
and units but because of contact damage and wear of conjuga-
ted friction surfaces.
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Application of thermal or thermochemical strengthening
methods in the manufacture of large size rope blocks is limited
by their dimension and weight. The most simple, available, and
often solely possible, method for strengthening such blocks is
surface processing by cold plastic working, namely reeling or
hammering. To improve appearance and increase wear resis-
tance of the surface layer, finishing surface plastic deforma-
tion (SPW) is applied and in order to increase fatigue strength
and contact strength of parts, work hardening is used.

Therefore, the study of the effect of the reeled surface
layer properties on tribotechnical characteristics is an urgent
scientific and technical problem.

2. Literature review and problem statement

During operation of rope blocks, rope interacts with the
surface of the block groove. Because of elastic deformation
and torsion of the rope under load, it slips and rotates round
its axis. This brings about various types of damage: the
groove wear, appearance of cracks, collar spalling, general




deformations, and other flaws. A fundamental contribution
to the theory, calculation, and design of a «rope block — rope»
friction couple is made in [2, 3]. The proposed theoretical
calculations in the design of the «rope block — rope» friction
couple have low accuracy because of numerous simplifica-
tions and assumptions in the calculation method.

The issues of wear, study of surfaces subjected to contact
loading as well as improvement of physical properties of sur-
face layers are considered in [4—6]. These studies do not take
into account the phenomenon of slippage of contact friction
surfaces which in turn affects the mechanism of wear of the
tribological couple.

Blocks are made of cast iron or steel by casting, pressing,
or welding [7]. The use of cast iron for casting the blocks in-
creases wear resistance of the block by 10-12 % compared to
the steel blocks. Worn cast-iron (SCh 15-32) rope blocks are
replaced by blocks of steel (25L) [8]. However, the proposed
methods of hardening and restoring rope blocks, namely, res-
toration of the blocks with the help of automatic surfacing,
welding, electromechanical processing, electroplating, etc.
are very costly and of a low material-output ratio. Therefore,
it is more advisable to take measures to harden the rope
blocks and increase their longevity, especially with the help
of SFW.

Consequently, many methods are effective for certain
operation conditions (uniform loading, absence of abrasive
wear, etc.) and ineffective [3] in other conditions (impact
loads, large specific loads, abrasion, etc.). However, for a large
number of enterprises, the equipment requiring quenching
and cementation is economically unjustified and therefore
the issue of techno-economic feasibility of its acquisition
appears often.

When deciding on the expediency of hardening and
restoration of parts, one should proceed from the technical
feasibility of the enterprise in question. It is necessary to
ensure performance of the part after its hardening and res-
toration for the entire inter-recouple service life of the unit
encompassing this part and economic feasibility of hardening
and restoration.

Solution of the tribo-contact problem for a friction
couple was made on the basis of the wear model in [9]. The
proposed solution is quite complex for practical implementa-
tion since it requires division of the wear area into discrete
sections. It does not take into consideration technological
features and the form of the contact friction couple.

Analysis of the change in contact pressure was made in [10]
during wear of coating in a friction couple for a nonlinear
form of the wearing law. As a wearing law, a dependence
of the wear rate on speed and contact pressures was taken.
A nonlinear Winkler model was adopted to describe defor-
mation properties of contacting materials. The proposed
algorithm for solution of the wear-contact problem of the
friction couple will face significant difficulties in the case of
loading the friction couple. This is determined by the prob-
lems of mathematical nature when using non-linear equa-
tions describing geometry of the contact couple in arbitrary
equations.

Solution of an inverse wear contact problem for iden-
tifying parameters of the dependence of wear intensity
on pressure and speed of sliding taking into account their
distribution over the contact spot has been made in [11].
Based on the wear experiment by the «finger-disk» scheme,
expressions for determining these parameters were obtained.
However, assumption of stability of the wear spot accepted in

the work in accordance with the test scheme does not make
it possible to use the obtained solution for the test schemes
with a variable contact (wear) spot.

A study of wear of a working «rope block — rope» friction
couple caused by difference in diameters is presented in [12].
It was established on the basis of this study that the diffe-
rence between the radii of the rope and the rope block profile
leads to a change in distribution of contact pressures, and
a phenomenon of axial slippage of the rope occurs which in
turn leads to wear of the contact friction surfaces. However,
the article does not present the dependence on quality of
processing the friction surfaces of the «rope block — rope»
couple.

The mechanism of wear of the «rope block — rope»
friction couple and distribution of residual stresses in the
substrate surface were studied in [13]. The results of this
study indicate that the rate of wear of the alloyed steel de-
pends on diameter of the rope wires. The mechanism of wear
of annealed low-alloy steel is characterized by fatigue and
abrasive wear but the wire demonstrates partial adhesion
because of microabrasive wear when a fatigue crack appears.
Distribution of the residual stress contacts does not depend
on the motion speed. Therefore, there are constant values in
the contact surface.

Analysis of the nature of failure of the parts that wear
from the contact load of the friction surfaces showed that
failure of rope blocks begins mostly in the surface layer and
the resistance to this failure is determined by quality of the
surface layer. Therefore, it is possible to influence quality of
the surface layer by changing methods of surface treatment
to provide predefined tribological characteristics to the fric-
tion surfaces.

To solve these problems, there is a need for a compre-
hensive study of new technological processes and the use
of advanced methods of SFW. The study of wear processes
and development of a strengthening technology require the
use of laws and methods of continuous medium mechanics,
mathematical and applied theory of plasticity, as well as the
phenomenological theory of deformability.

Thus, further theoretical and experimental studies of
physical and mechanical properties of the surface layer and
microstructural studies of steel specimens after reeling them
with rollers are needed. It is necessary to investigate diffu-
sion of chemical elements in the surface layer during surface
deformation by means of microchemical analysis and carry
out tribological studies of wear of contact friction surfaces
during reeling with allowance for slippage. All these mea-
sures will make it possible to create a method, a process, and
a device for strengthening the rope blocks by reeling and
solve production problems during its implementation.

3. The aim and objectives of the study

The study objective was to develop a process and a device
for strengthening rope blocks by reeling with a wedge roller
based on physical-mechanical and tribological studies of the
«rope block — rope» friction couple, which will increase their
wear resistance and contact durability.

To achieve this objective, the following tasks were ad-
dressed:

— to conduct study of physical and mechanical properties
of the surface layer and microstructure examination of steel
specimens subjected to reeling;



—to study diffusion of chemical elements in the sur-
face layer in the course of surface deformation by means of
microchemical analysis and investigate the process of wear
of contact friction surfaces during reeling with allowance for
slippage;

—to develop a method and a technology of reeling fric-
tion surfaces of large-sized steel parts and carry out expe-
rimental studies of efficiency of the reeling technology for
roughness and the degree of work hardening of the working
friction surface of the parts.

4. Materials and methods used in
the tribological study of the effect of reeling parts
on the contact strength

Electron microscopy studies were carried out using
a UEMV-100K microscope on thin foils prepared from the
specimens taken at various distances from the surface and
then thinned to a thickness transparent for electrons.

Depth and degree of work hardening during plastic
deformation of the surface layer were estimated using the
regression analysis method. To this end, rupture tests were
conducted on 0.2..0.4 mm thick flat specimens cut from
a part at various distances from the part surface with the help
of Shovenar machine with film recording of specimen defor-
mation versus load diagrams.

The study of the degree of hardening with analysis of the
change of microhardness and diffusion of chemical elements
in the surface layer in the process of SFW was carried out as
follows.

Microhardness after reeling the specimens in various
conditions was determined using the PMT-3 microhard-
ness meter. Determination of microstructure

+5 % since the friction force of the rolling bearings was not
more than 0.008. This provided a uniform deformation of the
surface layer in the rope block groove.

The degree of work hardening was measured and de-
termined after reeling with the help of TIME Hardness
Tester TH130 (India) universal integral dynamic hardness
meter.

Roughness of the rope block working surface before
reeling was measured using reference roughness comparison
specimens OSh (GOST 9378-93 made in accordance with re-
quirements of GOST 2789-73). After reeling, roughness was
measured with the help of replicas prepared from self-curing
Protacril-M plastic using the profilographer-profilometer
of A1 type (GOST 19299-73 and GOST 19300-73), mo-
del 252 manufactured by Caliber Enterprise (Russia).

The reeled rope blocks were tested for spalling with
ropes in production conditions on KRUPP ship reloaders
(Germany) with a hoisting capacity of 40 tons, MGZ OJSC,
and KS-3575 autocranes with a hoisting capacity of 10 tons,
Mykolayivbudmekhanizatsiya JSC (Ukraine).

5. Results of tribological tests and process parameters
of reeling steel parts with rollers

Vickers hardness under force of 0.10 kN and mechanical
characteristics 6, 6,, and 8 were determined on specimens
taken from a shaft made of 40 grade steel and reeled under
a reeling force of 50.0 kN (Fig. 1).

Statistical estimation of accuracy in determining the
depth of work hardening was made proceeding from the
changes in hardness HV10 and the yield strength of the
work hardened metal layer.
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process of hardening the rope block surface by
reeling were carried out on a universal 1K65
screw-cutting machine. The technological pro-
cess was recorded on Panasonic SDR-S26 video
camera with a subsequent frame-by-frame exa-
mination. Force on the roller varied within
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Fig. 1. Mechanical properties of the surface layer of the shafts reeled
with toroidal rollers with diameter D,=105 mm, profile radius r, =10 mm:
G, Gp.2 and § are properties in a circular direction; 63, G2, & are properties

in the axial direction



A hypothesis of normality of distribution of measu-
rements of initial hardness and yield strength was verified
by the Kolmogorov criterion. After that, the results of hard-
ness tests were statistically analyzed by the small specimen
technique.

Nonlinear regression analysis was used to determine the
depth of work hardening (estimated by the start of change in
mechanical properties HV10 and o, of the deformed layer)
and estimate accuracy of determining the depth of work
hardening.

To describe the regression lines, the functions were
taken [1]:

y=a,+bx+bx" )
and
y=a,+bx+b,lgx, 2)

where y is hardness or yield strength; x is the distance of the
measuring point from the reeled surface.

Statistical processing of the results obtained in deter-
mining the coefficients ay, by, by in the regression equa-
tions was performed according to the least squares method.
Dispersion coefficients, work hardening depth and its con-
fidence intervals and the standard deviation were estimated
as well.

In the process of the regression analysis, the values of
coefficients of the regression equations (1), (2) and the ab-
scissa of the extremum point were initially calculated taking
into account the values of mechanical properties which dif-
fered significantly from the initial ones. After the points of
measuring initial mechanical properties were shifted in the
direction of the x-axis, up to coincidence of their abscissas
with the abscissa of the extremum point of the regression
line, solution was performed again, but with taking into con-
sideration measurements of the initial mechanical properties
altered in this way.

The solution was repeated until the difference between
abscissas of the points of extremum of two last regression
lines did not exceed a specified number equal to 0.01 mm.
Calculations were carried out on a PC. Coefficient m of the
parabolic regression line acquired values from 2 to 25.

The line having smallest residual dispersion S? was se-
lected from various regression lines. The best regression line
has appeared to be a parabolic dependence. For all tested
specimens, the hypothesis of equality of mean values of work
hardening depth determined by the results of measuring
hardness and yield strength checked by the Student’s crite-
rion was not confirmed.

The study results have shown that yield strength of the
work hardened layer increased to a greater extent than hard-
ness (100-130 % versus 20—-60 %). Due to this, the boundary
of the work hardened layer was more clearly defined by the
change in the yield strength. Use of cylindrical needle rollers
of a small diameter leads to a sharp increase in the defor-
mation ratio in a thin surface layer which was indicated by
grain elongation in the direction of reeling seen in the optical
microphotographs.

Accuracy of determining boundary of the work hardened
layer by regression analysis according to the results of mea-
surement of yield strength is twice as high in comparison
with those obtained in Vickers hardness tests. The 95 %
confidence intervals for the work hardening depth calculated

from the results of measurement of yield strength make
up 11-36 % of the work hardening depth and 32-75 % for
the hardness tests. The depth of work hardening which is
determined by variations in the yield strength was 25-50 %
more than the depth determined by Vickers hardness tests.
This difference increases with a decrease in the degree of
work hardening. The depth of work hardening determined
according to the values of yield strength for circular and
close to them imprints (b/a<2) corresponded to that
calculated by Heifets method even with a rather small re-
duced curvature of the contact between the roller and the
part (k=0.0835mm™'). It has been established that the
yield strength was a more sensitive mechanical characte-
ristic for determining the depth of plastic deformation than
hardness. The depth of penetration of compressive stresses
was close to the depth of work hardening determined by the
yield strength.

Influence of conditions of reeling with rollers on the
change of microstructure of the worked metal was studied in
reeling with cylindrical and toroidal rollers of small diameter.
Microstructure of the specimens prior to surface work har-
dening consists of pearlite grains surrounded by hypo-eutec-
toid ferrite (Fig. 2, a).

After reeling, changes in the microstructure observed on
optical-digital microphotographs could only be found in the
surface layers of the shaft reeled with a roller (Fig. 2, b). The
changes were seen as a considerable elongation of both fer-
rite and perlite grains in a circular direction of reeling. It was
established that at the distance from the surface (16.42 mm),
the ferrite plates of perlite din not contain dislocations.
In some locations, there were isolated dislocations in the
ferrite-cementite interface. Ferrite grains in the specimens
were constrained by flat straight boundaries. Inside the
grains, there was a three-dimensional net of low density
dislocations.

Fig. 2. Microstructure of specimens of the surface
layer of normalized 40 grade steel: before reeling (a);
after reeling (b) (x300)

As the electron-diffraction examination has shown,
strengthening of the surface layers during reeling shafts with
a roller was mainly due to emergence of dislocation cells in
the structure of the excessive ferrite grains. Higher degree of
work hardening when reeling with a needle roller manifested
itself by a higher density of dislocations and a reduced size of
cells in the substructure of ferrite grains and a thicker grid of
dislocations in the ferrite plates of perlite. In some locations,
bend and fracture of cementite plates was observed which
indicated the limit degree of plastic deformation of the sur-
face layer. This was confirmed by the beginning of peeling of
the surface reeled with a five-millimeter roller.



Distribution of microhardness H, in the depth of three
specimens is shown in Fig. 3.
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Fig. 3. Distribution of microhardness in the depth of the

hardened layer: Armco iron, r,,=2.5 mm, P=1.5kN (a);

45 grade steel, r,=5mm, P=>5 kN (b); 40X grade steel,
rp=2.5mm, P=5.5kN (c)

In the graphs of Fig. 3, b, ¢ for the specimens of 45 grade
and 40X grade steel, a decrease in microhardness Hy.) in
the transition zone between the hardened layer and the ini-
tial metal with microhardness H,;, was found. The average
values of Hy () and Hy; of normally distributed values were
compared with the help of ¢, the Student criterion.

For this purpose, the reduced variance was determined:

(=S} +(n,—1)S,
n +n,—2

SZ

3)
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‘ Jﬁ @
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non,
where 74, ny is the number of measurements of H, in the
transition zone and in the initial metal, respectively; Sf, 522 is
dispersion of H,.)and H, values, respectively; X, ¥, is the

mean value of Hy) and Hy;), respectively.

If ‘t‘ >t,, K, then difference between mean values is sig-
nificant. The value of the confidence probability was taken
equal to 0.95, (=0.05), the number of degrees of freedom
was determined from the expression K =, +n, —2.

It was established that the content of Cr and C in the
transition zone decreased by 20-30 % and increased to
10-15 % in the hardened layer. In reeling 40X grade steel
and 45 grade steel, a significant reduction of microhardness
was observed in the transition zone between the hardened
layer and the initial metal. When Armco iron was reeled,
such decrease was not detected (Fig. 3, a). Based on these
studies, a hypothesis of diffusion of strengthening chemical
elements (Cr, C) from the intermediate layer to the part sur-
face was advanced. The main mechanism of diffusion during
SFW was the gradient of dislocation density.

The method of photoelasticity has shown that during
elastoplastic deformations, stresses in the surface of contact
of the roller with the part were distributed along a curve
close to elliptic, the difference was not more than 7 %.

It was established that when slippage was up to 2 %,
a sharp change in the coefficient of friction could be ob-
served after which it remained practically constant due
to the spread of slippage over the entire contact area:
an obvious dependence of the value of the maximum friction
coefficient on the state of the friction surface. For example, in
the process of abrupt change of the coefficient of friction for
hardened and not hardened specimens, with lubrication and
without it, the zone (crosshatched area) was detected when
running-in was achieved faster for the specimens reeled with
rollers (Fig. 4, a). It can be stated that the surface roughness
only affects at small slips (up to 3 %) while reeling with rol-
lers creates specified tribotechnical properties with reduced
wear indicators in the surface layer.

Fig. 4, b shows dependence of the coefficient of friction
on the surface roughness for the specimens before reeling and
after reeling with a roller and Torsiol-55 lubricant applied.
It was established that with a decrease in surface roughness
after reeling with rollers, lubricated specimens had a de-
creased coefficient of friction.

When reeling with slippage, the main mechanisms of
wear were oxidizing and fatigue (spalling) wear [14, 15].
Spalling deformation increased with an increase in slippage if
tangential stresses were sufficiently large.

A procedure for determining the force of reeling with
a wedge roller was developed. In order to prevent excessive
work hardening and peeling of the reeled metal, a limitation
for the reeling force at an average angle of indentation not
more than 5° was introduced. With the help of nomogram,
rolling force was determined as dependent on the size of



the part and the round roller and the reduced profile radius
of the roller were chosen to determine the design parameters.
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Fig. 4. Dependence of the coefficient of friction:
on the magnitude of slip (a); on the surface roughness (b):
non-reeled nonlubricated specimen (1); the nonlubricated
specimen reeled with a roller (2); the non-reeled
lubricated specimen (3); the lubricated specimen reeled
with a roller (4)

The method of reeling steel parts [16] was developed and
a theoretical analysis of geometrical parameters was made
for reeling the rope blocks with a wedge roller. For this case,
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beating, eccentricity and diameter of the roller, its curvature,
curvature of the reeled part and normal strengthening bet-
ween the roller and the part in the deformation zone at all
points of the profile were calculated.

Calculations have shown that in order to prevent forma-
tion of waviness on the reeled surface, the profile radius r,is
made of a variable value which ensures constancy of the
angle @=5° of the roller indentation in all sections of the
part profile.

The design of the device for reeling the rope blocks is
shown in Fig. 5. It was patented and invention patents were
granted [16, 17].

The developed device and technology of reeling [17] the
rope blocks by a wedge roller provide low roughness and
a high degree of surface work hardening. This effect is
achieved by maintaining constant the average angle ¢ of the
roller indentation into the surface to be worked and mounting
of the roller unit on the rolling bearings. This contributes to
a uniform deformation of the surface layer in absence of wa-
viness and leads to an increase in durability of the workpiece.

In the course of the experimental study, estimation of
dependence of performance of the reeling process on the
angle of indentation of the roller, profile radius of the roller,
reeling speed and the number of revolutions of the rope block
was made.

When plotting the diagram, factors were applied on the
abscissa axis in an order of decreasing their rank and the
sum of the ranks for the corresponding factor was applied
on the ordinate axis. With the help of the obtained diagram,
an assessment of significance of the factors was made. To
determine the factors that do not influence the technological
process, the Student criterion (¢ criterion) was used.

After analysis and rejection of the mentioned minor
factors, a classical diagram of the ranks with a decrease in
their magnitude depending on the influence of the factor on
the quality of realization of the technological process was
constructed. The check of significance of the expert opi-
nions consisted in election of 10 experts, with the number of
factors in the matrix being 12 and the number of degrees of
freedom f=11.
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Fig. 5. The device for reeling rope blocks with a wedge roller:
roller (1); reeled part (2); shaft (3, 7); bearings (4, 8, 9, 10); lever (5); bracket (6); plates (11, 12);
spherical washer (13); sleeve (14); spring (15); sleeve (16); pulling rod (17); pin (18); nuts (19, 22); handle (20);
screw (21); eye bolts (23, 24)



Analysis of expert opinions («psychological experiment»)
and statistical processing have allowed us to conclude on the
impact on the course and quality of implementation of the
technological process. The four factors had the most affect:
roller profile radius X;, mm; speed of reeling X, m/min;
angle of the roller indentation X3, degrees; number of the
rope block revolutions Xy, rev. The three-level, four-factor
Box plan of the second order was used.

After statistical processing of the experimental data on
a PC with the help of Statistica and Excel programs, mathe-
matical models were obtained. These models were obtained
for surface roughness (SR) and hardening degree (HD)
which describe the technological process of reeling the rope
blocks using a wedge roller device.

The regression equations take the form:

SR=1.9224-0.2789- X, +0.2520- X, —

- 0.5837-X,-0.4970- X, ~0.014- X, - X, +

+0.280-X,- X, —0.002-X,- X, —0.154- X, X, +
+0.257-X,-X,+0.359- X, - X, —0.094- X? -

- 0.522- X2 +1.405- X7 —1.280- X?; 5)

HD=47.5008—0.2578- X, - 0.7167- X, +
+0.135-X,+0.1157-X, -0.127- X, - X, +

+0.236-X,- X, —0.535-X,- X, ~0.124- X, X, +
+0.115-X,- X, -1.062- X, - X, —0.483- X —

~0.106- X2 —0.925- X2 +0.931- X2, (6)

After statistical processing, analysis of the obtained
regression equations was made with encoded values of fac-
tors (Table 1). Study of optimization criteria depending on
the change of independent factors was carried out using the
method of two-dimensional sections.

Table 1
Data of encoding the test results
Indicator -11] 0 1
X, — The roller profile radius, mm 10 | 15 | 20
X, — Speed of reeling, m/min. 20 | 50 | 80
X3 — Angle of roller indentation, deg. 251 5 |75
X, — Number of the rope block revolutions, rev. | 100 | 200 | 300

The mathematical models were checked for the rope
blocks made of steel. When analyzing the values of coeffi-
cients at factors in the regression equation (5), a conclusion
can be drawn that the process quality is most influenced by
the angle of roller indentation (X3) and the number of revo-
lutions of the rope block (X;). Similarly, it can be seen from
equation (6) that the most important are the roller profile ra-
dius (X;) and the speed of reeling (X»). For a more thorough
study of the process, an analysis of possible combinations of
pairwise combination of factors was made.

Two factors were equalized in turn to zero leaving the
other two unequal to the target value. Regression equation
for surface roughness and the degree of hardening at possible
combinations of factors was obtained.

Equating to zero the value of the angle of roller in-
dentation (X3) and the number of revolutions of the rope
block (Xj), regression equations were obtained in the form:

SR=1.9224-0.2789- X, +0.2520- X,
~0.014-X,-X,—0.094-X> =0.522- X2; (7

HD =47.5008—0.2578- X, —0.7167- X, —
~0.127-X,-X, - 0.483-X>-0.106- X_. ®)

Let us take partial X; and X, derivatives and obtain
a system of equations for each of the optimization criteria:

OSR _ _0.0144. X, —0.1886- X, ~0.2789 = 0;

1

9
SR ©)
=-1.0452- X, —0.01440- X, +0.25204 = 0.

2
D _ 4 19771.X,-0.96658- X, ~0.25778 = 0;
oHD (10
Sx = 0:21326:-X,-0.12771. X, ~0.71667 =0.
L 2

After solving the system of equations by each of the
mathematical models, coordinates of the centers of surface
response were determined for each of the optimization crite-
ria and the value of the target function in the found Y center.

The angle of rotation of the axes in the origin of coor-
dinates of the mathematical model was determined in a cano-
nical form by formula:

L. (11)

arctg2o. =
B11 - Bzz

Coordinates of response of the surface centers were cal-
culated:

—for the surface roughness: X;=-1.49; X,=0.26; o=
=-0.96° Y¢=2.16;

— for the degree of hardening: X1=0.19; X,=-3.47; o=
=9.36° Ys=48.72.

Coefficients of the regression equations of the charac-
teristic equations for each of the optimization criteria were
determined in a canonical form:

J)= =0, (12)

B11_7” B12/2
321/2 Bz2_7L

to that end, the equations were reduced to the form:

A —T-A+D=0. (13)

Roots of this equation are the coefficients of a mathe-
matical model in a canonical form. After the calculations, the
regression equations were obtained in a canonical form:

— for the surface roughness:

SR-2.164=-0.094- X} -0.522- X, (14)
— for the degree of hardening:
HD-48.7=-0.096- X} -0.493- X}. (15)

The results obtained by combining the X; and X, factors
are shown in Fig. 6.



Consideration of the constructed diagrams makes it pos-
sible to draw a conclusion that the zone of optimal combina-
tion of factors is constrained by SR and HD curves at A, B, C,

F, G points. In this case, the surface rough-
ness will lie within 1.2 pm <SR < 1.4 um, and
the degree of hardening 44 % < HD <45 %.

With such indicators of the optimization
criteria, the value of the roller profile ra-
dius should be 16...20 mm and the speed of
reeling 27...36 m min.

Consecutively changing the combina-
tion of factors, two-dimensional sections of
the response surfaces were obtained for all
possible combinations of factors.

For example, by combining the values
of the angle of indentation (X3) and the
number of revolutions of the rope block (X)
at X; =0 (the roller profile radius) and X,=0
(speed of reeling), the following regression
equations were obtained:

SR=1.9224-0.5837-X,
- 0.4970- X, +0.359- X, - X, +

+1.405- X2 -1.280- X?; (16)
HD=47.5008+0.135- X, +
+0.1157-X, -1.062- X, - X, -
~0.925-X2+0.931- X, (17)

Solution to the system of equations has
produced coordinates of the centers of the
response surfaces:

—for the surface roughness: X3=0.22;
X;=-0.16; =3.81°; Ys=1.89;

— for the degree of hardening: X3=0.08;
X;=-0.01; o=14.8°; Y5=47.50.

Fig. 7 shows results obtained for equa-
tions (16) and (17) from which it is evident
that the zones of the optimal combination
of factors are constrained by the SR and
HD curves in A, B, C and C, D, E points.
In this case, surface roughness in both zones
is about 1 um, the degree of hardening is
47 % at the roll indentation angle of 4°...7°
and the number of the rope block revolu-
tions of 265...300 rev.

Significance of the obtained estimates of
coefficients and the adequacy of the model
was checked using the Cochran’s G-crite-
rion and the Fisher’s F-criterion.

When optimizing the technological
process of reeling the rope block with a
wedge roller, optimum working conditions
were obtained by planning the experiment.
They have appeared to be the following: the
roll profile radius (X;) 15 mm, the reeling
speed (X3) 40—50 m/min, the roll indenta-
tion angle (X3) 5 degrees, the number of the
rope block revolutions (X;) 160—180 rev.
(Fig. 6, 7).

Their optimal combination forms quality
of the technological process of steel part
surface hardening by reeling with rollers at

Xi(mm) =

15

10

25k

indicators of surface roughness (SR) of 1..1.9 um and the

hardening degree (HD) of 46.5...56 %.
Data on wear are given in Table 2.
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Table 2

Spalling the rope block working surface (800/120)
of the KRUPP ship reloader

. Wear, | Operation period, Average wear,
Wearing part mm months mm,/month
Non-reeled 4.3 4 1.0
block 358 3 1.26
39 16 0.24
Reeled block
3.2 12 0.26

It has been shown that reeling of the rope block working
profile with rollers increases the contact strength and there-
fore imparts a 3 to 4 times higher durability. Accordingly,
durability of ropes also improves as bending of the rope wires
on irregularities of the worn rope block is eliminated.

The procedure of the rope block reeling to increase
wear resistance and contact strength has been implement-
ed on Krupp ship reloaders (Germany) in the cargo port
of Mykolayiv Alumina Plant OJSC (Ukraine) and the
auto cranes KS-3575 built by Mykolayivbudmechaniza-
tsiya JSC (Ukraine).

6. Discussion of results of tribological studies
and process conditions of reeling steel parts with rolls

Yield strength of the work hardened layer increases to
a greater extent than hardness (100—130 % versus 2060 %).
Due to this, boundary of the deformed layer is more clearly
found by the change of the yield strength. Use of cylindrical
needle rollers of small diameter in the reeling process results
in a sharp increase in the degree of deformation in a thin sur-
face layer which is recorded on optical microphotographs as
grain elongation in the direction of reeling,

Accuracy of determining boundary of the work hardened
layer by the method of regression analysis using the results of
measuring the yield strength is two times higher than in the
case of using the results of Vickers hardness tests. The 95-%
confidence intervals for the depth of work hardening with
toroidal and cylindrical rollers calculated on the basis of the
results of measuring the yield strength make up 11-36 % of
the depth of work hardening and the corresponding figures
for hardness tests are 32—75 %.

Strengthening of the surface layers by reeling the shafts
with a roller is mainly due to the emergence of dislocation
cells in the structure of grains of excess ferrite. Ferrite plates
of perlite show smaller deformation. Deformations of ce-
mentite plates during reeling with toroidal rollers were not
detected.

An increase in the degree of work hardening by reeling
with a needle roller manifests itself in a higher density of
dislocations and the reduced cell size in the substructure of
ferrite grains, as well as in a thicker grid of dislocations in fer-
rite plates of perlite. In some locations, bending and fracture
of cementite plates occur indicating the extreme degree of
plastic deformation of the surface layer. This is confirmed by
the onset of peeling on the surface reeled with a 5 mm roller.

Diffusion of chemical elements of the surface layer in the
process of surface deformation was studied. It was estab-
lished that the content of Cr and C in the transition zone

was 20—-30 % lower and 10—15 % higher in the hardened
layer. Based on these studies, a hypothesis of diffusion of
strengthening chemical elements (Cr, C) from the interme-
diate layer to the surface of the part was put forward. The
main mechanism of diffusion during SFW is the dislocation
density gradient.

When friction surfaces are contacting each other with
a slip less than 5 %, wear does not depend on the surfaces
hardness but when hardness of one of the surfaces increases,
then an increased wear of the other surface should be taken
into account. Roughness of the friction surfaces affects the
coefficient of friction and the speed of the tribo-contact
wear when reeling proceeds with a slippage, e. g. with the
decrease in roughness of the surface after its reeling with
rollers, the coefficient of friction decreases in presence of
lubrication [18].

When slippage measures up to 2 %, a sharp change of the
coefficient of friction can be observed after which it remains
virtually unchanged due to the spread of slippage over the
entire contact area [19].

When reeling proceeds with slippage, the main mecha-
nisms of wear are oxidizing and fatigue (spalling) wear.
Spalling deformation increases with the growth of slippage if
tangential stresses are sufficiently high.

A procedure for determining conditions of reeling the
rope blocks with a wedge roller was developed. In order to
prevent excessive hardening and scaling of the reeled metal,
a limitation to the reeling force with an average angle of in-
dentation not more than 5° was introduced.

The method of reeling the rope blocks and other steel
parts of rotation having a complex profile was developed to
improve wear resistance and contact strength [14]. Advan-
tage of the wedge roller consists in equilibrium of the axial
component of the reeling force and reeling of the working
profile of the rope block is possible on horizontal and vertical
lathes in a single positioning.

The device and technology of the rope block reeling with
a wedge roller have been developed to provide low roughness
and high degree of work hardening of the surface [15]. This ef-
fect is achieved by maintaining constant the average angle ¢
of roller indentation into the surface to be worked and
mounting the roller unit in rolling bearings. This contributes
to the uniform deformation of the surface layer in absence
of waviness and leads to higher wear resistance and contact
strength and hence durability of the rope blocks.

A set of laboratory devices was developed to determine
roughness of the reeled surface by means of replicas and the
degree of work hardening of the working surface. This will
assist in studying physical and mechanical properties of steel
parts of a complex shape working under a contact loading,
including the rope blocks. This ensures obtaining of correct
indicators of the technological process of work hardening
using the designed device with a wedge roller.

Tribotechnical characteristics of the reeled rope blocks
were defined with the help of a device with a wedge roller:
the angle of indentation and the profile radius of the wedge
roller, the number of revolutions of the steel rope block
and speed of reeling. This has made it possible to ascertain
possible limits of variation of main design and technological
conditions of strengthening with the proposed device and
elucidate shape of the wedge roller.

As a result of experimental study with the use of the
method of steep convergence, optimal design and kinematic
parameters of the reeling process were determined. Opti-



mum working conditions were obtained by planning the
experiment with optimization of the technological process
of reeling the rope block with a wedge roller. They are the
roller indentation angle: 5°, the roller profile radius: 15 mm,
the number of the rope block revolutions: 160—180 rev., the
speed of reeling: 40—50 m/min.

The optimum combination forms quality of the techno-
logical process of surface hardening of the rope blocks by
reeling with rollers with the following indicators: surface
roughness of 1...1.9 pm and hardening degree of 46.5...56 %.

The conducted experimental studies have proved ade-
quacy of the results obtained in physical and mathematical
modeling of the tribotechnical processes occurring during
reeling the working friction surface of the rope block with
a wedge roller. This allows us to recommend the developed
mathematical models for their application in hardening steel
parts working in conditions of wear and action of contact
forces in the mechanical engineering and other industry
sectors.

The reeled rope blocks were tested for spalling with
ropes in operation conditions of ship reloaders of Mykolayiv
Alumina Plant OJSC and freight cranes of Mykolayivbud-
mechanization JSC.

It has been shown that reeling of the working profile of
the rope blocks ensure a 3—4 times higher durability and con-
tact strength and therefore service life. Accordingly, service
life of ropes improves as well due to elimination of the rope
wire bending over the surface irregularities of the worn rope
block.

The proposed hardening technology can be used for other
large-sized steel parts working in wear conditions in various
industries. Tribological studies of the «rope block — rope»
friction couple during reeling taking into account slippage do
not provide absolute correspondence with the actual course
of the wear process but is a necessary step in the development
of computational engineering methods for predicting wear
resistance of friction units which will facilitate development
of techniques to improve their service life. Further studies in
this direction should be conducted by dissemination of the
proposed technology to other machinery friction units and
their corresponding laboratory wear test patterns.

7. Conclusions

1. With application of the regression analysis methods,
the actual accuracy of determining the depth of hardening
has been estimated using the data on changes in mechanical
properties of the surface layer metal. It was established that
accuracy of determining the boundary of the work hardened
layer according to the yield strength change is twice as high
as that according to the hardness change. It was shown that
the depth of work hardening which is determined according

to the changes in the yield strength is 25-50 % greater than
the depth determined according to the Vickers hardness
change. This difference grows with the decrease in the work
hardening degree.

2. Diffusion of strengthening chemical elements taking
place in the surface layer during the process of surface defor-
mation was studied. It was established that the content of Cr
and C decreased by 20-30 % in the transition zone and in-
creased to 10—15 % in the hardened layer. When reeling steel
of 40X and 45 grades with rollers, a significant reduction of
microhardness in the transition zone between the hardened
layer and the initial metal was observed. When reeling
Armco iron, this reduction cession was not detected. Based
on these studies, a hypothesis of diffusion of the strengthe-
ning chemical elements Cr and C from the intermediate
layer to the surface of the part due to the dislocation density
gradient has been advanced.

When contacting of friction surfaces occurs with a slip
of less than 5 %, wear does not depend on hardness of these
surfaces. However, when hardness of one of the surfaces
increases, the increased wear of the other surface should be
taken into consideration. Roughness of the friction surfaces
affects the coefficient of friction and wear rate when reeling
with slippage. For example, when surface roughness decrea-
ses after reeling with rollers, coefficient of friction decreases
in lubricated surfaces. Therefore, contact fatigue strongly
depends on evenness of rotation and deformation which
determines dependence on slippage, the tribosystem rigidity
and shape deviation from ideal bodies of rotation.

3. A procedure for calculating the depth of work har-
dening for the case of reeling the part friction surface with
a wedge roller was proposed and the limits of its rational ap-
plication were set. An original technique of reeling steel parts
was developed in order to increase their contact strength and
wear resistance. This technique makes it possible to intensify
the process and optimize conditions of plastic deformation,
increase productivity of the reeling process, and achieve
specified tribotechnical properties of the friction surfaces in
large-sized steel parts.

A device and a technology of the rope block reeling with
a wedge roller have been developed. Optimal design and
kinematic parameters of the device (beating, eccentricity, the
roller diameter and curvature, the reeled part curvature and
normal strengthening between the roller and the part in the
deformation zone in all points of the part profile) were sub-
stantiated. The obtained optimum values provide the speci-
fied tribotechnical characteristics, namely, smaller roughness
and higher hardness of the working friction surface after
reeling which improves service life of the parts and units.
The conducted experimental studies have proved adequacy
of the results of physical and mathematical simulation of the
processes occurring during reeling of the working friction
surface of the rope block.
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