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Abstract

Mechanical harvesters base-cutter blades used in the harvesting of
sugarcanes require hard, wear-resistant surfaces capable of withstanding the
harsh operating environment. This study evaluates the tribological performance
of WC—FeCrCoNiTi coatings (97MXC), deposited by Electric Wire Arc Spraying
(EWAS), as a potential candidate for producing wear resistant surface for
mechanical harvester base-cutter blades. The coatings were characterized for
hardness, microstructure and abrasive wear resistance under both laboratory
and field-testing conditions. The results show that the difference in hardness
of the coatings was significantly affected by the spraying parameters and
optimization of these variables to maximize coating hardness enhances the
tribological performance of the coating. Field testing of the optimized coatings
confirms that the 97MXC coating deposited by EWAS had the ability to
significantly extend the cutting life of blades used in the harvesting sugarcane.

Keywords: Thermal spay coatings; Oxide content; Abrasive wear; Porosity;
Optimization

Introduction

Wear can have deleterious effects on equipment engaged in
sliding, rolling or reciprocating motion within the agricultural sector.
These effects have always been a costly but an unavoidable part of
all agricultural operation and maintenance [1]. Since agricultural
equipment is subject to extreme operational conditions, they require
adequate surface protection against corrosion and mechanical wear.
As such, users of field equipment are demanding extended service life
and reduction in the frequency of maintenance. Achieving this goal
requires a systematic appraisal of the components under operating
conditions to determine the failure modes that limit service life.
By this appraisal system, it is possible to identify solutions to the
problem. In sugarcane harvesting, mechanical harvester base cutter
blades are used to cut sugar cane plants at the ground level, before it
is moved to the chopper drum where it is further chopped into billets
with which the trucks are loaded for delivery to the factory.

Base cutter blades present many inconsistencies in their ability
to resist wear. These inconsistencies mainly involve frequent dulling
of the cutting edge and sometimes fracture Figure 1 when the blades
hit against extraneous matters such as stones, and sand. A problem
shared by many sugar producing countries.

The wear process encountered by base-cutter blades is very
complex with a large number of variables that may influence how the
material behaves under different conditions. These include type and
mode of loading, interaction rate and time, component geometry,
materials properties, and environmental factors. As such, friction
and wear are not determined solely by the properties of the material
but by the characteristics of the entire engineering system. Wear-
resistant materials are hard and have low values of toughness, making

fabrication difficult and expensive. On the other hand, since wear is
a surface phenomenon the use of an appropriate surface layer may
have a significant effect and therefore the application of thermal spray
coatings or other surface treatments are most attractive.

While several methods are available for engineering surfaces with
the required properties. These technologies are often expensive and
uneconomical. One of the most attractive methods of minimizing
the wear of equipment is by the application of surface treatment
techniques. Among a large number of existing surface treatment
techniques, thermal spraying is one of the most widely used to
improve the wear behavior of various engineering components [2-
4]. While there are several variants of thermal spraying utilizing
different heating sources or protective gases the general principle
of operation remains the same. A feedstock material is melted and
propelled as atomized particles or droplets onto a surface by a suitable
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Figure 1: Shows a comparison between a new blade and blade damaged
during service.
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Table 1: Chemical composition of the materials used in this study (wt. %).
Materials C WC | Ni Ti Cr Fe Co Mn Si

97MXC - 45 4 25 11 30 7.5 -

Substrate 0.4 - - - 0.9 Bal. - 095 0.29

Table 2: Parameters used to evaluate the wear performance of the optimized
coating.

Parameters Effect of Load Effect of Speed
Speed (rpm) 100 Varied 100 - 500
Load (N) Varied 10 - 40 20N
Sliding distance (m) 1000 1000
Abrasive particle Sio, SiO,
Mass flowrate of SiO, (g/s) 6 6

compressed gas. The impact of the particle with the substrate causes
the particles to flatten to form a coating. The high-velocity impact and
rapid solidification of the melted particles form cohesively bonded
splats ranging in size from 10-100 m [2]. The physical properties of
the deposits will depend on the cohesive strengths between the splats,
the size, and morphology of the porosity, the presence of cracks
and defects within each coating layer [5]. Coatings use in harsh
environmental conditions typically metal alloys containing hard
particles such as WC [6], CrC [7] or TiN particles embedded into
a ductile matrix. The function of the particle is to provide structural
reinforcement and support because of its high Young’s modulus and
hardness, while the matrix is made from soft metals such as Co, Ni,
Fe or various alloys of these elements and protects the particle from
environmental degradation and reduce internal stress within the
coating.

A popular technique used for producing hard, wear resistant
surfaces is the High-Velocity Oxyfuel (HVOF) spraying. This process
is based on the supersonic jets achieved by the expansion of the
products of combustion between oxygen and fuel passing through a
convergent-divergent nozzle. The high deposition rate and efficiency
and the lower spray temperature make such processes a reliable
solution for producing dense and oxide-free coatings. However, the
equipment required for the process is expensive [8,5].

Among the available thermal spray process EWAS is a cost-
effective method of modifying the surface properties of agricultural
tools to withstand surface degradation in harsh environments [9,10].
EWAS requires the formation of an arc between two consumable
electrodes which melts the material. High-pressure air is used to
propel the melt toward the substrate which splats to form a layered
coating on the surface of the substrate. The use of air in the process,
however, can lead to oxidation of the particles during flight, which,
has the potential to affect the amount of porosity observed in the
deposited coating. The scientific literature shows that a direct
correlation exists between the hardness of EWAS coatings and the
porosity of the coatings [11]. Additionally, considering the inverse
relationship that exists between wear rate and the hardness of the
material as illustrated by the Archard wear equation. It is essential
to fabricate coatings that have both high hardness and low porosity.
Previous studies on EWAS have shown that coating hardness and
porosity are strongly influenced by spray parameters such as spray
distance, current, voltage and air pressure [12]. On this basis, it is

Figure 2: (A) SEM micrograph of the substrate microstructure; (B) SEM
image of the surface of a Bagasse counter-face material at a magnification
of X600.
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Figure 3: Schematic of the Electric Wire Arc Spray Process set-up.
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critical that the settings of each parameter are selected in a way the
maximize the coating hardness and minimize the porosity of the
coating. One method of identifying the appropriate setting of the
parameters is through statistical optimization. One approach is
to optimize the parameters using Taguchi L9 since the technique
minimizes the number of experiments to be conducted.

This study provides a comprehensive assessment of the
tribological performance of the WC-FeCrCoNiTi (Praxair model
name - 97MXC) coatings deposited by EWAS. The spray parameters
were optimized to maximise coating hardness. The wear behavior of
the optimized coatings were assessed under both laboratory condition
and in-service testing. The Taguchi L9 design of experiment was
used to optimized spray parameters of the EWAS equipment. A
comparative analysis of the wear performance of the optimized
coating and the as-received cutting blades used in the harvesting of
sugar cane is also presented.

Materials and Methods

The composition of the materials used in this study is presented
in Table 1. The wear assessment was divided into two parts laboratory
testing and field testing. For the laboratory testing samples of
dimensions, 50mm x 30mm x 10mm were cut from the as-received
blades and the surfaces prepared for coating. Prior to arc spraying the
surface of the substrates were grit blasted with alumina particles and
cleaned with acetone. The microstructure of the substrate is shown
in Figure 2(A&B). The spray material was WC-FeCrCoNiTi wire of
1.6mm diameter and chemical composition as shown in Table 1 and
carries a code name 97MXC.

The final coating thickness was maintained within a range of
250pum * 0.5pum. The deposition process was carried out using a
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Table 3: Experimental factors and their levels.

Levels | Pressure (bar) | Voltage (V) @ Current (A) | Distance (mm)
1 35 30 150 80
2 4.5 35 175 100
3 5.0 40 200 120

Table 4: Experimental factors and the level of each factor studied.

Experiments Pressure Voltage Current Distance Hardness | Porosity
(bar) () (A) (mm)
1 1 1 1 1 828.55 8.03
2 1 2 2 2 941.81 8.75
3 1 3 3 3 647.37 7.83
4 2 1 2 3 755.13 10.07
5 2 2 3 1 635.19 10
6 2 3 1 2 892.45 9.2
7 3 1 3 2 961.53 5.96
8 3 2 1 3 847.36 13.02
9 3 3 2 1 670.03 8.79
Table 5: Properties of the optimized coating.
Coating h i(culzrql;e s P(\(;:?SOZ;/ Hardness Oxi(i;jize ?;21%’
97MXC 167 3.6 1158.47 4.5 5.9

240 Twin wire arc spraying machine supplied by Metallization Ltd
(West Midlands, United Kingdom). Samples were positioned for
coating as shown in Figure 3. The spray parameters such as spray
distance, current, voltage, and air pressure were chosen as variables
for the present study. Nine experiments were conducted according to
Taguchi L9 design of experiments and three coatings were developed
for each experiment.

The microstructure of the as-deposited coatings was examined
using an Aspex scanning electron microscopy (Model 309, RJL
Micro and Analytic, Karlsdorf-Nuethaud, Germany). The chemical
composition of the coatings was evaluated using an Energy
Dispersive x-ray Spectroscopy (EDS) system attached to the SEM.
The specimens were prepared for microstructural evaluation using
standard metallographic preparation techniques. Optical porosity
measurements were made in accordance with ASTM E2109 -
01(2014). Porosity measurements were performed on the cross-
section of the coatings using a Zeiss optical microscope A Mitutoyo
Vicker’s micro-hardness tester at a load of 0.1kg was used to evaluate
the hardness of the coatings and the as-received blades. Micro-
hardness tests were performed on the cross-section of the coatings
according to ASTM E92 standard test method for a Vickers micro-
hardness testing. Indentations were made using a diamond-shaped
indenter to which the load was applied for 30s. Wear tests were
carried out on the optimized coating in two stages, laboratory testing
and field testing. Laboratory testing was conducted on a Plint multi-
station block-on-ring tribo-tester using the test parameters shown in
Table 2. The coatings were subjected to a 30-minutes wear test during
which a bagasse board of dimensions 97 mm diameter x 25 mm wide
was used as the counter-face material. An SEM image of the surface of
the bagasse board is shown in Figure 2(B). Each sample was weighed
before and after testing using an Adventurer (OHAUS Europe
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Figure 4: Relationship between micro-hardness of the coatings and EWAS
parameter settings.
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Figure 5: Show the optimal value of wire arc spray settings for maximum
coating hardness.

GMBH, Greifense, Switzerland) electronic scale with an accuracy
of 0.0001g. To ensure repeatability three specimens were tested for
each condition. The coatings were subjected to three-body abrasive
wear tests by flowing SiO, sand between the bagasse disc and the test
sample at a flow rate of 6.0g/s.

Design of Experiments

Prior to wear testing, the parameters of the electric wire arc spray
process were optimized to maximize coating hardness using a Taguchi
L9 Design of Experiments (DOE). This approach is an effective tool
since it reduces the number of experiments to be conducted. The level
of each factor studied are presented in Table 3. The levels were set
based on preliminary experimental study and previous work [12].
The Taguchi L9 orthogonal array is shown in Table 4.

Results and Discussion

Contour plots: Influence of spraying parameters

The parameters of the electric wire arc spray machine were
optimized to deposit the WC-FeCrCoNiTi wire. The relation between
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Figure 6: Plots of the interaction between the electric wire arc sprayed
parameters.
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Figure 7: SEM micrographs of the coatings deposited using the experimental
design shown in Table: A) Exp-1, (B) Exp-2, (C) Exp-3, (D) Exp-4, (E) Exp-5,
(F) Exp-6, (G) Exp-7, (H) Exp-8, (1) Exp-9.

the micro-hardness and the parameter setting are presented in Figure
4. The contour maps show the influence of current, voltage, pressure
and spray distance on the coating hardness. The plots also allow for
the prediction of hardness within any region of the experimental
domain. The dark-colored regions of the maps indicate regions of
higher hardness. The color distribution shown on the maps also
confirms the complex interactions that exist between the electric wire
arc spray parameters and the mechanical performance of the coatings.

Optimization of spraying parameters

Figure 5 shows a plot of the relationship between the spray
parameters and the coating hardness. The objective of the optimization
process is to find the best parameters set points that maximize
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Figure 8: Cross section of the optimized coatings, showing the coating/
substrate interface.
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Figure 9: (A) EDS spectrum of point S1 shown in Figure 7 (D); (B) Spectrum
of the highlighted region shown in Figure 8 (B).

coating hardness. According to the Archard’s wear equation, an
inverse proportional relationship exists between wear rate and
the hardness of the surface. Accordingly, higher surface hardness
should correspond to lower wear rates. From the results presented
in Figure 5, the coating hardness can be maximized if the following
settings are used: pressure-level 3, Voltage-level 1, current-level 1
and spray distance-level 2. An analysis of the interaction between the
parameters is presented in Figure 6 and show the complexity of the
interactions between the factors and the level setting. If spray distance
is held constant at level-2 coating, hardness can be maximized for
all settings of the other three parameters. A positive correlation was
found between; level-1 settings of current and voltage, the level-3
setting of pressure and level-2 setting of spray distance.

Verification experiment

The confirmation experiment was conducted from the optimal
parameter settings presented in Figure 5. The results show that the
coating hardness can be maximized if the following settings are used:
pressure-level 3, Voltage-level 1, current-level 1 and spray distance-
level 2. The properties of the optimized coating are shown in Table 5
and confirm that when the optimized parameters are used the coating
hardness increased by 20% above the maximum coating hardness
recorded for experiment 7 as shown in Table 4 from 961HV 0.1kg to
1159HV 0.1kg. These values are significantly greater than the 456HV
0.1kg recorded for the as-received base-cutter blades. In keeping
with the increase of the coating hardness, the volume of porosity
recorded with the optimized sample decreased when compared to the
porosity data presented in Table 4. This behaviour is supported by the
literature, which shows that an inversely proportional relationship
exists between coating porosity and hardness [11].

Microstructural analysis
The SEM micrograph of the as-deposited coating for each of
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Figure 11: Effect of speed on the specific wear rate.

the nine experiments is presented in Figure 9 and revealed that the
coating appeared to be dense with some porosity observed at the
interface between the coating and the substrate. The coating deposited
in experiment-6 experienced extensive cracking along the interface.
While coatings produced in experiment-4 and experiment-9.
experience the formation of an oxide layer between the substrate and
the coating. EDS analysis of the compound suggests the formation of
Fe,0,. The dark spots throughout the coatings are pores or inclusion
deposited into the coating during the spray process. A measure of the
size of the dark spots found to be oxide particles found a significant
variation of the percentage porosity/inclusion for each of the coating
produced from the experimental runs. A summary of the percentage
of porosity/inclusion is presented in Table 4.

When these coatings are compared to the microstructure of
the optimized coating presented in Figure 7 & 8. The layers of the
coatings are visible and show good adhesion between the coating and
the substrates as well as between successive layers of the coating. In
thermal spraying, particle deformation is necessary for the coating
to coalesce, therefore, the deposition of coatings containing large
carbides particles can result in the formation of void spaces where
the particles have failed to amalgamate with surrounding particles.
EDS analysis of the optimized coating showed that the grey areas
are Ti-Rich phases which the white areas are WC-rich areas Figure
9. The absence of porosity/inclusion from the optimized coatings is
attributed to a better interaction between the spray parameters that
prevented large pieces of wire burn-offs from being deposited into
the coatings. The microstructure of the as-received base cutter blades
is presented in Figure 2. The EDS analysis of the as-received sample
showed that the materials is a medium carbon steel containing

0.4wt% C and high silicon concentration within the dark spots shown
in Figure 2.

Three-body abrasive wear behavior of the optimized
coating

The wear behavior of the optimized coating was further evaluated
under laboratory conditions to determine the effect of load and speed
on the wear rate of the coatings and compared to the performance of
the as-received blades.

Effect of load on the wear rate: The optimized coating was
subjected to wear testing for 5000 cycles while the load was varied
from 10N to 40N. The same number of cycles were used for each load
setting. The specific wear rate of the surfaces was also evaluated as a
function of sliding distance and applied load using Equation 1.

. \Y
Specific wear rate (K) = DL Equation 1
S

If Equation 1 is substituted into Equation 4, the final equation for
the specific wear rate can be written as shown in Equation 5.

v M
D,L poD,F
where M is the mass loss, p is the density, D is the sliding distance and
F is the applied load.

Specific wearrate (K) = —= —— - Equation 2

A summary of the effect of load on the wear behavior of the
substrate is presented in Figure 10(A) and shows that the specific
wear rate of the substrate increased progressively with increasing load
from 1.63m?*/mN at 10N to 17.74m?*/mN at 40N. On the other hand,
the results showed that the wear rate of the WC-FeCrCoNiTi coating
marginally increased from 0.49 m*/mN at 10N to 1.03m*/mN at 20N.
when the load was increased beyond 20N the wear rate fluctuated
between 0.78m’/mN and1.33m*/mN at 40N. The differences in the
wear behavior of the coating and substrate can be attributed to higher
hardness of the coating due to the presence of WC carbide particles
in the coating.

Comparing the data to the scientific literature it was seen that
specific wear rate is often seen as a material constant as long as the
changes in the sliding distance and the contact pressure do not change
to a great extent [13]. While the specific wear rate of the as-received
blades appeared to be consistent which the published literature, while
the WC-NiTiCrFeCo showed significant fluctuations as the load was
increased. The differences in observed in the specific wear rate of the
coating were attributed to the differences recorded in the materials
properties such as; density, hardness, and porosity [14,15].

Effect of speed on the wear rate: The effect of speed on the
as-received blade is shown in Figure 11 and indicated that as the
speed is increased from 100rpm to 200rpm, the specific wear rate
increased from 15.68m*/mN to 31.37m’/mN. Similarly, when the
speed is increased beyond 200rpm the specific wear rate increased
progressively to 39.79m’/mN at 500rpm. When the speed was
increased incrementally to 500rpm, the specific wear rate change
marginally to 40.61m*/mN.

When compared to the 97MXC coating shown in Figure 11. The
results show that when the speed is increased from 100rpm to 200rpm,
the wear rate increased from 4.93m*/mN to 9.86m*/mN respectively.
However, when the speed is increased beyond 200rpm the specific
wear rate decreased to 6.58m*/mN and remain constant while the
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Figure 12: (A) lllustration of coating applied to both sides of each untreated
blade during the EWAS process; (B) Blade attached to the mechanical
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Figure 14: WC-FeCrCoNiTi coated base cutter blade tested in the field. (A)
Top-side (B) Bottom-side.

ddh of lade fem
Al of rlaxde: ()

e 1 2 3 4 5 & 7T 8 9 0 01T 2 3 4 o6 7 8 % W
Lenght of biade (cm Lerght of blade (crf

Figure 13: Uncoated blade tested in-service. (A) Top-side (B) Bottom-side.

speed is increased incrementally to 500rpm. Analysis of the wear data
suggests that the coated samples provided better wear resistance than
the as-received blades. The better wear resistance of the coating was
attributed to the higher hardness and density of the coating.

Field testing: Field testing of the optimized coating was performed
to confirm the results collected under laboratory conditions. The
coated blades were bolted to the base-cutter disc as shown in Figure
12. Five coated blades were bolted to disc A and five uncoated
blades were bolted to disc B. The blades were operated in the field
environment for seven days after which the blades were removed and
the volume and mass loss recorded.

Figure 13 shows the edges of the as-received base-cutter blade
after the testing period which indicates that a significant volume of the
blade was loss during operation. Examination of the images shown
in Figure 8 revealed that the untreated blades experienced extensive
mass loss over the test period. A comparison of the blades test showed
that the untreated blades had the highest cumulative mass loss and
hence the shortest life span. Over the test period, the untreated
blade lost approximately 228¢g from its mass and along its cutting
edge. Additionally, the edges of the blades appeared to be rounded,
which could reduce its ability to effectively carry out any further
cutting action. When compared to the EWAS coated blade shown in
Figure 14, the coated blades experienced a mass loss of 96g, while the
dimensions of the blade changed by approximately 0.5cm from its
length, the untreated blades lost approximately 5cm from its length.
This difference in wear rates could be attributed to the enhanced
hardness of coated samples. Hardness is considered to be a property
of a material which can significantly affect the wear rate of frictional
components and is directly affected by the microstructure and
porosity of the materials. By comparing the Relative Wear Resistance

(RWR) of the as-received blades and the EWAS coated blades using
the mass loss it was found that the coated blades are 2.4 times more
wear resistant than the uncoated blades as shown in Equation 3. The
improved tribological performance of the cutting blades when coated
with EWAS WC-FeCrCoNiTi is expected to decrease the overall cost
replacing base-cutter blade to the sugar industry by approximately
50%.

_mass loss of untreated blade 2289

" mass loss of coated blade ﬂ h
Conclusion

24 . Equation 3

This study was conducted to evaluate the tribological performance
of 97MXC deposited by electric wire arc spraying. The results showed
that the parameters of the of the EWAS process can be effectively
optimized using the Taguchi orthogonal array.

Optimization of the process parameters led to the development
of coatings with reduced porosities and increase hardness.
Microstructural analysis of the optimized coating showed that the
layers of the coatings are visible with good adhesion between the
coating and the substrate as well as between successive layers of the
coating.

Laboratory testing of the optimized coating showed that the
97MXC coating were capable of withstanding the harsh operational
conditions under which base-cutter blades operate. Field testing
confirmed that these materials are capable of doubling the cutting
life of base-cutter blades used in the harvesting of sugarcane which
should lead to approximately 50% savings on the cost to replace base-
cutter blades and the accompanying downtime experienced during
sugarcane harvesting.
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