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Abstract: In the present work the effect of plasma nitriding on the abrasive wear behaviour of tillage tool
(EN-31 steel) has been investigated. A study was made to compare the microhardness, microstructure and
abrasion resistance of base metal as well as plasma nitrided specimens. Plasma nitriding was performed on
EN-31 steel sample at 510 °C in the environment of mixture of nitrogen and hydrogen in the ratio of 1:3 for
a period of 10 hours. The abrasion tests were carried out in rubber wheel abrasion tester (RWAT) according
to the procedure of ASTM G-65 standard. Abrasion behaviour with a RWAT has been examined with sandy
sand and sandy loam abrasives under dry and wet conditions. Microstructure characterization and surface
analysis were made using optical and scanning electron microscopy. It was concluded that the plasma nitrided
has shown better wear behavior than bare steel under both the dry and wet condition of testing. Therefore
it will be actual significant to use the nitrided plowshare in actual field environment, where the moisture
content varies in the soil. Among the two testing conditions (dry and wet) all samples (bare and nitrided)
has shown slight increase in weight loss with the increase in abrasive particle flow rate from 100gm/min to
200gm/min.
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1. INTRODUCTION
Wear is said to be a degradation of surface under
different service conditions. Every machines/
machine components faces wear problems in
industry today and it also economically affects the
society. It is a severe problem in the excavation,
earth moving, mining and minerals processing
industries, and can be seen in a wide variety of
items, like bulldozer blades, excavator teeth, rock
drill bits, crushers, slushers, ball and rod mills,
chutes, slurry pumps and cyclones. Wear related
failure of the machine components counts as one
of the major reasons for inefficient working of
machines in a variety of engineering applications
[1]. The modes or different types of wear are:
abrasion, erosion, adhesion, impact and surface
fatigue. Abrasive wear is probably the most
significant cause of mechanical damage of
equipment components coming in contact with
abrasive bodies. Generally it is identified as threebody abrasion. In engineering industry, it has
been expected that about 50% of all wear problems
are due to abrasion [2].

It is very common problem in agriculture
equipments usually, in ground engaging tools. The
high wear rate of ground engaging tools make a
cause of huge loss of material, recurring labour,
downtime and replacement costs of worn out
parts. Due to loss of material lifespan of the tool
will also affect [3]. Farmers and equipment
operators frequently complain about the high
wear rate of ground engaging tools in some dry
land agricultural areas. In the present work effect
of bare as well as plasma nitrided on the abrasive
wear behavior of EN-31 steel also been
investigated under the wet and dry conditions
using different types of sand namely sandy and
sandy loam.
2. EXPERIMENTATION
2.1. Substrate
Generally, the material engaged in farming tools
and equipments is carbon steel. EN-31 steel,
equipped with hardness and toughness, finds wide
application to resist several types of wear
mechanisms. For instance, EN-31 steel has also
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Table 1
Composition of EN-31 steel in weight percentage
Steel
EN-31

C

S

Si

Mn

Cr

1.01

0.045

0.055

0.52

1.16

been used for parts engaged in agricultural
equipments and ploughshare, in opposition to
harsh conditions such as abrasion wear. In the
present work, EN-31 steel is used to analyse the
tribological behaviour of base and hard faced
material against three-body wear mechanism.
EN-31 steel had been used as substrate material.
The raw material for the present research work
EN-31 was purchased from B.K. steel, Ludhiana
(Punjab) and the specimens for various
investigations were prepared as per the ASTM
G65 standards. The composition of the raw
material was analyzed with optical emission
spectroscope (OES) at R & D, Ludhiana to ensure
the type of material has composition mentioned
in Table I. A plate having dimensions 228mm X
152mm  13mm which was hard faced and
specimens for testing were prepared from the
same plate after being hard faced, having
dimensions as 25mm in width, 76mm length
followed by 13mm of thickness.
2.2. Plasma nitriding
In the present study some of the samples (76  25
 10 mm) were cut from EN-31 steel and nitrided.
The samples surface was ground with various
grades of SiC emery paper (100, 300, 500 and 600)
and then polished. Plasma nitriding was carried
out with essential arrangements of vacuum
system and auxiliary heating at CTR, Ludhiana
(Punjab). Plasma nitriding process is
accomplished in a vacuum chamber where the
sample is directly attached to a cathode. High
voltage is applied between the cathode and the
anode, being the vessel walls acting as the anode,
to generate plasma in a gas mixture. The chamber
was evacuated up to a base pressure of 5 × 10 -3
mbar with the help of rotary and root pumps. The
samples were cleaned before plasma nitriding
with argon and hydrogen gas at a ratio of 1:3 and
at a pressure of 1.5 mbar. The gas pressure was
measured by Beratron gauge. At this working
pressure, 10 kHz pulse D.C. power source was
used to ignite the plasma. The argon–hydrogen
plasma removed the contaminants from the

Table 2
Process parameter for
plasma nitriding of EN-31 steel
Temp.
(OC)

Pressure
(mbar)

Gas
%

Time
(Hour)

Voltage
(Volt)

510

1.5

25:75(N 2:H2)

10

540

surface during the cleaning process. A defined
voltage 540V is regulated, the plasma is ignited
and the specimens are heated up to process
temperature 510 o C. After an hour, plasma
nitriding process was carried out in the hydrogen
– nitrogen gas environments when the
temperature reached at 200 oC. The typical
working pressure was 1.5 mbar during the
process. After 10 hour of nitriding, the samples
were slowly cooled to room temperature in an
inert argon atmosphere. The process parameters
like process temperature, working pressure and
concentration of gas mixtures are given in
Table 2.
2.3. Selection and preparation of sand
Abrasive particle used in experimental work was
two types of field sand. Two type sand namely
sandy (S1) and sandy loam (S2) were selected to
examine the abrasive wear behaviour on
substrate as well as nitrided samples. The sand
particles used as abrasive particles were collected
from two different field locations. Physical
properties of selected sands are shown in Table
III. The collected sand was dried to remove the
traces of moisture present in it. Sand was sieved
to remove gravel content so as to prevent choking
of sand flow nozzle. The particle size distribution
of the dry sand is performed by using vibratory
sand seiver as shown in Fig. 1. The test apparatus
consists of a set of graded sieves placed one above
the other. The coarsest sieve at the top and the
finest sieve at the bottom, next to the pan, the
sand were put into the top sieve and the set of
sieve shaken continuously for 20 minutes with the
help of electric motor. At the end of the shaking
operation, the sieves were taken out and sand
retained on each is weighted. Each weight was
converted into percentage. Each percentage
multiplied by a weighing factor and these were
added to get the sum of product. After calculating
the grain fineness number of sandy sand and
sandy loam sand was found to be 51.72 and 51.79
respectively.
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Figure 1: The particle size distribution
Table 3
Physical properties of selected sands
Texture Class
Sand

Texture %
Clay

Sandy Sand

90

Sandy Loam Sand

55

Silt

Figure 2: Micro hardness profile of Nitrided EN-31 Steel

4.74

4

13

33

specimen, using load of 500 gm for 15 s. The
nitrogen diffusion on the surface of treated
specimen has resulted in a significant surface
hardness increase. The microhardness increases
from the base level of about 119.6HV to about
181.1HV at the surface, which will enhance the
mechanical properties of specimens. When the
microhardness is 50 HV higher than that of the
substrate, the vertical distance between the
surface and the interface is calculated as the
thickness of nitrided layer. According to Fig. 2,
the thickness of nitrided layer is about 180 µm.
The average microhardness value of nitrided
specimen (138.06HV) is slightly higher than base
material.

2.4. Abrasion test
The rubber wheel abrasion test (RWAT) as
described in ASTM standard G-65 has been used
to evaluate the abrasive wear behaviour of
material under three-body conditions. The
apparatus consists of plane specimen who is
loaded against the rotating rubber wheel made
of chloro-butyl rubber. The rubber wheel abrasion
test produces soft abrasion, where the abrasive
particles generally remain intact following the
abrasion process. The wheel is kept on constant
speed and load of 200rpm and 20N respectively.
In the present study the concern is of flow rate as
well as the types of sand. In the present study
flow rate of sand is taken as 100gm/min and
200gm/min. The time taken for each experiment
was 10 minute. Further the study is performed
under both the dry and wet condition so as to
study the effect of moisture content in the soil.
The specimens were weighted before and after the
test were performed so as to check the weight loss
due to wear.
3. RESULTS AND DISCUSSION
3.1. Microhardness Analysis
The Vickers’s microhardness of clad layer over the
cross-section has been evaluated. Average value
of microhardness of the base material has been
found to be 119.6 HV. Fig. 2 shows the crosssection Vickers microhardness curve of nitrided

3.2. Microstructure Analysis
Metallographic study of base as well as plasma
nitride specimens carried out using optical
microscope after etching the surface of the
specimen with ethanol. Fig. 3 shows the
microstructures of substrate material (EN-31) at
100X. Microstructure shows the fine distribution
of ferrite grains, along with uniform pearlite
grain. These fine distributions enhance the
property of high value of hardness as well as the
ductility of the material. Also this arrangement
of grains enriches the metal in opposition to
abrasion wear occurring in tools used in making
agricultural equipments, by increasing its
toughness which is another major property
required in them. Fig. 4 shows the microstructure
of nitrided sample, which consists of martensitic
structure along with some little percentage of
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Figure 3: Cross section microstructure of EN-31
(Original magnification 100X)

Figure 5: Weight loss plot for bare and nitrided
samples under dry conditions

Figure 6: Weight loss plot for bare and nitrided
samples under wet conditions
Figure 4: Cross section microstructure of nitrided EN31 (Original magnification 100X)

retained austenite and coarse carbide. The grains
are larger in size and shape. The white regions
represent the presence of retained austenite. Thus
lower the percentage of retained austenite in the
case gives lower wear rate. But the martensite
structure has been demonstrated to be effective
in improving the friction and wear properties
compared to the base metal [4].
3.3. Abrasive Wear Behaviour
Wear has been measured by weighing the
specimen before and after the test so as to know
the loss due to wear under both the conditions
(Dry and Wet condition). The graphical
representation of the wear test is observed under
the dry and wet conditions respectively in Fig. 5
and Fig. 6. According to wear test results it is
observed that bare samples performance is poor
compare to plasma nitrided specimens under both
the condition (Dry and Wet). The sever wear

caused by the format grooves which become so
deep under the dry and wet conditions by abrasive
particles. The plasma nitrided specimens reveal
better wear resistance over the substrate due to
high hardness value. . Wear morphology of the
bare and plasma nitrided specimen exposed to
abrasive wear testing have been shown in SEM.
SEM analysis of the EN-31 steel after subjecting
to abrasion wear with sandy sand under dry
conditions at 20N load and flow rate of 100g/min
is shown in Fig. 7. The SEM morphology shows
wear scars as well as deep grooves were taking
place simultaneously.
SEM analysis of the nitrided EN-31 steel after
subjecting to abrasion wear with sandy sand
under dry conditions at 20N load and flow rate of
100g/min is shown in Fig. 8. SEM morphology
reveals about the wear mechanism of the
specimen under the given testing condition. The
grooves are smooth and continue and their depth
is not high enough. The grooves are as far from
each other.
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Figure 7: SEM analysis of the EN-31 steel after
subjecting to abrasion wear with sandy sand under
dry conditions at 20N load and flow rate of 100g/min

Figure 8: SEM analysis of the nitridedEN-31 steel after
subjecting to abrasion wear with sandy sand under
dry conditions at 20N load and flow rate of 100g/min

Figure 9: SEM analysis of nitrided EN-31 steel after
abrasion wear with sandy sand under wet conditions
at 20N rate of 100gm/min wear with sandy

Scanning electron microscopic analysis of
nitrided EN-31 steel after subjecting to abrasion
wear with sandy sand under wet conditions at
20N load and flow rate of 200g/min is shown in
figure 10. The SEM morphology shows the surface
of the specimen was characterized by wear scars
and deep grooving. Their depth of grooves is high
enough for huge material removal, as compared
with the previous specimen. Scratch marks are
formed to be deep and more prominent than the
same test piece at 100g/min flow rate with the
increase in flow rate, the number of particles
sliding against the surface increase, which results
in higher abrasion rate.
3.5. Effect of sand particles

3.4. Effect of abrasive particle flow rate

Among the two testing conditions (dry and wet)
all samples (bare and nitrided) has shows more

Among the two testing conditions (dry and wet)
all samples (bare, hard faced and nitrided) has
shown slight increase in weight loss with the
increase in abrasive particle flow rate from
100gm/min to 200gm/min as shown in Fig. 9 and
Fig. 10. Similar results of increase in wear with
increase in flow rate are observed by [5]. Wear
morphology also shows the influence of flow rate
in Fig. 9 and Fig. 10. Scanning electron
microscopic analysis of nitrided EN-31 steel after
subjecting to abrasion wear with sandy sand
under wet conditions at 20N load and flow rate of
100g/min is shown in Fig. 9. The SEM morphology
shows scratching as well as less deep grooves were
taking place simultaneously. The indentation of
the sand particles is not deep enough for heavy
material removal.

Figure 10: SEM analysis of nitrided EN-31 steel after
subjecting to abrasion wear with sandy sand under wet
conditions at 20N rate of 200gm/minwear with sandy
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weight loss with sandy loam sand than sandy sand
as shown in Fig. 11 and Fig. 12. This is attributed
due to more percentage of silt particles in sandy
loam sand and expose to gauge ploughing during
abrasion wear. The sever wear caused by the
formation grooves which become so deep due to
presence of silt in abrasive particles. Wear
morphology also shows the influence of abrasive
particles in Fig. 11 and Fig. 12.
SEM analysis of EN-31 steel after subjecting
to abrasion wear with sandy sand under dry
conditions at 20N load and flow rate of 100g/min
is shown in Fig. 11. The SEM morphology shows
scratching as well as less deep grooves were
taking place simultaneously. The indentation of
the sand particles is not deep enough responsible
for less material removal as compared to sandy
loam sand.
SEM analysis of the EN-31 steel after
subjecting to abrasion wear with sandy loam

Figure 11: SEM analysis of the EN-31 steel after
subjecting to abrasion wear with sandy sand under
dry conditions at 20N load and flow rate of 100g/min

Figure 12: SEM analysis of the EN-31 steel after
subjecting to abrasion wear with sandy loam under
dry conditions at 20N load and flow rate of 100gm/min

under dry conditions at 20N load and flow rate of
100g/min is shown in Fig. 12. In this specimen
the grooves are deeper, wider and have more
density per unit area (closer to each other). The
dimension of lips adjacent to the grooves increased
and detachment occurred in the lips by abrasive
particles as shown in Fig. 12.
The presence of random oriented wear marks
along with craters indicates that more than one
type of wear mechanism has been experienced by
the sample, which may be due to sliding and
rolling action of the abrasive particles in between
the surface and rubber wheel. The depth of
grooves is high enough for high wear rate than
the previous sample.
3.6. Effect of moisture content on wear
Among the two testing conditions (dry and wet)
all samples (bare, hard faced and nitrided) has
shows more weight loss during dry condition as
shown in Fig. 13 and Fig. 14. Water tends to
lubricate the contact between the particles and
the test piece, especially with small and/or
rounded particles and thus the wear rate is
reduced. The lubrication has altered the motion
of the particle from a primarily rolling action in
the dry environment to one of sliding in the wet
environment. The result shows that the water has
reduced the severity of damage caused by the
abrasive particles resulting in a smoother, less
disrupted surface [6]. Wear morphology also
shows the influence of moisture content in Fig.
13 and Fig. 14. SEM analysis of nitrided EN-31
steel after subjecting to abrasion wear with sandy
sand under dry conditions at 20N load and flow
rate of 100g/min is shown in Fig. 13. The SEM
morphology shows both the grooving and wear
scares were taking place simultaneously with
high density. Long continues grooves have more
density per unit area, that indicates the more
wear rate under the given testing conditions. Deep
craters have also been found in the specimen as
shown in the Fig. 13. Wear morphology shows a
deeply indented and rough surface of the test piece
following dry abrasion. SEM analysis of nitrided
EN-31 steel after subjecting to abrasion wear with
sandy sand under wet conditions at 20N load and
flow rate of 100g/min is shown in Fig. 14. The
SEM morphology shows both the grooving and
wear scares were taking place simultaneously
with low density than in dry condition. Long
continues grooves have low density per unit area,
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3.

4.

Figure 13: SEM analysis of nitrided EN-31 steel after
subjecting to abrasion wear with sandy sand under
dry conditions at 20N load and flow rate of 100gm/min

Figure 14: SEM analysis of nitrided EN-31 steel after
subjecting to abrasion wear with sandy sand under
wet conditions at 20N load and flow rate of 100gm/min

that indicates the less wear rate as compare to
dry condition. In the wet environment, there is
evidence of abrasive particle sliding across the
surface scratches parallel to the direction of
particle motion.
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