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The low stress abrasive wear behavior of two types of steels commonly used for making a number of com-
monly used engineering components has been compared with the composition of a few hardfacing alloys
that can be overlayed on the steels to impart a wear-resistant surface. The mechanism of material re-
moval as studied by the scanning electron micrographs of the worn and transverse sections is different
for the steels and hardfacing alloys. An attempt has been made to explain the mechanism of material re-
moval for the steels and hardfacing alloys. 

1. Introduction

Wear is essentially a surface phenomenon that can be com-
bated by applying protective coatings (Ref 1-4). There is a wide
spectrum of deposition techniques and materials available for
depositing such protective layers. The thickness of the layer
can vary from micron to millimeter levels. Application of a
wear-resistant layer by welding is an economical method and
can be employed in areas where thick coatings are required and
dimensional tolerances are not very stringent. Another advan-
tage of this technique is that it can be applied on all substrates
making the properties of the substrate material irrelevant.

This article compares the low stress abrasive wear proper-
ties of two types of steels commonly used in fabricating a number
of engineering components with those of a few low chromium
(chromium content less than 12%) hardfacing alloys (Ref 5).

2. Experimental Details

2.1 Materials and Microstructural Analysis

Table 1 gives the compositions for the two types of steels
used for the tests. Steel 1 was used for overlaying with three
types of low chromium category (Ref 5) hardfacing alloys.

The welding electrodes were 3.15 mm in diameter with a thick-
ness of approximately 3000 µm overlayed by manual arc welding.

Samples of approximately 20 by 20 by 8 mm steel and trans-
verse sections of hardfaced steels were metallographically pol-
ished using conventional polishing techniques and etched in
0.1% nital solution. The samples were observed under an opti-
cal microscope to study the microstructural features of the
steels/overlayed material and the bonding between the steel
and overlay.
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Table 1 Chemical composition and hardness of steels and hardfacing alloys

Composition, wt% Hardness, 
Alloy C Si Cr Mn Ni Fe HV

Steel 1 0.30 0.06 0.06 0.06 0.06 bal 190 ± 10
Steel 2 0.62 1.65 0.05 0.06 0.13 bal 310 ± 8 
HA 1 0.20 0.40 1.80 0.60 … bal 220 ± 15
HA 2 0.20 0.40 3.20 0.60 … bal 390 ± 12
HA 3 0.50 0.45 6.50 0.30 … bal 560 ± 10

HA, hardfacing alloys

Fig. 1 Schematic diagram of low stress abrasive wear tester
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2.2 Wear Tests

Low stress abrasive wear tests were carried out on metallo-
graphically polished samples of 20 by 70 by 4 mm on a Falex
rubber wheel abrasion tester (RWAT) (Falex Corp., Sugar
Grove, IL) per ASTM G 65-81 specifications (Ref 6). Figure 1
gives the schematic view of the apparatus. In the test, the test
specimen is held against a rotating rubber wheel. Abrasive par-
ticles are allowed to fall constantly in between the rotating

wheel and specimen. In the present study, silica sand between
212 and 300 µm was used as the abrasive, the wheel was rotated
at a speed of 273 rpm, and static loads were applied through a
cantilever mechanism. Tests were carried out at 22 and 49 N
loads. The samples were weighed prior to the test, and weight
loss was measured at 2 min intervals, corresponding to a linear
traversal distance of 392 m (Ref 6). Tests were carried out up to
a linear traversal distance of 5600 m. From the weight loss after
every 2 min test duration, volume loss was calculated by divid-
ing the weight loss by the density of the sample. The volume
loss was plotted against the sliding distance. The wear rate was

(a) (b)

(c) (d)

(e) (f)

Fig. 2 Microstructural features of steels and hardfacing alloys. (a) Bonding between steel and hardfacing alloy showing bonding (I) be-
tween substrate (S) and overlay (O). (b) Steel 1. (c) Steel 2. (d) HA 1. (e) HA 2. (f) HA 3
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calculated by dividing the volume loss by the distance trans-
versed for the test duration. In the present case, the wear rate was
calculated at a sliding distance of 5000 m for all the samples.

2.3 Worn and Subsurface Studies

Samples were cut from the worn surface and observed under
a scanning electron microscope to study the features. Such

studies helped in assessing the effects of material composition
microstructural features and the load in the material removal
mechanism.

A transverse section of the worn surface was metallo-
graphically polished and etched in 0.1% nital to observe micro-
structural changes (if any), subsurface damage, the affected
layer, etc.

3. Results

3.1 Microstructural Features

The transverse section of the overlayed sample (Fig. 2a)
shows a good bonding (I) between the substrate (S) and overlay
(O) for the case of overlay composition B. The bonding is simi-
lar for the other two compositions also.

The microstructural features of both the steel (Fig. 2b and c)
exhibit ferrite and pearlite. The amount of pearlite is more for
steel 2 as compared to that of steel 1. The overlay structures are
mainly dendritic. The microstructural features of hardfacing al-
loys HA 1 and HA 2 are similar. The microconstituents are pri-
mary austenite and austenite plus carbides in the interdendritic

(a)

(b)

Fig. 3 Variation of volume loss with sliding distance for steels
and hardfacing alloys at (a) 22 N load and at (b) 49 N load

Fig. 4 Variation of wear rate for different compositions at a
sliding distance of 5000 m

(a)

(b)

Fig. 5 Worn surface of steel 1 at (a) 22 N load and at (b) 49 N
load
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regions (Fig. 2d and e). The HA 2 sample contains more car-
bide. The microstructure of HA 3 (Fig. 2f) exhibits chromium
containing carbides in the dendrites and carbide plus austenite
in the interdendritic regions (Ref 7-9).

3.2 Wear Behavior

The low stress abrasive wear behavior, that is, volume loss
against sliding distance of the steels and hardfacing alloys at 22

and 49 N loads are compared in Fig. 3(a) and (b), respectively.
It is seen that in general the volume loss is more at the 49 N load
as compared to the 22 N load.

At a load of 22 N, there is a regular increase in volume loss
with sliding distance for all the samples. The volume loss for
hardfacing alloy composition 3 (HA 3) is the least; for steel 1
the volume loss for hardfacing is maximum throughout the
range of sliding distance. Further, the difference between the
volume loss for steel 1 and HA 3 increases with sliding dis-
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(c) (d)

(e) (f)

Fig. 6 Worn surface of hardfacing alloys (a) HA 1 at 22 N, (b) HA 2 at 22 N, (c) HA 3 at 22 N, (d) HA 1 at 49 N, (e) HA 2 at 49 N, and (f)
HA 3 at 49 N
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tance. There is not much variation in the volume loss between
steel 2, HA 1, and HA 2 up to a sliding distance of ~2000 m. But
at higher sliding distances the volume loss of HA 1 is signifi-
cantly less than steel 2 and HA 2. The volume loss for steel 2
and HA 2 is more or less the same for the entire sliding distance
tested at a 22 N load.

The wear behavior of all the samples at 49 N load is similar
to that at  22 N load. Steel 1 exhibits maximum volume loss,
and HA 3 exhibits a minimum volume loss. However the vol-
ume loss for steel 1 below a sliding distance of ~1500 m is ir-

regular and also lower than that for steel 2 and HA 1. In con-
trast to the behavior at 22 N load, in this case (that is, at 49 N
load) HA 2 shows a lower volume loss than HA 1, which is
again lower than steel 2. Thus it is seen that there is an im-
provement in the performance (as better performance is in-
versely proportional to the volume loss) of the hardfacing
alloys in general for higher loads as compared to the steels.

Figure 4 shows the comparative wear rate of the steels and
hardfacing alloys at a sliding distance of 5000 m. It is seen that
in all the cases wear rate increases with load. The wear rate for

(a)

(c) (d)

(e)

Fig. 7 Transverse section of worn surface for steels and hardfacing alloys. (a) Steel at 22 N load showing highly deformed layer. (b) Steel
at 49 N load showing similar features as in (a). (c) HA 1 showing coarsening of microstructure below the deformed layer. (d) HA 2. (e) HA 3

(b)
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HA 3 is the minimum for both the loads, hence its wear resis-
tance (increase of wear rate) is the maximum.

Figure 5 shows the worn surfaces of steel 1 at both the loads.
The worn surface at the 22 N load is characterized by continu-
ous grooves and some pitting; as the load is increased to 49 N,
the grooves becomes deeper. Material damage and heavy pit-
ting evidence (marked A) is indicative of severe wear.

Figure 6 shows the worn surfaces of the hardfacing alloys.
At 22 N load, the worn surface is characterized by shallow wear
grooves. In the case of HA 2 the grooves are the shallowest. At
49 N load, the grooves are quite shallow for HA 3 but deep for
the other two compositions. For HA 1, material removal along
the wear tracks can also be seen.

Figure 7 shows the transverse section of the worn surfaces
for the steels and hardfacing alloys. In the case of steel, a highly
deformed layer (marked by arrow in Fig. 7a) can be seen along
with some coarsening of the microstructure directly below this
layer. Similar features are seen at 49 N load (the deformed
layer, Fig. 7b).

For the HA 1 sample, there is a coarsening of the micro-
structure below the deformed layer (Fig. 7c); such a structure is
not visible for HA 2 and HA 3 (Fig. 7d and e).

4. Discussion

Material removal under low stress abrasive wear conditions
occurs due to material sliding in the presence of loose abrasives
(Ref 10). Material removal occurs by micropitting, mi-
crocracking, and microploughing. Because wear occurs in the
presence of loose abrasives, particle (abrasive) entrapment also
occurs. Entrapment of particles and micropitting is associated
with ductile materials, microcracking with brittle material, and
microploughing with softer materials (Ref 11, 12).

The depth of grooves seen on the worn surface of the steels
and hardfacing alloys is commensurate with this volume loss
and hardness, which is an important factor affecting wear be-
havior (Ref 13-15) (Fig. 4). When increasing the load, in some
cases (HA 1 and HA 3) the wear grooves and volume loss in-
crease, but in some cases (HA 2) there is no such variation. This
is possibly due to the work hardening capability of the HA 2 al-
loys.

The worn surface for the steel is characterized by severe
wear, and the nature of material removal is mainly by micro-
ploughing for steels, which is indicative of its soft nature as
compared to that of hardfacing alloys.

Microcracking is mainly used for material removal mecha-
nism in hardfacing alloys and is different from the steels (which
exhibit microploughing tendency) even at comparative volume

losses. This is indicated by the brittle nature of the former as
compared to the latter. The improved wear resistant properties
of HA 3 are reflected in the relatively low damage of the worn
surface and are possibly due to the presence of chromium car-
bides in the alloy (Ref 4).

5. Conclusions

The following conclusions can be drawn:
• The low stress abrasive wear properties of steels has been

compared with three types of low chromium category hard-
facing alloys. Studies reveal that with chromium content
around 3 wt%, there is no appreciable improvement in the
wear properties at low loads. However considerable im-
provement is seen for the hardfacing alloys at higher loads.
However for hardfacing alloys with chromium concentra-
tion of 6 wt%, the low stress abrasive wear behavior is su-
perior under all experimental conditions.

• The nature of material removal is different for steels and
hardfacing alloys in that the former exhibits a ductile nature
and the latter a brittle nature, even at comparative volume
losses.
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