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Abstract
In some industrial situations, components are subject to repetitive impact in the presence of a slurry. A novel repetitive
impact-with-slurry test rig was developed to evaluate the behaviour of a wide range of engineering materials in such conditions. The test materials could be categorised into five main groups – heat treated steels, stainless steels, chromium cast irons,
hardfacing coatings and superalloys. Three-dimensional surface topography was used to quantify the depths and volumes of
the produced wear scars. Post-test metallurgical examination was also conducted to further evaluate the wear processes. The
wear mechanisms could be split into two main groups of materials; ductile materials were observed to plastically deform
and hard/brittle materials demonstrated cracking/spalling mechanisms. Hardened martensitic-type materials exhibited the
greatest resistance to repetitive impact wear.
Keywords Repetitive impact · Slurry · Engineering materials

1 Introduction
Repetitive impact wear is described as recurring solid body
impacts, where the contacting surfaces are wearing [1].
There are two types of repeated impacts. When there is a
tangential or rotational element which results in sliding or
rolling, this is referred to as compound impact. When there
is no rotational or tangential element, this defined as normal
impact.
Engineering components used for fluid transport such as
valves (globe, check and dart) that are employed in the oil
and gas as well as power generation industries, experience
repetitive impact wear. In the mineral processing industry,
components such as crushers, breakers and sizing screens
also experience material loss due to repetitive impact damage [2, 3].
A variety of experimental set-ups have been developed
to assess repetitive impact wear of materials for different
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engineering applications. Five main types of such test rigs
have been identified: reciprocating pin on disk, pivot hammer, high velocity impact gun, ball on plate and repetitive
impact with dry abrasion. A brief summary of each type
of repetitive impact wear test rig, the relevant engineering
applications and the main material degradation mechanisms
are discussed below.

1.1 Reciprocating Pin on Disk
The pin on disk wear testing method is typically used to
assess the sliding wear resistance and coefficient of friction
of materials [4], however, this testing apparatus has been
adapted by researchers with the capability of testing both
compound impact wear and transverse sliding wear [5]. This
is aimed at engineering components that experience sliding
wear with repeated impulsive loading, such as; cams and
followers, mating gear teeth and mechanical linkages [6].
Parameters such as impacting velocity, sliding speed,
number of cycles, load, frequency, system damping and
stiffness have all been studied as testing variables [5]. However, the adapted testing apparatus is limited to small loads
and sliding velocities, less than 1 kN and 8 m s−1 respectively. These low loads and velocities mean that a large
amount of cycles are required before any measurable damage occurs. These tests are conducted under dry conditions.

13

Vol.:(0123456789)

5

Page 2 of 15

From reciprocating impact wear test machines, three subsurface zones are found to be present after each test; undeformed base material, plastically deformed base material
and a white compound layer with a compositional mixture
(combination of material from both impacting bodies) [5,
7, 8]. These zones have been found to be present in a wide
range of metallic materials such as; low alloy steels, stainless
steels, titanium, aluminium, aluminium-copper and copper
alloys [6, 8–12]. The subsurface zones have been found to be
present as a result of the various wear mechanisms such as
plastic deformation, ploughing, delamination, smearing and
material transfer [6, 8–13]. Metal-matrix composite materials (HVOF coatings, etc.) exhibit fatigue cracks as well as
plastic smearing as the main degradation mechanisms [14,
15].

1.2 Pivot Hammer
Pivot hammer tests have represented another method used
extensively to assess repetitive impact wear for a variety of
engineering applications such as poppet valves and seats
in automotive engines, reciprocating valve components,
machine elements (cams and gears) and electrical connectors used in the computer and telecommunication industries
[16–19]. The conditions for pivot hammer tests range from
2–200 N applied load, up to 109 cycles and operate at a frequency up to 50 Hz [16–20].
The main findings have been that metallic alloys exhibit
an initial wear period, followed by a zero wear stage (plastic
deformation only) and finally by a measurable wear phase
[18, 20]. The main wear mechanisms for metallic alloys have
been observed to be plastic deformation, pitting and surface traction (wet conditions – distilled water) and surface
heating (dry conditions) [16–18, 20]. For ceramic materials,
the main wear mechanisms are micro-fracture and platelet
formation [19].

1.3 High Velocity Impact Gun
High velocity impact guns are used for impacting individual
particles at extremely high velocities. This type of testing
apparatus has been developed to study the erosion processes
occurring in applications such as mining, coal gasification,
helicopter parts and short take-off and landing aircraft [21,
22]. Particles vary in size from 100 μm to 2 cm and velocities range from 44 m s−1 to 1210 m s−1 [21–25]. A variety
of materials are used for the impacting particles such as zirconia, hardened steel, tungsten carbide and silicon nitride
[21–25]. The high velocity impact gun experiments are conducted in air.
Different types of wear mechanisms have been observed
to be associated with the impacting angle of the particle. At
low, oblique angles lip formation and fragmentation have
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been observed [21, 22]. Whereas, at high impact angles
thermal softening, flake formation, shear deformation,
strain localisation and adiabatic shear bands are more likely
to occur [21, 22, 24, 25].

1.4 Ball on Plate
Ball on plate testing devices use spherical balls (often tungsten carbide) to create repetitive impact damage. The loads
used in these studies are less than 1 kN and are often in
the magnitude of 103–106 cycles and tests are conducted
under dry conditions. They are commonly used to assess
the adherence of thin surface coatings such as Diamondlike Carbon (DLC) and Physical Vapour Deposition (PVD)
coatings [26–29].
A white compound layer with a plastically deformed zone
has been observed in some studies of metallic alloys as well
as adiabatic shear bands. These often lead to nucleation of
micro-voids as well as surface cracking and flaking [30–33].
For hard ceramic coatings, the main material degradation
mechanisms have been observed to involve surface and subsurface micro-cracking which lead to spalling and delamination of the coatings [34–36].

1.5 Repetitive Impact with Dry Abrasion
Due to the high wear rates found in hydraulic rock crushing
equipment, repetitive impact test rigs have been designed
to incorporate the dry abrasive “crushing” effects of rocks.
The test conditions include high loads up to 86 kN and test
durations up to 1000 cycles [37, 38].
A good correlation has been observed between increased
hardness and increased resistance to impact-abrasion
[37–42]. The main wear mechanisms have been found to be
indentation, plastic deformation and micro-scratching [37,
38, 40–44]. Micro-cracking has been observed in materials
with carbides [39, 45, 46].
In summary, the available literature, regarding studies
using repetitive impact test machines, has demonstrated
that the main damage processes occurring during repetitive
metal–metal impact are interactions between plastic deformation and cracking. Although a large number of variations
of testing equipment and conditions have been investigated,
many of these (e.g., stress levels, number of cycles, dry conditions, etc.) are not especially relevant to many engineering
components and applications which experience repetitive
impact wear with slurry. There appears to be no standard test
rig which incorporates repetitive impact with high compressive loads and abrasive sand particles in an aqueous solution.
Therefore, it was clear to the authors that a purpose built rig
was required to investigate this type of wear.
The study described herein, describes a novel custom
test rig which has been used to assess a wide range of
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engineering materials and coatings under repetitive impact
wear with slurry conditions. Detailed post-test analysis
using surface profilometry and metallurgical examination
has been used to rank and characterise the material degradation processes.

2 Methodology and Materials
2.1 Methods
The repetitive impact-with-slurry tests were conducted
using a Zwick Roell 2061 hydraulic testing machine. The
tests were conducted with a compressive load of 32 kN
applied at a frequency of 5 Hz. Each test ran for a total of
50,000 cycles. A custom-made impactor which was cylindrical with a flat-ended cylindrical pillar protruding from
one end, was connected to the hydraulic test machine and
was made from carburised UNS G86200 steel. The diameter of the impacting surface was 6 mm.
The tests were conducted on coupons with dimensions
of 38 mm diameter and 17 mm thickness. The test samples
were located in a sample holder which contained a slurry
guard. A constant supply of slurry (freshwater and silica
sand) was fed between the impactor and test sample to
replicate the “crushing” effect of the sand particles. The
stroke between each cycle was 2 mm. The hardness of the
impactor tip was 720 HV. The silica sand particles were
spherical in shape, had an average size of 500 µm and a
hardness of 1160 HV. The sand concentration of the slurry
was 54 g/l. The sand size distribution was measured by
sieving the sand incrementally by way of fine sieves; the
sand size distribution is given in Table 1.
In order to assess the shape of the silica sand, several
images of the sand particles were taken on the Olympus
GX-51 light optical microscope at × 50 magnification
(Fig. 1). ImageJ image processing software was used to
measure the area (A) and perimeter (P) of the sand particles. These values could then be used to calculate the
circularity factor (CF) of the sand particles (Eq. 1).

Table 1  Particle size
distribution of spherical silica
sand

Particle size (µm)

Percentage
(wt.%)

≤ 250
250–420
421–500
501–600
≥ 600

2.5
18.4
50.7
23.3
5.1

Fig. 1  Silica sand used for repetitive impact with slurry testing

CF =

4𝜋A
P2

(1)

One hundred untested silica sand particles were analysed
using this technique to assess the average shape of the particles. Figure 2 demonstrates the amount of sand particles
found to have CF values below 0.8, between 0.8 and 0.9 and
above 0.9. A schematic representation of the defined CF
shapes of particles ranging from 0.5–0.95 is also shown in
Fig. 2. The majority of the sand particles were observed to
exhibit a CF value above 0.8.
The slurry was fed between the impactor and sample
through a Verderflex peristaltic pump. Once there was a
constant flow of slurry, the hydraulic piston was activated
which impacted with the sample and crushed the sand at
a rate of 5 Hz. The used slurry was then drained from the
sample holder which was fed through a second Verderflex
peristaltic pump. A schematic diagram and image of the test
rig is shown in Fig. 3. A minimum of two test replicates, per
test condition was assessed.
Post-test analysis of the resulting wear scars was conducted using an Alicona InfiniteFocus 3D optical profilometer with a wear scar volume accuracy of ± 0.02
mm3 and a wear scar depth accuracy of ± 1 µm. An initial
study demonstrated that mass losses were measurable in
some materials but negligible in others. Whereas, the
volume measurements facilitated more realistic comparisons between the different materials and such volume
measurements were correlated with the damage mechanisms. Cross sections of the wear scars were taken using
a Struers Discotom-2 abrasive cutting machine, mounted
in Bakelite and polished to 0.05 µm finish. The cross
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Fig. 2  Circularity factors
for 100 untested silica sand
particles
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Fig. 3  Schematic diagram and image of the repetitive impact with slurry test rig

sections of the damaged surfaces were then assessed using
Scanning Electron Microscopy (SEM – Hitachi SU-6600)
with a 20 kV accelerating voltage and secondary electron
detector. Microhardness profiles were measured using a
Mitutoyo MVK-G1 test machine with a 200 gf load.

2.2 Materials
In order to obtain correlation between repetitive impact
behaviour and material type, a wide range of materials
was assessed. The materials which were examined are
shown in Table 2.
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3 Results and Discussion
3.1 “Crushing” Effect of Sand
Preliminary testing was conducted to assess the contribution of damage from the “crushing” effect of the sand.
In order to evaluate this, tests were conducted with and
without slurry. The material used in these initial tests
was UNS S31600. Figure 4 shows the appearance of the
UNS S31600 test specimen after the exposure to repetitive impact without slurry along with the corresponding 3D surface topography scan and wear scar profile. A
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Table 2  List of materials in test programme
Material Types

Grades/descriptions

Major alloying elements (wt.%)

Microstructure

Heat treated steels

Carburised UNS G86200

0.2%C, 0.5Cr, 0.5Ni, 0.8Mn, Bal. Fe

Martensitic with case hardened depth of
1.2 mm
Martensitic with hardened depth of 8 mm
Martensitic with hardened depth of
5.5 mm
Martensitic
White hard layer with depth of 0.25 mm

Induction hardened UNS G52986
Induction hardened UNS G41400

1%C, 1.4%Cr, 0.3%Mn, Bal. Fe
0.4%C, 1%Cr, 0.5%Mo, 0.85%Mn,
Bal. Fe
Quenched & tempered UNS G52986 1%C, 1.4%Cr, 0.3%Mn, Bal. Fe
Nitrided 905M39
0.4%C, 1.6%Cr, 0.2%Mo, 0.5%Mn,
Bal. Fe
Stainless steels
UNS S31600
17%Cr, 12%N, 2%Mo, Bal. Fe
UNS S42000
13%Cr, < 1%Mn, < 1%Si, Bal. Fe
UNS S44003
0.8%C, 17%Cr, Bal. Fe
UNS S44004
1%C, 17%Cr, Bal. Fe
UNS S15500
15%Cr, 4%Ni, 3%Cu, Bal. Fe
UNS S32760
25%Cr, 7%Ni, 3%Mo, Bal. Fe
Superalloys
UNS N07718
20%Cr, 19% Fe, Bal. Ni
UNS R56400
6%Al, 4%V, Bal. Ti
Chromium cast irons 27%Cr cast iron
3%C, 27%Cr, Bal. Fe

Hardfacing coatings

37%Cr cast iron

2%C, 37%Cr, Bal. Fe

Stellite 6 weld cladding

24%Cr, 18%Fe, 4%W, 0.9%C, Bal. Co

HVOF 90WC-10Ni

90%W, 10%Ni

reasonably uniform wear scar profile was observed. Negligible mass loss measurements were observed, indicating
that the damage was associated with plastic deformation.
The wear scar depths and volume losses for the tests are
shown in Figs. 5 and 6.
Wear scar depths and volume losses both increased when
sand particles were being crushed between the impactor and
specimen demonstrating that the crushing of the sand particles contributes to the repetitive impact damage (20–50% of
overall damage). However, it should be noted that a significant amount of the damage was attributed to only repetitiveimpact wear (without slurry).

3.2 Surface Topography of Tested Materials
under Slurry Conditions
3.2.1 Wear Scar Depths
The wear scar depths for all tested materials are shown in
Fig. 7. The scatter bands represent the variation between two
test replicates. The UNS S31600 stainless steel and HVOF
WC-10Ni exhibited the greatest wear scar depths of all test
materials whereas, the carburised UNS G86200 and 27%Cr
cast iron demonstrated the lowest wear scar depths. In

Austenitic
Martensitic
Martensitic
Martensitic
Martensitic with precipitates
50%ferrite/50%austenite
γ austenite with precipitates
Alpha+Beta
Hypoeutectic Cr cast iron with martensitic metal matrix and M7C3 carbides
Hypoeutectic Cr cast iron with austenitic
metal matrix and M7C3 carbides
Co-rich matrix with Cr-rich carbides
coating depth of 3 mm
Nitrided version – 27 µm thick nitride
compound layer
Tungsten carbide in nickel matrix, coating depth of 500 µm

general, materials with a martensitic microstructure (carburised UNS G86200, 27%Cr cast iron, UNS S42000 (480HV),
induction hardened UNS G52986, etc.) had lower wear scar
depths than materials with an austenitic microstructure
(UNS S31600 and 37%Cr cast iron). This observation has
been perceived in previous studies [15, 31]. However, there
were exceptions to this as the UNS S42000 (280 HV), UNS
S44003 and UNS S44004 all demonstrated wear scar depths
greater than the 37%Cr cast iron (dual phase – austenite with
chromium carbides) and UNS S32760 (dual phase – austenite and ferrite). The reason for this discrepancy is likely to be
associated with the fact that the three martensitic materials
were in the annealed condition. It is also interesting to note
that by modifying the austenitic structure to obtain greater
strength (i.e. through addition of chromium carbides or ferrite) then it is possible to improve their repetitive impact
resistance.
3.2.2 Wear Scar Volume Loss
The wear scar volume losses for all test materials are given
in Fig. 8, materials with a volume loss with less than 0.2
mm3 are also presented in Fig. 9 for a better comparison.
A similar trend to those found with wear scar depths was
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Fig. 4  Image of UNS S31600 without slurry after test (top left); 3D surface topography scan (top right); wear scar profile (bottom)
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Fig. 5  Wear scar depth for UNS S31600 with and without slurry

observed, as the UNS S31600 stainless steel and HVOF
WC-10Ni exhibited the greatest wear scar volume losses
and the carburised UNS G86200 and 27%Cr cast iron
demonstrated the lowest wear scar volume losses. This
correspondence between scar depth and volume confirms
that the wear scar depths are not dominated by localised
penetrations.
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Fig. 6  Volume losses for the UNS S31600 with and without slurry

3.2.3 Wear Mechanisms Occurring in Repetitively Impacted
Zones
The material degradation mechanisms occurring inside the
repetitively impacted wear scars were examined through
SEM images of cross sectioned wear regions. A light microscope was used for an in-plane image of the HVOF WC10Ni coating wear scar (Fig. 23). A micro hardness profile
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Fig. 7  Wear scar depths for the
tested materials
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Fig. 8  Wear scar volume losses for the tested materials

13

5

Page 8 of 15

Tribology Letters (2021) 69:5

Fig. 9  Wear scar volume losses
(less than 0.2 mm3) for the
tested materials
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Fig. 11  Micro hardness profile for UNS S31600 wear scar
Fig. 10  Plastically deformed material in UNS S31600 wear scar following impact wear testing

for the ductile materials was also conducted to assess work
hardening effects. A selection of ductile and hard/brittle
materials (listed below) were chosen to be analysed.
• Ductile materials (200 HV-285 HV) – UNS S31600,

UNS S42000 (annealed – 280 HV), UNS S44003
(annealed – 285 HV), UNS S32760
• Hard/brittle materials (720 HV-1100 HV) – 27%Cr cast
iron, carburised UNS G86200, Nitrided 905M39 Steel,
HVOF WC-10Ni

3.3 Ductile Materials
3.3.1 UNS S31600 (200HV)
The main material degradation mechanism for the UNS
S31600 was plastic deformation where regions within the
wear scar suffered from a cutting/shearing effect from
“crushing” sand particles (Fig. 10). This type of damage is
similar to cutting deformation wear as described by Hutchings [47], who stated that subsequent impacts will easily
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remove the vulnerable material displaced in the highly
strained lip. Work by Ratia et al. attributed large amounts
of plastic deformation of materials with low hardness and
high ductility [37].
A hardness increase of 100 HV was observed at the surface
of the UNS S31600 impact wear scar (Fig. 11). This strain
hardening effect of UNS S31600 has been observed previously by a number of researchers [48–50]. Singh et al. conducted air blasting experiments at normal incidence and found
that the surface hardness of UNS S31600 increased from
160 to 430 HV [49]. Similarly, Giourntas observed hardness
increases of 100 HK (Knoop hardness) in a wear scar of UNS
S31600 after an impinging slurry jet experiment [50]. Work
hardening effects have also been observed in wear-resistant
steels under impact-abrasion conditions [41, 42].
3.3.2 UNS S42000 (280 HV)
For UNS S42000, the main degradation mechanism was
found to be micro-ploughing which has resulted in plastically deformed material (Fig. 12). Localised regions in
the wear scar exhibited heavily sheared material which is
vulnerable to removal in subsequent impacts. No increase

Page 9 of 15 5

Tribology Letters (2021) 69:5

Fig. 12  Plastically deformed material in UNS S42000 (280 HV) wear
scar

Fig. 14  Cracked primary carbide in UNS S44003 wear scar
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Fig. 13  Micro hardness profile for UNS S42000 (280 HV) wear scar

in surface hardness was observed for the UNS S42000
(Fig. 13).

Fig. 15  Material removal in UNS S44003 wear scar

350

3.3.3 UNS S44003 (285HV)
Microhardness (HV)

The UNS S44003 specimens exhibited two different types of
wear damage. Figure 14 illustrates the cross section of the
UNS S44003, where subsurface cracking was observed on a
primary carbide. This feature illustrates that impact stresses,
caused by the impactor and “crushed” sand particles, have
transferred onto the carbides which has resulted in cracking.
It is possible that the fractured carbides underneath the surface will increase the likelihood of spalling which has then
caused material to be removed (Fig. 15). It is also possible that
martensite has also deformed and the combination of these
degradation processes has led to the removal of material.
No increase in hardness was observed for the UNS S44003
(Fig. 16). The different deterioration mechanisms observed
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Fig. 16  Micro hardness profile for UNS S44003 wear scar
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Fig. 17  Sections of grain being removed in UNS S32760 wear scar
Fig. 19  Deformed martensitic matrix and cracked primary carbide in
27%Cr cast iron wear scar
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Fig. 18  Micro hardness profile for UNS S32760 wear scar

between UNS S42000 and UNS S44003 highlight how materials with similar hardnesses can experience different wear
processes.
3.3.4 Superduplex Stainless Steel—UNS S32760 (280 HV)
Figure 17 shows the cross section of UNS S32760 wear scar,
where sections of grains have been removed. The removal of
these grain sections is likely to be attributed to surface fatigue
caused by the high stresses applied by the repetitive “crushing”
of sand particles into the surface of the material. This phase is
likely to be the ferrite due to the greater strain rate sensitivity
of its BCC lattice structure. The brittle fracture-nature of ferrite has previously been observed [51]. No increase in surface
hardness was observed for UNS S32760 (Fig. 18).

3.4 Hard Materials
3.4.1 27% Cr Cast Iron
The 27%Cr cast iron exhibited a similar type of degradation
processes as the UNS S44003. In localised regions within

13

Fig. 20  Cracking in primary carbide in 27%Cr cast iron wear scar

the wear scar, the martensitic matrix was heavily deformed
(Fig. 19) and cracks were observed in primary carbides
(Figs. 19 and 20). This has been caused by the high impact
stresses from “crushed” sand particles. Qian et al. [46] have
also observed that the effect of repetitive impact loading on
a white cast iron resulted in severe fragmentation of primary
and eutectic carbides together with micro-cracking along the
eutectic carbide network.
3.4.2 Carburised UNS G86200
The carburised UNS G86200 exhibited subsurface cracks,
caused by the high impact stresses associated with the repetitive impact testing. Cracks were observed to occur parallel
and perpendicular to the surface which leads to material
being spalled and/or delaminated from the surface of the
carburised UNS G86200 steel (Fig. 21). Subsurface cracking caused by repetitive impact wear has previously been
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observed to be similar for the HVOF WC-Ni coating and
the cracks were even evident on the surface, as shown in
Fig. 23. Cracks were observed within the wear scar and also
circumferentially outside the wear scar. Sub-surface cracks
were found to run horizontally throughout the coating, especially near the coating-substrate interface (Fig. 23b, c and
d). At the edge of the wear scar, a large piece of coating was
observed to be almost detached from the coating (Figs. 23b
and c). Due to the hard/brittle-nature of the coating, material
was removed by spalling and delamination.

Fig. 21  Subsurface cracking leading to material removal in carburised UNS G86200 wear scar

Fig. 22  Subsurface cracking leading to material removal in nitrided
905M39 steel wear scar

observed by various researchers on different steel grades and
PVD coatings [6, 20, 30, 36].
3.4.3 Nitrided 905M39 Steel
The nitrided 905M39 steel also exhibited an extensive network of subsurface cracks which extend over 100 μm in
length (Fig. 22). The vast crack network eventually results in
delamination and spalling of the nitride layer. Similar severe
cracking on the nitrided layer was observed on the nitrided
Stellite 6 weld cladding.
3.4.4 HVOF WC‑10Ni
Figure 23 demonstrates abundant cracking occurring at the
surface and sub-surface of the HVOF WC-Ni coating. The
cracking shown on Fig. 22 for the nitrided 905M39 steel is

3.4.4.1 Relationship with Material Properties An assessment was conducted to establish relationships, if any,
between repetitive impact resistance and material properties.
The material properties which were used for the assessment
were hardness, elastic modulus and fracture toughness. Figure 24 demonstrates the relationship between material hardness and repetitive impact wear scar depth. In general terms,
as the hardness increases (from 200 HV) the wear scar
depth decreases up to a hardness of approximately 765 HV.
Above this hardness value the wear scar depths increases.
Although this trend might be construed to indicate that there
is an optimum hardness where repetitive impact wear is at
a minimum, the general consensus is that hardness alone is
insufficient to correlate with repetitive impact wear resistance [52, 53].
Figure 25 exhibits the relationship between the hardness/
elastic modulus (H/E) ratio [54] with the repetitive impact
wear scar depth. In general, there was a reduction in wear
scar depth as the H/E ratio increased. However, there was no
direct correlation which could be used to predict the behaviour of a material under repetitive impact conditions.
Another material property which, together with hardness,
is likely to be crucial to the repetitive impact wear resistance of a material is fracture toughness. Chintha et al. [52]
have shown that, under impact-abrasion conditions, steels
with similar hardness, composition and microstructural
phases but different fracture toughness behave differently
with the steel of higher toughness demonstrating greater
resistance to both impact and abrasive wear. Another study
by Liu et al. [53] demonstrated that high H/K1C (hardness/
fracture toughness ratio) for bainitic steels could improve
their impact-abrasion wear resistance up to a point, after
which the wear resistance of the steels decreased due to a
lower critical stress for crack formation. Figure 26 shows the
relationship between wear scar depth and H/K1C for some
of the test materials evaluated in the current study. It can be
clearly observed that the minimum wear scar depth occurs
approximately around a H/K1C ratio of 350. The trend of
the graph follows a similar observation made by Liu et al.
[53] where there is a point of maximum wear resistance
before increasing the H/K1C ratio further is detrimental to
the repetitive impact wear resistance. There is a reasonable
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Fig. 23  HVOF WC-Ni; a Circumferential micro-cracking visible inplan view; b and c Cross section showing significant amounts of horizontal micro-cracks with large section of material almost removed
Fig. 24  Relationship between
material hardness and repetitive
impact wear scar depths

from coating; d horizontal micro-cracking observed in coating at
coating-substrate interface

300

200

150

765HV

50

0

Increasing material hardness

correlation between the dominant wear mechanism from
plastic deformation-induced damage (Figs. 10 and 12)
to brittle cracking (Figs. 22 and 23). Where the former is
dominant there is a decrease in wear with increasing H/K1C,

13

1100HV

100

170HV

Wear scar depth (µm)

250

UNS S31600 W
UNS S44003
UNS S44004
UNS S32760
UNS S42000 (280HV)
UNS R56400 W
UNS S15500 W
37%Cr cast iron
UNS N07718 W
Stellite 6 single layer
UNS S42000 (480HV)
Inducon Hardened UNS G41400
Nit. Stellite 6 Double layer
Inducon Hardened UNS G52986
Carburised UNS G86200
27%Cr cast iron
Quenched & Tempered UNS G52986
HVOF WC-10Ni
Nitrided 905M39 Steel

but, when the dominant damage mode changes to a crackinduced mechanism an opposite trend of H/K1C prevails.
Similar trends have been observed by Liu et al. [53] but
restricted to bainitic steel grades. These studies, therefore,
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Fig. 25  Relationship between
H/E ratio and repetitive impact
wear scar depths
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Wear scar depth (µm)
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UNS S31600 W
UNS S32760
UNS S42000 (280HV)
Stellite 6 single layer
UNS S15500 W
UNS N07718 W
UNS S42000 (480HV)
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UNS R56400 W
Nit. Stellite 6 Double layer
UNS S44004
Inducon Hardened UNS G41400
Inducon Hardened UNS G52986
Carburised UNS G86200
Quenched & Tempered UNS G52986
Nitrided 905M39 Steel

Fig. 26  Relationship between H/K1C ratio and repetitive impact wear scar depths (materials increasing with H/K1C from top left to right, row by
row)

provide persuasive evidence that desired material properties
for resistance to repetitive impact wear involve a delicate
trade-off between hardness and fracture toughness which
will clearly be dependent upon the microstructural characteristics of different materials.

4 Conclusions
• Novel test technique, which includes the influences

of slurry, has demonstrated high degree of sensitivity
between different material grades under repetitive impact
wear.
• Developed test technique and assessed in non-corrosive
slurry, clearly adaptable to extend the ability to assess
materials under repetitive impact conditions in saline/
acidic slurries.

• Confirmed that there is no simple correlation between

•
•

•
•

repetitive impact wear performance and conventional
material properties such as hardness or H/E. Some
evidence has been obtained of potential relationships
between repetitive impact wear and H/K1C.
Demonstrated that single phase, low hardness metallic
material e.g. UNS S31600 has poor performance due to
inherent tendency to plastically deform.
Good correlation between repetitive impact performance
and martensitic materials (martensitic stainless steel, heat
treated low alloy steel and white chromium cast iron)
with reasonably high hardness.
Coarse carbides have been shown to be vulnerable to
cracking.
Provided demonstrations of the differences in wear
behaviour associated with various wear mechanisms,
i.e. plastic deformation and micro-cracking, in line with
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findings of previous studies that have been in employed
in different repetitive impact experimental set-ups.
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