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Wear characteristics of 0.13 wt. % plain carbon steel, heat treated under various conditions, were
monitored on a standard pin-on-disk wear testing machine under the normal loads of 2.5, 4.5 and 5.5 kg
and at a constant sliding velocity of 1 m/s. Weight loss of the specimen was measured at various time
intervals to obtain wear rate. The variation in volume loss with sliding distance indicated the presence of
run-in wear followed by steady state wear. The wear mechanism was found to be primarily oxidative in
nature, which was confirmed by the analysis of worn surfaces and wear debris generated during sliding.
Wear resistance was found to be dependent on the microstructure and morphology of the phases. The
wear coefficients calculated for various heat-treated specimens revealed that the ferrite-coarse pearlite,
ferrite-fine pearlite, ferrite-tempered martensite and ferrite martensite structures show the wear resistance
in decreasing order.
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1. Introduction

Plain carbon steels consisting of about four-fifths of the total tonnage of steel pro-
duction, are economical compared to alloy steels. These are extensively used as struc-
tural components for many engineering applications. Among many failure modes as-
sociated with steel components, wear presents a unique challenge to the designer and
the developer of mechanical components. Wear characteristics of steel components
and their real life performance under various working environments have been the
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subject of numerous investigations [1-19]. Because so many variables are involved,
such as load, sliding speed, test geometry, composition, hardness, environment etc.,
controversies over the understanding of wear mechanism still exist, as these parame-
ters are interdependent variables. In addition to these variables, the type of microstruc-
ture also influences the wear resistance of steel. Although several investigations have
demonstrated an improvement in wear resistance of steel through surface hardening
treatments and surface alloying [20], very few studies have been done to correlate the
wear properties of steel with its microstructure [2, 5-8, 10—17]. Wayne and Rice [2]
have revealed the dependence of wear on microstructure and have concluded that the
dual phase (DP) steel, consisting of hard martensite islands embedded in a relatively
soft and ductile ferrite matrix, offers higher wear resistance than that observed in steel
with spheroidal carbides. The wear resistance of DP steel was found to depend on the
volume fraction of martensite. Similar observations have also been reported by Tyagi
et al. [12]. Sawa and Rigney [5] have shown that the wear behaviour of DP steel also
depends strongly on morphology (i.e., shape, size and distribution) of its martensite
phase. Tyagi et al. [11] have found that ferrite—martensite structure exhibits higher
wear resistance compared to ferrite—fine pearlite structure. In our earlier study [10] on
wear behaviour of near eutectoid steel containing 0.86 wt. % carbon, it was observed
that coarse pearlite structure possesses better wear resistance compared to fine pearlite
and tempered martensite structure.

In the present investigation, an attempt is made to study the influence of micro-
structure in hypoeutectoid steel containing 0.13 wt. % of carbon on its wear character-
istics under dry sliding condition at different loads and at a fixed sliding speed at room
temperature, using a standard pin-on-disk wear testing machine. The idea of selecting
this composition was to observe the variation in wear characteristics with variation in
carbon contents and to compare the results with those of our earlier study for nearly
eutectoid steel [10].

2. Experimental

Commercial grade steel containing C (0.13 wt. %), Mn (0.62 wt. %), Si (0.08 wt. %),
P (0.048 wt. %) and S (0.035 wt. %) was used in the present investigation. The steel
samples were subject to various heat treatment processes to attain variety of micro-
structures. The wear characteristics of heat-treated samples were investigated. The
details of experimental procedures are described below.

Heat treatment of samples. In order to compare the results of our earlier study [10]
samples of similar size, 30 mm long and 6.25 mm in diameter were cut from a steel
bar. Four sets comprising three pins in each set were taken for carrying out heat treat-
ment. All sets of samples were heated in a tubular furnace to 840 °C in the (o + v)
region for a period of 40 min. These samples were covered with cast iron chips to
avoid oxidation. After heating, three sets of samples were taken out of the furnace.
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The first set was allowed to cool in air to develop ferrite-fine pearlite structure and the
remaining two sets were directly quenched in water to develop dual phase microstruc-
ture containing martensite in a matrix of ferrite. Out of these two sets of water
quenched samples, one set was further subject to high temperature tempering treat-
ment at 640 °C for two hours followed by water quenching resulting in ferrite-
tempered martensite structure. The fourth set was allowed to cool inside the furnace
up to room temperature to attain ferrite-coarse pearlite structure. In the present study,
the deviation from conventional normalising and annealing treatment by cooling from
the intercritical annealing temperature range (i.e., o +y region) was done to keep simi-
lar ferrite areas in the steel subject to various heat treatments. The bulk hardness of the
heat-treated samples was measured at a load of 20 kg on calibrated Vickers hardness-
testing machine using a diamond pyramid indenter, and is reported in Table 1.

Table 1. Hardness of 0.13 wt. % carbon steel
heat treated under various conditions

Sample VHN
Annealed 99
Normalized 108
Intercritically annealed and quenched 161
Intercritically annealed, quenched and tempered | 134

Metallographic studies. The heat-treated samples were prepared for metal-
lographic studies by grinding them on belt grinder driven by an electric motor. These
samples were further polished up to 4/0 grade (~38 wm) of emery paper followed by
cloth polishing using submicron size alumina paste. After polishing, the samples were
etched with 2% nital and analysed under optical and scanning electron microscope.
Volume fractions of phases present in samples were estimated by the point counting
method [21]. Microhardness of phases present in the heat-treated samples was meas-
ured using 0.005 kg load on the Vickers scale, and is reported in Table 2.

Table 2. Microhardness (measured at 0.005 kg load)
and volume fraction of phases in heat-treated samples

Sample Phase Microhardness | Volume fraction
present [VHN] of the phase

ferrite 174 0.84
Annealed pearlite (coarse) 280 0.16
Normalized ferritf: 184 0.79

pearlite (fine) 420 0.21
Intercritically annealed ferrite 280 0.69
and quenched martensite 552 0.31
Intercritically annealed, ferrite 195 0.80
quenched and tempered tempered martensite 276 0.20
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Wear test. Wear tests were conducted using polished pin samples with flat sur-
faces in the contact region but rounded in the corner and cleaned with acetone to re-
move dust or grease from the surfaces. Dry sliding wear tests were carried out against
the counterface of a hardened and polished disk made of EN-32 steel having HRC
from 62 to 65 at a relative humidity of 50-70% at room temperature of 35 °C.

normal load

|
o
holder _;SA///é disc EN-BZ
pin —T

V=1m/s?

Fig. 1. Test geometry of Pin-on-disc wear testing machine

A sturdy pin-on-disk machine supplied by DUCOM, Bangalore (India), as shown
schematically in Fig. 1, was used to carry out the wear tests. Pin weight losses were
measured at various time intervals, using an electronic balance having an accuracy of
107 kg. Weight losses were converted to volume losses by dividing the weight by the
density of steel. Initially, the weight loss of the pin was measured after every 2 min of
sliding, for up to 16 min, and thereafter, at the intervals of 15 min for a total sliding
period of 3 h. The tests were conducted at the loads of 2.5, 4.5 and 5.5 kg, and at
a constant sliding velocity of 1 m/s. Each test at a given load and sliding velocity was
repeated three times, with identical new samples on a fresh disk surface, and the aver-
age data for volume loss after each time interval were used for the analysis of wear
rate. The wear debris obtained after the initial 16 min of sliding as well as after each
test run were examined under SEM. The worn surfaces of the samples were also ex-
amined under SEM to know the wear mode of the worn surfaces.

3. Results and discussion

3.1. Microstructural characteristics of pin specimens

The microstructures of the heat-treated samples were examined under optical and
scanning electron microscope. Figures 2al and 2a2 show the microstructure of the
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Fig. 2. Micrographs (1 — optical, 2 — SEM) of steel samples: a) annealed (AD), b) normalized (ND)
¢) intercritically annealed and quenched (IQ), d) intercritically annealed, quenched and tempered (IT)

annealed sample, revealing the presence of ferrite (bright areas) and of pearlite (dark
areas). However, the structure of pearlite could be clearly seen in Fig. 2a2 at higher
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magnification. The ferrite grain size is observed to vary from 10 to 20 um. The vol-
ume fractions of ferrite and pearlite as observed from point counting method are 0.84
and 0.16, respectively. Figures 2bl and 2b2 show the normalized ferrite-fine pearlite mi-
crostructures examined under optical microscope and SEM at various magnifications. The
sample has bright areas of ferrite and dark areas of pearlite as observed at low magnifica-
tion, but the pearlite could be resolved at a higher magnification in most of the areas. The
volume fraction of pearlite is 0.21, as compared to 0.16 in the annealed sample. The ferrite
grain size is observed in the 612 um range, and is finer than that observed in the annealed
sample. The ferrite—martensite microstructures of the sample intercritically annealed at
840 °C and quenched in water is shown in Figs. 2c1 and 2¢2. Bright areas of ferrite and
dark areas of martensite are evident in Fig. 2c1 but at higher magnification a coarser lath
type of martensite could be observed inside the dark areas, Fig. 2¢2. The microhardnesses
of the dark and bright areas are found to be 552 VHN and 280 VHN, respectively (Ta-
ble 2) which correspond to the hardness of martensite and ferrite in DP steel of similar
composition [2]. The volume fractions of ferrite and martensite phases are 0.69 and 0.31,
respectively. However, in some of the reports on steel containing higher carbon percent-
age, the hardness of martensite phase reported is on the higher side [11, 12]. This indicates
that a complete transition of pearlite-austenite into martensite has not occurred, which is
also evident in microstructures. Figures 2d1 and 2d2 show ferrite-tempered martensite
microstructures of intercritically annealed and quenched samples followed by tempering at
640 °C for 2 h. It could be noticed that the volume fraction of dark etching martensite area
has reduced to about 0.20 compared to that observed in the quenched sample, as is shown
in Fig. 2¢1. The microstructure observed under SEM, as shown in Fig. 2d2, clearly reveals
tempered carbides in certain areas, but still there are some areas where one could observe
lath martensite.

3.2. Wear characteristics

The dependences of cumulative wear volume on the sliding distance under various
normal loads and at a fixed sliding velocity of 1 m/s are shown in Figs. 3a—d for an-
nealed (AD), normalized (ND), intercritically annealed and quenched (IQ), and inter-
critically annealed, quenched and tempered (IT) steels, respectively.

The cumulative wear volume loss with the sliding distance under different normal
loads of 2.5, 4.5 and 5.5 kg has demonstrated a sub-linear variation, with coefficients
of correlation exceeding 0.975 at all normal loads for all the steel samples. However,
the data can be analyzed on a linear scale using two separate stages of wear behaviour
characterized by two different linear segments. The change in slope has been observed
after first 4 to 7 experimental points (first stage run-in) with last point common be-
tween both the linear segments. Both the lines have been determined by the linear least
squares fit. The slope of the line gives the wear rate. The procedure followed helps to
establish the run-in period rate (first stage) separately from the long-term steady-state
rate (second stage).
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For AD steel, the first linear segment (run-in) is found to be steeper compared to
the second linear segment (steady state). A similar variation has been observed for
ND, IQ and IT steels, as shown in Figs. 3b—d, respectively. The two stage linear wear
trend has also been reported by other investigators [2, 10—-12, 22-26] in different
steels.
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Fig. 3. Dependence of volume loss on the sliding distance for: a) AD, b) ND,
¢) 1Q, d) IT steel specimen at various loads and a constant sliding velocity of 1 m/s

The wear rates of the samples at various loads have been determined from the
slopes of the linear segments of Figs. 3a—d. Wear rates for both the linear segments are
observed to increase almost linearly with load for all the heat-treated steel specimens,
as shown in Figs. 4a, b. The observed linear variation of wear rate with load is indica-
tive of Archard’s wear law [10]. At a given load, the second linear segment shows
a relatively lower wear rate compared to the first linear segment, for all the steel sam-
ples, as is evident from comparing Fig. 4a with 4b. Except for the load of 2.5 kg, the
wear rate increases in the following order: AD, IT, ND and IQ for both the linear seg-
ments as shown in Figs. 4a, b. At a normal load of 2.5 kg, the wear rate corresponding
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to first linear segment is relatively higher for ND steel compared to other steel speci-
mens, which have almost equal values of wear rate, as shown in Fig. 4a. The wear rate
corresponding to the second linear segment at a normal load of 2.5 kg is significantly
lower in AD steel compared to those observed in other steel specimens (Fig. 4b). The
steady state wear rate at a relatively lower load of 2.5 kg is almost similar in ND and
IT steels but slightly higher than in IQ steel (Fig. 4b). Therefore, in terms of wear rates
of both the segments ferrite—coarse pearlite structure is superior to ferrite—fine pearlite
at all the loads. The ferrite-tempered martensite structure results in lower wear rates
compared to the ferrite—martensite structure at higher loads of 4.5 and 5.5 kg. But, at
a lower load of 2.5 kg, the ferrite-martensite structure has slightly lower wear rate in
the second segment compared to the ferrite—tempered martensite structure, whereas in
the first segments both the specimens have almost equal wear rates. At higher loads of
4.5 and 5.5 kg, the ferrite-tempered martensite appears to have an even better struc-
ture than ferrite—fine pearlite, in terms of wear rates of both the segments.
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Fig. 4. Dependence of wear rate on load for heat-treated samples
corresponding to: a) first linear segment, b) second linear segment

The wear coefficients have been obtained at different loads for AD, ND, 1Q, and
IT steels and are reported in Table 3. The wear coefficients are calculated using Ar-
chard’s wear law

V= kWS
3H

where V is the volume loss in wear, W — the applied load, S — the sliding distance,
H — the bulk hardness and & — the wear coefficient of the material [10]. The wear coef-
ficients are estimated by dividing the wear rate (V7/S) by the contact area (W/H), esti-
mated from the applied load and indentation hardness, and multiplying the result by
the geometrical factor of three. The first linear segment is observed to have a higher
wear coefficient as compared to the second linear segment, for all the steel samples at
different loads. Similar observations have also been made by some of the earlier inves-
tigators [10—12] on different steels.
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Table 3. Wear coefficients corresponding to 1st (run-in) and 2nd (steady-state) segments

Linear | Wear coefficient (kx 107 at loads of Average
Sample segment kx107*

g 2.5kg 4.5kg 55kg |C )
Ist 1.176 0.898 0.853 0.976
Amnealed (AD) ond | 0451 0.409 0421 | 0.427
. Ist 1.545 1.174 1.149 1.289
Normalized (ND) oand | 0.752 0.590 0571 | 0.638
Intercritically annealed Ist 1.891 1.890 2.020 1.934
and quenched (IQ) 2nd 1.035 0.900 0.878 0.938
Intercritically annealed, Ist 1.560 1.344 1.316 1.407
quenched and tempered (IT) | 2nd 0.942 0.705 0.654 0.767

3.3. Nature of wear surface and debris

625

Figures 5 and 6 show the SEM micrographs of the worn surfaces of the AD and IT
steels, respectively, at different loads. The samples tested at low load of 2.5 kg are
observed to be smooth, except for a few deep grooves as shown in Figs. 5(a) and 6(a),
whereas at higher load of 5.5 kg worn surfaces are observed to have cracking, spalling,
and thicker oxide cover, as shown in Figs. 5b and 6b. Therefore, it appears that
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Fig. 6. SEM of worn surface of IT steel specimen tested at: a) 2.5 kg, b) 5.5 kg load
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more oxide is generated at higher loads due to higher frictional heating, which leads to
an increase in the temperature of the sliding surface. Glasscott et al. [23] in their study
have also observed that oxide debris are generated during the process of wear which
buildup progressively in the wear track as the contact pressure increases. During slid-
ing, more and more oxide is produced, the metal-metal contact is reduced, thus lower-
ing the wear rate, and leading to transition from severe to mild wear [9]. SEM micro-
graphs of the worn surfaces also reveal the presence of scoring marks and areas of
rough grooves in the direction of sliding. There are also a few craters seen in some
areas where metallic particles have come into debris due to micro-welding or delami-
nation, as shown in Fig. 5b. The adhesion effect is also visible at some places in Figs.
5b and 6b. In some samples, a flake-type morphological feature of the debris sticking
to the surfaces is observed. These types of features have also been reported by other
investigators [11, 27, 28]. The key features of all the tracks observed is that debris
were observed to adhere at the worn surfaces in each specimen.

The wear debris collected for short sliding distances corresponding to the first lin-
ear segment have been compared under SEM with those obtained at long sliding dis-
tances corresponding to the second linear segment. A detailed analysis of all the debris
collected for each sample corresponding to first and second linear segments have been
performed. The common feature of the analysis performed for all the steel samples at
each load corresponding to first linear segment indicates that oxidative wear is the
dominating factor, as is evident from Fig. 7. The morphological features of the debris
indicate that it is oxide in nature which is being formed in different stages, depending
upon the availability of oxygen content. The reason for formation of oxide is that the
surface gets exposed to atmosphere slowly as the load applied is relatively low.

Fig. 7. SEM of wear debris corresponding
to first linear segment for IQ steel specimen
tested at 4.5 kg

As the load increases (corresponding to second linear segment), the volume frac-
tion of the debris also increases. A detailed analysis of these wear debris have been
done. Since the nature of debris corresponds to metallic and oxidative wear, thus only
few micrographs have been presented for discussion (Figs. 8a—c). The samples tested
at higher load in annealed conditions exhibit the features corresponding to metallic as
well as oxidative wear (Fig. 8a). The flake type of morphology corresponds to metallic
wear, whereas the round, rugged and coagulated features correspond to oxides. The
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morphological features of the debris indicate that metal is removed from surface
which gets oxidized during ploughing in the course of sliding. The ploughing marks
are clearly visible on the surfaces of metallic debris (Fig. 8a).

X230 1g6wm WD3Y

Fig. 8. SEM of wear debris corresponding second
linear segment for steel specimens tested at 4.5
kg: a) AD steel, b) ND steel, c) IQ steel

Since annealed sample is very soft in nature, the metallic debris did not get oxi-
dized so easily because of higher thermal conductivity of the phases present in it. The
debris corresponding to normalized condition also indicates similar features (Fig. 8b).
The loss of material due to the wear indicates that metallic debris get oxidized during
sliding, as is evident from the micrograph shown in Fig. 8b. Fine cracks observed on
the metallic surface of the debris further support our view that metal firstly comes out
in the form of flakes, then it gets converted to oxides as the sliding distance increases.
An important feature observed for debris obtained from IQ samples is that metallic
wear dominates as compared to oxidative wear, as revealed from Fig. 8c. A typical
morphological feature observed is that during the sliding, the debris get fragmented
casily, leading to its transition to oxides at higher loads and higher sliding distances.
The round spherical features of debris observed in Fig. 8c, which are partially oxi-
dized, further supports this hypothesis. Since the loss of material in these steel samples
is greater in comparison with other steel samples, it is obvious that some phases get
easily detached from the matrix, as there is a vast difference between the coefficient of
thermal expansion of ferrite and that of the martensite phase, which provides a condu-
cive atmosphere for its easy detachment. At higher loads and higher sliding distances,
the temperature of the worn samples increases, which leads to a higher wear rate, be-
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cause of reasons stated above. The EDX analysis done for all these debris indicates the
presence of iron as a major constituent, which is shown in Figs. 9a—d.
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Fig. 9. EDX spectrum of wear debris for: a) AD steel tested at 3.5 kg load, b) ND steel tested
at 3.5 kg load, c) IT steel tested at 3.5 kg load, and d) IT steel tested at 5.5 kg load.

Since the morphological features of first linear segment were oxidative in nature
and those of second linear segments were primarily metallic in nature, it requires
a further confirmation through X-ray diffraction (XRD) analysis. For this purpose, the
debris obtained for different steel samples corresponding to first linear segment and
second linear segment were separately mixed in a proper way and subject to XRD as
presented in Figs. 10a, b for the first and second linear segments, respectively. The
analysis indicates that all possible iron oxides (i.e., Fe,Os3, FeO and Fe;0,) are present
in debris corresponding to both the segments. Peaks of Fe were also observed in X-ray
diffraction pattern.

The consistently higher rate of wear in the first linear segment as compared to that
observed in the second linear segment, as shown in Figs. 4a, b, may be explained
based on the initial surface roughness of the wearing steel samples. The surfaces of all
the engineering components always possess some amount of roughness and have as-
perities. When a pair of these kinds of fresh surfaces is brought into contact and starts
sliding relative to each other, mechanical, chemical, thermal and micro-structural
changes begin to occur in and around the contact interface [29]. Due to contact at the
asperities, the surfaces evolve to attain better conformity to each other at the end of the
run-in stage. The wear in this stage occurs by the removal of high asperities, initial
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oxide layers and surface contaminants. Consequently, the material loss and the wear
rate are higher in the run-in stage of the wear. In the run-in stage, the oxidation of the
surface begins and progresses with frictional heating generated during sliding. The
transfer layer of oxide may thus begin to form in the run-in stage and evolves to the
steady state, providing an extent of cover determined by the conditions of load, sliding
velocity and environmental conditions. The transfer layer protects the underlying
metal, and thus the wear rate decreases. The second stage of wear indicates a steady
state with respect to (i) the evolution of mating surfaces to better conformity, (ii) the
spread of oxide and compacted transfer layer, and (iii) the real area of contact [12].
Sawa and Rigney [5] have also noticed a lower wear rate for DP steels in the steady
state as compared to that in the run-in stage.
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Fig. 10. X-ray diffraction of wear debris of steel samples corresponding to:
a) first linear segment, b) second linear segment

Based on the wear coefficient of both segments, the ferrite—coarse pearlite micro-
structure has the lowest wear coefficient and it increases in the following order: fer-
rite—fine pearlite, ferrite—tempered martensite and ferrite—martensite. From these re-
sults it appears that relatively coarser cementite plates in coarse pearlite are able to
hold out better against sliding wear than the fine cementite plates in fine pearlite. The
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masking of fine cementite plates by flow of ferrite could be a contributing factor to
increased wear. Fine carbide particles in ferrite-tempere martensite structure are not
able to hold out as well as fine cementite plates in fine pearlite. Ferrite-martensite
structure appears to be the worst out of all the structures investigated. In spite of its
greater hardness, its higher overall adhesion energy may have resulted in its higher
wear, as it does not have any carbide in the structure.

The presence of a coarser cementite and cementite plates, as observed in AD and
ND steels, rather than particles in IT steel, appears to contribute more wear resistance.
The superiority of pearlitic structure over tempered martensitic structure, as observed
in this investigation, is well supported by the earlier studies [6—8, 10, 30]. Though,
some of the reports mention that higher volume fraction of martensite provides better
wear resistance, they do not consider other structural features existing in the system
[12, 14]. However, our study further strengthens our previous work carried out on
steel with high carbon content [10]. Both the studies, namely the earlier work [10] as
well as the present work, are on similar lines and exhibit better understanding with
detailed analysis of structural features observed.

4. Conclusions

The present study carried out to determine the influence of microstructure and the
morphology of phases in heat treated 0.13 wt. % carbon steel on the dry sliding behav-
iour against the counter-face of hardened steel has led to the following conclusions:

The volume loss in wear increases with sliding distance and could be described in
terms of two linear segments. The wear rate in the first linear segment is higher than
that in the second linear segment, which has been attributed to the run-in period in the
first segment and progressive development of oxide cover in the second linear seg-
ment. The wear rate in both the linear segments increases with load, which is indica-
tive of Archard’s wear law.

The mechanism of wear is primarily oxidative, as revealed the analysis of worn
surfaces and wear debris. In terms of wear rates of the both segments, ferrite—coarse
pearlite structure is superior to ferrite—fine pearlite structure at all the loads. The fer-
rite—tempered martensite structure results in lower wear rates in both segments com-
pared to ferrite—martensite structure, except at a lower load of 2.5 kg.

Based on the wear coefficients in the first and the second linear segments, the ferrite—
coarse pearlite, ferrite—fine pearlite, ferrite—tempered martensite and ferrite—martensite
structures in 0.13 wt. % carbon steel show the wear resistance in decreasing order.
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