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Hardfacing, a surface modification technique, is used to rebuild the surface of a workpiece. The economic
success of the process depends on selective application of hardfacing material and its chemical composition
for a particular application. In this context, three hardfacing electrodes having different chemical composi-
tions have been selected and their abrasive wear responses was compared with that of mild steel. The
emphasis has been made to realize the effect of microstructure and chemical composition on the wear
response of the hardfacing material with respect to mild steel. It has been observed that the wear rate of
hardfacing alloys is lower than that of mild steel. The hardfacing alloy having the highest chromium
content exhibits the lowest wear rate.

of mild steel and overlaying materials is reported in Table 1.Keywords hardfacing materials, HVOF spraying, surface
This table also includes the hardness of these materials. Theengineering, tribology, wear
materials have been given their respective code names as
reported in Table 1. In the following sections, these code names1. Introduction
will be used for discussion.

Among the surface modification techniques used in engi-
neering applications, hardfacing probably is the most common 2.2 Hardfacing Technique
one to improve the wear resistance of the components.[1–8]

In the present investigation, hardfacing was performed by theHardfacing primarily involves deposition of a hard, wear-resis-
open arc welding technique. In this process, an arc is establishedtant material to the specific areas of the surface of the compo-
between the hardfacing electrode and workpiece (substrate).nents by any of the techniques such as welding, thermal
The workpiece is made of mild steel. The arc is moved alongspraying, high velocity oxy-fuel (HVOF) spraying, plasma
the substrate with subsequent melting and fusing of the metalspraying, etc. A number of hardfacing materials are available,
(workpiece and electrode). The molten electrode is depositedand the proper choice has to be made depending on the alloy
over the fused substrate. Since the arc is the hottest source ofchemistry, area of application, and the cost factor.[8,9] Agricul-
heat and the molten electrode is deposited over the fused (par-tural and mining implements are subjected to extensive wear
tially melted) metal substrate, this results in fusion as well asdue to abrasion, erosion, and impact, and, hence, hardfacing
diffusion bonding between workpieces and hardfacing material.may be employed on the surface of these implements for
A weld deposit up to 1 to 2 mm thickness has been made onimproving the life of such components. Hardfacing can even
the substrate for each composition of overlaying materials.be employed in used components to restore the life of such
This thickness is achieved by depositing electrode materials incomponents. In the present investigation, hardfacing materials
number of passes where the desired thickness is not achievedof three different compositions have been selected for overlay-
in single pass.ing of the soil-engaging part of agricultural implements that

are generally made of mild steel. As these components are
subjected to abrasive wear against the soil, the present investiga- 2.3 Specimen Preparation
tion also aims to assess the high-stress abrasive wear of three
hardfacing alloys as compared to that of the mild steel. To Specimens have been prepared for a high-stress abrasion
understand the wear mechanism, the wear surfaces were exam- test as well as for microstructural observations. Specimens for
ined under a scanning electron microscope (SEM). the high-stress abrasive wear test of all these types of overlaying

material and mild steel are 40 3 35 3 4 mm. The specimens
of specific size have been cut and subsequently ground and2. Experimental Procedure
polished to obtain a smooth surface from either side for good
contact with abrasive media during wear testing. The specimens2.1 Material Composition and Hardness
having the size of 4 3 6 3 6 mm of overlaying material and

Overlaying material of three different chemical compositions
mild steel substrate for their microstructural observation have

and mild steel were used in this present study. The composition
been prepared by cutting the material from the weld pool. The
specimens were metallographically polished and etched (with
3% nital solution) before examination under an optical micro-Sanjay Kumar, D.P. Mondal, and A.K. Jha, Regional Research Labo-
scope. The worn surfaces of the specimen were also preparedratory (CSIR), Bhopal-462 026, India. Contact e-mail: root@

rrlbpl.mp.nic.in. by cutting the specimen of the size of 6 3 6 3 4 mm from
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Fig. 2 Microstructure of mild steel

Fig. 1 Schematic diagram of suga abrasion tester

Table 1 Chemical composition and hardness of mild
steel and hardfacing materials

Compositions (wt.%)Solution Hardness
number Material (Hv) C Mn Si Cr Mo Fe

Fig. 3 Microstructure of hardfacing material of composition 1

1 Mild steel 162 0.32 ??? 0.40 ??? ??? Rem
2 Composition 1 705 0.50 0.3 0.45 6.5 ??? Rem

technique. The abrasion tests have been conducted at a load of3 Composition 2 252 0.20 1.0 0.35 1.0 0.5 Rem
4 Composition 3 250 0.20 0.4 0.40 1.8 ??? Rem 7 N over a sliding distance of 182 m against a SiC abrasive

media having an abrasive size of 52 mm. The tests were con-
ducted using the same abrasive for the entire sliding distance.

the worn region after abrasion tests. The specimens were sput-
tered with gold prior to SEM examinations. 3. Results and Discussion

2.4 Two-Body Abrasive Wear Test 3.1 Material and Microstructure

The microstructure of mild steel as shown in Fig. 2 indicatesThis test has been conducted on the metallographically pre-
pared sample using a Suga Abrasion Tester (model NUS-1, the presence of a pearlitic phase (marked “A”) in the matrix

of ferrite (marked “B”). The grains are found to be elongatedTokyo, Japan). The schematic view of the apparatus is shown
in Fig. 1. In this test, specimens were fixed on the platform. The longitudinally, which indicates that the steel is received in hot-

worked condition. It is noted from the microstructure that theplatform along with the specimen was subjected to reciprocating
motion against a rotating wheel on which abrasives (SiC grit mild steel contains about 35% pearlitic phase and the rest ferrite.

This is well in agreement with the theoretically calculated valuepaper) were fixed. The samples were subjected to load by a
cantilever mechanism. The wheel, on which abrasive paper was of pearlitic volume fraction from the Lever rule using the Fe-

C diagram. Due to the larger fraction of the ferrite phase, whichfixed, rotates slowly. One rotation of the wheel is completed
while 400 strokes (each stroke corresponding to 1 cycle of is a relatively softer phase, mild steel has lower hardness, i.e.,

162 Hv,[4,7–9] as compared to the overlaying materials (Table 1).reciprocating motion that covers a distance of 0.045 m) of the
specimen are completed. Each 400 strokes corresponds to 26 m The microstructure of interfaces (marked “arrow”) between

first (marked “A”) and second passes (marked “B”) of overlay-of distance traveled by the specimen. The wear rates of the
specimen have been calculated by weight-loss measurement ing of composition 1 is shown in Fig. 3. It is evident from this
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Fig. 4 Microstructure showing the interface between hardfacing
Fig. 5 Microstructure of hardfacing material of composition 2 show-

material composition 2 and substrate steel
ing bainitic colonies with ferrite network

figure that the bonding between the first and second overlaying
is of a diffusion type. Diffusion takes place around the interfaces
at very high temperature and particularly at the liquid stage,
and thus, the bonding formed between these layers in this
process is relatively strong. The absence of any broad bond
line is the main feature of this type of bonding, as observed
in Fig. 3. The microstructure of the overlaying material of
composition 1 shows the dendrites of ferrite (marked “C”)
along with primary and secondary carbides (marked “D”) in
the interdendritic region and around the dendrites. This is pri-
marily due to a considerably higher amount of chromium (6.5%)
and carbon (0.5%) in this overlaying material and solidification
of melted overlaid alloy at the steel substrate.[9] Because of the
chilling effect of the steel substrate, the dendritic structures are
noted to be very fine. The presence of higher chromium and
higher carbon content results in a relatively larger fraction of
fine primary and secondary carbides in the microstructure. Fig. 6 Microstructure of hardfacing material of composition 3 show-

The microstructure of hardfacing material of composition 2 ing bainitic colonies with ferrite network and Widmanstätten type
of structureon the mild steel substrate at different locations with respect

to interface (between overlaying and substrate) is shown in
Fig. 4. It is noted that the bonding (marked “arrow”) between
substrate (marked “A”) and overlaying material is reasonably martensitic structure in a moderate cooling rate (air cooling);
good and of diffusion type, as observed in the case of composi- rather, it results in bainitic structure with a network of ferrite.
tion 1. It is also evident from Fig. 4 that, near the bonding line For the same reason, the microstructure of overlayed material
(arrow marked) between mild steel substrate and the overlaying for composition 3 (Fig. 6) shows bainitic structure (marked
deposit, a bainitic (marked “B”) type of microstructure sur- “B”) with ferrite network (marked “C”). In some regions, ferrite
rounded by a network of ferrite (marked “C”) is noted in the moves into bainitic colonies resulting in a Widmanstätten type
overlaying of composition 2. The high-magnification micro- of microstructure (marked “arrow”) in Fig. 6.
structure of overlaying material of composition 2 is shown in
Fig. 5. It clearly depicts the network of ferrite (marked “C”) 3.2 Effect of Microstructure and Chemical Composition onaround the bainitic colonies (marked “B”). The volume fraction the Wear Behavior of Materialof ferrite is noted to be of the order of 15%. The molten material
does not transform to martensite, perhaps because of lower The wear rates as a function of a sliding distance for different

materials at 7 N load are shown in Fig. 7. The wear rates ofhardenability. As the carbon content is relatively low (Table 1)
and ferrite stabilizers such as Cr and Mo are present in small the overlay materials are lower than that of mild steel. Among

the overlaying material, composition 1 exhibits a minimumamounts, the ferrite network around the bainitic colonies is
noted in this overlaying material. The overlaying material of wear rate. It is also noted that the initial wear rates of all the

materials are greater than the wear rate at later stages as thecomposition 2 contains a lower amount of the chromium and
comparatively higher manganese with 0.5% of Mo. The Mn, sliding distances progress. The wear rate at the latter stage is

considered to be the stable wear rate. This initial wear rate mayCr, Mo, and Si improve the hardenability of steel, but the
hardenability does not reach the extent that steel will give a be considered to be similar to the run-in wear. At the beginning

Journal of Materials Engineering and Performance Volume 9(6) December 2000—651



Fig. 7 Wear rate as a function of sliding distance at 7 N load Fig. 8 Normalized wear rate of materials as a function of sliding
distance

of the wear process, the contact area between the abrasive
are generated). The wear rate of overlaying materials of compo-particle and the asperities on the specimen surface is relatively
sition 2 and composition 3 are nearly the same. At the initiallow, i.e., a lower number of abrasives are in contact with the
stage, the wear rate of overlaying material of composition 3 isspecimen surface. This may be because of the fact that the
lower than that of composition 2. But after a specific slidingsurface may contain sharp asperities to protect the base surface.
distance (i.e., 60 m), the wear rate of composition 3 becameThus, the entire load is shared by a few abrasives and this high
marginally higher than that of composition 2. In fact, both theload is transferred to the few numbers of sharp asperities on
overlaying materials, composition 2 and composition 3, havethe specimen surface. Due to this fact, the effective stress pro-
a network of ferrite of the order of 15 to 20% around bainiticduced by the individual abrasive particle on the sharp asperities
colonies and have almost the same chemistry. The overlayingof the specimen surface is greater, which leads to significantly
material of composition 2 contains 1% of Cr and 0.5% of Mo,high plastic deformation of the asperities vis-à-vis the surface,
whereas composition 3 contains 1.8% of Cr. The lower amountand the asperities are subjected to fracture; thus, it is expected
of Cr in composition 2 is nullified by the presence of the 0.5%that more material is removed in this stage, i.e., run-in wear.
of Mo. The Cr and Mo both are ferrite stabilizers. If we considerAdditionally, because of higher effective stress on each individ-
that 1% of Mo is equivalent to 4% of Cr, the overall effect ofual abrasive, they penetrate deeper into the surface and cause
the alloying element in composition 2 becomes higher than thatmore material removal from the individual wear groove. But,
of composition 3. Furthermore, Mo-carbides are significantlyat the same time, fewer wear grooves are formed because fewer
harder and more thermally stable than Cr-carbides. As a result,abrasive particles are taking part in material removal. As a
composition 2 gives relatively finer and harder bainites and itresult, the effect of high effective stress on abrasive wear may
exhibits higher hardness than composition 3. Additionally, thebe balanced by fewer wear grooves, due to fewer abrasives,
Widmanstätten type of structure makes composition 3 veryand, thus, in this case, wear may be invariant to the sliding
brittle, which may facilitate a higher wear rate in compositiondistance. But in this investigation, tests were conducted using
3. The overlaying materials of composition 1 contain a signifi-the same abrasive for the entire range of sliding distance. The
cantly higher amount of Cr (6.5%), which possibly causesabrasive particles, thus, generally get blunted, which results in
formation of larger amounts of primary and secondary carbidesreduction of their cutting efficiency. Additionally, there are
(M3C7, M7C3) in the ferrite matrix, where M stands for metalschances of detachment of the abrasive particle from the abrasive
such as Cr, Mo, etc. These hard carbides and finer dendriticmedia (shelling). Some of the material during the wear test is
structures lead to significantly higher hardness vis-à-vis loweralso transferred into the abrasive media either at the tip of the
wear rate in composition 1 as compared to other compositions.abrasives (capping) or at the interparticle region of the abrasive
The significantly lower wear rates of compositions 2 and 3 asmedia (logging). All these factors are also responsible for the
compared to that of mild steel may be due to their ferrito-reduction in cutting efficiency of the abrasives and, in due
bainitic structure, which is harder as well as tougher than thecourse, result in a reduced wear rate.[10–15] Some energy is also
ferrito-pearlitic structure.spent on the plastic deformation of the surface, which causes

The wear rate of the materials was normalized with respectwork hardening of the subsurface, and it may also lead to
to the wear rate of the mild steel. The normalized wear ratereduction in wear rate.[13,14,15] However, after a specific sliding
(NWR) is defined, here, as follows:distance, the effect of all the above factors (shelling, capping,

clogging, work hardening, etc.) becomes stabilized and pro-
duces a stable wear rate at the later stage. NWR 5

Wear rate of specific material
Wear rate of mild steelThe present study was conducted at fixed load (7 N) and at

fixed abrasive size (52 mm). Hence, it is expected that the
variation in wear rate in different hardfacing materials is primar- Thus, the NWR of mild steel becomes unity and remains invari-

ant to the sliding distance. The NWR values of the materialsily due to the variation in their chemistry, microstructure, and
hardness. The wear mechanism may also be different in different are plotted against sliding distance in Fig. 8 to examine the

relative effect of overlaying materials over mild steel. The NWRhardfacing materials because of these above facts. In the case
of softer ones, a ploughing type of mechanism (where larger of other materials is also noted to be more or less invariant to

sliding distance, except in the very initial stage or at the latestflakes are generated and some flakes keep on holding along
the wear track) is prevailing, but in harder ones, a cutting type stage. However, these analyses clearly assess the comparative

wear rate of different materials. It is noted that the wear rateof wear mechanism is dominating (where finer cutting chips
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Fig. 9 Wear rate of materials as a function of their hardness

of the overlayed material of composition 1 is almost 0.4 times
the wear rate of mild steel. Similarly, the wear rates of composi-
tions 2 and 3 are 0.65 and 0.7 times, respectively, that of mild Fig. 10 Micrograph of the wear surface of hardfacing material of
steel. The above calculation clearly demonstrates that the wear composition 1
rate of composition 1 is 0.66 times the wear rate of composition
2 or composition 3, even though the hardness of composition
1 is almost three times higher than that of composition 2 or may be reduced marginally with an increase in hardness above
composition 3. 250 Hv. The harder carbides in composition 1 may be protecting

The hardness of a material may be an important factor in the surface from the destructive action of the abrasive. But the
controlling the abrasive wear behavior of the material. The extent of reduction of contact between the abrasive and the
stable wear rate of different materials at 7 N load is plotted as specimen surface and the depth of penetration of the abrasive
a function of their hardness in Fig. 9. It is noted that the wear to the specimen do not reach to the level expected from the
rate decreases with an increase in hardness value, but does not increase in hardness over other materials. This is primarily
follow any linear relationship with hardness of the materials. due to the significantly finer (maximum 5 mm) carbides, as
This is in agreement with earlier reports where the cutting type compared to the abrasive size, which improves the hardness of
of wear mechanism is dominating.[13–17] The abrasive particle the material considerably, not being able to effectively protect
under load penetrates into the surface of the material, and, due the specimen surface from the coarser abrasive. This signifies
to reciprocating motion, the penetrated particles cause that microstructural features of the hardfacing material play an
scratching on the specimen surface by cutting or ploughing. important role with the hardness to control their wear behavior.
The subsurface deformation may also be taking place, but the
extent of deformation is less in abrasive wear because material 3.4 Microscopy of Wear Surfaceis removed by the cutting or ploughing action of the abrasives.
Due to deformation, very minor cracking on the subsurface is Different types of wear mechanisms may exist depending

upon the nature of microstructure and hardness of the material.taking place, which is not growing to critical length. Thus, wear
due to deformation becomes insignificant as compared to that The micrographs of the worn surface of the specimens, i.e.,

mild steel and all the overlaying materials, are examined todue to cutting or ploughing.
It may be noted that, initially, the wear rate decreases very assess the prevailing wear mechanism. The wear surface of

mild steel (Fig. 10) shows the deeper and wider grooves, morerapidly with the increase in hardness. But the rate of reduction
of the wear rate decreases when hardness becomes more than damaged regions, relatively larger flaky materials (marked

arrow) along the wear track, and entrapment of detached abra-249 Hv. This may be due to the different mechanism of wear
acting on the specimen surface depending on their hardness sives (marked A) that cause deep pits or scratches in subsequent

passes. This indicates the ploughing type of wear mechanismand microstructures. It was mentioned earlier that when the
hardness is high (composition 1), generally, fine machining is prevailing in mild steel. In contrast, significantly finer, shal-

lower, and more continuous wear grooves and considerably lesschips are produced and subsequently removed from the speci-
men surface. But the depth of cut is less and, hence, causes a flaky materials along the wear track of composition 1 (as shown

in Fig. 11) indicate that microcutting is the dominating wearvery low wear rate. When hardness is low enough (i.e., mild
steel), the depth of cut is relatively high and results in very mechanism in composition 1. The wear surfaces of composi-

tions 2 and 3 as shown in Fig. 12 and 13, respectively, indicatelong continuous fibrous chips and, thus, results in a significantly
higher wear rate. The depth of cut also depends on the effective moderate depth and width of wear grooves with small flakes

along the wear track. These suggest that both ploughing andcontact, which is again dependent on surface and subsurface
characteristics. The depth of cut by the abrasive is reduced microcutting mechanisms are equally responsible for the wear

of materials. Small pits in Fig. 12 and 13 (marked B) maysignificantly when the hardness of the material reaches the
order of 249 Hv. This may also be due to the occurrence be due to entrapment of abrasives and material removal in

subsequent passes.of the bainitic phase (which is harder as well as tougher) in
compositions 2 and 3. This phase covers a large part of the During abrasive wear, the specimen is subjected to recipro-

cating motion against the abrasive media. The abrasion causesmaterial and, hence, protects the abrasive from coming in con-
tact effectively with the specimen surface. The depth of cut continuous wear grooves due to cutting and ploughing of the

Journal of Materials Engineering and Performance Volume 9(6) December 2000—653



material. During ploughing, generally, material from the wear
grooves is displaced along the wear tracks in the form of flakes.
The relative amount of cutting and ploughing depends on the
material characterization and experimental parameters such as
load and abrasive size. In this investigation, the abrasive size and
load are constant. The ploughing action becomes predominant
when the material is softer, as in the case of mild steel. Thus,
the formation of deeper grooves was taking place. The cutting
action becomes dominant when the material is harder, as in the
case of overlaying material of composition 1. However, both
these mechanisms, cutting and ploughing, were taking place
simultaneously in each material. The mild steel contains a fer-
rito-pearlitic structure, which has higher ductility and lower
hardness, causing ploughing to become the dominating wear
mechanism, whereas overlaying material of composition 1
causes cutting to be the dominating wear mechanism.

Fig. 11 Micrograph of the wear surface of hardfacing material of
composition 2

4. Conclusions

The wear rates of the hardfacing/overlaying alloys are lower
than that of mild steel. The minimum wear rate was observed
in the case of overlaying material of composition 1. This may
be due to the finer microstructure and the presence of more
primary and secondary carbides (6.5%). Among the hardfacing
materials of compositions 2 and 3, the former gives marginally
greater wear resistance than the latter. This may be due to the
occurrence of a Widmannstatan type of structure in a few areas
of composition 3 and relatively coarser bainite. The abrasive
wear mechanism is associated with both cutting and ploughing
action by the abrasive particles. Basically, the nature of the
groove and material removal mechanism depends upon the
hardness and microstructural characteristics of the material.
When hardness is lower, as in case of mild steel, the ploughing
mechanism is dominating. At the intermediate hardness (com-
positions 2 and 3), both cutting and ploughing simultaneously
take place. But at the higher hardness, the cutting mechanismFig. 12 Micrograph of the wear surface of hardfacing material of

composition 3 dominates. The wear mechanism is also associated with clog-
ging, capping, and fracturing of abrasives and work hardening
of the surface of the workpiece.
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