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Abstract. In order to study the dynamic wear evolution of steel wires during
multi-axial fretting-fatigue, experiments were carried out on a self-made multi-
axial fretting fatigue test rig. The results show that the maximum length,
maximum width, area and depth of wear scar will increase with the fatigue
cycles, and the cross angle decreases from 11° to 4° with increasing fatigue
cycles. The wear coefficient increases quickly at first and then tends to be
stabilized when fatigue cycles increases from 5000 to 20000.

1. Introduction

Ropes have been widely employed in various engineering applications due to their capacity to
support large axial loads with comparatively small bending or torsional stiffness [1,2]. During
hoisting, ropes are subjected to cyclic stretching, bending and torsional loads[3,4], which will
result in the cyclic tension-torsional stress of steel wires in ropes along with the relative
displacements between them, and thus the dynamic tension-torsion stress and relative
displacements will induce a combination of tensile and torsional fretting-fatigue(multi-axial
fretting-fatigue) [5]. The wear of the steel wires during multi-axial fretting-fatigue will reduce
the area of rope cross-section and thereby accelerate the failure of hoisting rope [6], which
will cause severe safety accidents of hoist crash and casualties as the hoisting rope is a key
component of transmission in a hoisting system [7]. Therefore, the study of dynamic wear
evolution of steel wires during multi-axial fretting-fatigue is of great significance to the safety
and reliability of the hoisting system in deep coal mine.

2. Experiment

In order to evaluate multi-axial fretting fatigue behaviors of steel wire in hoisting rope, a self-
made multi-axial fretting fatigue test rig of steel wire was employed. The test rig can
dynamically record the fatigue load, torque, torsion angle, contact load and tangential force
between contacting wires, and the relative displacement. The test rig can be found in Fig 1.
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Fig 1. Schematic diagram of the mul-tiaxial fretting fatigue test rig of steel wire

Table I. Chemical composition of steel wire

Elements /n C Mn Si Ni Fe

wt, % 4.53 0.84 0.39 0.02 0.01 H4

Table Il. Multi-axial fretting fatigue test parameters

arlzlrpeltitglr;ge Stress ls\gr?;rsl Crossing Torsion Contact Frequency, Fatigue
Dm0 (vpy  angle®) angle(®) load Fi(N)  f(Hz)  cycles,N
5000,
+100 0.5 190.5 90 +4 25 5 }gggg:
20000

Steel wires in hoisting rope are chosen as the research object. Those wires are
manufactured by the cold drawing process of high quality carbon structural steel. They are
cylindrical with the diameter of 1 mm and length of 400 mm. The chemical composition (in
wt %) of the wire material is shown in Table 1. The mul-tiaxial fretting fatigue test parameters
are shown in Table II. Morphologies of wear scars of fatigue wires during multi-axial fretting-
fatigue at distinct fatigue cycles were observed to explore multi-axial fretting fatigue wear
mechanism employing the scanning electron microscope.
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3. Dynamic Evolution of Wear

3.1. Evolution of Wear Scar Profile
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Fig 2. Wear scar morphologies of fatigue wires at different fatigue cycles
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Fig 3. Evolution of wear scar profile of fatigue wires at different fatigue cycles
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Table 111. Maximum lengths and widths, and areas of wear scars at different fatigue cycles
Fatigue cycles 5000 10000 15000 20000
Maximum length (L,um) 768 850 969 1042
Maximum width (a,um) 585 706 812 933
Maximum depth (h,pm) 18 36 46 53
Area (n-L-a)/4,um?) 352863 471317 617973 763553
Area difference (um?) 118454 146656 145580

Fig 2 shows the wear scar morphologies of fatigue wires at different fatigue cycles. As shown
in Fig 2, the profile of wear scar present an irregular elliptical profile, and the major axis shows a
cross angle 6 with the axis of the fatigue steel wire. The cross angle decreases from 11° to 4°
with the increasing of fatigue cycles, reason for this is that the main contact status is slip rather
than adhesion, the torsional component induces a larger torsion angle between steel wires[8], i.e.
a larger cross angle 0. As the fatigue

cycles increase, the relative slips between contact wires decreases and the adhesive zone
increases, so the effect of torsional component reduces|[8], which results in the decline of cross
angle 6. Fig 3 and Table III show that with the increasing of fatigue cycles, the maximum length,
maximum width, area and depth of wear scar increase, these are consistent with the evolution of
friction coefficient in Fig 6.

3.2. Wear Coefficients
To establish the geometric model of wear scar, polynomial fitting of wear depth profiles of
fatigue wires in tests at different fatigue cycles were shown in Fig 4. As the fatigue cycles
increase from 5000 to 20000, the Adj.R-Square of polynomial fitting increases from 0.930 to
0.986, so the side profiles of wear scar can be thought as parabolic shape.

Fig 4 Polynomial fitting of wear depth profiles of fatigue wires in tests at different fatigue
cycles

Based on the parabolic shaped side profiles of wear scar and the cross angle 6 between the
major axis of wear scar and the axis of steel wire, the geometric model of the fatigue steel wire
wear scar was established as shown in Fig 5. In Fig 5, L is the maximum length of wear scar, h is
the maximum depth of wear scar, origin of coordinate was set at the crossing point of the line Yp
and the axis of fatigue steel wire. As shown in Fig 5, the volume between the paraboloid P and
the cylinder Q is the wear volume of the fatigue steel wire. The geometric model was established
by employing Pro/E software, then the wear volume V can be got by the software.

The equation of the cylinder Q in the three-dimensional system of coordinate XqYZ is

x> +2* =250000 (1)
The equation of the paraboloid P in the three-dimensional system of coordinate XpYpZ is

z:%‘—msoo )
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Fig 4. Polynomial fitting of wear depth profiles of fatigue wires in tests at different fatigue cycles
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Fig 5. Geometric model of the wear scar

In order to quantitatively analyze the degree of wear of fatigue steel wire, the wear coefficient
kcof, i.e. wear volume per unit relative slip per unit contact load, is introduced[9]
K = v Vv
S F 2AXNF, )
Where Sx is the total stroke of relative slip, Fn is the contact load, Ax is the relative slip
range between contacting wires.

The wear coefficients of fatigue steel wires during multi-axial fretting-fatigue were obtained
by using Eq. (3) (Fig 6). It is shown in Fig 6 that the wear coefficient increases quickly at first
and then tends to be stable when the fatigue cycles increases from 5000 to 20000. At the start of
fretting, the oxidation film and the stain on surface of the fatigue steel wire have an anti-friction
effect[10], the contact between steel wires are comparatively large micro convex peak contact,
which will reduce the real contact area and the removing speed of material, so the wear
coefficient is low at the start of fretting. As the fatigue cycle increases, the surface protective film
will rupture and the micro convex peak will be removed, which will increases the real contact
area and the removing speed of material, so the wear coefficient will increases. As the fatigue
cycle increases to a certain degree, wear debris bed and oxidation of the surface of the wear scar
play a adjust role in the wear, which will result in the stable of the wear coefficient [11, 12].
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Fig 6. Wear coefficients of fatigue wires at different fatigue cycles
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