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Abstract

This work presents a new model that predicts the wear that results from impacts occurring
between two solid bodies under both normal and compound impact, a capability lacking from
existing approaches. This frequently occurs in many engineering and industrial situations and
depending on the relative sizes of the bodies, bulk material properties, and the number and
frequency of impacts, damage can result. Although this eventually causes severe wear
problems that limit service life, it is one of the least investigated types of primary wear
mechanism. Due to this, robust data, and validated models derived from that data, are rare.

The new model considers the contact with respect to shear force. It can predict wear volume
loss and be used to improve understanding of the role of different impact angles during
impact, and thus inform the design of machines, however it is currently valid for ductile
materials only since hardness is a parameter. Empirical inputs to the model were developed
using data produced specifically for this work. Predictions made by the model were then
validated, with good correlation, for three common metal alloys by means of comparison with
experimental data available in the literature.

Keywords: impact wear; impact wear modelling; impact angle, sliding wear, compound
impact
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Greek Letters

Contact area after N cycles (mm?)

Initial elastic contact area(mm?)

Impact energy (J)

Applied Force (N)

Average Force (N)

Normal component of impact force (N)
Tangential component of impact force (N)
Shear modulus or modulus of rigidity (MPa)
Hardness of the softer material (N/mm?)/
Exponent of contact area ratio

Sliding wear coefficient

Normal impact wear coefficient

The effective mass (kg)

Number of cycles (nominal impacts)

Impact wear exponent used in Wellinger’s Model
Impact wear exponent used in Fricke’s Model
Impact wear exponent used in Lewis’ Model

Normal impact wear exponent used in Zalzalah-Lewis-Slatter’s
Model

Sliding impact wear exponent used in Zalzalah-Lewis-Slatter’s
Model

Ball radius (mm)
Surface roughness (pum)
Impact velocity (mm/s)
Wear volume

Total volume loss
Wear volume (mm?)

Sliding distance (mm)

Energy expended during sliding
Friction coefficient
Impact angle

Constant impact wear parameters



1 Introduction

Impact between bodies occurs in many situations and analysis of those contacts is typically
classified by the bulk nature of the material the bodies (e.g. ‘hard’, ‘soft’, ‘solid’, ‘liquid’), the
total number of impacts occurring within the area of interest (e.g. ‘single’, ‘multiple’), and the
frequency of each impact (e.g. ‘one-off’, ‘repetitive’). Such impacts may be desired to
achieve a specific outcome (e.g. peening, sandblasting) or may be an undesirable root cause
of failure, either by near-instant failure from fracture or by progressive damage from wear.
Within the context of impacting solid bodies, the latter mechanism is generally categorised by
either; damage due to multiple impacts from a large number of smaller solid bodies singularly
and collectively impacting on a much larger body (known as erosion or erosive wear), or
repetitive impacts from a single solid body on another where the length scales are more
similar (known as impact wear).

Impact wear has been formally defined in literature as damage to one solid body due to
percussion, which is a repetitive exposure to contact by another, typically solid, body [1]. It is
also referred to as: hammering, hammer wear, percussive wear, and other similar terms. Wear
and failure prediction are some of the most challenging tasks in the design of materials and
their applications, and are often the motivation for research. Without sufficient knowledge of
how a material fails, it is difficult to improve its performance or select an alternative material
for a particular application.

Impact wear has been a problem since tools were first used [2] and there are many modern
industrial machines and processes in which impacting bodies occur. Failures due to wear in
these contacts can be costly, for example excessive wear of impacting poppet-type inlet and
exhaust valves in internal combustion engines can lead to loss of cylinder pressure, increased
emissions, reduced fuel economy and ultimately engine failure [1]. Similar damage also
occurs in spring loaded pressure relief valves used in the steam circuits of power generation
systems [8] reducing safety and reliability significantly. In wind turbine gearboxes the
variable load from the wind causes components to hammer against each other [9] and
drastically reduces the service life of these difficult-to-replace components. Failures of tools
and machines used for mining coal and other media leads to unnecessary costs associated
with regular replacement or refurbishment [10, 11].

Development of the small number of existing impact wear models (as described in Section 2)
has been often inspired by approaches used to predict erosive wear, and indeed a number of
impact wear models have a similar form to those proposed for erosion. These erosion models
are typically presented either as a function of impact velocity [12, 13] or as function of impact
energy [2]. The impact wear models are then modified in some way to account for the solid
bodies tending to be more similar in size and contacting in a well-defined location, whereas in
erosive wear the impinging solid particles tend to be smaller and contact almost randomly
with the target surface, often over a much larger area [15]. Comparisons with work
considering impact-fretting wear can also be made, but these approaches include the dynamic
(vibration) effects [16] which can be neglected for the contacts being considered here.

The impact wear modes illustrated in Figure 1 show that both (b) and (c) involve a small
amount of interfacial sliding (small arrow) at the point of contact that the existing models do
not directly account for and thus are unable to include in their predictions. The reasons for
this are two-fold; firstly, that it is difficult to measure the interfacial sliding distance, and
secondly, the requirement to distinguish between genuinely compound impact (impact and
sliding occurring simultaneously) and situations where there are separate impact and sliding
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events, albeit occurring simultaneously, but it is appropriate to consider the resulting wear
holistically for the application about which the model was developed. The vast majority of
existing models fall into this latter category, and the remainder account for the wear by means
of experimentally derived coefficients unique to that situation. This is also the case with the
inclusion of the effect of work hardening.

-
SPECIMEN SPECIMEN SPECIMEN

>

Figure 1 - Different impact wear modes where specimen is under: (a) normal impact (with no sliding), and in
compound impact resulting in interfacial sliding due to: (b) striker-specimen relative motion and (c) non-normal
impingement angle.

This work proposes a new and experimentally validated model that is able to predict the wear
resulting from repetitive impact between two solid bodies at both normal and non-normal
angles.

2 Background
2.1 Existing Impact Wear Models

A small number of wear models that claim to be able to predict wear due to impact have been
published. They are all semi-empirical and rely on the generation of experimental data to
produce accurate predictions. The models are introduced here, and their relative merits then
discussed in Section 2.2.

2.1.1 Wellinger & Breckel (1969)

Wellinger & Breckel [12] studied impact wear in normal and dry conditions of various
metallic materials (various alloys of steel, aluminium, copper and titanium), using hammering
and projectile rigs. Metallic materials were impacted by a spherical hard steel striker head and
loads designed to produce plastic deformation from the first impact. The impact velocity used
in this work was varied between 0.31-1.72 m/s for a hammering rig and between 3.1-12.7 J
for projectile rig, for 5%10° and 100 cycles, respectively.

Their subsequent model considers that in the case of ‘soft” materials (aluminium, copper)
which have relatively low hardness and strength, wear is mainly connected with subsurface
deformation of the area of impact. whereas with ‘hard’ materials the mechanism of wear is
more likely to due to the fracture and subsequent removal of fairly large particles of material.
Their analysis of results from mass loss experiments led to the semi-empirical relationship
shown in Equation 1.

W = KNV ™"Wellinger (1)



where, W represents the wear loss (in mm?), K is a wear coefficient, N is the number of
impact cycles, V' is the impact velocity (mm/s) and nwelinger 1S the impact wear velocity
exponent of Wellinger model.

2.1.2 Rabinowicz (1995)

Rabinowicz studied the impact wear experimentally using a pendulum tester, with an
impactor made from a hardened steel bearing, for testing different types of metallic materials
(chromium, aluminum bronze, titanium, stainless steel AISI 304 and nickel) with different
number of impacts (up to and including 2000 impacts). This led to the hypothesis that the
wear during impact of ductile materials was similar to the wear of the same materials during
sliding (adhesive) wear [17]. Attempting to achieve a quantitative measure of impact wear,
Rabinowicz built a model (Equation 2) based on Archard’s linear model [18], starting with
the relationship:

_ kFx 2
W= (2)

where: W is the wear loss (mm?), F is the applied force (N), x is the sliding distance (mm), Hj
is the hardness of the softer material (MPa), and £ is a dimensionless sliding wear coefficient.

Equation 3 shows that the applied load can be represented by (F./), and (F,. x) represents the
energy dissipated during sliding. If {’is defined as the total impact energy expended during
slip and the term ({k/ ) is replaced by a parameter K, then wear volume (W) is:

_KeN 3
W i (3)

where K is the impact wear coefficient, e is the impact energy, and K is related to & by
Equation 4:

Kk @
u

2.1.3 Fricke & Allen (1993)

Fricke & Allen used a hammering-type impact wear apparatus to study the impact wear of
different types of steel (AISI 304, 440C, 431, 817M40, 1210) under normal impact conditions
with impact energies in the range 2-5J for 1000-100000 cycles. The authors proposed that
impact wear results obtained from testing AISI 431 stainless steel specimens (line contacts,
impact energy 2-5J, up to 50,000 impacts) can be represented by the impact wear model [19]
represented by Equation 5, taking the same general form of those attempts to model erosion:

W = KNe*Fricke (5)
where:

W is the wear volume loss (mm?), K and nppicxe are the empirically determined impact wear
coefficient and exponent respectively, and impact energy, e, and can be represented by
Equation 6:

e= %MVZ (6)



Where M is the effective mass and V is the impact velocity (mm/s).
2.1.4 Lewis (2007)

Building on more applied work [3], Lewis developed a new, more general, predictive model
[20] to measure the overall compound impact wear that comprises the sum of two wear
models, one for sliding wear based on the work of Archard [18], and one for predicting
impact wear, in the same form as used by Fricke [19], then modified by contact area ratio to
the power j to account for changing contact geometry:

W = (K22 4 KNemews) (“‘Z)J )

S

where:

F is the average force (force/time) during impact (N),

k is the dimensionless sliding wear coefficient,

H, is the hardness of the softer material (MPa),

N is the number of cycles,

K is the dimensional impact wear coefficient,

x is the sliding distance (mm),

Nyewis 1S the impact wear exponent in Lewis model,

A; is the initial elastic contact area as calculated by Hertzian analysis,
A is the contact area after N cycles,
j is the exponent of contact area ratio.

2.1.5 Akhondizadeh, Mahani & Rezaeizadeh (2013)

Akhondizadeh et al. used impact hammering wear rig to study the impact wear of steel plate
impacted repeatedly by AISI 52100 steel balls and the mass loss is measured after 600
impacts. The impact velocity was varied between 2.5 - 10 m/s and with several ball radii used
(7.5mm, 12.5mm, 20mm and 25mm). The results [21] suggest that the impact wear
effectively depends on the impact velocity, impact angle, and ball size, thus a model was
proposed based on those effective kinematic variables and is presented in the form:

W =K V@ RBebY ®)
where:

R is the ball radius (mm),

V is the impact Velocity (mm/s),

0 is the impact angle,

a,f,y and K are the constant parameters.

This model was developed using Taguchi’s Design of Experiment(s) (DoE) method but a
limitation of this approach is that Taguchi assumes that there are no interactions between the
factors, which is not necessarily the case for impact wear, especially for non-normal contacts.

Additionally, the number of cycles (impacts) is not taken into consideration which may
reduce the accuracy of the model when compared to other approaches that include this to
account for the total wear experienced in the contact.



2.2 Comparison of Models

It is important to note that material hardness has not been directly and explicitly considered as
a parameter controlling the wear loss of materials under repetitive normal impact. It is often
indirectly included, as part of experimentally derived coefficients and constants, from line
fitting [20] or in the case of Rabinowicz [17] discounted because in that experimental work
stainless steel experienced more wear than the aluminium alloys tested, despite stainless steel
having higher hardness than aluminium.

Similar results were obtained by Fricke [19], who found that in a high carbon martensitic
stainless steel (AISI 440C) with hardness of 710Hv there was more mass loss than in both
austenitic stainless steel (AISI 304) (242Hv) and a high chromium martensitic stainless steel
(AISI1431) (465Hv), leading to the same conclusion that hardness is not a primary parameter
controlling the results of repetitive normal impact.

The models presented in Section 2.1 all share a significant limitation that they are unable to
predict the wear loss by taking into account the effect of tangential force (shear force) during
compound impact with different angles, especially at lower angles where more shear force
than normal force is extant. Additionally, all those models depend on the total applied force,
rather than both force components during compound impacts, so they are unable to predict as
a function of impact angle.

The majority of previous models, with the exception of Lewis, do not consider the sliding
component during impact and thus are more suitably applied to purely normal impacts. The
Lewis model attempts to overcome this by means of its Archard-based sliding wear
component, which is dependent on accurate knowledge of the magnitude of the interfacial
sliding distance at the point of impact, but does not include the impact angle as an input
directly. This is important because where impact wear occurs in many industrial applications,
it is typically a compound impact (poppet valves, drilling tools, gears, bearings, linkages), yet
as described here, no existing model can successfully predict the wear volume as a function of
impact angle.

Using any of the previously developed impact wear models in these situations will clearly
produce a ‘result’ but the accuracy of that will vary depending on the basis of the model and,
for the majority, will be increasingly inaccurate the further from normal the impact is. This
analysis of the state-of-the-art suggests, therefore, a real need to develop a simple, easily
applied, model that can predict wear due to surface impingement at different impact angles. In
particular, a model that can successfully predict impact wear loss with any impact angle to
simulate the excessive wear that occurs at smaller impact angles, and thus leads to the under
prediction of existing models, was the motivation for developing the new impact wear model
that is described here.

2.3 Role of Impact Angle During Impact

In general, reducing the impact angle will lead to more tangential force (shear force), thus
likely higher sliding that will potentially lead to more wear loss depending on the mechanical
properties of the specimen. There appears to be no consensus in literature as to how this is
defined, and in this work the impact angle (0) is defined as the angle between the direction of
impact caused by the impactor and the plane of the specimen, as illustrated in Figure 2.
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Figure 2 - Schematic diagram of different impact angles.

The impact angle also plays a key role in controlling the type of wear mechanism [22] in
ductile materials. A larger impact angle will lead to more normal impact force than from a
sliding impact, and damage is therefore more likely to be in the form of plastic deformation
and surface fatigue due to spalling by surface cracking or delamination. However, a smaller
impact angle will lead to more tangential force and less normal force, causing more abrasive
wear in addition to spalling and subsurface cracks and leading to delamination and excessive
material loss (wear). The experimental work of Akhondizadeh showed that the maximum
wear loss occurred at 30°, where the shear and tangential components were at their highest
[21].

Further investigation on the role of impact angle was conducted by Tyfour and colleagues
[23] who saw impacts in the range 90°- 40° on a low carbon steel (A516-70) with a hardness
of 145Hv. They used an in-house built impact hammering wear rig and the results indicated
that the mass loss is highly dependent on the impact angle, with the lowest mass loss recorded
with normal impact 0.1mg and highest mass loss at impact angle 40° 0.7mg after 1000
cycles.

3 Proposed New Impact Wear Model
3.1 Statement of the Model

As discussed in Sections 2.2-2.3, a new model needs to consider the role of impact angle
during impact. It is also considered that a model predicting compound impact can sensibly be
divided into two components, as proposed by Lewis. Firstly, a component accounting for the
normal impact, in a similar fashion to the models described in Section 2.1, but in terms of
normal force rather than impact energy. Secondly, a component accounting for the non-
normal (i.e. sliding) impact, in a similar fashion similar to the Archard equation, but in terms
of tangential force rather than applied force. Both components then contribute to the total
wear volume predicted for a compound impact. This approach also allows the model to be
used to represent either normal or compound impact independently (by setting the component
not of interest to zero) and also to be validated either separately or in combination.

Thus, the general form of the new model proposed here, described in more detail in Section
3.2.4, and subsequently referred to as the Zalzalah-Lewis-Slatter (ZLS) model, is as follows
(Equation 9):

W = (KNanZLS + M)

H;

©)

where W is the wear loss (mm?), K is the normal impact wear coefficient, N is the number of
cycles, F), is the normal component of impact force (N), & is the dimensionless sliding impact



wear coefficient, x is the sliding distance during compound impact (mm), £} is the tangential
(i.e. acting in the direction of the surface) component of impact force (N), H; is the hardness
of the softer material (nominally taken to be the specimen) (MPa), and nz.sand mz.s are the
normal and sliding impact wear exponents.

The normal impact results of Fricke [19] show that AISI 440C (with a hardness of 710 HV)
has more mass loss than AISI 304 (164 HV), 1210 (242 HV), and 817M40 (554 HV). Also,
the results of zero wear paper for five different alloys [25] revealed that ductile cast iron (238
HYV) has more mass loss than both AISI 304 (190 HV) and ENS8 (213 HV). Therefore,
hardness has not been considered as a primary parameter controlling the wear volume of
different materials under normal impact, such approach is similar to the models described by
Wellinger [12], (see Section 2.1.1) or Fricke [19], (see Section 2.1.3).

This model predicts wear volume and can be used with different impact angles (by use of the
normal and tangential components of impact force) or solely for normal impact only (by using
the normal component only (i.e. it is set to be the same as the impact force). It considers
impact force, rather than impact energy, in order to be able to use measured impact forces for
each impact, rather than impact energy calculated theoretically or derived from high-speed
video camera data and to highlight the role of shear force during compound impacts. This
may add benefit to the model as it can then account for any possible change the average peak
impact force for a simulated contact due to change in the number of impact cycles.

The results presented by Wang et al. [24] revealed that the peak impact force slightly
increased by a percentage of 7-9% during impact with significant increasing the number of
cycles from 1000 to 100,000 cycles for different tested materials. However, it should be noted
that the average peak normal impact force measured experimentally during this work (Section
3.2.1) did not change with different number of cycles and there was very small variation
between tests.

3.2 Development of the Model
3.2.1 Experimental Method

The two components of the new model were derived from experimental work, initially
austenitic stainless steel (AISI 304), with different angles of impact (normal (90°), 60° and
45°) and specific numbers of cycles (54,000) using an impact hammering wear rig developed,
and used, in other work by Slatter [4-6], Bruce [9], and Zalzalah [25].

The rig is a cam driven, reciprocating-hammer type design, powered by a speed controlled
(invertor) 1.1 kW electric motor. A striker holder at the end of the lever arm secures, in this
case, a 15 mm diameter stainless AISI 52100 steel ball with a maximum surface roughness
(Ra) 0.125um which repeatedly impacts on the surface of the test specimen. The selection of
this particular striker is arbitrary for the work conducted here, but it has been extensively used
in the previous work performed on this apparatus where it was selected to be representative of
the contact(s) being studied and shown to consistently reproduce measureable levels of wear
needed for the development of the new model described here. The majority of the work
presented in the literature, regardless of impacting method (hammer, projectile etc.), uses
similar size and shape strikers because of the relative ease of achieving appropriate stresses,
either side of yield, in the specimens made of common engineering metallic alloys in
laboratory scale apparatus.



A summary of the mechanical properties for the AISI 304 used initially, the AISI 316 and

ENS used later, and the striker ball used throughout, is provided in Table 1.

Yield Tensile Young’s | Measured
Materials Strength Strength Modulus | Hardness
(oy) (MPa) (ou) (MPa) (GPa) (HV20)
Austenitic Stainless steel
270 581 190 190
(AISI 304)
Austenitic Stainless steel
(AISI 316) 332 630 190 180
Medium carbon steel
(ENS) 628 739 200 211
Ball (AISI 52100) 2000 2300 210 700-900

Table 1 - Summary of mechanical properties for the tested materials.

Although the three metal alloys used have relatively similar hardness, the EN8 has the
hardness but least wear volume due to compound impact. Additionally, the tangential
component of the new model has similar form of Archard equation [18] where the hardness of
softer materials is inversely proportional to the wear volume.

The test specimens were 10mm thick discs cut from the same (for each material) 50mm
diameter round bar. Each disc was then surface ground on both sides. There was no thermal
treatment to relieve thermal stresses on specimens after the tests, in common with the
literature. Before testing, the specimens were cleaned with compressed air, to remove any
loose debris and dust, and isopropanol before being weighed using an electronic mass balance
with accuracy to the nearest 0.1 mg.

All the specimens were impacted at a frequency of 10Hz and average impact velocity of
0.62m/s, as measured by high-speed camera (a Phantom V210), and impact energy of 0.23J,
based on the effective mass of the overall hammer system of 1.19 kg. The maximum surface
roughness (R,) of the specimens was always less than 0.5 um, as achieved by surface
grinding. These test parameters were chosen because they result in easily measurable wear
scars on the specimen surfaces and allow easy comparison with other work. Four repetitions
were carried out for each test point. Specimens were tested randomly within a material group
but no blinding was performed. The average peak impact force recorded experimentally using
the load cell at a frequency of 10Hz under normal impact is 3476N with standard deviation of
8.8, based on that the other values of impact forces with 60° and 45° are shown in Table 2.

Impact Angle (0) | Normal impact force Fn (N) | Tangential impact force Fi (N)
90° 3476 0
60° 3010 1738
45° 2457 2457

Table 2 - The value of both normal and tangential component of impact force with different impact angles at a
frequency of 10Hz.

After each test, each specimen was cleaned with isopropanol to remove any possible
remaining wear debris, dried, and then cleaned again with compressed air and reweighed
using the same mass balance. Each specimen was weighed, used in a test, and reweighed on
the same day. Then the mean wear volume was calculated based on the measured mass loss
(i.e. the difference between the pre- and post- test mass measurements for each specimen) and
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then converted to a volume using the mean measured material density, 7620 kg/m® and 7860
kg/m® for AISI 304 and 316 respectively and 7820 kg/m® for ENS.

The ball was selected to have a much higher hardness and strength than the specimens to
ensure that the damage would mainly occur on the specimens (one-body wear), therefore, any
damage to the striker ball has been neglected. That said, after each test the striker ball was
changed for a new example.

3.2.2 Experimental Results

The experimental results revealed that increasing the tangential component leads to an
increase in wear volume, as shown in Figure 3, and that the wear volume under normal
impact is very small compared with that at 60° and 45°. The significant increase in wear
volume that occurred with the non-normal angles used is considered due to the role of
tangential component during impact. Despite the normal component decreasing with
decreasing the impact angle, the wear volume increased significantly since the tangential
components increased from 0 at normal impact to 2457N at impact angle 45°.

For the range of angles used in this work (90°- 45°), the highest wear volume always occurs
at when the impact angle is 45°. This was found to be true for all of the test durations (number
of cycles) studied. The impact angle strongly affects the wear volume loss of the material and
often has more influence than the number of cycles (i.e. the total wear volume is more
sensitive to impact angle than number of impact cycles). For example, in Figure 3, increases
the number of cycles from 36,000 to 72,000 led to a 2.75x increase in wear volume by for
normal impact 90°, 3x increase with compound impact 60°, and 3.2x with impact angle 45°.
While changing the impact angle from normal 90° to 45° at any number of cycles such as
54,000 led to an 35x increase in wear volume.

I Normal Impact (90°)

[ Compound Impact (60°)
8 - I Compound Impact (45°)

Wear Volume (mm?®)
N
1

2

36000 54000 72000
Number of Cycles (N)

Figure 3 - Mean wear volume of AISI 304 as a function of impact conditions.
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The sliding distance (x) that the striker slides against the inclined specimen surface of AISI
304 during impact was measured experimentally by using a high-speed camera. The sliding
distance remained constant for each of the different numbers of impact cycles, for each angle.
Due to the sliding distance being very small it was only realistic to obtain values due to the
first impacts due to the decay of the reciprocating motion; therefore, six impacts were
measured for each angle and the mean values were 0.35mm for 60° and 0.6mm for 45° with
standard deviation of 0.05 and 0.03 respectively. This was compared with tests using an
aluminium alloy, chosen due to its much smaller shear modulus and thus allow the striker to
push through the material more easily, as the specimen material, and the mean sliding
distances for a 60° and 45° impact were 0.44mm and 0.72mm respectively.

The three-dimensional morphology of typical impact wear scar is summarised in Figure 4 and
illustrate the typical depth of the scar (up to 600 pm) as well as the plastic flow (up to 300 um).

v 300
]
90°,36000 90°,54000 90°,72000 200

(@)

Impact Direction

e e, et e e e

Pile up Material (Plastic Flow)

Reference Plane
60°,36000 60°,54000 60°,72000
(b)

Reference Plane
Wear Scar Depth

Pile up Material (Plastic Flow)

45°,36000 45°,54000 459,72000
©
Figure 4 - 3D Image of typical depth and pile up profile of impact scars for material with different impact

conditions: (a) under normal impact 90°, (b) with impact angle 60°, (c) with impact angle 45°.

Differences could be observed in all the scars among the range of applied parameters, with an
increase in the number of cycles leading to a slight increase in the amount of plastic flow on
the impact wear scars and a small increase in the impact wear scar size.

The green regions in Figure 4 indicate the reference plane of the scanned surface, while the
positive surface above the reference plane (yellow and orange regions) represents the pile up
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materials and the negative surface below the reference plane (turquoise, blue and purple
regions) represents the depth of impact wear scar.

Figure 4 shows that increasing the number of cycles led to a slight increase in both depth and
pile up of scar materials under normal impact, while changing the impact condition from normal
to compound impact caused a significant amount of plastic flow to form at the bottom edge.
This was due to plastic deformation and impact direction and accompanied by a noticeable
increase in wear scar depth. It also shows that the pile up materials (plastic flow) are uniform
in shape at the bottom edge with an impact angle of 60°, while with an impact angle of 45° it
was extruded outside the contact region. by the effect of higher shear forces. Two different
techniques were used (spherical and rectangular plane) and both methods consistently produced
the same results.

Further investigation using specimens manufactured from a medium carbon steel (ENS8) and
another common type of austenitic stainless steel (AISI 316) and the same methodology and
number of cycles (54,000) in order to use material type as the primary independent variable,
also revealed a similar trend to that exhibited by AISI 304, with more wear volume loss
occurring at 60° and the largest volume at 45° as shown in Figure 5.

Il A1SI 316
[ ENs

Wear Volume (mm?®)
w
1

90° 60° 45
Impact Angle (6)

Figure 5 - Mean wear volume of AISI 316 and EN8 as a function of impact angle with specific number of cycles
(54000).

Figure 5 indicates that changing the impact angle from normal (90°) to compound (60° and
45°) led to an increase in material loss and that the wear conditions became more aggressive.
The sliding component plays an important role in material loss as the highest material loss
occurred at an impact angle of 45°, similar to the results for AISI 304 presented in Figure 3.

The standard deviation of the results shown in Figure 3 and Figure 5 is in similar range to that
previously reported by Slatter [4-6].
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3.2.3 Discussion of Results

Based on data from experiments with the two austenitic stainless steels and the medium
carbon steel, there is a correlation between wear volume and number of cycles (Figure 3) and
increasing sliding distance during compound impact leads to an increase in wear volume. This
is inversely proportional with hardness of impacted materials, since medium carbon steel has
the highest hardness among the tested materials and showed lower wear volume compared
with both types of austenitic stainless steel in agreement with the Archard equation [3].

The repetitive normal impact of AISI 304 revealed that increasing the impact force will
always lead to an increase in wear volume. Similar results were found with both AISI 316 and
ENS, leading to a correlation between impact force and wear volume for different materials
(Figure 6).

Under compound impact, the premise of two components appears valid, however it is
important to note that for a compound impact against AISI 304 the majority (96%) of wear
volume contributed to by the tangential component and the normal component the remainder.
This result is likely due to that under normal impact the wear loss was very small compared
with compound impact because of the zero wear volume. Previously defined [25] by the
authors of this present work, zero wear volume is the volume previously occupied by material
that appears to have been deformed by impact, causing its surface to be at a different point in
space, but remains in the contact zone (i.e. the wear volume change due to material
compression before any mass loss occurs). This appears to account for the majority of volume
loss for AISI 304 under normal impact.

3.2.4 Derivation of Model Parameters

Normal Impact Component

Wear coefficients K and exponent ny; s, which represent the normal impact conditions are
shown in Table 3.

Material K nzLs
AISI 304 1.85x107° 0.816
AISI 316 5.64x107° 0.816

EN8 2.04x1078 0.655

Table 3 - Normal impact wear coefficient and exponent n for tested materials

These were calculated from the experimentally derived relationship between the measured
impact force (1982 N, 2783 N, and 3476 N) and wear volume by specific number of cycles
(54,000), using a line fitting method similar to the work of Wellinger [12] and Fricke [19].
Figure 6 shows this derivation of the normal component of tested alloys with an impact angle
0f 90° and the error bars represents the standard deviation from four repetitions of the data.

This number of cycles was selected to obtain measurable wear volume with all impact forces
whilst minimizing test length. That said, however, the wear volume due to normal impact is
still a very small proportion of the total wear (Figure 3) due to the role of zero wear volume in
this type of contact (as described elsewhere [25]).

The normal component of the new model is in terms of normal impact force which differs the
approaches of Willinger [12] (velocity based) or Fricke model [19] (energy based) Fricke
used impact energy, rather than impact velocity, in order to include the effective mass in the
model. From that perspective, and since the impact force is the resultant of effective mass
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multiply by the acceleration of impact, the normal component of the new model is different
from the previously developed models since it considers the acceleration of impact rather than
impact velocity or energy.

Sliding due to Impact Component

Due to the paucity of data in the literature describing wear as a function of tangential force for
the tested alloys, experiments to derive the sliding impact wear coefficient k and exponent
my;s to be used in the new model, were conducted only using AISI 304 specimens, as data
from experiments using other materials would not be able to be then validated against the
work of others (as it does not exist). That said, in order to give confidence in the data from
these experiments conducted for this work the results were compared with the experimental
work of Rigaud [25] using the same material and also at impact angles of 60°, 45° and 30°.

The tangential component was derived using similar line-fitting approach as for the normal
component with both impact angles used (60° and 45°) gives values for k of 1.45 x10~7 and
for my; s of 1.85. It should be noted that because a uniaxial load cell was used throughout this
work, the tangential forces (1738N for 60° impacts and 2457N for 45° impacts) were
calculated theoretical from the normal forces recorded experimentally.

Confidence in the model would be increased by using more angles to those used here (60° and
45°) to provide more data points for the tangential component of the model. In the case of the
apparatus used here changes to the configuration of the striker and striker holder are required
to provided alternative fixed configurations or a variable system that can facilitate different
angles at which impacts can occur. Similarly, using other materials would improve the
efficacy of the model by generating different impact wear coefficients and exponents. That
said, however, with only two compound impact angles the model shows good agreement
under compound impacts with other number of cycles (36,000; 72,000) to the one the model
was derived (54,000) (Section 5.3 and Figure 12 (a)).
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- ® - Experimental data of AISI 304 for normal impact (90°)

6140 —&— Line fitting for normal impact (90°)
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Figure 6 — Line fitting from the experimental data of (a) AISI 304, (b) AISI 316 and (c) EN8 under normal impact
after 54,000 cycles.
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4  Validation of the Model
4.1 Austenitic Stainless Steel (AISI 304)

The new model proposed here was validated with experimental results from literature [26]
under different impact angles using the same exponents 1 ;s (0.816), mzs (1.85) and wear
coefficients K (1.85x107%) and k (1.45 x1077), since the same material was being used. A
comparison is provided in Figure 7 and shows some deviation between the experimental data
and the new model with different impact angles and specific number of cycles (560,000).

The deviation between the experimental data of Rigaud and this new model is likely to be as a
result of large differences between the number of cycles reported in literature and the actual
number of cycles accumulated (e.g. a mismatch between nominal excitation frequency and
actual impact frequency). This indicates that the dynamical system is strongly nonlinear and
the rig is unstable during tests caused by vibration during impact and induced dispersion in
impact location, as described by Rigaud, which may reduce the wear volume significantly
since the impact is not occurring in exactly the same contact region.

It is also possible that variation in surface roughness could influence sliding impacts, even if
that effect in a very small scale. Liang [27], for example, found that the wear volume of
materials increased from 1 mm® with a surface roughness of R,=0.1pum to 3 mm® with surface
roughness R,=0.5 (within the range of the work presented here).

Lastly, the experimental data of Rigaud has not been repeated which reduce the accuracy of
the results. This deviation between the experimental data and the model data should be
considered against very small predicted values for both approaches (less than 0.008 mm?).

- #- - Experimental Data (Rigaud & Le Bot [26])
0.012 — —=— Zalzalah-Lewis-Slatter Model Predicted Data
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Figure 7 - Experimental data of Rigaud & Le Bot [26] compared with the Zalzalah-Lewis-Slatter model data.
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4.2  Austenitic Stainless Steel (AISI 316)

Validations using data from published experiments using AISI 316 were limited to using the
normal component of the new model because of a lack of information about the tangential
impact force in those studies. Experimental data from testing of unburnished specimens (310
Hv) and burnished specimens (405 Hv) from a study by Yilmaz & Sadeler [28] was compared
with the new model (Figure 8). In that work, the specimens are being subjected to normal
impact (impact force 560 N for 1000, 10,000, and 100,000 impacts).

- = - Experimental Data (Yilmaz & Sadeler [28] for Burnished Specimens)
Experimental Data (Yilmaz & Sadeler [28] for Unburnished Specimens)
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Figure 8 - Experimental data of Yilmaz & Sadeler [28] under normal impact compared with Zalzalah-Lewis-
Slatter model data.

Very good correlation was found with the data reported for the burnished specimens but much
weaker for the unburnished. This can be attributed to the fact that the new model, in common
with the other extant models described in Section 2, is based on wear volumes derived from
measured mass loss (Figure 3) rather than the 3D non-contact profilometry used by Yilmaz &
Sadeler. As described in Section 3.2.3 means that the latter method will detect the extra
volume loss resulting from zero wear. Having been subjected to mechanical working, the
burnished specimens will likely not experience significant zero wear phenomenon, thus the
wear reported by 3D non-contact profilometry will be the same as that detected by the
measured mass loss method. The model output was compared with the data of burnished and
unburnished specimens despite their differences in bulk hardness because hardness in not an
input parameter for the model in normal impact conditions (Equation 9).
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4.3 Medium Carbon Steel (ENS8)

Two validations were possible with medium carbon steel as the material of interest, and with
normal impact conditions using the normal impact wear coefficient K and impact force
exponent 11z, (2.04x1078 and 0.655, respectively) derived experimentally in this work
(Section 3.2.4). Figure 7 shows good correlation between the predictions of the new model
and the experimental data from the work of Jiang et al. [29] where rail steel and a welded rail
steel joint (Figure 9) were subjected to normal impact.

The experimental results here were based on impact force of 200N and different number of
impact cycles (5,000-100,000) compare favourably the predictions of the new model,
particularly for data points representing wear occurring after large numbers of cycles. The
disparity between the experimental data and the predictions at lower numbers of cycles is
again due to the role of zero wear, in this case because of the use of the spherical cap method
which leads to results similar to the 3D non-contact profilometer, albeit with greater potential
error. That said however, the better correlation of the model to towards the ‘end of life’ is
more preferable in an industrial context where total wear life is often of more immediate
interest than the evolution of the early stages of wear, especially in contacts where that stage
is effectively used as a running in period.

Experimental Data (Jiang [29] for Rail Weld Material)
0.08 — ® - Experimental Data (Jiang [29] for Rail Material)
—a— Zalzalah-Lewis-Slatter Model Predicted Data
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Figure 9 - Comparison between the experimental data of Jiang et al. [29] for steel of rail material and rail weld
joint material and data from Zalzalah-Lewis-Slatter model data.

A second validation was carried out between the new model’s predictions and the
experimental data of volume loss obtained by Wang et al. [30] for 40Cr steel impacted
normally (impact force of 80.9N, and up to 100,000 cycles). This is shown in Figure 10 and is
similar to the comparison made with the unburnished AISI 316 results (Figure 8) in that the
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new model under-predicts due to the difference between measurement methods, in this case
3D non-contact profilometer, and thus neglecting zero wear volume.

— ® - Experimental Data (Wang [30])
0.14 —a— Zalzalah-Lewis-Slatter Model Predicted Data
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Figure 10- Experimental data of 40Cr steel from Wang [30] [4] compared with the Zalzalah-Lewis-Slatter model
data.

5 Efficacy of the Proposed New Model
5.1 Complexity and Ease of Use

The new Zalzalah-Lewis-Slatter model proposed here was developed based on specific
parameters (number of cycles, normal and tangential impact force, sliding distance and
hardness of softer material) to reflect information readily known about contacts in many real
mechanical systems. This means that it can be easily used for predicting both normal and
compound impact wear, including angle as a function, without requiring large number of
experimentally derived parameters that often need apparatus not always found outside
dedicated research facilities.

5.2 Range of Materials

The model can be used under both normal and compound impact and the results easily
compared with other data to obtain accurate values for the wear volume. Existing
experimental data representing the behaviour of three widely used metal alloys has been
successfully used to validate its predictions for normal and compound impact. It is important
to note that none of the experimental work from literature used for validation described any
data robustness information (as previously discussed [31]) could have affected the accuracy
of the wear volume results, but nonetheless good correlation was generally found with the
model. Further experimental to fully validate the experimental data and subsequent model
parameters for materials other than AISI 304 is also required.
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5.3 Impact Conditions and Mechanistic Phenomenon

All the results were obtained with dry contacts since most impact wear applications fall
within this field, hence the role of lubricant has not been taken into consideration during this
work. Further work is required to understand the role of a lubricant, or other third body in
transmitting the force applied in the impact. The model could also be developed to include the
role of work hardening directly and then compared with other experimental data. However,
additional experimental parameters will be required, such as work hardening exponents for
each material perhaps collated together as a library, as such trends are not easy to compare
and validate.

The model is expected to lead to better correlation with the wear volume results obtained by
the de facto standard of mass loss (converted to wear volume by considering the material’s
measured density) than with data obtained via direct volume measurement methods especially
under normal impact.

Table 4 shows the differences in volume losses data produced under normal impact (90°) on
the AISI 304 specimens and measured by mass loss (wear volume) and 3D non-contact
profilometer (total volume loss) with different number of cycles at impact force of 3476N.
While Figure 9 shows the differences in results between the model and these experimental data
which is mainly contributed to the role of zero wear volume during normal impacts [25].

Mean Total
. Mean Wear Volume Standard Volume Loss Sta‘nd.ard
Conditions 3 .. Deviation o
vV, (mm>) Deviation ¢ (STD)
36000, 90° 0.042 0.0066 2.08 0.16
54000, 90° 0.082 0.012 2.1 0.18
72000, 90° 0.111 0.02 2.18 0.2

Table 4 - Mean wear volume and total volume loss of AISI 304 under normal impact with different number of cycles
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Figure 11 — Comparison between the model and the results obtained during this study for AISI 304 under normal
impact and impact force 3476 N where; (a) wear volume measured by mass scale and (b) volume loss measured by
3D non-contact profilometer

Figure 11 (b) shows large deviation between the experimental data of AISI 304 measured
directly by 3D non-contact profilometer and the model (based on wear volume). While this
deviation is contributed to the role of zero wear volume, it reduced significantly with compound
impact (60° and 45°) as shown for example in Figure 12 with an impact angle of 60°.
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- ® - Experimental data of AISI 304 for compound impact (60°)
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Figure 12- Comparison between the model and the experimental results of AISI 304 under compound impacts and
impact force of 3476N where; (a) wear volume measured by mass scale and (b) volume loss measured by 3D non-
contact profilometer.

The majority of deviation seen in Figure 12 (b), is contributed to the plastic flow volume that
removed from the centre of wear scar and accumulated near the bottom edge (Figure 4 (b)) and
minimising the effect of zero wear volume during compound impact. Figure 11 (a) and Figure
12 (a) show an excellent correlation between the experimental data of AISI 304 and the model
under both normal and compound impacts with different number of cycles (36,000 and 72,000)
to that the model was initially derived (54,000). This comparison and deviation is similar to
that achieved by Fricke (between the experimental data of AISI 431 and the model with
different number of cycles [2]) and provides further validation of the model for both normal
and compound impacts.

The new model is based on wear volume measured by mass loss, rather than total volume loss
measured by 3D non-contact profilometer. This is the typical method for measuring the wear
volume, calculating the impact wear coefficient, and comparing it with other values from extant
wear models. Also, this method is similar to all the extant wear models described in Section 2.1
(that are based on mass loss). A 3D non-contact profilometer directly measures the total volume
loss, not the wear volume, thus does not necessarily reflect the wear resistance performance of
materials under investigation.

The model does directly consider the role of friction during impact in that the contact between
the ball and the specimen is considered as a frictionless during normal impact as with
Hertzian theory [32]. This is commonplace in literature where most authors neglect the
friction during normal impacts and set it to zero, for example in the work of Rigaud [26].

Considering the tangential component of the model, studies show that there is no simple
model that can be used to determine the actual coefficient of friction during contact [33] due
to friction being a system property. Studies also show that the coefficient of friction for AISI
304 can be changed by using different applied load, sliding speed or number of cycles and
thus will lead to different values of the coefficient of friction [33-35].

A further study by Rigaud [26] revealed that change the impact angle will eventually lead to
different value of coefficient of friction. This suggests that is non-trivial to include the role of
friction in the model.
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Lastly, the results showed that the impact wear coefficient K and sliding wear coefficient k of
the tested materials both achieved values to an exponent in the range 107-107, potentially
indicating the severity of wear during impact, where a value of 10 indicates very severe wear
conditions and a value of 10~ indicates that the wear conditions are far less aggressive [36-
38]. This means that these materials could be considered as materials with good impact wear
resistance within the impact conditions explored, and a value of 10 and 10 could indicate
moderate wear conditions [17, 19, 39].

6 Conclusions
The following conclusions can be drawn from this work;

e A new model for predicting both normal and compound impact wear taking into
consideration the role of shear force (tangential force).

e The model has with good agreement using data obtained from literature describing studies
that considered normal and compound impacts on similar engineering alloys.

e The model correlates better wear volume data measured indirectly by mass scale (the de
facto standard) than direct methods due to the role of zero wear.

It should also be noted that this new model could be improved further to include directly the
role of work hardening (rather than it being ‘hidden’ in experimentally derived wear
coefficients) and zero wear. This would lead to better correlation with a wider range of
experimental data presented in the literature, however but this may not be easy to achieve
with the typical information provided therein. Similarly, the model has been validated under
compound impact for only one material (AISI 304) due to lack of data from other materials in
the literature and further experimental work for materials other than AISI 304 is required to
fully validate the model and its parameters
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