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ABSTRACT

The effect of carbon black colloidal properties on cut and chip wear of natural rubber compounds is investigated
across a wide range of applied impact normal forces using an Instrumented Cut and Chip Analyzer (ICCA). The
objective of the study is to determine the basic fatigue and fracture mechanisms that drive cut and chip wear.
Natural rubber compounds reinforced with eight different carbon blacks varying in structure and surface area are
studied. The loading of the carbon blacks in the rubber compounds is fixed at 50 parts per hundred rubber (phr).
The cut and chip performance strongly correlates to both the carbon black morphological properties and the
resulting compound mechanical and fracture properties. The cut and chip performance also depends on the
applied impact normal force level. At low forces, high structure carbon blacks result in compounds which are
stiffer and deflect less under the applied impact normal forces and minimize cut and chip wear. At high forces,
low structure carbon black compounds, which are softer and more readily able to crystallize under force-
controlled deflection, minimize cut and chip wear. It is argued that at low applied impact normal forces, the
cut and chip behavior is dominated by a force-controlled fatigue crack growth mechanism which transitions to a
critical tearing energy dominated mechanism at high applied impact normal forces. It is therefore important to
understand the severity of application to select optimum compound properties such as the carbon black type to

minimize cut and chip wear in application.

1. Introduction

Cut and chip, fatigue and abrasive wear are the principal causes of
tire tread damage which lead to replacement of tires. While the more
familiar fatigue and abrasive wear typically occur in tires used in long
haul, regional and urban roads [1], cut and chip wear is an in-service
failure mode most commonly seen for truck, bus and radial (TBR) and
off-the-road (OTR) tires used on aggressive surfaces and under high
loading conditions [2]. Cut and chip wear can also be the dominant type
of wear in passenger car tires that are operated consistently on unpaved
roads. The size of wear debris particles typically increases from nano-
meters to centimeters in magnitude from fatigue to abrasive and then to
cut and chip wear.

Cut and chip wear as the name suggests, is a two-step in-service
failure process. Beatty and Miksch [3] provided the first formal defini-
tion of cut and chip. “Cutting occurs rapidly when a sharp object such as
a rock strikes a tire tread with enough force to penetrate the tread
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compound. Chipping usually occurs after a cut because of forces
imparted on the tire tread during braking, turning or from other tractive
forces from driving on rough or sharp surfaces. Chipping causes tearing
of the rubber normally at 90° to the direction of the cut. Chipping can
also occur as a first step if there is relative motion between the tire tread
and a sharp object.” Chunking, which refers to the tearing away of large
chips can also occur [4]. Chipping and chunking cause pieces of rubber
tread to be removed which makes the tire more susceptible to failure.
Cut and chip wear can also be observed on rubber tracks or conveyor
belts [5] where large sharp rocks are dropped on the moving belt.
Tires prone to cut and chip wear include those on giant earthmoving
vehicles like mining dump trucks and those on vehicles used for agri-
cultural operations. The tires on these vehicles can be large with di-
ameters of several meters [6] and they move at relatively slow speeds
across high severity surfaces. Changing these large tires due to failures
such as cut and chip wear can be time-consuming, costly and can pose
safety hazards. It is therefore critical to study and understand the
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complex cut and chip phenomenon to minimize its occurrence in the
field.

Cut and chip wear testing has been performed in the field for sci-
entific research. Some experiments [3,4,7-10] showed similar cut and
chip resistance ranking to comparable materials tested in the laboratory
while a few [11] did not show correlation between the field and labo-
ratory tests. Performing cut and chip wear testing in the field can be
costly and it is also difficult to perform controlled, repeatable tests.
There is a need therefore for laboratory tests that closely replicate
in-service conditions to understand cut and chip wear.

Beatty and Miksch [3] performed the first recorded laboratory cut
and chip experiments that showed the same performance ranking as
materials from field testing. They estimated the cut and chip wear from
the change in diameter of a wheel measuring approximately 50.8 mm in
diameter and 12.7 mm in width rotated at a rotational speed of 750 rpm
and impacted with a metallic indenter using a force of ~12.59 N. Sub-
sequent experiments have discussed how properties such as crosslink
density [12-14], energy dissipation [3,9,15-18], modulus [3,12], and
elongation at break [3,12] may influence cut and chip wear. However,
there is conflicting information on how some of these properties affect
cut and chip resistance.

The effects of properties such as critical tearing energy and fatigue
crack growth on cut and chip resistance is also still widely debated.
Some researchers have attributed an increase in cut and chip resistance
with increasing critical tearing energy [3,7,15,19]. Beatty and Miksch
[3] however reported no correlation of cut and chip resistance with
critical tearing energy from testing carbon black reinforced styrene
butadiene rubber compounds. They however observed a correlation
between critical tearing energy and cut and chip resistance in a set of
carbon black reinforced natural rubber compounds and attributed this to
the wider range of compounds tested. Ahmad et al. [4] argued that
cutting is unrelated to critical tearing energy, but chipping of rubber
material is critical tearing energy dependent.

Ahmad et al. [4] also argued that neither cutting nor chipping is
related to crack propagation since crack propagation is a fatigue prop-
erty. Stocek et al. [17,20] however showed that while fatigue crack
growth had no quantitative predictive value on cut and chip resistance,
there was a qualitative correlation with tests showing that the ranking of
cut and chip resistance followed the same ranking of fatigue crack
growth resistance of tested rubber compounds [17]. Using simulation
techniques, Robertson et al. [21] showed that at low applied impact
normal forces, fatigue life predictions followed the same relative cut and
chip resistances of tested butadiene rubber, natural rubber and
styrene-butadiene rubber compounds. However, at high applied impact
normal forces, impact-induced temperature increases needed to be
considered in the fatigue analysis to match the experimental cut and
chip resistance ranking. Robertson et al.’s [21] testing provided evi-
dence to support the concept that rubber fracture mechanics dominates
the cut and chip phenomenon leading them to coin the term, “crack and
chip” to reflect the mechanisms involved in the cut and chip wear
accumulation process.

A complete and fully accepted understanding of cut and chip wear as
it relates to fatigue and fracture behaviour has yet to be realized.
Although cut and chip resistance in rubber materials may seem well-
researched, a recent Web of Science search revealed fewer than 50 ar-
ticles on the topic—less than 3 % in comparison to the over 2000 articles
published on fatigue and abrasive wear in rubber materials. When
experimental research is conducted, it normally also focuses on a narrow
range of applied impact normal forces which makes it difficult to draw
conclusions about field applications and may also explain some of the
reported conflicting effects on cut and chip wear. It is also important to
note that while research has been performed on the effect of particulate
reinforcements such as silica [15,16,22], aramid fibers [15,23],
nano-dispersed clay [24] and rice husk silica [25] on cut and chip wear,
very little research has been performed on the effect of carbon black,
which is the most widely used particulate reinforcement in the tire
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industry.

The objective of this work is to understand the underlying mecha-
nisms of cut and chip wear. This is achieved by performing a compre-
hensive and systematic study on the influence of carbon black’s colloidal
properties, specifically surface area and structure, on the cut and chip
resistance of natural rubber. An Instrumented Cut and Chip Analyzer
allows field conditions to be better replicated - including testing a broad
range of applied impact normal forces. A wide colloidal space of furnace
carbon blacks varying only in their structure and surface area was
evaluated. The wide variety of carbon blacks coupled with the wide
range of tested applied impact normal forces allow statistical interpo-
lation of the cut and chip results. From the results, new correlations with
material properties and insights into the origins of cut and chip wear, as
it relates to fatigue and fracture properties, can be drawn. Consequently,
selection guides to minimize cut and chip wear using carbon blacks are
provided.

1.1. Carbon black

Carbon black is the most widely used reinforcing particulate in tires
and the rubber industry in general. It is comprised of >95 % elemental
carbon with the fundamental particulate unit being the aggregate which
is a fused assembly of spherical para-crystalline primary particles with
diameters ranging from ~5 nm to ~200 nm [26]. Carbon black is made
from the controlled combustion of hydrocarbon feed stocks typically in
furnace reactors [26]. The parameters of the manufacturing process can
be controlled to determine the structure, primary particle size and other
properties of the resulting carbon blacks. Carbon black surface area and
structure influence properties of rubber compounds including the static
and dynamic mechanical properties [27,28], fatigue crack growth
resistance [29], abrasion resistance [30], temperature rise [31], heat
build-up [32] and degree of crystallization upon stretching [33].

The primary particle size is the most basic building block before
surface and aggregate growth lead to the formation of aggregates. Par-
ticle size can be measured directly using transmission electron micro-
scopy [34] or inferred from surface area measurements through gas
adsorption techniques [35]. Primary particle size has an inverse rela-
tionship with the surface area per unit mass of carbon black [26].
Structure refers to the number and spatial arrangement of the primary
particles comprising the aggregate. Structure is typically measured using
oil absorption techniques [36,37].

Particle size and structure are important in determining the
enhancement of properties imparted to rubber compounds by carbon
black. The primary particle size defines the contact area between carbon
black and rubber and the number of aggregates per unit volume of
rubber. The primary particle size therefore governs the average inter-
aggregate distance and aggregate-aggregate networking which in-
fluences properties such as energy dissipation in the rubber material.
The structure affects the reinforcement in the rubber since it determines
the volume of rubber occluded from globally applied strains by aggre-
gate branches. The effective volume fraction of carbon black in the
rubber is the sum of the volume of carbon black and the volume of
occluded rubber, and directly impacts the level of strain amplification
[38].

Other important properties of carbon black include the surface ac-
tivity, porosity, aggregate size distribution and thermal history. How-
ever, a detailed exploration of the effects these properties have on cut
and chip wear is beyond the scope of this current study.

1.2. Instrumented Cut and Chip Analyzer

The cut and chip wear tests were performed using an Instrumented
Cut and Chip Analyzer (ICCA). The ICCA was recently developed by
Coesfeld GmbH & Co. KG, Germany and is now used in industry for cut
and chip wear testing. It is a multichannel instrument where a rubber
wheel is rotated and impacted with a stainless-steel indenter at a
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specified frequency. The metallic nature of the indenter results in
inherently different thermal conductivity and frictional properties
compared to an actual road surface. The impact is produced using a
pneumatic cylinder where the applied impact normal force, frequency,
and contact time with the rubber surface can be independently
controlled. Fig. 1 shows an image of the ICCA and a chamber where the
test is conducted.

The rubber wheel specimen for the ICCA has outer and inner di-
ameters of 55 mm and 26 mm respectively, and a thickness of 13 mm.
The inner surface of the specimen is gear shaped to allow for a strong
connection to the rotational drive and this prevents the specimen from
slipping during testing. A schematic and photograph of the ICCA rubber
test specimen is shown in Fig. S1 in supplementary information. The
width of the indenter is about 6.35 mm, and the tip is semi-circular
shaped with a radius of 2.5 mm.

Table 1 shows the ICCA parameters and their corresponding ranges
that can be pre-defined and controlled by the user. The table also shows
proposed test conditions to replicate a specific target application as
discussed in the supplementary information.

In addition to the controlled parameters shown in the table, the ICCA
can measure parameters such as the shear force, depth of indentation
and temperature of the sample surface. Other parameters such as the
normal and frictional energies and friction coefficient can be calculated
thus allowing more information to be gleaned from the cut and chip
wear testing. The ICCA also calculates a cut and chip wear factor, P,
which is used to measure the cut and chip damage.

1.2.1. Cut and chip wear factor, P

The ICCA characterizes the cut and chip wear using a cut and chip
wear factor, P. The determination of P is performed in situ. P therefore
can be obtained during a test and does not require the test to be stopped
versus determining cut and chip wear from mass or diameter measure-
ments where the test needs to be stopped to measure the mass and
diameter at a given cycle number.

The cut and chip wear factor reflects the specimen surface roughness
or damage. The cut and chip wear factor is calculated from incremental
changes to the measured range of the shear forces over several impact
cycles. When the indenter impacts the rubber specimen at a given
applied impact normal force, a shear force is generated across the time of
contact as shown in Fig. S2 in supplementary information.

Fig. 2 shows the variation in shear force up to 7000 cycles and
highlights the maximum and minimum shear forces in blue and red
respectively. The cut and chip wear factor, P, at a specific cycle is
typically calculated over the previous 10 cycles.

The cut and chip wear factor, P, is determined by integrating the
fluctuations in shear force over several cycles using equation (1) where x
is the number of cycles.

shear force (max.)dx — [, shear force (min.)dx
x

pP= fx:SOO (1)

A higher value of P indicates higher cut and chip wear accrual. Fig. 3

ol |
ol 1]
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Table 1
Cut and chip wear test parameters and range.

Parameter Range Proposed test conditions to replicate

specific target application

Applied impact 30 to 500 Minimum 90
normal force/N

Rotational speed/rpm 0 to 1500 90

Impact frequency/Hz 0to 10 1.5

Number of impact 0 to Varied
cycles undefined

Time of contact/ms 30 to 50

permanent

Shear force
400 —— Maximum shear force
—— Minimum shear force
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Fig. 2. Fluctuation in shear force up to 7000 cycles highlighting maximum and
minimum shear forces.

shows the cut and chip wear factor for two wheels. The wheel with
greater surface roughness variation (highlighted with the red box) has a
higher cut and chip wear factor, while the wheel with less surface
roughness variation (highlighted by the blue box) has a lower cut and
chip wear factor.

2. Materials and methods
2.1. Materials

Eight different compounds of SMR CV60 natural rubber, each rein-
forced with a different carbon black grade at 50 parts per hundred (phr)
loading, were used for the experiments. The carbon blacks were selected
to cover a wide range of surface area and structure as shown by the
colored symbols in Fig. 4. The open grey circles highlight some common

Fig. 1. A photograph of the ICCA (left), a detailed view into the chamber (middle) and a zoomed section showing the rubber wheel (right).
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Fig. 3. Examples of cut and chip wear factors for two wheels with different
levels of cut and chip wear. The wheel with red box shows higher cut and chip
wear while the wheel with blue box shows lower cut and chip wear. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 4. Colloidal plot of tested and reference carbon black grades.

ASTM carbon black grades. These carbon black grades are not tested in
this study and are only included in the figure to contextualize the surface
area and structure of the tested carbon black grades.

For this work, a naming convention that identifies the structure and
surface area of the carbon black is adopted. The carbon black structure
measured by compressed oil absorption number, COAN, is listed as the
superscript and the carbon black surface area measured by statistical
thickness surface area, STSA, is listed as the subscript. For example,
N326 carbon black which has a COAN and STSA value of 73 cc.(1 OOg)’1
and 76 m? g~ respectively is referred to as CBJ¢. Table 2 summarizes the
values of the CB structure and the CB surface area as well as the adopted
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Table 2
CB structure and surface area values, adopted compound naming convention
and compound dispersion index.

ASTM Carbon black/ Structure Surface area Compound
grade adopted (COAN)/cc. (STSA)/m?. dispersion
name compound name (100 g)~? gt index

NA CB{?? 132 117 99.3

NA CB}2! 121 79 98.8
N234 CBI®S 108 111 99.4

NA CBI® 105 145 98.8
N550 Cng 84 37 98.7
N326 Cng 73 76 98.0

NA CB?él 62 161 81.5

NA Cng 55 96 90.2

naming convention.

N234, N326 and N550 are ASTM-defined carbon black grades, while
the other 5 tested carbon blacks are non-ASTM grades manufactured by
Birla Carbon. Most of the tested carbon blacks are used in rubber ap-
plications. However, some carbon blacks typically used in ink and
coating applications (CB3? and CBSZ ) were included to broaden the
range of colloidal properties, allowing for better understanding and
interpolation of the effects of carbon black structure and surface area on
cut and chip wear. The compounds were mixed in a three-stage mixing
process using a 1.6 L capacity Banbury mixer at Birla Carbon, Marietta,
GA, USA. The base formulation for the compounds is shown in Supple-
mentary Table S1 and in previous publications [27,32,33]. The formu-
lation for each compound was identical, with the only difference
between the compounds being the type of carbon black grade used. The
compounds were mixed in a three-stage mixing process to ensure uni-
form dispersion of the compounds as detailed in Supplementary
Tables S2-S4. Table 2 shows the dispersion index values of the carbon
blacks in the final compounds as measured by an interferometric mi-
croscope (IFM) technique according to ASTM D2663 (method D) [39].
The compounds show nearly full macro-incorporation of the carbon
black in the rubber. The tyy of the compounds at 150 °C was measured
using a moving die rheometer (MDR) for a period of 30 min.

2.2. Tensile to break characterization

Sheets measuring 110 mm x 110 mm x ~2 mm were vulcanized by
compression molding at 150 °C for a time of toy + 5 min. Dumbbells, of
approximate gauge length, width and thickness of 25 mm x 6 mm x ~2
mm respectively, were stamped out of the sheets for uniaxial tensile tests
to failure following ASTM D412 Standard Test Methods for Vulcanized
Rubber and Thermoplastic Elastomers—Tension [40]. Five dumbbell
specimens were stretched to failure at an extension rate of 500 mm/min
(an approximate strain rate of 0.19/s) using a five-station tensile tester
manufactured by Universal Testing Machines with a 1 kN load cell and
contact strain gauges. The tensile tests were conducted at atmospheric
pressure conditions, room temperature (21 °C + 1 °C) and 55 % relative
humidity.

2.3. Critical tearing energy

The critical tearing energy was measured following ASTM Standard
D624-00 Standard Test Method for Tear Strength of Conventional Vul-
canized Rubber and Thermoplastic Elastomers [41] using constrained
path trouser test specimens developed by Veith [42]. The constrained
path trouser test specimens were assembled from green rubber com-
pound and compression molded at 150 °C for a period tgp + 5 min and
measured approximately 125 mm x 28.5 mm x ~5.33 mm. A longitu-
dinal grove that was about 1.77 mm from the edge of the specimen and
about 0.75 mm wide was cut in the specimen to provide a path of least
resistance for tear propagation to prevent the tear from growing laterally
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and into the leg of the specimen [42]. The legs of the trouser test
specimens were reinforced with fabric to minimize elongation in the legs
in line with Rivlin and Thomas’ assumptions in developing the theory
for calculation of critical tearing energy [43].

The critical tearing energy tests were conducted using an Alpha
Technologies (model T2000) Tensiometer. A cut of length 60 mm was
made down the groove using a razor blade. The legs of the specimens
were gripped, and the specimens were torn apart at a grip separation
speed of 50 mm/min until the specimen was fully ruptured. The tests
were conducted in an environmental chamber at a temperature of 60 °C
following a 1-h conditioning time where the specimen was pre-heated in
the chamber prior to testing.

As per ASTM D624 [41], the thickness of the specimen was measured
by averaging the total thickness of the test piece adjacent to the groove
and then subtracting 3.60 mm which represents the combined height of
the insert sections that form the groove. The median of the peak forces
measured upon tearing the specimen was used for the calculation of
critical tearing energy.

2.3.1. Evaluation of critical tearing energy

The evaluation of the critical tearing energy is based on the fracture
mechanics theory originally postulated by Griffith [44] and later
modified by Rivlin and Thomas [43]. The critical tearing energy, T, is
an energy criterion below which critical tearing will not occur and is
defined by equation (2) where U is the strain energy released upon
growth of a crack and da is the new area created upon the growth of the
crack.

dUu
T.= - (E)z (2)

lindicates the growth of a crack at constant length. In practical terms for
the trouser tear test specimen, the critical tearing energy, T, is obtained
as

(@) 2
Tc_f<a>1_ % ww 3

Where f is the force applied to the ends of the test specimen, A is the
extension ratio in the legs of the specimen, t; is the thickness of the
specimen, w is the total width of the specimen and W is the strain energy
density in the legs of the specimen. The simplifying assumption adopted
by Rivlin and Thomas [43] was that if the total width, w, was chosen to
be large enough, the elongation in the legs would be minimal (4 ~1) and
W approximates to nearly zero. The critical tearing energy, T, in the
trouser test specimen therefore simplifies to equation (4). In the con-
strained path trouser tear specimen, the legs of the specimen are rein-
forced with fabric - assuring zero leg extension during the test. It is worth
pointing out that while ASTM D624 and Veith’s calculations omit the
factor of 2, it is included in our calculations.
2f

2.4. Rebound resilience

The rebound resilience was measured using a Zwick Roell 5109
rebound resilience tester. Buttons measuring approximately 25.4 mm in
diameter and 12.7 mm in thickness were cured at 150 °C for a time of tgg
+ 10 min and used for the tests. The buttons were initially conditioned in
an oven for 1 h at 60 °C. They were removed from the oven and
immediately placed at the bottom of the tester against a rigid stainless-
steel base. A free-falling hemispherical pendulum hammer with a
diameter of ~15 mm was dropped from an angle of 90°. The extent to
which the pendulum rebounds is a consequence of the viscoelastic en-
ergy dissipation of the material. The average data of 5 repeats for each
sample are reported.
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2.5. Cut and chip wear testing

The rubber specimens for cut and chip wear testing were compres-
sion molded at 150 °C for a time of tg9 + 13 min.

Table 1 shows proposed test conditions that replicate a specific target
application based on calculations in section 5 of the supplementary in-
formation. The specific target application was a V-steel Rock Premium
Service tire which is designed for rigid dump trucks, a type of earth-
mover vehicle. The proposed test values for this specific application
condition were the starting point for determining the test conditions on
the ICCA.

Trial tests were performed at impact frequencies of 1.5 Hz and 5 Hz,
at three applied impact normal forces of 90 N, 110 N and 140 N. A
rotational speed of 150 rpm was used instead of the proposed 90 rpm to
reduce the testing time for each specimen. Previous testing by Kipscholl
and Stocek [45] showed that the rotational speed of the wheel had
minimal impact on the cut and chip wear factor. The results of the trial
tests are shown in section 7 of supplementary information.

Based on the trial tests, it was determined that impact frequency had
minimal effect in changing the ranking of the cut and chip wear of the
compounds. An impact frequency of 5 Hz was therefore chosen to reduce
the testing time. The trial tests were performed up to 3000 cycles. From
the cut and chip wear factor as a function of cycle number (Fig. S3 shown
in section 7 of supplementary information), the compounds had not
reached a stabilized cut and chip wear factor at applied impact normal
force of 140 N. The number of cycles was therefore increased to 10,000
cycles to provide enough cycles to obtain a stabilized cut and chip wear
factor. The time of contact (time that the indenter is in contact with the
wheel) was set to 50 ms as per the proposed target application. The
sliding speed of the wheel is approximately 0.2 ms~! based on the time
of contact of the indenter and rotational speed of the wheel as calculated
in section 6 of supplementary information.

Previous testing by Stocek et al. [46] showed significant differences
in the cut and chip damage depending on the severity of the applied
impact normal force. Kipscholl and Stocek [45] also showed that the
applied impact normal force had the most significant influence on the
cut and chip damage. The range of the applied impact normal force was
therefore chosen to range from 90 N to 200 N instead of 90 N to 140 N
which had been used in the trial tests. The chosen applied impact normal
forces were 90 N, 110 N, 125 N, 140 N, 170 N and 200 N. The applied
impact normal force was varied while all the other testing conditions
were kept constant. Table 3 summarizes the test conditions used on the
ICCA. Three repeats were performed for each sample at a given condi-
tion. The average data from the three repeats are reported.

2.5.1. Calculation of impact energy
As part of the analysis, the impact energy was calculated to under-
stand the differences in cut and chip wear at low and high applied
impact normal forces. The impact energy is an estimate of the energy
input into the rubber at each impact stroke and is calculated as
Peak Normal Force x Maximum Stroke

Energy input = 3 (5)

The peak normal force refers to the peak normal force achieved at
each cycle — which is a controlled variable of the ICCA. The maximum

Table 3
Cut and chip wear test parameters.

Parameter ICCA test parameter values

A B C D E F
Applied impact normal force/N 90 110 125 140 170 200
Rotational speed/rpm 150
Impact frequency/Hz 5
Number of impact cycles 10000
Time of contact/ms 50
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stroke is the deformation of the indenter into the specimen, and it is
measured from the point of contact of the indenter with the specimen to
the point it travels into the specimen. A key assumption in this estima-
tion is that frictional energy is minimal compared to normal energy
because of the short contact time of 50 ms.

2.6. Cut and chip debris characterization

2.6.1. Particle size analysis of debris

A Malvern Mastersizer 3000 equipped with a Malvern Aero S dry
dispersion unit was used to measure the mean particle size of the cut and
chip wear debris in dry powder form. The obscuration limit (amount of
light blocked or scattered by the particles) was set between 0.01 % and
12.0 %. The particles were fed through a hopper of gap 4 mm into the
Malvern Mastersizer with the feed tray vibrating at a rate of 30 %
(~17.4 ms~2) [47]. The particles were circulated in the Malvern Mas-
tersizer at an air pressure of 3 bar. A Fraunhofer approximation was used
to calculate the particle size distribution, as it is suitable for large,
opaque particles. For each sample, three measurements were performed,
and the mean particle size values are reported here.

2.6.2. Optical microscopy of cut and chip debris

A Nikon SMZ1000 optical microscope was used in conjunction with a
Lumenera Infinity 1 camera to take images of the cut and chip debris.
Teledyne Lumenera Inifinity Analyzer software was used for capturing
the images, and the brightness while taking the images was adjusted
using a Southern Micro Instruments Fiber Illumination lamp.

3. Results
3.1. Tensile to break characterization

Fig. 5 shows the tensile stress-strain curves of the various carbon
black reinforced compounds. The tensile modulus of the compounds
strongly correlates with carbon black structure; with high carbon black
structure typically leading to higher moduli of the compounds. This is
attributed to strain amplification/matrix overstrain effects resulting
from rubber occlusion effects of carbon black structure [27,38,48]. The
occlusion of rubber increases the effective volume fraction of carbon

P—ca
op B
—cait
25| ——CB3;
] c
% 20 —CBjx
A _CB?él
2 15p——CB3
10}
5 o

O / 1 1 1 1 1 1
0 100 200 300 400 500 600 700
Percent strain

Fig. 5. Tensile stress-strain to failure curves of tested carbon black compounds
(reproduced from Kyei-Manu et al. [27]).
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black leading to stiffer compounds which causes a resultant reduction in
the elongation at break. The differences in the moduli of the compounds
influence the cut and chip wear as is discussed in subsequent sections.

3.2. Critical tearing energy

Fig. 6 shows the critical tearing energy of the various carbon black
reinforced compounds.

There are significant differences between the T, values of the various
compounds. Supplementary Table S8 shows the results of multiple
regression analysis to determine the effect of carbon black structure and
surface area on the measured critical tearing energy. From the results,
carbon black structure and carbon black surface area have equal, albeit
opposing, influences on the critical tearing energy. While carbon black
structure is negatively correlated, carbon black surface area shows a
positive correlation with the critical tearing energy.

Increasing carbon black surface area increases the critical tearing
energy by increasing the amount of mechanical hysteresis during the
tearing process. Increasing carbon black surface area leads to increased
particle-particle and particle-polymer interaction which increases irre-
versible processes such as viscoelasticity and hysteretic breakdown of
particulates [31,32]. More energy is thus lost to these processes and
higher energy input [49,50] is required for the tearing process causing
an increase in the critical tear energy. Carbon black structure increases
the stiffness of the compound which is proposed to reduce the effective
tip diameter leading to a concomitant reduction in critical tearing en-
ergy [7,26,29].

3.3. Rebound resilience

Fig. 7 shows the rebound resilience of the compounds measured at
60 °C. Like the critical tearing energy measurements, multiple regres-
sion analysis was performed (as shown in Supplementary Table S9) to
determine the effect of carbon black surface area and structure on the
rebound resilience which is used as an estimate of the energy dissipa-
tion. Based on the statistical analysis, carbon black structure has no ef-
fect on the rebound resilience. Carbon black surface area has a
significant effect on the rebound resilience, with increasing carbon black
surface area increasing the energy dissipation due to increased particle
networking.
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Fig. 6. Critical tearing energy, T., of tested carbon black compounds. The
values and error bars are the average and standard deviation respectively of 5
repeats of each sample.



W.A. Kyei-Manu et al.

80

(9] [ [*)) AN ~ ~
=] W (= (%) (== ()
T T T T
—
- gl

N
[

Percentage rebound resilience at 60°C

N
[a)

CBY}3 CBY' CBIYY CBIY CBY CBJ) B, CBY
Tested carbon black compounds

Fig. 7. Rebound resilience at 60 °C of tested carbon black compounds. The
values and error bars are the average and standard deviation respectively of 5
repeats for each sample.

3.4. Cut and chip wear

Fig. 8 shows the cut and chip wear results as measured by the cut and
chip wear factor described in section 1.2.1 for each of the six tested
applied impact normal forces. The graphs show the average of 3 repeats
of each compound at the given applied impact normal force. The error
bars show the standard deviation of the 3 repeats. The narrow range of
the error bars shows good repeatability of the tests. There are certain key
observations from the graphs.
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e There are differences in the kinetics of the cut and chip wear between
the various compounds and across the studied applied impact normal
force range.

e There are significant differences in the steady state cut and chip wear

factor (cut and chip wear at 10,000 cycles). For a specific applied

impact normal force, the difference in cut and chip wear between the
compounds with the lowest and highest cut and chip wear is

approximately a factor of 10.

The ranking of the steady state cut and chip wear factor inverts

depending on the severity of the applied impact normal force. For

example, at 90 N, the CBJ2! carbon black compound has the lowest
cut and chip wear while the CBS%, carbon black compound has the
highest cut and chip wear. However, at 200 N, this ranking reverses
with the CBL2! carbon black compound having the highest cut and
chip wear and the CB$Z, carbon black compound showing the lowest

cut and chip wear.

The subsequent sections analyze the cut and chip wear data to
explain the observations in Fig. 8 and to better understand the devel-
opment and progression of the cut and chip phenomenon. This is ach-
ieved by looking at some representative images of the tested wheels,
correlating the steady state cut and chip wear factor with material
properties such as modulus and critical tearing energy, and analyzing
characterization of the cut and chip debris.

4. Discussion
4.1. Images of tested cut and chip wheels

Table 4 shows the material properties and the images of two of the
tested carbon black compounds (CB}2! and CB$Z,) at the end of the test
cycle. These two representative wheels are shown because of the sig-
nificant differences in their behavior at low and high applied impact
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Fig. 8. Cut and chip wear of tested carbon black compounds. The values and error bars are the average and standard deviation respectively of 3 repeats of

each sample.
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Table 4
Images of CBIZ! and CB$2, wheels after 10,000 cycles at 90 N and 200 N.

Wear 564-565 (2025) 205673

Carbon black type Compound properties

10,000 cycles at 90 N

10,000 cycles at 200 N

CB;gl M100 = 6.35 MPa

Structure: High T = 99.04 kJm 2

Surface Area: Low “RR = 59 %

CBS M100 = 1.90 MPa
Structure: Low T, = 190.54 kJm 2

Surface Area: High RR = 53 %

? RR refers to the rebound resilience. A higher percentage means lower energy dissipation.

normal forces. The images show significant differences in their cut and
chip wear with applied impact normal force.

The CB12! and CBSZ, carbon black compounds show significant dif-
ferences in their modulus (M100 - stress value at 100 % extension) and
critical tearing energy properties. The CB32! compound which is rein-
forced with a carbon black that has a high structure and low surface area
has a higher modulus and lower critical tearing energy while the CBS%
compound reinforced with a low structure and high surface area carbon
black has a lower modulus and higher critical tearing energy. The CBL2!
carbon black compound has higher percentage rebound resilience
(lower energy dissipation) compared to the CB$2, carbon black
compound.

The differences in material properties influence the extent of cut and
chip wear of the compounds as shown in the images of the wheels after
testing at 90 N and 200 N. The CBL2' carbon black compound has the
lowest cut and chip wear at 90 N which is reflected in the comparatively
undamaged surface of the wheel after 10,000 cycles. The surface of the
wheel shows cracking but minimal material loss.

However, at 200 N, the wheel of the CB;gl carbon black compound
shows larger variation in surface roughness with a substantial volume of
rubber having been removed. The wheel of the CBS% carbon black
compound shows less variation in the cut and chip wear at 90 N and 200
N. The surface of the wheels exhibits some material loss at both 90 N and
200 N but the variation in surface roughness is relatively similar.

It is important to discuss crack formation on the CB}2! rubber wheel
tested at low applied impact normal forces (defined in this paper as 90 N
and 110 N). Table 4 shows the wheel after testing for 10,000 cycles at
applied impact normal force of 90 N. Additionally, Table S10 in sup-
plementary information shows the evolution of the cracks on the surface
of the CB}Z! rubber wheel tested at applied impact normal force of 110 N
at various cycles (before testing, 100 cycles, 500 cycles, 1000 cycles,
2000 cycles, 5000 cycles and 10000 cycles). The evolution of the
development of the cracks at low applied impact normal force (90 N and
110 N) are similar. Cracks begin to develop on the wheel’s surface at
about 500 cycles, forming at distinct angles. As they grow in length and
number, the cracks intersect, leading to the removal of small chips of
rubber from the wheel’s surface [46,51].

The distinct angles of the cracks on the rubber wheel contrast with
previously published findings on SBR compounds [46,51]. Stocek et al.
[46,51] showed that initiated cracks in SBR rubber wheels were verti-
cally oriented across the impact path.

4.2. Steady state cut and chip wear

To analyze the cut and chip deformation and to understand the
transition in behavior and material ranking with increasing applied
impact normal force, the “steady state” cut and chip wear is examined.

The steady state cut and chip wear is the cut and chip wear factor value
at 10,000 cycles. For reference, the cut and chip wear measured by the
change in mass of the wheels after 10,000 cycles is shown in Supple-
mentary Fig. S5, along with a brief discussion comparing it to the steady
state cut and chip wear factor. Fig. 9 shows the steady state cut and chip
wear factor of the compounds as a function of applied impact normal
force.
There are three key observations from Fig. 9.

e Generally, there are peaks in the cut and chip wear with increasing
applied impact normal force.

e There is an inversion of the material performance ranking going from
low to high applied impact normal force.

e There is a complex relationship between applied impact normal force
and compound properties with the trends becoming clearer when the
steady state cut and chip wear of the compounds are grouped by the
static tensile modulus as shown in Fig. 10.

The peak in the cut and chip wear for the high modulus compounds
occurs at a higher applied impact normal force of 140 N while the peak
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Fig. 9. Steady state cut and chip wear at different applied impact
normal forces.



W.A. Kyei-Manu et al.

Wear 564-565 (2025) 205673

870 . 8170 370

é High modulus :é Intermediate modulus é Low modulus

5 Ofoni = ——osfr | 5" ——cng,

Zsor - cBR Z50r —— CBI% £50p CBSS

S 40t S a0t —%— CBY S 40t

E e 73 E

S0t S 30t CB7 S30f

=] =] =]

(3] [ o

L20¢r 220F L20r

8 s 8

2 10+ 2 10+ 2 10+

§ O L 1 1 1 1 1 § O 1 1 1 1 1 L § 0 L 1 1 1 1 1
780 100 120 140 160 180 200 220 “ 80 100 120 140 160 180 200 220 “ 780 100 120 140 160 180 200 220

Applied impact normal force /N

Applied impact normal force /N

Applied impact normal force /N
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in the intermediate modulus compounds occurs at slightly lower applied
impact normal forces of 110 N or 125 N. There is no transition observed
for the low modulus compounds with the cut and chip wear decreasing
with increasing applied impact normal force, with any transition
seemingly occurring below the minimum force level used in these
experiments.

These observations can be rationalized by considering the role of
strain induced crystallization in cut and chip wear. Stocek and al [46].
performed cut and chip wear measurements on three different com-
pounds: a strain crystallizing compound (NR), a non-crystallizing com-
pound (SBR) and a 50-50 blend of the two compounds. The graph of the
steady state cut and chip wear of the 3 different compounds with
increasing applied impact normal force is reproduced in Supplementary
Fig. S7. From the graph, the strain crystallizing compound and the 50-50
blend showed a peak in the cut and chip wear with increasing applied
impact normal force similar to what is observed in Figs. 9 and 10. The
non-crystallizing compound showed a monotonic increase in cut and
chip wear, increasing with increasing applied impact normal force. One
plausible explanation for the peak in cut and chip wear is the onset of
crystallization — a strain activated toughening mechanism which helps
to inhibit the cut and chip wear once it occurs.

The cut and chip instrument uses a force-controlled indenter,
applying a set force to the rubber specimen with each impact, making it

a force/stress-controlled experiment. Under stress-controlled deforma-
tion, softer/low modulus compounds tend to deform to higher strains
than stiffer/high modulus compounds [52-54]. Consequently, at a given
applied impact normal force, strain levels in the low modulus com-
pounds are generally higher compared to the high modulus compounds.
It is argued that the onset of crystallization occurs at a lower applied
impact normal force for the low modulus compounds compared to the
high modulus compounds due to further deformation and the conse-
quent higher strain levels [55]. This may explain why the peak of the
intermediate compounds occurs at lower applied impact normal forces
compared to the peak of the high modulus compounds. The low modulus
compounds show a decreasing cut and chip wear with increasing applied
impact normal force possibly because the onset of crystallization occurs
prior to the lowest tested applied impact normal force of 90 N.

4.3. Material and test property correlations to understand cut and chip

4.3.1. Critical tearing energy and steady state cut and chip wear

To understand the mechanisms that dominate cut and chip wear, the
steady state cut and chip wear factors are plotted as a function of the
critical tearing energy values discussed in section 3.2. Fig. 11 shows the
plot on a log-log scale. A line of best fit is drawn with the R? values
indicated to show the correlation between the steady state cut and chip
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wear and the critical tearing energy.

At low applied impact normal forces (<125N), the steady state cut
and chip wear does not correlate with the critical tearing energy.
Although there is a poor correlation between the steady state cut and
chip wear at 90 N and the critical tearing energy, it is noteworthy that
the relationship is positive; higher critical tearing energy leads to higher
cut and chip wear. The positive relationship between the cut and chip
wear appears to change at an applied impact normal force of about 125
N. At higher applied impact normal forces (>140N), the steady state cut
and chip wear correlates with the critical tearing energy with R? values
> 0.74. Under these impact conditions, the higher the critical tearing
energy of the compound, the lower the steady state cut and chip wear
that is observed.

This suggests that possibly two different mechanisms dominate cut
and chip performance depending on the applied impact normal force. At
high applied impact normal forces, the cut and chip deformation is
dominated by a critical tearing mechanism. This correlation between cut
and chip wear and the critical tearing energy has been reported by
previous researchers. Veith [42] reported good correlation between cut
and chip performance rating of off-road tires as a function of their
critical tear energy measured at 60 °C. Recently, Deuri et al. [15] re-
ported a similar indirect relationship of critical tearing energy and cut
and chip wear (as measured by mass loss of the tested compounds) for
fiber reinforced compounds. For the first time however, in this paper it is
shown that the dependence of cut and chip wear to critical tearing en-
ergy is also dependent on the applied impact normal force. The corre-
lation between the steady state cut and chip wear and the critical tearing
energy is also reflective of the effects of strain induced crystallization,
where typically crystallization at the crack tip is an effective reinforcing
mechanism to minimize the tearing action.

4.3.2. Impact energy and steady state cut and chip wear

The cut and chip wear factor is plotted against the calculated impact
energy to assess how the input energy during the cut and chip testing
affects the recorded wear. Fig. 12 illustrates the cut and chip wear factor

Wear 564-565 (2025) 205673

recorded after 1000 cycles in increments of 500 cycles as a function of
the impact energy at the corresponding cycle number.

Atlow applied impact normal forces, the cut and chip wear is directly
proportional to impact energy, with increasing impact energy leading to
increasing cut and chip wear irrespective of the type of carbon black. All
compounds, at all stages of the cut and chip experiment collapse onto an
apparent master-line. This is similar to a force-controlled fatigue life
experiment where increasing energy input increases the crack growth
rate and reduces fatigue life. Under these conditions, stiff compounds
perform best as they minimize deflection under force control and
therefore minimize impact energies. As the applied impact normal force
increases, the master-line correlation with the impact energy begins to
break down with increasing differentiation between the cut and chip
wear based on the type of carbon black. With increasing applied impact
normal force, the high structure carbon black compounds such as CB}32
and CBLZ' exhibit higher cut and chip wear at a given applied impact
energy.

Based on the evaluation of the cut and chip wear with critical tearing
energy and impact energy, two different mechanisms appear to domi-
nate cut and chip wear depending on the severity of applied impact
normal force. At low applied impact forces (<125 N), cut and chip wear
is dominated mostly by a force controlled, fatigue crack growth mech-
anism while at high applied impact forces (>125 N), cut and chip wear is
dominated by a critical tearing mechanism.

4.4. Effect of carbon black properties on steady state cut and chip

Multiple regression analysis of the cut and chip wear with regards to
carbon black structure and surface area was performed to determine the
influence of carbon black morphological properties on the steady state
cut and chip wear. Multiple linear regression analysis was performed as
per equation (6) where Y is the dependent variable (in this case the cut
and chip wear), C is an intercept constant, g, (COAN) is the coefficient
of structure of carbon black, fg, (STSA) is the coefficient of the surface
area of carbon black and ¢ is the error term.
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Y =p5(COAN) + Bs (STSA) + C + ¢ (6)

Fig. 13 shows the normalized regression coefficients as a function of
the applied impact normal force. The coefficient values that do not show
a statistical correlation are shown as open symbols. Positive normalized
coefficient values suggest increasing that property increases the cut and
chip wear (decreases cut and chip resistance) while negative normalized
coefficient values suggest increasing that property decreases cut and
chip wear. The closer the value is to 0, the lower the influence, while the
closer the value is to 1 or -1, the higher the influence.

From the regression results, the effect of carbon black structure and
surface area on cut and chip wear varies depending on the level of
applied impact normal force, similar to earlier discussions in this paper.
Carbon black structure has the stronger albeit opposing effect
(depending on the level of applied impact normal force) on cut and chip
wear. At low applied impact normal force of 90 N, increasing carbon
black structure decreases cut and chip wear. At 110 N, there is no sta-
tistical influence of carbon black structure on cut and chip wear, prob-
ably because this applied impact normal force is in the vicinity of the
transition in cut and chip mechanism. Above 110 N applied impact
normal force, increasing carbon black structure increases cut and chip
wear. At low applied impact normal force, high carbon black structure
which produces high modulus compounds which deflect less under force
thus decreasing cut and chip wear is preferred. At high applied impact
normal forces, low carbon black structure which produce low modulus
compounds that can strain crystallize more and thus decrease cut and
chip wear is preferred. Another likely reason low structure carbon black
compounds are preferred over high structure carbon black compounds
at high impact normal forces could be due to lamellar flaking. This is
discussed in more detail in section 4.5 as part of the debris character-
ization results.

Based on the regression analysis, carbon black surface area in-
fluences the cut and chip wear at high applied impact normal forces.
Increasing carbon black surface area, decreases cut and chip wear. High
surface area carbon black compounds typically lead to high hysteresis
(energy dissipation) as evidenced by the rebound resilience results and
thus more energy is dissipated when deforming the rubber material.

Based on the regression results, design guidelines to minimize cut
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Fig. 13. Normalized regression coefficients showing effects of carbon black
structure and surface area on cut and chip wear.
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and chip wear can be provided as shown in Table 5.

Atlow applied impact normal force, compounds reinforced with high
structure carbon blacks which minimize deflection under load reduce
cut and chip wear. At high applied impact normal forces, compounds
reinforced with low structure and high surface area carbon blacks which
strain crystallize more and increase energy dissipation reduce cut and
chip wear. The preferred carbon black properties to minimize cut and
chip wear at high severity (i.e., higher surface area, lower structure) are
in good agreement with carbon blacks such as N220 or N115 historically
used for off road, high severity applications. They are, however, in
contradiction to those typically utilized for good road wear perfor-
mance. Previous researchers [4,12,51] have reported similar observa-
tions where tested compounds that provided good cut and chip
resistance were poor for fatigue and abrasive wear. This work identifies
the specific applied impact normal force range in which these types of
compounds are preferred, enabling the selection of appropriate com-
pound properties for cut and chip wear based on the anticipated force
levels encountered in the field. It is evident that to select the appropriate
carbon black and compound properties to minimize cut and chip wear, it
is critical to understand the severity of the application.

4.5. Debris characterization

4.5.1. Particle size analysis of debris

Table S11 in supplementary information shows the values of the
mean particle size of the debris at four different applied impact normal
forces where debris were collected. Cut and chip debris was not
collected at 110 N and 170 N. At 90 N, three of the compounds did not
have enough debris to be analyzed on the Mastersizer.

The steady state cut and chip wear factor of the compounds at the 4
applied impact normal forces are plotted as a function of the mean
particle size of the debris in Fig. 14. At high applied impact normal force
(>125N), the steady state cut and chip wear correlates well with cut and
chip wear debris. Higher steady state cut and chip wear leads to larger
cut and chip debris particle size.

The correlation of the steady state cut and chip wear with the mean
particle size of the debris at higher applied impact normal forces pro-
vides further evidence that at high applied impact normal force, the cut
and chip wear is dominated by tearing away or chunking of the material.

4.5.2. Optical microscopy images of debris

Fig. 15 shows images of the cut and chip debris of two of the carbon
black reinforced compounds (CB}2!, a high structure carbon black
compound and CB$2,, a low structure carbon black compound) from
tests performed at 200 N. Table S12 in supplementary information
shows images of the debris for the other carbon black compounds
collected at 140 N and 200 N.

The debris shows differences in size and morphology dependent on
the modulus of the compounds, which based on previous discussions is
influenced by the structure of the carbon black. The debris of high
modulus (structure) compounds such as CB12! are large chunks while
the debris of low modulus (structure) compounds such as CB$Z, are small
and powdery.

This observation provides some insight into why, at higher applied
impact normal forces, high-structure carbon black compounds tend to
exhibit worse cut and chip wear. Fujimoto et al. [56] studied the
anisotropy of dynamic and fracture properties on fracture mechanisms.

Table 5
Carbon black selection recommendations to minimize cut and chip wear.

Level of applied impact normal force Proposed carbon black properties

CB structure CB surface area

Low (<125N)
High (>125N)

Increase -
Decrease Increase
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Fig. 15. Optical microscopy images of cut and chip debris of A. CB}2!

They found that when an anisotropic layer structure is formed to some
critical degree, cracks generate on the sample surface perpendicular to
the principal stresses (that is perpendicular to the layer structure). The
cracks grow parallel to the layer structure as fatigue progresses and
consequently lamellar flaking appears on the surface and yields striped
patterns of fatigue fracture. As the anisotropic properties of the structure
and the degree of fatigue got more pronounced, the lamellar fractures
were more easily generated by low stresses. Supplementary Fig. S8 re-
produces an image that describes the fatigue fractures for
particle-reinforced rubber composites due to three-dimensional stresses
as described above.

High structure carbon blacks, because of their morphology (highly
branched structures) can rotate and align with the direction of the stress
forming a lamellar structure. Strain induced crystallization further en-
hances this anisotropy in natural rubber. At high applied impact normal
forces, the cracks that develop during cut and chip wear in high struc-
ture carbon black compounds could result in lamellar flaking fractures.

12

carbon black compound and B. CB$Z, carbon black compound tested at 200 N.

This could explain why at high applied impact normal forces, high
structure carbon black compounds exhibit higher cut and chip wear
following the onset of strain induced crystallization. This failure
description during cut and chip wear at high applied impact normal
force may also explain why debris size and critical tearing energy
correlate with cut and chip wear at high applied impact normal force.

As was previously shown, at high applied impact normal force, the
surface area of carbon black which predominantly determines the level
of energy dissipation starts influencing the observed cut and chip wear.
The powdery form of the debris of the low modulus compounds versus
the chunkier forms of the debris of the high modulus compounds also
gives some insight into the influence of surface area minimizing cut and
chip wear at high applied impact normal forces. The powdery form of
the debris of the low modulus compounds hints at more fracture surface
area for these compounds. This means there is more energy dissipation
and less energy to deform the compound compared to the high modulus
compounds.
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5. Conclusions

The effect of carbon black colloidal properties on cut and chip wear
of natural rubber compounds were studied using an Instrumented Cut
and Chip Analyzer (ICCA). The cut and chip wear was characterized
using a cut and chip wear factor which indirectly measured the variation
in surface roughness of the specimen.

The observed levels of cut and chip wear are dependent on the
severity of applied impact normal force. The various natural rubber
compounds showed an increase and then a decrease of cut and chip wear
with increasing applied impact normal force. Also, the ranking of the
compounds with regards to which are most resistant to cut and chip
wear is reversed with increasing applied impact normal force. At low
applied impact normal forces (<125 N), high structure carbon black
compounds are preferred while at high applied impact normal forces
(>125N), low structure carbon black compounds are preferred.

These observations can be rationalized by considering strain induced
crystallization effects. At low applied impact normal forces, before the
onset of strain induced crystallization, high structure carbon black
compounds are preferred because they result in stiffer compounds that
can minimize deflection in a force-controlled experiment. However, at
high applied impact normal forces, after the onset of strain induced
crystallization, low structure carbon black compounds are preferred, as
they deform more and may form a greater level of crystallites, which
minimize cut and chip wear.

At low applied impact normal forces, cut and chip wear increases
linearly with the impact (input) energy, irrespective of carbon black
type. However, at high applied impact normal forces, this correlation
breaks down and cut and chip wear correlates with critical tearing en-
ergy, with increasing critical tearing energy leading to lower cut and
chip wear. Based on these observations, it is proposed that there is a
transition in the cut and chip wear from a force-controlled fatigue crack
growth mechanism at low applied impact normal forces to a tearing
dominated mechanism at high applied impact normal forces.
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