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Wire ropes, due to their construction, combine two very interesting properties: high axial strength and
flexibility in bending. However, the assemblage of wires to form flexible ropes results in the sliding of
contacting wires and the creation of wear scars, which can act as stress risers and reduce the fatigue life of
ropes. Therefore, in order to understand the fatigue behavior of wire ropes, the degradation that occurs
between the wires and the strands has to be studied first. In this study, after identifying the main wear
patterns for a polymer-covered stranded rope, the wear evolution along the number of cycles and the effect
of the sheave diameter in the preferential wear sites were analyzed. The tests were carried out in a custom-
made Bending over Sheave (BoS) fatigue test bench and short segments of the rope were analyzed by
Scanning Electron Microscope (SEM) and confocal imaging profilometry in order to characterize the wear
scars. The worn volume and the wear scar depth were selected as the most suitable parameters to char-
acterize the wear behavior of wires. In addition, the importance of the polymeric cover and sheave diameter
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was proved: a reduction of the sheave diameter results in a bigger wear rate (um>/cycle).

Keywords Bending over Sheave (BoS) tests, steel wires, wear,

wire rope

1. Introduction

Steel wire ropes are composed of individual steel wires
wound into bundles called strands, which are then wound into
the final rope. A wire rope is identified by its construction: the
way its wires have been laid to form the strands and the way its
strands have been laid around the core (Right Regular, Left
Regular, Right Lang, Left Lang, and Right Alternate), number
of strands and geometric arrangement of the wires in the strands
(Warrington, Seale, Filler Wire, etc.). A complete description of
wire ropes identification and construction can be found in a
publication produced by the American Iron and Steel Institute
(AISI) (Ref 1).

Due to their construction, wire ropes combine two very
interesting properties: high axial strength and flexibility in
bending. These properties convert wire ropes into very useful
elements for many industrial applications, e.g., mine hoisting,
lifts, bridges, barges, tyres, etc. The assemblage of wires to
form flexible ropes results in the sliding of individual wires
against their neighboring wires whenever the rope passes over a
sheave or is put under tension. These movements between
contacting wires cause the wear of wires by fretting or
reciprocating sliding, and reduce the fatigue life of ropes (Ref
2-8).
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Whatever the application is, the wire rope will suffer fatigue.
Depending on the application, wire ropes may be subject
basically to two types of fatigue: Tension-Tension (T-T) fatigue,
where a fluctuating tensile load is superimposed to a mean
tensile load (i.e., bridges), and Bending over Sheave (BoS)
fatigue, where a constant tensile load is combined with repeated
bending (as the rope runs on and off a sheave). However, the
great majority of applications (cranes, lifts, etc.) will subject the
rope to bending fatigue.

Over the last years, several improvements have been made
in the understanding of the behavior of steel wire ropes. Some
works examined the way in which the bending fatigue
performance of ropes changed with working conditions:
Chaplin and Potts (Ref 9) studied the effect of some parameters
(load level, ratio between sheave diameter and rope diameter,
length of rope subjected to bending, wrapping angle, sheave
groove geometry, etc.) on the fatigue life of ropes; Ridge et al.
measured the cyclic bending strains in the wires of a steel wire
rope running on and off a pulley (Ref 10), and investigated the
effects of simulated degradations (wire breaks, plastic defor-
mation, abrasive wear, corrosion, slack strands, slack wires,
etc.) on the rope’s BoS fatigue endurance (Ref 11); Feyrer’s
studies (Ref 12-16) were focused on developing methods of
calculating the life of wire ropes subject to BoS fatigue; and
other studies analyzed the failure of ropes in real applications
(Ref 17-20). In summary, the aim of these studies was to
determine the fatigue endurance of ropes under different
conditions but without analyzing the effect of the working
conditions on the wear rate.

In order to acquire a better understanding of the fatigue
behavior of ropes, the degradations that occur between
contacting wires should also be studied: the wear of wires
reduces the cross section of the rope and its load carrying
capability. Furthermore, the wear scars can act as stress risers
decreasing the fatigue life of the rope. These wear scars are
the result of one of three different contact types (Ref 21):
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(a) contact of the outer strands of the rope with an external
element, such as a sheave (commonly called crown wear); (b)
line contacts between wires within a single strand; and (c) point
contacts between wires within a single strand or between
strands. Interstrand point contacts are collectively known as
trellis contact or nick.

Therefore, the objective of this study is to determine the
wear evolution along the number of cycles and analyze the
effect of the sheave diameter on the wear rate of a stranded rope
employed in hoisting devices. The rope was tested under
different working conditions in a custom-made BoS fatigue test
bench, and short segments of the rope were examined in order
to determine the size, depth and worn volume of the wear scars
caused by the different interwire contact types. In this study, the
definition and designation of the different contact types is based
on the definitions and designations provided by Schrems et al.
(Ref 21).

2. Experimental Details

2.1 Tested Rope

The rope used in this study was a stranded steel wire rope
(7x19) covered with a polymeric sheath (Fig. la), with a
minimum breaking load of 22.5 kN. The nominal diameter of
the rope (including the cover) was 6.5 mm and the nominal

(a)

Seale strands
(right regular lay)

Warrington core
(right lay)

Stranded rope
(7x19)

(b)

Fig. 1 Details of the wire rope: (a) rope with polymeric cover and
(b) construction of the metallic part
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diameter of the metallic part was 5.0 mm. The core was a
Warrington right lay strand and the outer layer consisted of 6
Seale strands wound around the core in a right regular lay
direction (Fig. 1b). All wires were flash brass-plated and their
diameters ranged from 0.22 to 0.45 mm. The wires material
was a cold-drawn eutectoid carbon steel (0.8% C) with a
Tensile Strength over 2800 MPa and a hardness of
659+81 HV0.05.

With the construction of this rope, three different wear
patterns were identified (Fig. 2): (a) linear wear scars, due to
the contacts of the central wire of strands with the wires of
the inner layer and the contacts of adjacent wires within the
same layer; (b) wear scars caused by interstrand point
contacts due to the interaction of the wires of the outer layer
of strands with the wires of the outer layer of the core,
called in this study “nick type A”; and (c) wear scars caused
by interstrand point contacts due to the interaction of the
wires of the outer layer of adjacent strands, called in this
study “nick type B.”

Schrems et al. (Ref 21) defined another wear pattern due to
the contact of the strands with an external element (sheave) but,
in this rope, the polymeric cover avoids such a contact.

Although linear wear scars were identified in all wires, all of
them could be classified in six big groups: linear wear scars due
to the contacts between the central wire of the core and the
wires of the inner layer of the core; linear wear scars due to the
contacts between adjacent wires of the inner layer of the core;
linear wear scars due to the contacts between adjacent wires of
the outer layer of the core; linear wear scars due to the contacts
between the central wire of strands and the wires of the inner
layer of strands; linear wear scars due to the contacts between
adjacent wires of the inner layer of strands; and linear wear
scars due to the contacts between adjacent wires of the outer
layer of strands. Each of these groups will present its own wear
evolution but, in this article, the wear behavior of one of these
groups was analyzed: linear wear scars due to the contacts
between the central wire of the core and the wires of the inner
layer of the core.

Nicks type A can be found in the outer wires of the core or
in the outer wires of the strands. Moreover, three different
characteristic nicks can be identified at the strands-core
contacts: one on the large wires of the outer layer of the core,
one on the small wires of the outer layer of the core, and
another on the wires of the outer layer of strands. The nicks on
the outer wires of the strands can be caused by the contact with
the large wires of the outer layer of the core or by the small
ones. Therefore, when a wire of the outer layer of the strands is
analyzed, it is not known if the wear scar is caused by the large
or the small wire of the outer layer of the core. On the other
hand, the wear scars on the small wires of the outer layer of the
core, although their sizes will be different to the wear scars
found in the large wires, their evolution could be similar to the
evolution of the wear scars on the large wire. This fact will be
analyzed in a next study. Consequently, the large wires of the
outer layer of the core were selected to analyze the nick type A
evolution.

Finally, nicks type B can only be found in the outer wires of
the strands so these wires were chosen to analyze its evolution.

In Fig. 3, SEM micrographs of the identified wear patterns
are shown. The shape differences between nick type A and nick
type B are due to the different crossing angle between the
contacting wires, 5° and 45°, respectively: as the crossing angle
decreases, a more elliptical wear trace is created.
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(b)

Fig. 2 Cross section of the rope with the location of the different wear patterns: (a) location of linear wear scars; and (b) location of nicks type

A and nicks type B

Fig. 3 SEM micrographs of wear scars: (a) linear wear scar; (b) nick type A on the large wire of the outer layer of the core; (c) nick type A

on a wire of the outer layer of strands, and (d) nick type B

2.2 Test Facilities

The test machine was an accelerated BoS fatigue test bench
specially designed for this study, with a reciprocating forth and
back motion. The test bench is 20 m height. In Fig. 4, a drawing
of the test machine is shown. The traction system employed was
mounted on the upper part of the test bench and consisted in a
gearless electric machine (slow speed motor) connected to a
200 mm in diameter traction sheave. At the bottom part of the
test machine, a 200 mm in diameter tension sheave was
mounted, in which a tensile load of 3 kN was applied. Two
reflective optical sensors were placed in the test machine
structure to control the forth and back motion of the traction
sheave, applying a certain vertical separation between them
(6 m) to adjust the rope stroke. A plastic cylinder covered with
reflective material had to be mounted on the rope in order to
assure the detection of the rope position with the optical sensors.

Between the traction sheave and the tension sheave, a set of
four identical polyamide deflection sheaves was mounted, with
a vertical separation of 1.50 m between them. The purpose of
this set is to obtain four specimens with different number of
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cycles in a single test. Adjusting the rope stroke correctly, four
different rope segments can be identified (Fig. 5): when the
traction sheave completes the forth motion, the segment 4 has
passed over the four deflection sheaves, the segment 3 over
three deflection sheaves, the segment 2 over two deflection
sheaves, and segment 1 over a single deflection sheave. The
same sequence is repeated when the traction sheave completes
the back motion. Therefore, when the traction sheave completes
one reciprocating cycle, segments with two, four, six, and eight
BoS cycles are obtained. Neither the traction sheave nor the
tension sheave is reached by the four analyzed specimens.

2.3 Test Program and Analysis Procedure

The objective of this study is to analyze the wear evolution
along the number of cycles and to determine the influence of
the sheave diameter in the preferential wear sites of a stranded
rope employed in hoisting devices. Hence, the remaining
parameters were kept constant: the tensile load applied to the
rope was 3 kN, the rope velocity 3.2 m/s, and the wrap angle in
every sheave was 180°.
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The deflection sheaves were manufactured in polyamide
with a circular groove. The standards (Ref 22) establish a
minimum ratio D/d of 40 (ratio between sheave diameter D,
and rope diameter d). Nowadays however, one of the main
objectives in hoisting applications is to reduce the size and
weight of equipments, and the installation space saved for the
hoisting device. One way to achieve this objective is to reduce
the sheaves diameters. So, if this strategy is selected, the
guidelines provided by the standard cannot be fulfilled and the
consequences of reducing the D/d ratio should be studied.
Therefore, three different sets of sheaves were employed in this

Traction sheave

Deflection sheaves

J **| Reflective optical
a Sensor

| PTG
\\ Cylinder with

2 | reflective material

To tension sheave

Fig. 4 Drawing of test machine
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112 |3 |4

"_1:\-9:;'_' X0 X

study: the first with 200 mm diameter sheaves (ratio D/d = 40),
the second with 150 mm diameter sheaves (ratio D/d = 30),
and the third with 100 mm diameter sheaves (ratio D/d = 20).

With an applied tensile load of 3 kN, the safety factor is 7.5.
Although it seems that this safety factor is generous, the
standards (Ref 22) establish that the safety factor for the
selected rope (d = 5 mm), running over a 200 mm diameter
sheave (ratio D/d = 40), the minimum safety factor should be
12. Moreover, with smaller deflection sheaves, this safety factor
should be greater. Therefore, wear in typical application would
be expected to be smaller than the wear obtained for the tests
carried out in this study.

The test program was developed varying the number of
cycles and the deflection sheaves diameters (Table 1). The
maximum number of cycles for each sheave diameter was
obtained checking the rope integrity along the BoS cycles and
stopping the test before the rope failure: 1600x 10° cycles,
800x 10° cycles, and 80 x 10° cycles for tests carried out over
200, 150, and 100 mm deflection sheaves, respectively. A cycle
was defined as the straight-bent-straight sequence of the rope. A
new rope was also analyzed in order to know the initial
condition of the wires.

The analysis procedure consists basically in two steps: (a)
wear scars measurement and worn surfaces analysis using
SEM; and (b) three-dimensional topographies acquisitions by
means of confocal imaging profilometry.

The wear scars sizes were obtained as the main value of the
measurement of three different scars. Due to the characteristics
of the linear wear scars, the width was measured. To obtain the
width, the wires were placed in such a way that the wear scars
were in horizontal direction (Fig. 6a). Nicks type A and nicks
type B present a hyperbolic paraboloid shape, with the ratio of
the major axis to minor axis (elliptical trace in two dimensions)
a function of the helix angles of the two wires in contact: the
larger difference in helix angle, the smaller ratio, and vice
versa. Therefore, wires where nicks type A or nicks type B
appeared were placed in such a way that the major axis of the
elliptic wear scar was in horizontal direction, and the major (M)
and minor (m) axes of these wear scars were measured
(Figs. 6b and c).

To obtain the wear scars depth and worn volumes, three-
dimensional topographies were acquired by confocal imaging
profilometry. This technique provides reproducible resolution
in height better than 5 nm whereas the best lateral resolution is

Fig. 5 Schematic sequence of the forth and back motion in the test machine
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Table 1 Test program and analyzed specimens

Test conditions

Analyzed specimens

Rope Sheaves Cycles in
Tensile velocity, diameter, traction

Test ID. load, N m/s mm sheave, 10° Specimen ID. BoS cycles, 10°

TOO 0 T00-S01 0

TO1 3000 32 150 100 TO1-S01 200
TO1-S02 400
TO1-S03 600
TO01-S04 800

T02 3000 32 150 20 T02-S01 40
T02-S02 80
T02-S03 120
T02-S04 160

TO3 3000 32 200 200 T03-S01 400
T03-S02 800
T03-S03 1200
T03-S04 1600

T04 3000 32 200 25 T04-S01 50
T04-S02 100
T04-S03 150
T04-S04 200

TOS 3000 32 100 10 T05-S01 20
T05-S02 40
T05-S03 60
T05-S04 80

TO6 3000 32 100 5 T06-S01 10
T06-S02 20
T06-S03 30
T06-S04 40

TO7 3000 32 100 1 T07-S01 2
T07-S02 4
T07-S03 6
T07-S04 8

| Width

= i P

Fig. 6 Measured parameters in SEM: (a) linear wear scar; (b) nick type A; and (c) nick type B

0.18 pm (Ref 23). In linear wear scars, due to their character-
istics, worn volume (volumetric wear) cannot be obtained so
the planimetric wear and the wear scar depth were selected as
representative parameters for this wear pattern (Fig. 7). The
wear scar depth (hp.c) Was defined as the maximum distance
between the worn profile and the profile of a new wire along its
axis, and the planimetric wear (W) as the area enclosed
between these profiles (calculated by numerical integration). To
determine the volumetric wear (,) in nicks type A and nicks
type B (Fig. 8), the surface of the unworn wire had to be
estimated first. The volumetric wear was defined as the volume
enclosed between the surface of the unworn wire and the
surface acquired with the confocal imaging profiler whereas the
wear scar depth was defined as the maximum vertical distance
between both surfaces (/,,x). The employed equipment, the
acquisition methodology and the developed calculation algo-
rithms were described in detail in a previous work (Ref 24).
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3. Results and Discussion

3.1 Linear Wear Scars

The selected parameters for the characterization of linear
wear scars are the wear scar width, depth, and planimetric wear.
The wear scar width value was obtained for all specimens as the
average value of three measurements carried out by SEM in
three different scars of the same specimen. The standard
deviation was less than 5% in all cases.

The first specimen analyzed was the central straight wire of
the core of a new rope. This wire presented linear scars, due to
the plastic deformations induced during the manufacturing
process of the core. The width of this scar was 50 um and will
be considered as the starting point for this parameter. From this
value, the evolution of this parameter along the number of
cycles exhibits a similar behavior in tests accomplished over
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Fig. 7 Linear wear scar: (a) confocal image with 20x SLWD objec-
tive; (b) profile obtained along the dash-dot line and measured
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Fig. 8 Examples of three-dimensional topographies: (a) nick type
A and (b) nick type B
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different sheaves (Fig. 9): an initial short stage where the width
value increases quickly up to 65-70 um, and a constant slope
stage where the wear scar width increases linearly for an
increasing number of cycles. The transition between the two
stages occurs at different number of cycles depending on the
deflection sheaves diameters: 150 10* cycles, 80 x 10° cycles,
and 10x10° cycles for tests carried out over 200, 150, and
100 mm deflection sheaves, respectively. Also the strong effect
of sheaves diameter on the growing speed (slope of the linear
stage) is clearly seen, especially when the smallest sheaves are
employed: 0.64 um/10° cycles for tests accomplished over
100 mm diameter sheaves, whereas the growing speed for tests
carried out over 150 and 200 mm diameter sheaves is
0.063 pm/10° cycles and 0.024 pm/10° cycles, respectively.

Since the standard deviation of wear scars in wires
belonging to the same specimens was rather small, to obtain
the wear scar depth, and planimetric wear only a single three-
dimensional topography was acquired for each specimen. In
addition, the sensitivity of the topographic measurements was
checked measuring the same scar three times: the standard
deviation for the wear scar depth measurements was less than
4%, and less than 7% for planimetric wear results.

The evolution of these parameters along the number of
cycles for each of the test sets is shown in Fig. 10. The first
point in these graphics corresponds to the values obtained from
the measurements performed in the wire of a new rope: a wear
scar depth of 1 pm and a planimetric wear of 315 pm?.

The wear scar depth evolution is similar to the behavior that
exhibited the wear scar width, although the stage corresponding
to a linear increase for an increasing number of cycles is not so
clear. If the evolution of the planimetric wear is observed, an
initial very short stage, where its value increases quickly up to
700 umz, can be seen for tests carried out over 200 and
150 mm diameter sheaves, followed by linear (constant slope)
behavior. However, in tests accomplished over the smallest
sheaves, this parameter exhibits rather linear behavior from the
beginning. Also a strong effect of sheaves diameter on the wear
rate can be derived: if the sheaves diameter is reduced from 200
up to 150 mm, the wear severity is multiplied by a factor of
three, whereas a reduction of the sheaves diameter from 150 to
100 mm increases the wear severity in a factor of seven
(Table 2). This effect of the sheaves diameter is clearly seen in
Fig. 11, where the planimetric wear of all tests is represented in
the same graphic. Due to the large range covered by the number
of cycles, the abscise axis had to be represented in logarithm
scale. It can be seen how the number of cycles required to
obtain the same planimetric wear decreases as the sheaves’
diameters are reduced.

3.2 Nick Type A

These wear scars present a hyperbolic paraboloid shape,
with the ratio of the major axis to minor axis about 4.3. The
selected parameters for the characterization of this wear pattern
are major axis, minor axis, depth, and volumetric wear.

The major axis and minor axis values were obtained
following the same procedure explained previously for the scar
width in linear wear scars. The maximum standard deviation
was 15%, bigger than the deviation presented in linear wear
scars. The origin of this scattering could be the lack of control
during the manufacturing process, causing small differences in
the crossing angles of strands and core and, therefore, different
contact pressure values and wear scar shapes.
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Fig. 10 Linear wear scars. Evolution of the wear scar depth and planimetric wear along the number of cycles: (a) sheaves diameter 200 mm;

(b) sheaves diameter 150 mm; and (c) sheaves diameter 100 mm

Table 2 Linear wear scars: Results summary

Sheaves diameter, mm

200 150 100

Linear wear scar Maximum number of cycles, 10° 1600 800 80
Wear scar depth, pm 5.90 7.90 5.60

Planimetric wear, pm 2792 4294 2749
Wear rate, pm*/10% cycles 1.34 3.99 29.48

The first specimens analyzed were the outer wires of the
core of a new rope. Some small scars caused during the
manufacturing process of the rope were identified. The average
values for the major and minor axes measured were 640 and
81 um, respectively. The evolution of both parameters along
the number of cycles (Fig. 12) brings into view a first stage
with decreasing slope, and a second stage with a smaller slope,
approaching the major axis to 1200 pm and to 250 pm the
minor axis. In Fig. 12c¢ a decrease of the axes’ values along the
number of cycles can be seen from 40x 10* cycles on. This
tendency is physically impossible and is caused by the
differences in crossing angles and limited number of measured
wear scars. The standard deviation obtained for the axes (15%)
has to be taken into account.

Before measuring the wear scar depth and volumetric
wear of each specimen, the sensitivity of the topographic
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measurements was checked measuring a single wear scar three
times: the standard deviation for the wear scar depth measure-
ments was below 1%, and below 3% for volumetric wear
results. Once the sensitivity of the topographic measurements
was checked, three wear scars for each specimen obtained from
tests carried out over 150 mm sheaves were analyzed in more
detail in order to know the scattering in the wear scar depth and
volumetric wear. The results of these measurements and the
average value are shown in Fig. 13. Although some scars were
identified by SEM for the wires belonging to a new rope, these
scars could not be identified in the three-dimensional topog-
raphies. That is why the initial values for wear scar depth and
volumetric wear are zero.

The maximum standard deviation for wear scar depth was
18% and 10% for volumetric wear. The reason for such
important scattering in the wear scar depth could be the same

Journal of Materials Engineering and Performance



described for the axes scattering: the differences in contact
pressure values and wear scar shapes derived from the
manufacturing process. However, the scattering in the volu-
metric wear is smaller (10%). This fact could be attributed to
the small effect of the pressure differences on the volumetric
wear: some recent studies confirmed a linear evolution of the
volumetric wear with the total accumulated dissipated friction
energy (Ref 25-27), being this energy a function of the sliding
amplitude and tangential (friction) force, but not a function of
the contact pressure.

After having checked the scattering, the wear scar depth and
planimetric wear of the remaining specimens were obtained
from the topography of a single wear scar for each specimen.
The evolution of the wear scar depth and volumetric wear along
the number of cycles for each of the test set is shown in Fig. 14.
The wear scar depth evolution presents a decreasing slope
tendency, which could be approached by a square root function.
The final depth is approximately 40 pm, and this value
represents a local cross section reduction of 10% of the wire

4000 O Sheave D=200 mm i J
g * Sheave D=150 mm

s m| Sheave D=100 mm

2 3000 i *i o
g o * O

S 2000 f a1
g E ** O

€ 1000 t O ]

) Ok
g o2 o 0 1o
O o
0 1 2 3
10 10 10 10

Number of cycles n [103]

Fig. 11 Linear wear scars. Planimetric wear in all tests
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diameter. In addition to reduce the cross section, these wear
scars become into stress risers making easier the fatigue failure.
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Fig. 14 Nick type A. Evolution of the wear scar depth and volumetric wear along the number of cycles: (a) sheaves diameter 200 mm; (b)

sheaves diameter 150 mm; and (c) sheaves diameter 100 mm

Table 3 Nick type A: Results summary

Sheaves diameter, mm

200 150 100

Nick type A Maximum number of cycles, 10° 1600 800 80
Wear scar depth, um 34.30 34.50 39.50

Volumetric wear, 10-¢ mm? 3688 3340 3779
Wear rate, 10° mm?/10> cycles 1.59 3.15 37.67

scar depth (18%) has to be taken into account. In addition, this
standard deviation was obtained for the tests carried out over
150 mm diameter sheaves, so it would be expected a greater
standard deviation for tests performed over 100 mm diameter
sheaves, where the contact pressure will be greater.

As far as the volumetric wear is concerned, its evolution is
similar to this that presented the planimetric wear in line
contacts: for tests carried out over 200 and 150 mm diameter
sheaves, an initial very short stage where the volumetric wear
value increases quickly up to 1.1x107° mm® can be seen,
followed by linear (constant slope) behavior. For tests accom-
plished over the smallest sheaves, the initial short stage is not
identified. The volumetric wear exhibits a linear behavior from
the beginning. If the tests with different sheaves diameter are
compared, a substantial variation in the wear rate can be
observed, mainly for tests performed over 100 mm diameter
sheaves: if the sheaves diameter is reduced from 200 mm up to
150 mm, the wear rate is multiplied by a factor of two.
However, if the sheaves diameter is reduced from 150 mm up
to 100 mm, the wear rate is multiplied by a factor of 12
(Table 3). The effect of the sheave diameter is similar to the
effect observed for the planimetric wear in linear wear scars and
can be clearly seen in Fig. 15, where the volumetric wear of all
tests is represented in the same graphic. Due to the large range
covered by the number of cycles, the abscise axis had to be
represented in logarithm scale. It can be seen how the number
of cycles required to obtain the same volumetric wear decreases
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as the sheaves diameter are reduced, mainly when the sheaves
diameters are reduced from 150 to 100 mm.

3.3 Nick Type B

These wear scars present a hyperbolic paraboloid shape,
with the ratio of the major axis to minor axis about 2.2. Taken
into account the construction of the studied rope, the nick type
B should, a priori, be the most dangerous wear pattern, because
the crossing angle between the contacting wires is the biggest
among all the wear patterns. This fact implies a small contact
area, higher contact pressure and, hence, a deeper wear scar.
Anyway, the effects of the polymer sheath have to be analyzed.

After having checked the scattering in the different param-
eters of nicks type A, the selected parameter for the charac-
terization of this wear pattern is the volumetric wear. Alike for
nick A, the sensitivity of the topographic measurements was
checked measuring a single wear scar three times: the standard
deviation for the wear scar depth measurements was below 2%,
and below 3% for volumetric wear results.

After having analyzed all the specimens, only a few wear
scars of this type were found: the greater part of these wear
scars were identified in the specimens obtained from the tests
performed over 200 mm diameter sheaves, but only in those
that suffered more than 400x 10° cycles and with important
scattering that does not allow deriving any tendency (Fig. 16);
in the specimens obtained from the tests performed over 150
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mm diameter sheaves, only four dispersed wear scars were
found; and in the specimens obtained from the tests performed
over 100 mm diameter sheaves and, after several examinations
with SEM, no wear scar was detected (Table 4). In addition, the
maximum wear scar depth measured is 23 pm, a smaller value
than the maximum obtained for nicks type A (40 pm).
Surprisingly, these results establish that the utilization of
200 mm diameter sheaves help the creation of this wear pattern
and contradict the results obtained for nicks type A. In addition,
these results show that nicks type A are more severe than nicks
type B. The reason of this strange behavior is the presence of
the polymeric sheath covering the wire rope. A small gap exists
between adjacent strands and the polymeric cover can enter into
this gap, avoiding the interstrand contact during thousands of
cycles (depending on the test conditions) and delaying the nick
type B creation. That is why nicks type B appear only in
specimens tested during high number of cycles. Also the
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polymeric sheath is the reason of the high scattering: while the
rope segments were being disassembled, how the thickness of
the polymeric sheath varied along the perimeter was observed
as well as the different penetration of the polymeric sheath into
the gaps. Therefore, due to the different penetrations of the
polymeric cover into the gaps, the interstrand contact can occur
at different number of cycles in the same segment, depending
on the perimetrical location.

4, Conclusions

The BoS fatigue tests were successfully accomplished and
the evolution of the different wear patterns was studied. The
most suitable parameters to characterize the wear behavior are
wear scar depth and volumetric wear (planimetric wear for
linear wear scars). Planimetric and volumetric wear present an
acceptable scattering and a linear evolution. On the other hand,
the wear scar depth, although the scattering it is bigger,
represents the reduction of the cross section of wires.

Focussing the attention on the wear scar depth, the most
dangerous wear pattern for this rope corresponds to nicks type
A, in which the wear scar depth achieves a maximum value
about 40 um, while nicks type B achieve a maximum value
about 23 um. In linear wear scars, the maximum value of this
parameter is rather smaller (8 um). From this study, the
importance of the polymeric sheath can be derived: although,
a priori, nick B should be the most dangerous wear pattern, the
polymeric cover enter into the gap between adjacent strands,
avoiding the contact during thousands of cycles and delaying
the nick B creation.

Finally, the effect of sheave diameter on nicks type A
evolution has to be pointed up. If the ratio D/d is reduced a 25%
(from 40 to 30), the volumetric wear rate increases approxi-
mately 100%, whereas a reduction of 50% the ratio D/d (from
40 to 20) causes an approximate increase of 2200% in the
volumetric wear rate.

Sheaves diameter 200 mm
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Fig. 16 Nick type B. Wear scar depth and volumetric wear in specimens obtained from tests performed over 200 mm diameter sheaves

Table 4 Nick type B: Results summary

Sheaves diameter, mm

200 150 100
Nick type B Maximum number of cycles, 10° 1600 800 80
Wear scar depth, pm 22.80

Volumetric wear, 107 mm®

Wear rate, 107 mm?/10* cycles

605
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Future work needs to concentrate on the description of the
relationship between the volumetric wear () and the geomet-
rical parameters (axes dimensions and wear scar depth). If the
friction force and sliding amplitude between contacting wires
were known in each test, the relationship between volumetric
wear and dissipated friction energy could also be checked.
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