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This paper deals with the production of Deep Cryogenically Chilled (DCC) ASTM A216 WCB steel (plane
carbon group) having 0.5% chromium, subject to different chilling rates to study the effect of chilling on
microstructure and mechanical properties. In this investigation, metallic, nonmetallic and subzero chills
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(one each) were used. The specimens taken from casting were tested for their strength, hardness and
wear behavior. Results of the investigation reveal that chilling rate and addition of chromium (0.5%) has
improved both mechanical properties (strength and hardness) and wear resistance of the steel developed.
Out of all the chills, subzero chill is found to be good in improving mechanical properties because of its
high volumetric heat capacity (VHC). It is concluded from the above investigation that type of chill and

on m
eat capacity
etallography

chilling rate has an effect

. Introduction

Steel is a material known for its strength and ductility. The com-
ination of strength and ductility adds to give steel greater values
f toughness and resistance to shock. It is well known that, proper-
ies of steel can be controlled by controlling its composition or by
eat treatment.

In a study on effect of high rate heat transfer during solidifi-
ation of alloyed cast iron using water-cooled and subzero chills
n mechanical behavior [1] it is concluded that number of eutectic
ells was significantly larger in the case of chilled cast iron than that
btained in the case of cast iron cast without a chill. Eutectic cell
ount was shown to be a major factor that affects ultimate tensile
trength and fracture toughness. In another study on microstruc-
ure of cryogenically treated M2 tool steel [2] it is reported that,
ryogenic treatment facilitate the formation of carbon clustering
nd subsequent heat treatment improves the wear resistance of
teel.

Collins and Dormer [3] has studied the effect of Deep Cryo-
enically Treated (DCT) D2 cold work tool steel and found that,
CT steels give lowest wear rate compared to conventionally heat
reated steels. Barron [4] conducted some preliminary tests to
etermine the effect of cryogenic treatment on lathe tools, end
ills and found that there is an increase in tool life from 25% to

5% when soaked in liquid nitrogen for 12 h. Meng and Tagashira

∗ Fax: +91 816 2245777.
E-mail address: joelhemanth@hotmail.com.

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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echanical properties.
© 2010 Elsevier B.V. All rights reserved.

[5] studied the wear resistance of Fe–12Cr–Mo–V–1.4C tool steel
both with and without cryogenic treatment. Their study reveals
that, conventionally heat treated and cryogenically treated speci-
mens showed smaller wear volume at all sliding distances. Bensely
et al. [6] made comparative study on wear resistance improvement
of DCT and Shallow Cryogenic Treatment (SCT) using pin-on-disc
wear tester. They found that, although the hardness value between
the SCT and DCT samples are the same, wear resistance of DCT
samples are high compared with SCT samples, which is due to
precipitation and finer distribution of carbides. In a study on wear
and corrosion wear of medium carbon steel it was found that, the
samples showed smaller weight loss and lower friction coefficient
in the presence of corrosive environment [7]. In another investi-
gation it was shown that, wear resistance improved dramatically
through thermo-mechanical treatment due to elimination of poros-
ity [8]. It was also demonstrated in other research that, wear rate
is largest in the as cast form having highest weight loss [9]. Hence
in the present investigation, cryo-chilling route during solidifica-
tion, followed by aging is adopted to eliminate microporosity and
to improve mechanical properties [10,11].

1.1. Relevance of the present research

The objective of the present research is to examine the effect

of microalloying (0.5% Cr) on the microstructure and mechanical
properties of chilled ASTM A216 WCB steel which belong to plain
carbon group. These steels are widely used in the production of
valves, flanges, motor casing, rollers for crushing ores and fittings
for high temperature service. So for no work has been done on

dx.doi.org/10.1016/j.jallcom.2010.07.036
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. Experimental setup fo

ryogenically treated steel during solidification on A216 WCB steel.
ence the present work is under taken to fill the void.

. Experimental procedure

.1. Molding, melting and casting

In the present research, metallic, nonmetallic and subzero copper end chills
ere used to get test castings. These end chills were fabricated to required size

nd set in CO2 sand molds (AFS standard size 225 mm × 150 mm × 25 mm) with
rrangements made to circulate liquid nitrogen (for cryo-effect) at −90 ◦C (Fig. 1).
ircon sand coating was applied to mold to get good surface finish as well to avoid
using of sand.

Chills used:

. Subzero copper chill

. Metallic chill (copper)

. Nonmetallic chill (graphite)

Steel alloy having the composition of ASTM A216, WCB grade with 0.5% Cr addi-
ion was melted in an induction furnace. The melt was superheated to 1640 ◦C and
s taken into a preheated ladle containing calcium silicide (which acts as deoxi-
izing agent) during pouring. Finally, the treated molten metal was poured into the
old (at 1625 ◦C) containing different end chills. After solidification all the test cast-

ngs were heat treated (aging) for 5 h and finally these castings were cleaned and
ut to prepare specimens. The chemical composition of steel used in the present
nvestigation is as shown in Table 1.

.2. Testing

.2.1. Tensile and hardness tests
Tension tests were conducted at ambient temperature on computerized univer-

al testing machine of 60 ton capacity in the load range of 0–600 kN. The specimens
or mechanical tests were selected at three different locations along the length of
he casting (at 15, 110 and 210 mm from chill end) and were prepared according to
FS standards. Rockwell hardness (HRB) for the sample was measured using ZWICK-
oll ZHR hardness tester with a load of 100 kg-f using ball indenter of size 1/16 inch
n diameter. The values reported in both of these tests are the average of three
epetitions on the same sample at the same location.

.2.2. Sliding wear test
Wear test for the samples are conducted using pin-on-disc computerized

DUCOM make) wear testing machine. The specimen is a pin of size 6 mm in diam-

able 1
hemical composition of ASTM A216 WCB steel (wt.%).

Element C Si Mn P

Composition 0.235 0.351 0.994 0.034
uction of cryo-chilled steels.

eter and 25 mm long where as the disc is of alloy steel having hardness of HRC 62.
Before the test the surface of the pin was cleaned with acetone and volume loss
method (LVDT attached to the specimen used to measure change in length) was
adopted to ascertain wear loss. Test was carried out by applying normal load on pin
from 10 to 30 N in steps of 10 N at different disc speeds.

2.2.3. Metallographic examination
The specimens for microstructural studies were polished according to metal-

lurgical standards and fine polishing was done using alumina powder and diamond
paste. The specimens were etched with 3% Nital to evolve grain boundaries.
Microstructural studies were done using Olympus optical metallurgical microscope.
SEM is used to study the worn surface as well as the wear morphology of the worn
surface.

3. Results and discussions

3.1. Mechanical properties (strength and hardness)

Results of mechanical tests (strength and hardness) are shown
in Figs. 2 and 3. It is seen from these figures that strength and hard-
ness both decrease along the length of the casting from chill end
to the riser end. It is observed from Figs. 2 and 3 that strength and
hardness of WCB steel cast with subzero chill is found to be superior
compared to steel cast using other type of chills. Improvement in
strength and hardness in the case of subzero chilling is because of
high volumetric heat capacity (VHC) of the chill. This has resulted in
carbide formation in fine pearlitic matrix (see Fig. 5a) during solid-
ification. It is finally observed that addition of chromium (0.5%) to
base WCB steel and cryo-chilling increases strength by 20 N/mm2

and hardness by 4 HRB near the chill end as compared with un-
chilled steel.

Fig. 4a and b shows SEM fractographs of subzero chilled and
un-chilled steel specimens failed in tension testing. It is seen from

the fractographs that subzero chilled steel has fine grain structure
with large dimples as compared with un-chilled steel which has
shallow dimples. It is also observed that the mode of fracture has
changed from moderately ductile (un-chilled) to cleavage in the
case of subzero chilled WCB steel.

S Cr Mo Ni Fe

0.012 0.234 <0.001 0.014 Balance
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Fig. 2. Ultimate tensile strength of different steels along the length of the casting.

Fig. 3. Hardness (HRB) of different steels along the length of the casting.

Fig. 4. Fractured surface of specimens failed in tension.
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3.2. Microstructural observation

3.2.1. Solidification pattern
Fig. 5a–d shows microstructure of WCB steel cast using different

chills, Fig. 5e and f shows eutectic cell count (at low magnifica-
tion, 50×) and Fig. 5g and h shows dendrite arm spacing (DAS) of
un-chilled and subzero chilled steel. The differences in associated
graphite, its randomness, length and matrix structure (as shown in
Fig. 5a–d) for the various steels cast were analyzed and correlated
to the temperature of eutectic formation. Faster cooling pro-
duces fine, highly oriented dendrites, while slow cooling produces
large, coarse dendrites. Solidification over a temperature range is
the primary requirement for dendrite growth. Primary austenite
dendrites readily grow from the liquidus down to the eutectic tem-
perature. Growth of dendrites may also continue concurrently with
the eutectic as the temperature decreases through eutectic range to
the solidus. Thus, under-cooling in case of liquid–nitrogen-cooled
(subzero chilled) steel may lead to longer dendrites and higher
interaction. Hence, the eutectic cells solidify around these austenite
dendrites and in this manner the entire microstructure is affected
by the number and size of the dendrites.

Therefore the general picture of solidification of un-chilled steel
and chilled steel (metallic, nonmetallic and subzero chilled) with
various eutectic cells, dendrite arm spacing, graphite shapes and
matrix structures (as shown in Fig. 5a–h) can be summarized as
follows: the solidification of WCB steel resulting from sand casting
without a chill starts from a small number of nuclei as compared
with chilled steels, a phenomenon indicated by eutectic cell count
(see Fig. 5e and f). Since the growth condition in the liquid are favor-
able, these nuclei start growing as soon as temperature below the
equilibrium temperature in case of sand cast steel (un-chilled) and
with maximum under-cooling in the cases of chilled steel, whether
metallic or subzero chilled.

3.2.2. Pearlitic content
From the microstructural observations, it can be seen that there

exists a straight forward relationship between pearlite content and
eutectic cell for the various specimens cast using different type
of chills. It is noteworthy that steel cast using subzero chill and
metallic chill (cu) contain cementite in fine pearlite matrix whereas
un-chilled steel and steel cast using nonmetallic chill (graphite)
contain ferrite in coarse pearlite matrix (Fig. 5a–d).

3.2.3. Dendrite formation
Results of the investigation indicate that the minimum eutec-

tic temperature can be used as a measure of under-cooling that
reflects DAS (Fig. 5g and h), the number of cells (Fig. 5e and f) pre-
cipitated and the chilling tendency of the steel. Higher dendritic
interaction areas in the case of chilled steels reflect the interweav-
ing of dendrite through eutectic cells that effectively tie the eutectic
cells together. Since dendrites are formed from primary austenite,
they have a higher tensile strength than eutectic carbon. Here, due
to chilling, dendrites directly form from austenite and do not con-
tain flake carbon. Instead they contain carbides (cementite) in the
pearlite matrix as shown in Fig. 5a–d.

3.2.4. Effect of microalloying (0.5% Cr) on microstructure
Fig. 5a–c shows the microstructure of subzero, metallic and non-

metallic chilled ASTM A216 WCB steels containing 0.5% Cr. From
these figures it is observed that there is excess carbide formation
(nearly 20%) in pearlitic matrix for subzero chilled steel as com-

pared with metallic and nonmetallic chilled steels. Such carbide
formation in pearlitic matrix contributes a lot for enhancement in
mechanical properties and wear resistance.

Research findings by Meng and Tagashira [5] on steel contain-
ing 12% Cr (without chilling) showed nearly 18% carbide formation
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Fig. 5. Microstructure (a–d), eutectic cell (e and f

n peralitic matrix. This shows that microalloying (with 0.5% Cr)
he cryo-treated steel has almost the same effect as that of high Cr
teels.

.3. Wear

.3.1. Friction and wear

Fig. 6 shows the variation in volume loss of the WCB steel as a

unction of sliding distance tested at a load of 30 N. At the lowest
oad (10 N, fig. not shown) in mild wear regime with a high coeffi-
ient of friction is always found for all the chilled steels tested. At
igher loads (30 N), the chilled steels exhibited severe wear with a
endrite arm spacing (g and h) of different steels.

better wear resistance than the un-chilled steel. Un-chilled and the
nonmetallic chilled steels, tested at all loads underwent large vol-
ume loss during the early stages of the test. After sliding for some
distance, the volume loss increased approximately linear with slid-
ing distance. The sliding distance for transition from severe to mild
wear could be identified by two factors: firstly, by abrupt and steep
reduction in the frictional force, and secondly, by change in the

magnitude of displacement of pin specimen [12]. Based on these
measurements, the wear curves are characterized by two distinct
lines of different slopes, which correspond to severe and mild wear
conditions. Steel, cast under subzero condition showed steady state
mild wear from the beginning of the test. At no point during the
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ig. 6. Plot of volume loss vs. sliding distance for various chilled steels tested under
load of 30 N.

ests, severe wear was noticed. It is also observed that, the sliding
istance and volume loss in the severe wear regime decreases with
n increase the chilling rate. Therefore, in the case of steels cast
nder subzero condition, severe wear did not occur at all. The wear
ate in the wear regime is calculated by dividing the volume loss
y the sliding distance. In the severe wear regime, wear rates of
teels decrease with increasing the chilling rate. The transition to
ower wear rates (mild wear regime) is accelerated with increasing
n heat capacity of the chill. It is obvious that chilling effectively
revents the time/distance required for transition from severe to
ild wear.
The mean steady state values of the coefficient of friction (�) as

function of sliding speed tested at a load of 30 N is reported in
ig. 7 for both the un-chilled and the chilled steels. At the lowest
pplied load of 10 N (fig. not shown) and at the lowest sliding speed
f 0.3 m/s a very high coefficient of friction about 1.0 was mea-
ured for the un-chilled steel in the mild wear regime and for the
hilled steels it is reduced to around 0.76. At intermediate sliding
peed (1.2 m/s) the coefficient of friction decreases in the mild wear
egime and finally at higher sliding speeds (1.8 m/s) all the steels
isplayed the same frictional behavior with coefficient of friction

alue around 0.55. With an applied load of 20 N (fig. not shown)
nd at the lowest sliding speed a high coefficient of friction of 0.92
as measured for the un-chilled steel in the mild wear regime,
hereas for the chilled steels it is decreased to 0.7–0.87. At the
ighest applied load of 30 N and at the lowest sliding speed a high

ig. 7. Plot of coefficient of friction vs. sliding distance for various chilled steels
ested under a load of 30 N.
Fig. 8. SEM photograph showing the cross-section parallel to the sliding direction
for sun zero chilled steel in the severe wear regime.

coefficient of friction of 0.9 was measured for the un-chilled steel
which displayed a mild wear regime, whereas the chilled steels at
the same sliding speed was decreased down to 0.6–0.8 as shown
in Fig. 7. At intermediate sliding speed the trend is that, a high
coefficient of friction was measured in the mild wear regime and
decrease to lower values of 0.35–0.5. At the highest sliding speed
all the chilled steels displayed the same frictional behavior with
a lower value of coefficient of friction around 0.55 independently
from the applied load the wear regime.

3.3.2. Effect of chilling on severe wear
Subzero chilling changes the microstructure of an un-chilled

steel (ferrite in coarse pearlitic matrix to cementite in fine pearlitic
matrix) and thus affects wear behavior. The observation made using
optical microscope (Fig. 8) clearly reveals cementite contained in
fine pearlite matrix is accompanied by the deformation and hence
the microcracks. The depths of the deformation zone where the
cementite is deformed, was measured in order to obtain the depth
of the plough region. These depths were found to be 49 �m for
un-chilled steel and 24 �m for cryogenically chilled steel. It is also
observed that the depth of the deformation zone decreases with
increasing the VHC of the chill. Further, the cracks propagate in the
subsurface as a result of adhesion and deformation. In the beginning
of the wear test, the plastic flow of the ferrite for steel cast using
graphite chill, is appreciable and thus causes severe wear. But in
the case of chilled steels, the formation of a hard surface consist-
ing of carbides in pearlitic matrix helps in preventing adhesion. As
a result, transition from severe to mild wear occurs and hence the
wear rate was reduced as a result of removal of wear debris at lower
wear rate. For steels cast using Cu and subzero chills, the deforma-
tion is prevented because of the beneficial effects of the grain size.
Therefore it is considered that severe wear caused by the adhesion
disappears with increasing the chilling rate.

3.3.3. Effect chilling on mild wear
Fig. 9a–d shows SEM photograph of the worn surfaces of the

un-chilled and chilled steels (cast using different chills) in the mild
wear regime. It is observed that for the steel cast using graphite
chill, worn surface is completely smooth and flat and contained
wear tracks in the direction of sliding. In addition, the signature
of plastic flow was not at all observed in the subsurface. In con-
trast, the worn surface of WCB steel cast using cu chill is found to
be rough. Microscopic examination of the subsurface shows frag-
mentation and uniform dispersion of the entire worn surface and,
as a result, plastic flow was very limited. Further, in the case of

subzero steel the surface was found to be very rough with a char-
acteristic brittle fracture and the subsurface region consisted of
fragments of crushed carbide (indicated by an arrow in Fig. 9d).
This shows that mild wear is dominated in steels cast using copper
and subzero chills. A very thin tribo-induced layer was formed on
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the material. The cutting efficiency of the disc particles increases
with an increase in the applied load. As a result, more material
was removed at higher loads and hence the wear rate increases
with an applied load. The depth and width of cutting grooves also
ig. 9. SEM photomicrograph of worn surface of various steels in the mild wear re
hilled steel.

he entire surface and, in addition some carbide is projected onto
he surface. The lengths of the crushed carbides were measured
or more than 10 fragments on the several cross-sectional micro-
raphs. The mean length was found to be 8 �m (ranging from 4.5
o 12 �m) for subzero chilled steels. From these detailed observa-
ions, it becomes obvious that the carbides present were crushed
nto small fragments and a thin layer was formed on the smooth
urface containing wear tracks confirming abrasive wear in the mild
ear regime.

.3.4. Modes of wear mechanism
Wear mechanism of the present investigation is suggested by

wo modes. Mode-1 refers to adhesive wear (severe wear) and is
redominant in the un-chilled steel and also in steel cast using
raphite chill at higher loads. This type of wear disappears as the
ate of chilling increases. On the other hand, Mode-2, which is
ssentially abrasive wear (mild wear) as result of embedded hard
arbide particles in steels exposed on the worn surface and the loose
ragments between two surfaces, dominates in steels cast using
hills of high VHC (copper and subzero chilled steels).

SEM examination reveals that the worn surface of the chilled
teel consist of both hardened and deformation layers. The struc-
ure of the hardened layer consists mainly of the fragmented
arbide phase. The depth of this layer depends on the applied
oad and is in the vicinity of 10–40 �m. However, the depth of the
ardened layer in the steel is markedly reduced by increasing the
hilling rate. Moreover, the hardness value of the hardened layer in
he chilled steel was considerably higher than that of the un-chilled
teel. Fig. 10a and b shows the wear mechanism of chilled steel
nder mild wear conditions. Because of limited plastic deformation

n the mild wear regime of subzero chilled steel the microstructural
tudies reveal that, the fragmentation of the carbide appears as brit-
le fracture and in the case of un-chilled steel the plastic flow is due
o deformation of ferrite.
.3.5. Relationship between load, microstructure and wear
In the two-body abrasion, the major portion of the load applied

uring testing is transferred to the specimen and the wear of the
aterial took place under high stress condition [13]. This is sup-
(a) Un-chilled steel. (b) Graphite chilled steel. (c) Copper chilled steel. (d) Subzero

ported by the experimental results, as evident by the increase in
transition load from severe to mild wear with the chilling rate [14].
These explanations are in line with earlier reports of Moustafa [15]
that have shown an increase in the load for transition from mild to
severe wear.

The hard carbide particles in chilled steel act as protuberances
in the peralitic matrix and bear the major portion of load and as a
consequence, protect steel from wear. This leads to the reduction of
wear rate of chilled steel due to reinforcement of carbide particles
in the pearlitic matrix of chilled steel. The wear rate is significantly
dependent on the applied load, microstructure and hardness of
Fig. 10. Schematic diagram showing (a) wear mechanism of chilled steel indicating
alignment and redistribution of carbide phase in the deformation zone (D) leading
to the formation of a hardened surface layer (H) and (b) fragmentation of carbide
under mild wear condition for subzero chilled steel.
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epends on the hardness of the material [16]. The hardness of the
n-chilled steel is lower than that of the chilled steels and hence,
he wear rate of chilled steels becomes lower than that of the un-
hilled steel. Since the chances of fracturing of carbide particles in
he pearlitic matrix are less in the case of chilled steels, leads to a
igher wear resistance of the cryogenically chilled steels even in
igh load regime. As a result, the removal of a material vis-à-vis
he wear rate of the material is governed by deformation parame-
ers, microstructure and hardness. Thus by increasing the strength
nd hardness between pearlitic matrix and the carbide particles
effect of chilling), the cutting efficiency of the hard disc particles
s reduced.

.3.6. Relationship between hardness and wear
It is well known that the wear rate of the material decreases with

ardness irrespective of the applied load. SEM studies of the chilled
teels tested at different loads reveal that, at lower load (10 N), the
ariation of wear rate with hardness is marginal, but at higher load
30 N) considerable wear with hardness was noted. At lower load,

ainly cutting type wear takes place and the subsurface deforma-
ion is negligible [17]. The carbide particles remain intact within the
earlitic matrix and protect the specimen surface more effectively.
hus, at lower load, the surface deformation behavior is negligible.
t higher load, both cutting and ploughing types of mechanisms are
perating and the subsurface deformation becomes considerably
igh. Because of subsurface deformation, transverse and longitu-
inal cracks are generated on the wear surface [18]. Subsequently,
ecause of cold working, the subsurface is also work hardened [19].
he subsurface deformation is governed by the mechanical prop-
rties such as hardness, ductility and strength, which are again
nfluenced by the microstructure and distribution of hard carbide
articles. These may cause considerable reduction in the wear rate
ith an increase in hardness and strength when tests are con-

ucted at higher applied load. The subsurface deformation of the
n-chilled steel may vary because of different matrix microstruc-
ure and mechanical properties. In addition to initial hardness of the
hilled steel, after a few cycles of motion of the sample against the
brasive media, the hardness of the wear surface of different sam-

ig. 12. SEM photomicrograph wear debris of various steels in the mild wear regime. (
hilled steel.
Fig. 11. SEM photomicrograph of subsurface deformation of cryo-chilled steel
showing deformed region depicting the fragmentation of carbide particles in the
severe wear regime.

ples increases. Apart from this, since the carbide particles are very
fine (Fig. 5) and they may have the tendency to break into small par-
ticles and spread over the wear surface thus protecting the pearlitic
matrix from severe wear. Fig. 11 shows the photomicrograph of
fragmented carbide particles in the subsurface region for subzero
chilled steel in severe wear regime. This includes higher hardness
of the surface of the chilled samples than their bulk hardness dur-
ing testing. This in turn results in a significantly lower wear rate in
the chilled steels as compared as compared to the un-chilled steel
and chilled steels at higher applied loads. The cracking and removal
of flaky materials and work hardening of the subsurface take place
simultaneously over the specimen surface. The overall wear rate of
the material would depend on the cutting action and work hard-
ening rate of the chilled steels may be higher and it increases with
an increase in hardness. Apart from this, the possibility of fracture

and fragmentation of carbide particles may be low in chilled steels
because of the strong and hard carbides in the pearlitic matrix due
to the effect of cryo-chilling. In fact the wear characteristics of the
chilled steels are governed by the interaction of their chilling effect
and hardness.

a) Un-chilled steel. (b) Graphite chilled steel. (c) Copper chilled steel. (d) Subzero
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ig. 13. Plot showing the sizes of wear debris (in �m) and carbide fragments.

.3.7. Worn surfaces and wear debris
Wear debris generated during the mild wear regime was col-

ected after the end of the wear test and examined under the
icroscope. SEM photographs of typical wear debris (marked

nside the block) are shown in Fig. 12a–d. The shape of the wear
ebris is mostly large and irregular in the case of the un-chilled steel
nd in case of chilled steels it was few and fine. From the observa-
ions of the worn surfaces and subsurfaces of chilled steels, it is clear
hat the generation and removal of wear debris is affected by the
ragmentation of carbide particles. From SEM studies, it is recog-
ized that carbide particles in wear debris were small and irregular

n shape with sharp edges. The mean size of wear debris and the
arbide fragments as a function of volume fraction is shown in
ig. 13. It is observed from the results that the size of the wear debris
ecreases where as the carbide fragments remain more or less the
ame with increase in volume fraction of carbides. The reason for
ecrease in the size of the debris is as follows. Under compression,
brittle body is made smaller by crack propagation until a critical

ize and also due to nonattachment of it to the pearlitic matrix of
he material. But the particles below this size are deforming slightly
ather than rapid cracking.

Under the mild wear conditions, in particular at the lowest load
10 N), the worn surfaces of the tested chilled steels were charac-
erized by the presence of an oxide compact layer (about 20 �m)
omprised of iron oxide. The presence of iron oxide is due to the
brasive action of the pin on the steel counter face. Wear debris col-
ected under conditions were in the form of very fine and rounded
articles. XRD and EDS analysis indicated (not shown) that they
ere mainly comprised of Fe2O3. On the contrary, the microstruc-

ural observation reveals rough worn surfaces with grooves along
he sliding direction were observed in the severe wear regime. They
ere metallic in appearance, with some dark zones comprised of a
echanical mixed layer [20] containing metallic iron, iron oxides

nd carbide fragments as confirmed by EDS and XRD analyses.
ccording to Zhang and Alpas [21] in the mild wear regime, always
bserved at the lowest applied load (10 N), the worn surfaces of
oth the un-chilled steel and the chilled steels were characterized
y the presence of a protective iron oxide rich transfer layer, sug-
esting that a material transfer process is active. Wear proceeded by
palling of this layer, producing fine and rounded oxide debris. The
resence of carbide particles in chilled steels act as a load bearing
hase, limiting plastic flow and wear of the matrix. But at the same
ime plough into the steel abrasive wheel produces debris. These

re continuously oxidized during sliding and transferred onto the
ounter facing sliding surfaces.

Longitudinal cross-sections of the wear scars also analyzed by
M and SEM to characterize the subsurface deformation and to
xplain the superior wear resistance of the chilled steel with respect

[
[
[
[
[
[
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to the un-chilled steel. Microhardness tests on the longitudinal
cross-sections of the same samples as a function of depth beneath
the worn surfaces were carried out in order to evaluate the depth of
the affected zone. In the subzero chilled steel with maximum car-
bide content, two layers were found under the very hard and brittle
layer (hardness about 380 HV): a first soft layer (about 150 �m)
whose hardness is about 210 HV and a second hardened layer
(about 50 �m) with a hardness about 310 HV. These results are in
agreement with those obtained by Venkataraman et al. [19], who
also observed a soft layer wherein the flow stress decreases with
increasing shear strain, followed by a hardening layer, wherein the
flow stress increases with increasing strain. The authors related
the presence of the soft layer to the formation of ferrite at the
coarse pearlite matrix and such ferrite prevent efficient transfer
of load from the pearlitic matrix and thus lower the strength of
the chilled steels. Conversely, a slight strain-hardening in the shear
zone (depth about 250 �m) just beneath the soft layer was found,
that the plastic deformation occurred at a higher depth, while the
presence of the soft layer was not found.

4. Conclusions

In this research, characterization of wear behavior of different
chilled WCB steels including deep cryo-chilled steels cast using high
rate heat transfer technique during solidification was studied. The
results can be summarized as follows:

1. Microstructure of the chilled steels is finer than that of the un-
chilled steel with random orientation of carbide particles in
pearlite matrix.

2. Strength, hardness and wear resistance of the chilled steels are
superior to those of the un-chilled steel. It was found that these
properties increase with an increase in carbide particles in fine
pearlite matrix.

3. At lower load, chilled steels exhibited mild wear regime with
high coefficient of friction and at higher loads they exhibited
severe wear with better wear resistance than the un-chilled
steel.

4. Size of the wear debris decreases because of rapid crack propa-
gation of a brittle body under compression where as the size of
the carbide fragmentation remain approximately the same.

5. Rate of chilling is identified as an important parameter
that affects microstructure and mechanical behavior of WCB
steel.
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