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In this paper influence of load on change in weight loss (mg), hardness and wear transition of
0.12 wt.% Al-Mn-stéel (Steel A), 0.35 wt.% Al-Mn-steel (Steel B) and Mn-steel (Steel C) has been
examined. With the increasefinload these steels shows remarkable decrease in weight loss due to change
in surface microstructure fromaustenite to € or @ - martensite which results in increase in hardness of
material. With the increas¢ in hardness transition in wear mechanism has been noticed. In future aspect
these steel would prove t0 be bettemmaterial as wear resistant liner in many industrial application.
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1. Introduction

The manganese steel (Mn-steel) material was derived
from the investigation done by Robert Hadfield’s in 1882'.
It shows great interest in many mechanical and mining
engineering sectors. It has an exceptional features like resistant
to corrosion, low density, high strain hardening, high strength
and better elongation which attracts the industries to use it
as wear resistant material. It is also called as austenitic steel
as its manganese (Mn) content is at austenitic phase. This
austenitic phase changes to martensite with application of
load from low to high. The change in phase of austenitic
steel depends on mechanical property of material. The
mechanical property of Mn-steel material is based on the
theories of dipole interaction (DI) and stacking fault energy
(SFE)%. DI results in dynamic strain aging (DSA) which
creates difficulty in dislocating Mn, a substitute atom in
crystal structure, from its original position. It is due to
the formation of attraction field between carbon (C) and
Mn. This enhances strain hardenability of material with
the formation of strain induced martensite or deformation
twins®. Whereas, according to SFE theory, the SFE acts as
an interruption between C and Mn in crystal structure. SFE
depends on grain size, temperature and material composition*.
It is expected that SFE plays an important role in improving
the wear resistant property of Mn-steel alloys®. In some
cases, addition of Al in Mn-steel alloy improves SFE but
it decreases wear resistant property of material but other
cases were also observed where addition of Al improves
wear resistant property in Mn-steel alloy®. Ascelrad et al’
performed abrasive wear investigations on Mn-steel alloy
and reported that the wear resistance property of Mn-steel
alloy decreases with the increase in wt.% of Al. Contrarily,
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in two-body abrasion, addition of Al has been found to be
beneficial in improving wear resistance due to improve in
hardness of material® * 1. Although in many literatures, a
gap has been found which concerns with the change in wear
behavior of Mn-steel alloy with change in wear mechanism
andats effect on hardness which would be more beneficial
to select materials for future applications. This paper aims
to find out thestribological effect of Al addition in Mn-steel
alloy and\selection of better material which can be used in
future as wear resistant material.

1.1. About stacking fault energy

The stacking faults are’an interruption in crystal plane
structure of materials, theginterruption carries the energy
which is called as stackifig-fault energy. The distance between
the two interruptions is supported With the balance between
the repulsive force and attractive force. The repulsive force
is between the two partial diglocation is balanced with the
attractive force as provided due to the surface tension of
the stacking fault. Thus the stacking ault, energy can be
calculated from the distance between the, two dislocations.
Using XRD technique, the approximate value of SFE can
be determined using peak shift method.

2. Experimental Procedure

2.1. Materials

For experiments on wear, the test specimens were prepared
as per ASTM G99 standard. To prepare test specimens the 0.12
wt.% Al and 0.35wt.% Al added Mn-steel was melted in furnace
and casted into ingot. It was then given solution treatment
at argon atmosphere in a furnace for 6 hours at 1200 °C. The
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Steel-A was quenched in water for cooling purpose, Steel-B
was quenched in oil to cool the material which improves
its mechanical property. Further, the chemical compositions
along with SFE value (as reported from literatures) for the
steels used in this research work are presented in Table 1.
The chemical compositiofis of material were determined from
energy dispersiveX-ray analysis (EDX) as attached with
FE-SEM ZEISS Supra 55(Germany) with air lock chamber
mainly used in scientific research. Its resolution at 15kV is
0.8nm and at 1kV is 1{6nmwith>120000% magnification.
The acceleration voltagefor the FE=SEM supra 55 ranges
from 100V to 30kV with range of probe current varies from
12pA to 100 nA. The composition frem a particular test
specimen was determined at 5 different surface locations
and the average value of the compositions was noted in
the Table 1. This process was followed to.determine the
compositions from every prepared test specimens.

2.2. Tribological test and microstructure

Wear tests were conducted on a pin-on-disc tribo-meter
at room temperature with the pin as the test specimendThe
test specimen was assembled on pin-holder of the pin-on-disc
tribo-meter. The surface contact of the test specimen as
made on coal particles of 710 pm size with hardness value'of
318 HV, as pasted on the disc. To paste the coal on the disc,
the surface of the disc was coarse finished and adhesive was
provided on its coarser surface. As the coal adhered to the
surface of the disc, the disc was then given a mold treatment
to fix the coal particles at discrete locations. The prepared
disc samples were then used as a sliding medium for the
test specimens. In wear test experiments, the weight loss is
a function of sliding distance at different loads (5N, 15 N,
25 N and 35 N). The wear tests were performed at sliding
distance of 1000m, 1100m, 1200m, 1300m, 1400m, 1500m,
1600m, 1800m, 1900m and 2000m. At first, SN load was
applied on the test specimens and weight losses were first
measured at 1000m and the worn out test specimens was
replaced with the new sample, having the same material
composition as was previously examined, to perform wear
test at sliding distance of 1200m. Following the same
procedure, the weight losses were measured for every step
increase in sliding distance up to 2000m. In the same way,
load was increased to 15N to measure weight losses at every
step increase in sliding distance. This process was followed
till the load was increased to 35N. Wear tests on each test
samples were performed to measure weight loss in mg.
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Weight loss (mg) was measured using electronic balance with
+ 0.001 mg resolution. Additionally, Vicker’s indenter was
used for micro-hardness test of test specimens at 0.5 N load
for 10 seconds at 10 different locations on every samples.
It was performed on the samples before starting the wear
tests and after the wear tests done at load of 5N, 15N, 25N
and 35N. In micro-hardness tests, load was considered as
an important variable because the loss of material in terms
of weight loss (mg) increases with the increase in load at
every step increase in sliding distance for every wear tests
performed to measure weight loss (mg) with respect to
particular sliding distance. To examine the microstructure,
all the pin samples were washed with acetone after etching
to examine its microstructure. Etching was done for 90
seconds by using 5% Nital.

3. Results and Discussion

3.1. Analysis on microstructure

The microstructure of material is presented in Figure 1.
Microstructure for Steel-A have equiaxed austenitic grains
with mean grain size of 281.4 + 61.1 pm. Steel-B is having
annealing twins with mean grain size as 142.3 + 31.1 um,
andsSteel-C is having mean grain size as 359.8 + 70.9 um.

3.2.4lribological test

Figure 2 describes the variations of weight losses of test
specimens which are Steel-A, Steel-B and Steel-C. Results
of weight loss of each test samples are presented in Figure 2.
In Figure(2, at«5N load and 1000m sliding distance, the
weight loss‘of Stecl-B is very less as compared to Steel-A
and Steel-C. As/the load‘increases (15N, 25N and 35N) for
sliding distance’of 1000m; the weight loss of all the steels
increases. Similar fesults havébeen observed for the weight
losses measured at sliding'distance of 1200m and 1400m
and by increasing the\loadsfrom,5N to 35N. At sliding
distance of 1600m and increase in load from SN to 35N, the
measured weight losses for Steel-C wete more as compared
to Steel-A and Steel-B. At sliding'distance of 1700m, with
the increase in load the measuredweight losses of Steel-A is
less as compared to Steel-B and Steel<C. ‘At sliding distance
of 1800m and 35N load, the weight less for Steel-B is less
as compared to Steel-A and Steel-C:*Further, at sliding
distance of 1900m and 2000m, the weight loss for Steel-B
was observed to be less as compared to Steel-A and Steel-C.

Table 1. Chemical composition and SFE of the steels used in this study.

Steels C Mn S Si P Cr Al Approximate range of SFE
Steel-A 1.07 12.49 0.02 0.52 0.03 0.07 0.12 15-21
Steel-B 1.07 12.49 0.02 0.52 0.03 0.07 0.35 18-35
Steel-C 1.05 13.54 0.05 1.01 0.09 0.61 - 14-23
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(b) Microstructure image of 0.35wt.% Al added Mn-steel
(Steel-B)

material with no Al added

(Steel-C)

Figure 1. Microstructre of: (a) 0.12wt.%
material with no Al added.

steel, (b) 0.35wt.% Al added Mn-steel and (c) Mn-steel
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Figure 2. Weight loss at different load for: (a) Steel-A, (b) Steel-B and (c) Steel-C.
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From the overall analysis from Figure 2 it has been
observed that the weight losses for Steel-B starts decreasing
at 1700 m sliding distance sliding distance and 25 N load.
The variations in weight losses for steels changes with the
increase in load for every step increase in sliding distance.
In this study, wear of S
of Steel-A and St
is desirable in Mn-st

-B was less as compared to wear
can be said that addition of Al

However, it is di

obtained results of weight los
wear study in this work, shows tha

properties of the steels. Coronado et al'' has r
as the austenite phase of austenitic steel is unstable
load it changes to martensite with increasing load.

3.3. Wear mechanisms

The wear mechanism observed under field emission
scanning electron microscope (FESEM) for all steels is

Su

(a) FESEM image of worn out surface of test specimen
Steel-A at 5 N load

(c) FESEM image of worn out surface of test specimen
Steel-A at 25 N load
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surface ploughing with wedge formation and micro-cutting.
In Figure 3(a), Figure 4(a) and Figure 5(a), the observed
wear mechanism at 5 N load is surface ploughing or surface
deformation with less formation of micro-cutting. In
Figure 3(b), Figure 4(b) and Figure 5(a), there is an emergence
of micro-cutting or scratches along with surface ploughing
or surface deformation at 15 N load. This converts the wear
mechanism from surface ploughing, as observed under low
load, to micro-cutting as observed. The change in wear
mechanism is having similarity with the results of Kitsunai
et al'?2. They reported in their work about the transitions in
wear mechanism with the increase in load. According to the
work of Childs', the steel shows work hardening behavior
at higher load in abrasion which results in increase in more
energy for cutting surface of work hardened steel. This creates
difficulty in removing the material by micro-cutting. Steel
with low SFE value have less removed material in abrasion
process than with the material with high SFE!.

3.4. Hardness test

Results of Vickers hardness values (in kg/ mm?) for the
eel-A, Steel-B and Steel-C are shown in Figure 6. From
Figure 6, initial hardness of Steel-A is more as compared to
eel-B and Steel-C. The hardness property of material

(d) FESEM image of worn out surface of test specimen
Steel-A at 35 N load

Figure 3. Field emission scanning electron microscope images of worn out surface of Steel-A test specimen

at: (a) 5N, (b) 15N, (c) 25 N and (d) 35 N.
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Surface ploughing |
¥

(b) FESEM image of worn out surface of test specimen
Steel-B at 15 N load

(d) FESEM image of worn out surface of test specimen
teel-B at 35 N load

Steel-B at 25 N load

Figure 4. Field emission scanning electron micro
(a) 5N, (b) 15N, (c) 25 N and (d) 35 N.

(a) FESEM image of worn out surface of test specimen

Steel-C at 5 N load Steel-C at 15 N load

Cavities SIS HLANNNI4 ‘r
(c) FESEM image of worn out surface of test specimen (d) FESEM image of worn out surface of test specimen
Steel-C at 25 N load Steel-C at 35 N load

Figure 5. Field emission scanning electron microscope images of worn out surface Steel-C test specimen at:
(@) 5N, (b) 15N, (¢) 25 N and (d) 35 N.



1158 Sinha et al. Materials Research
= Before wear
¢ After wear at 5N 1 —_—
A After wear at 15N | _—~Asperities
v After wear at 25N —Valleys
4501 ¢ | o Afterwearat 35N . ]
* —
) ) : «-——
v
" 400 Increment of hardness
Z v = o b .
3 A (a) Sliding abrasion of two surfaces (b) Close view of asperities and valleys on the
5 5 . Increment of hardness anrface of material
350 Increment of hardness . . ...
2 Figure 7. Image of a surface showing asperities and valleys at
£ A microscopic level.
=
300 3 .
0 .
' 4. Conclusions
250 I'y— .
In wear tests, all the selected steel (Steel-A, Steel-B
T T T . .
Steel-A Steel-B Steel-C and Steel-C) shows remarkable decrease in weight losses.
Steel At low load and minimum sliding distance, the steels have

Figure 6. Results of micro-hardness test before and.after wear tests
for Steel-A, Steel-B and Steel-C.

the results of hardness tests for Steel-B and/(Steel-C,the
Steel-B has slight variations in hardness of Steel-C. This
shows that Steel-B is having very similar hardness-property
as of Steel-C. The slight variations in hardness are dde to
ductile behaviour of Steel-B as obtained after oil quenching.
The Steel-A can be used as wear resistant material where
hardness is an important factor in industries.

Also, from the obtained results of hardness tests it is
clear that with the increase in load, weight loss of material
decreases. Thus, weight loss depends on the material property.
The decrease in weight loss is a function of twins formation
as € or 6 —martensite (or induced martensite)". In tribological
analysis, the Steel-A gave less difference between the initial
and final hardness. The rapid change in hardness for Steel-A
is the result of grain refinement which is due to SFE and
dipole interaction. The change in microstructure of material
reduces material losses. The progress of work hardening is
followed by transition in wear mechanism which was also
reported by Garisson (1987) in his work for the hardened
steel material's. Wert et al'” reports that change in wear
mechanism depends on hardness of the material. In the
present study, transition in wear mechanisms were obtained
with the variation in load and results of hardness test explores
that wear behavior is a function of material properties which
changes with the increase in load. According to Ashby et al'®,
the two mating surfaces have unlimited number of asperities
and valleys which separates the two mating surfaces with
it, Figure 7. During loading and abrasions of two mating
surfaces, the weak asperities break out due to shear failure.
For the material like austenitic steel, the C-Mn interaction
resist in shear failure due to accretion of dynamic equilibrium
between C-Mn. This makes the asperities to deform and results
in removal of surface material in cyclic abrasion process.
After the complete removal of weak layers, new surfaces
are formed with improved surface hardness'.

minimum weight losses. The weight losses increases with
sliding distance but when higher load is applied on the steels,
the weight loss starts decreasing. From the work performed
under FESEM on worn out test specimens of steels, the wear
mechanism shows transitions from surface ploughing to
micro-cutting. The change in wear mechanisms after abrasion
is due to formation of new surface layers which results in
more hardened surface on the steels and weight loss has
been observed to be decreasing at higher load.

Results shows that weight loss of Steel-B is less than
Steel-Aiand Steel-C and it can be considered as an important
wear resistant material where less decrease in weight loss
is'considered. But as per the hardness is concerned, Steel-A
has good initial hardness than Steel-B and it can be used
in industries where hardness is an important factor in wear
resistant material. This study will help many industries to
select the betteriaterial for applications in large area.
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