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ABSTRACT

The process of conjoined stress cycling and abrasive or erosive wear is encountered in industry. However, very
scant attention has been paid till now to this issue. The paper presents two test rigs designed and built to cope with
this experimental problem. Tests were carried out on the range of pure iron (Armco), carbon steels namely S235JR,
C45, C70U, C80U, C110U and unalloyed cast steels (L40I1I, L45III and L50III). Tested iron-based alloys differ in
chemical composition, microstructure and Brinell hardness ranging from 80 HB to 350 HB. Stress cycling caused
strain hardening of ferrite in hypoeutectoid steels and thus reduced their abrasive wear loss. In the hypereutectoid
steel stress cycling impaired integrity of the microstructure thus increasing abrasive wear loss. Alternating stresses
enhanced ploughing and cutting micromechanisms of erosion. Tensile stress in the tested cast steel had stronger
effect on wear loss than the prior stress history.

Keywords: abrasive wear, erosive wear, fatigue, carbon steel, cast steel, structural steel, wear, skin hardening steel.

INTRODUCTION

Wear is a serious problem in industry. It is en-
countered, for instance, in excavation, earth mov-
ing operations, mining industry, power generating
systems, gas turbines. The necessity of frequent re-
placement and reclamation of used parts increases
the production costs. It is acknowledged that wear
resistance cannot be considered an intrinsic property
of material because it depends on wear process type
and its parameters The estimated percentage share
of various wear processes encountered in industry
is [1]: abrasive wear 50%, adhesive wear 15%, ero-
sion 8%, fretting 8%, corrosion 5% conditions.

Abrasive wear is caused by a movement of
hard body over surface of the softer material.
Mechanism of abrasive wear include cutting,
grooving, fatigue of repeatedly deformed mate-
rial lips and cracking. Resistance to abrasion is in
the first approximation proportional to the hard-
ness of material being abraded. However, more
detailed studies showed that abrasion resistance
is also influenced by microstructural features of
abraded material [2—5].

Erosive wear is frequently caused by the im-
pact of solid particles entrained in a gas or lig-
uid stream. Another form of erosion is caused
by the impact of liquid droplets onto material
surface [6—8]. The site of solid particle impact
experiences high stresses and strains. Local
heating of material was also experimentally evi-
denced. It was revealed in experiments that thin
material platelets are extruded, forged and sub-
sequently removed by the next impacting par-
ticles. Whereas the subsurface zone, which did
not experienced thermal softening, played a role
of an anvil [9]. The inadequacy of hardness as
a main criterion of material selection was also
noticed [10]. Furthermore, no consistent rela-
tionship was found between erosion resistance
and ultimate or yield strength [11]. The above
mentioned material properties are assessed in
static tests whereas the erosion process involves
multiaxial strain at a very high strain rate. It is
acknowledged that erosion intensity depends on
a number of factors which can be classified into
three main groups: parameters describing solid
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particle motion (such as, for instance, particle
velocity, angle of impact), properties of erodent
particles (such as their shape, size and hardness)
and properties of material being eroded (such as
hardness and microstructure) [12].

Wear resistance of materials is most frequent-
ly assessed in standard tests which model a partic-
ular wear type likewise sliding, abrasion, erosion
or corrosion [13—17]. The exception is the fretting
wear standard test, in which sliding and corrosion
are involved. The wear process caused by simul-
taneously occurring solid particle erosion and cor-
rosion is termed erosion-corrosion. The process is
considered very complex as the current modelling
approaches has failed. The conjoined erosion and
corrosion processes can produce significantly wear
loss than the sum of individual contributions of
these processes [18]. Erodent particles remove the
already formed layer of corrosion products which
results in a continuous exposure of fresh metal
surface to the corrosive medium. In turn, corro-
sion produces surface roughness which facilitates
removal of material by impacting particles. Cor-
rosion products are frequently more vulnerable to
erosion compared with parent material. Stack [19]
developed wear-corrosion maps to distinguish re-
gions, in which particular wear-corrosion mecha-
nisms dominate. The maps are drawn in particle
velocity-temperature or particle velocity versus
impact angle coordinates. Obviously, the best
method is to run the test of monitored exploitation
on materials concerned [20].

The effect of residual stress on erosion re-
sistance of material was presented in published
works. Deng et al. [21] studied wear resistance
of sand blast nozzles made of sintered, laminat-
ed SiC/(W,Ti)C ceramics. The beneficial effect
of compressive stresses resulting from a mis-
match between thermal expansion coefficients
of adjacent layers in the laminated ceramics
was found. The effect was rationalized in terms
of a counteraction of this stress tensile stresses
produced by sand particles impacting onto the
nozzle entry. The beneficial effect of compres-
sive residual stress in abrasive wear tested two
layered alumina-silicon carbide layered com-
posite was also found [22].

Large compressive stresses are usually found
in sputtered coatings. Vierneusel et al. [23] car-
ried out a pin-on-disk experiment on specimens
covered with as-sputtered coating and speci-
mens covered with coatings which underwent
stress relaxation procedure. It was found that in
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coatings with high residual stress only a mild
wear occurred. It was hypothesized that com-
pressive stress retarded crack nucleation and
propagation in the coating.

The effect of externally applied stress on wear
was studied in a very few works. Spuzic at al. [24]
designed a special test rig to study the effect of
stress on abrasive wear. The conventional scratch
tester was used to produce single scratches on the
surface of the sample which was exposed to four-
point bending using a specially designed jig. Von
der Ohe et al. [25] developed a test rig to study
synergy effect between tribocorosion and bending
stress. Specimen was exposed to 4-point bending
while counter specimen performed reciprocal
sliding movement along specimen surface. The
test was carried out under electrochemical con-
trol. Summing up, the literature survey indicates
that the wear-fatigue or erosion-fatigue testing
of the ferrous materials is an up-to-date problem
which has not been fully understood.

The purpose of this paper was to explore
wear-fatigue process of carbon steels and cast
steels with various carbon contents. The problem
was approached by designing two test rigs to pro-
duce the desired stress state in specimen while
exposing it to abrasion or erosion.

MATERIAL AND METHODS

Studied carbon steels and cast
irons characterisation

Tests were carried out on pure iron (Armco),
carbon steels namely, S235JR, C45, C70U, C80U,
C110U and unalloyed cast steels (L40III, L4511
and L50III). Chemical composition of steels and
cast steels was measured by means of the opti-
cal emission spectrometer Spectromaxx with
spark excitation. Chemical composition of tested
alloys is listed in Tabs 1 and 2 along with their
Brinell hardness. The C70U, C80U, C110U car-
bon steels belong to skin hardening steels. Lower
carbon grades are applied to produce woodwork-
ing tools while high carbon grades are used to
perform drills, screw dies and screwtaps. The mi-
crostructure of C70U consisted of pearlite with
small fraction of ferrite, C80U consisted of pearl-
ite while higher carbon grade contained pearlite
and secondary cementite. C45 steel was used as a
standard in abrasion test. Armco iron containing
almost sole ferrite was also included in the study.
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Table 1. Chemical compositions of tested steels, wt. %

Steel Chemical composition, wt. % Hardness,
grade C Mn Si P S Cr Ni Cu HB
Armco 0.02 0.06 0.005 0.005 0.02 0.005 0.02 0.01 80
S235JR 0.17 0.51 0.24 0.025 0.03 0.28 0.14 0.17 130
C45 0.43 0.56 0.26 0.01 0.01 0.25 0.16 0.15 185
C70U 0.69 0.24 0.17 0.01 0.02 0.17 0.07 0.14 260
C80U 0.82 0.26 0.21 0.01 0.01 0.14 0.1 0.12 280
C110U 1.12 0.21 0.23 0.015 0.02 0.15 0.11 0.18 350
Table 2. Chemical compositions of tested cast steels, wt. %
Cast steel Chemical composition, wt.% A Brinell
grade C Mn Si P S arﬁdBe 5
L40 11l 0.12 0.52 0.37 0.07 0.06 132
L4511l 0.23 0.67 0.42 0.05 0.05 153
L50 1 0.38 0.81 0.48 0.06 0.07 171

The tested cast steels belong to the highest
grade cast steels. L40III cast steel reveals excel-
lent weldability and because of its magnetic prop-
erties it is applied in electrotechnics. The highest
carbon cast steel is used when wear resistance
is required, however working conditions should
not include large impact loads. This steel shows
fair weldability. The microstructure of tested cast
steels is a mixture of ferrite and pearlite.

Wear-fatigue facilities and experimental

The considerable effort was put into design
and construction of two test facilities. The de-
sign of the first tester was based on the already
used machine dedicated to test wear loss under
steady loads [26]. The tester was rebuild in order
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to apply alternating stresses to the specimen be-
ing worn and to increase the precision of experi-
ments. The tester is presented in Figure 1. The
specimen (1) was exposed to four-point bending
to induce the desired stress state. The specimen
was placed in two pairs of jaws and rested on
bars made of hardened steel. To avoid bending
of transducer which would have an adverse effect
on a precision of readings, the tensometric force
sensor (3) was attached to the pair of connect-
ing members these were guided by the linear ball
bearings (4). The fixed inner jaw was attached to
the machine frame whereas the moving jaw was
mounted on the connecting member. The other
connecting member was attached via the clutch
to the pneumatic actuator (2) of two-sided action.
Flow of pressurized air to the pneumatic actuator
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Fig. 1. Scheme of the test rig used to study wear-fatigue process
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was governed by electromagnetic valves which
were controlled by the timer unit. The span of the
fixed jaw was 75 mm and that of the moving jaw
was 175 mm. The erosion or abrasion test units
can be attached to the machine frame.

The test was carried out on flat specimens 200
mm long, 30 mm wide and 4 mm thick. The spec-
imens were made of steels with chemical com-
positions listed in Table 1. The abrasive used in

Fig. 2. Silica abrasive used in abrasion-
fatigue and erosion-fatigue tests
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wear tests was crushed silica. Abrasive particles
were angular in shape, their size was below ap-
proximately 100 um, as seen in Figure 2. Silica
is one of the most prevalent abrasives in indus-
try. It causes severe wear of mining equipment
and earth-moving machines. It is acknowledged
that angular abrasive particles induce much more
abrasive or erosive wear loss compared with
spherical ones.

The unit used in the abrasion test is shown
in Figure 3. The rubber rimmed roll (2) with
®50x15mm dimensions was used as the coun-
ter specimen. The roll was driven by the electric
motor (3) mounted on the rotatable arm (4) and
pressed to the specimen surface (1) with the force
of 20 N. The abrasive was delivered to the fric-
tion pair from the abrasive container (6) using the
ejector (5) in a stream of argon supplied from the
bottle. Angular silica particles become partly em-
bedded in rubber and thus forced to groove the
sample. The total time of each abrasion-fatigue
test was ten minutes.

In the erosion test (Fig. 4), erodent particles
were accelerated by means of pressurized air deliv-
ered from a compressor (6) to the nozzle. The posi-
tion of the nozzle (4) outlet was tracked on the spec-
imen surface using the led diode (7). The specimen
(1) was placed in two pairs of jaws (2, 3). Abrasive
was fed from the abrasive container in the stream
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Fig. 3. Scheme of the unit used to conduct abrasion-fatigue test
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Fig. 5. Scheme of the test rig used to study abrasion-fatigue
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Fig. 6. Scheme of the test rig used
to study erosion-fatigue

of argon (6). Particle velocity was 82 m/s as deter-
mined by the double-disk method [27].

The second test rig was used to study the
effect of stress cycles on wear of cast steels
which chemical compositions are given in Ta-
ble 2. The test rig setup used in abrasion testing
is shown in Figure 5.

The round 10 mm in diameter specimen (1)
was rigidly attached to the griding spindle, see
Figure 5. The spindle was driven by the electric
motor. The rotational speed was 3000 rev./min.
as measured by the optical tachometer. The other
side of specimen was attached to the rod end with
a spherical bearing. Weight (5) was underslung
from the rod end through the vibration dumper (6)
to impose bending force on specimen. The coun-
ter-specimen (2) made of teflon plate with dimen-
sions 30mmx30mmx=8mm was fixed on the tip of
the articulated lever (3). The other end of the lever
was loaded with the dead weight (4). The counter
specimen was pressed to the tested specimen with
a force of 10 N. The abrasive was delivered form
the container (7) equipped with the mixer (8). To
provide the uniform abrasive flow, the worm con-
veyor (9) driven by the electric motor (10) was
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used. The abrasive was then fed (11) to the friction
pair in a stream of argon supplied from the bottle.

The particle jet was either directed perpen-
dicularly to the load force direction or parallelly
to it. The test rig setup with the perpendicular
orientation of the nozzle is seen in Figure 6.
The position of the nozzle (1) exit on the speci-
men surface (2) was marked with led diode. The
erodent plume diameter at a specimen location
was a few times higher than specimen diameter.
Therefore erosion was caused by abrasive par-
ticles impinging onto specimen surface at vari-
ous angles. Tests on cast steels were performed
at stress amplitudes below their fatigue limits.
Each test last 10 min. The number of stress cy-
cles for flat specimens was 60, whereas round
specimens experienced 30000 cycles.

Prior to weighting, surface roughness mea-
surements and microscopic investigations, spec-
imens were cleaned with pressurized air to re-
move dust, cleaned in acetone bath and dried.
Mass loss in wear tests was determined using
a laboratory balance with 0.1 mg accuracy. To
investigate the wear traces of the worn carbon
steels and cast steel, the specimens for micro-
scopic investigations were cut. A considerable
attention was paid to the cutting process in order
to avoid material overheating and deformation.
Wear scars were examined by using Phenom
ProX Desktop (SEM, Phenom World (Waltham,
MA, USA) scanning microscope equipped with
an energy dispersive spectroscope and rough-
ness profilometers. Roughness parameters (R,
and R ) were estimated in the wear trace using
Surtronic S-128, Taylor-Hobson, Leicester, UK
with according to the ISO 4287 standard [28].

EXPERIMENTAL RESULTS
AND DISCUSSION

Results of wear-fatigue tests are given in
Tabs 3-5. Relative abrasion wear is the ratio of
mass loss of tested material to the mass loss of
C45 steel used as the standard material. Ero-
sion intensity is the ratio of mass loss of tested
material to the mass of abrasive spent in the test.
Tests on flat specimens were carried out at two
stress amplitudes corresponding to low cycle fa-
tigue (LCF) and high cycle fatigue (HCF). It is
seen (Table 3) that in hypoeutectoid steels stress
cycles reduce abrasive mass loss and increase it
for hypereutectoid steel. It is acknowledged that
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in steel, up to carbon content C=0.45%, plas-
tic deformation induced by fatigue is confined
to ferrite grains. At higher carbon levels plastic
deformation is visible in ferrite grain and ferrite
lamella forming pearlite [29]. In hypoeutectoid
steel ferrite undergoes strain hardening, whereas
in C110U steel stress cycles facilitate removal of
cementite plates by abrasive particles. Erosion in-
tensity is increased by stress cycling which can be
rationalized in terms of Spuzic et al. [24] findings.
It was revealed that static tensile stress favours
microcutting, while compressive stress facilitates
microploughing. Due to heat generation during
impact of erodent particle strain hardening does
not occur. Worn steel surfaces are shown in the
series of Figures 7-11. Studies on surface rough-
ness evolution of carbon steel fatigued under vari-
ous stress amplitudes covering the range from the
infinite life to the low cycle fatigue showed that in
all the cases extrusions and intrusions are formed
on the surface [30]. It would facilitate material

removal in erosion and abrasion tests carried out
on specimens exposed to stress cycling prior to
wear test. In the wear-fatigue process surface lay-
er is removed in a continuous process. It was evi-
denced in microstructural examinations of steel
fatigued in LCF regime that multiple slips are
present in all the grains whereas for HCF plastic
deformation occurs only in some grains [31]. In
near eutectoid steel tested in LCF regime, dislo-
cations are generated at the ferrite/cementite in-
terface. Stress concentration at interfaces causes
cracking of cementite plates [32]. Bulging of ce-
mentite plates and their subsequent cracking was
seen also in static tensile tests [33].

Abrasion test on cast steel was carried out at
low stress amplitude to avoid possible test rig dam-
age on specimen fracture. The abraded material
was under compressive stress which reduced abra-
sion wear. Erosion tests were performed at direc-
tions parallel and perpendicular to load direction.
For parallel erosion direction, the tested specimen

Table 3. Results of wear-fatigue tests of pure iron and carbon steels

Steel Relative abrasion wear Erosion intensity, mg/g Stress amplitude, MPa
1.17 0.322 0
Armco 1.15 0.376 30.9
1.12 0.360 70
1.17 0.320 0
S235JR 0.98 0.443 50
0.67 0.577 140
1.00 0.394 0
C45 0.99 0.420 85
0.95 0.434 210
1.10 0.364 0
C70U 1.58 0.322 120
1.22 0.390 250
0.80 0.270 0
C80U 0.88 0.447 135
1.09 0.422 300
0.53 0.377 0
C110U 0.78 0.433 160
1.07 0.509 330

Table 4. Results of abrasion-fatigue test of cast steels

Cast steel Mass loss, g Stress amplitude, MPa

0.1291 0

40L11
0.1258 116
0.1185 0

45L1I
0.0843 116
0.8910 0

50LIN
0.8835 116
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Table 5. Results of erosion-fatigue test of cast steels

Cast steel Impact dlrectn_)n n relation to Erosion intensity, mg/g Stress amplitude, MPa
load direction
0.2352 0
perpendicular 0.2367 116
0.2977 174
40LlIN
0.2729 0
parallel 0.3112 116
0.3232 139
0.1759 0
perpendicular 0.1328 116
0.1883 197
45L11
0.2188 0
parallel 0.2270 116
0.2838 174
0.2311 0
perpendicular 0.2551 116
0.2873 174
50LII
0.2534 0
parallel 0.2673 116
0.2813 174

was under tensile stress. Erosion intensity increas-
es with increasing stress amplitude. The erodent
plume diameter outside the nozzle was a few times
higher compared with specimen diameter. It means
that erodent particles impact at various angles onto
specimen surface. The shape of the curve erosion
intensity versus impact angle depends on the shape
of erodent particles [10]. For angular particles, the
steep curve with maximum at a tangential angle is
expected. It was found in former experiments that
abrasive scratches produced on surfaces with a
cyclic stressing history are deeper than scratches
made on the virgin surface [24]. For perpendicu-
lar impact direction, the effect of alternating stress
seems poor, tensile stress had stronger influence
compared with stressing history.

Figure 7 shows the surface of C45 steel
after abrasion test under low stress. The sur-
face is covered with parallel scratches. In rub-
ber wheel test abrasive particles can roll over
the surface of test specimen or groove the
material. Grooving is favoured by high ap-
plied loads and high harness of abraded mate-
rial [34]. The test was carried out at relatively
low load which accounts for low density of
scratches. Deeper scratches were produced in
ferrite, points 3 and 4 (chemical compositions:
C=0%, Fe=96.05%, Si=3.02%, Cr=0.93% and
C=0.12%, Fe=92.64%, Mn=1.33%, Cr=1.05%,
respectively). Cementite lamella (point 1,
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C=4.95%, Fe=91.79%, Mn=0.97%, Cr=0.97%,
Si=1.32%) has the even surface. Scratches were
stopped at hard obstacles, which were subse-
quently removed leaving voids behind. Similar
pattern was found in abrasion tests carried out
in near eutectoid steel, deformation of cement-
ite lamella was also evidenced [35]. In scratch
test experiments, a reduction in the interlamel-
lar spacing of pearlite and extrusion of pearlite

Fig. 7. Surface of C45 steel abraded un-
der low stress amplitude, SEM-EDS
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high stress amplitude, SEM-EDS

lamellas were also seen [36, 37]. Ferrite did
not provide cementite lamella adequate support
during abrasion. In the fatigue study of C=0.35
steel, Kocanda [38] found deformation of ferrite
plates in pearlite, bending and fragmentation of
cementite lamellas.

Figure 8 shows the surface of C45 steel abrad-
ed under high stress. More surface voids com-
pared with the former picture are seen. Shallow
scratches in pearlite are visible. Point 3 is located
in ferrite. The scratch is terminated at cement-
ite (4). Chemical composition in points 1 and 2
corresponds to pearlite, C=0.64%, Fe=94.85%,
Mn=1.53%, Si=2.98% and C=0.61%, Fe=95.07%,
Mn=1.2%, Cr=0.97%, Si=2.15%, respectively.

Figure 9 presents the surface of C45 steel
eroded under high stress. Material lips were ex-
truded by the impacting erodent particles. A simi-
lar pattern was observed in classic erosion test
carried out by McCabe et al. [39]. It is acknowl-
edged that erosion damage of pearlite depends
on its orientation relative to the impact direction
[40]. Embedded abrasive particles (3) form linear
patterns. The squeezed out pearlite lip (2) and the
exposed cementite lamella (1) are visible.

Figure 10 shows the surface of C110U steel
after abrasion test carried out under high stress
amplitude. It is seen that scratches do not form
a parallel pattern. Direction of motion of abra-
sive particles over the surface is deflected by ce-
mentite particles (3 and 7). Deep, wide scratch-
es with plastically deformed edges and narrow
scratches which evidence cutting are seen.

Similar pattern was found in the abrasion test
on near eutectoid steel [40]. Plates of cementite
protrude from the surface (1, 2, 4, 5). Abrasive
particle located in the void left by removed ce-
mentite particle is seen (point 6, Si=27.03%,
Fe=52%, 0=20.97%). Strains induced by fa-
tigue cycles were essentially confined to ferrite
plate, secondary cementite lamellas are forward
extruded and thus exposed to wear process.
Figure 11 presents the surface of C110U steel
eroded under high stress. Numerous erodent par-
ticles embedded in the surface are seen (spot 3 in

10 um _ R R AR s
Fig. 10. Surface of C110U steel after abrasion
under high stress amplitude, SEM-EDS
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stress amplitude, SEM-EDS

Fig. 11). The extruded ferrite lip (point 2, C=0%,
Fe=97.61%, Mn=0.49%, Cr=0.37%, Si=1.52%,),
cementite particle protruding from the surface
(point 1, C=6.76%, Fe=92.34%, Si=0.9%) and
deformed pearlite are seen. Embedded erodent
particles act as a reinforcement of the surface thus
increasing its wear resistance. However, next ero-
dent particles on impact onto the embedded par-
ticle can be reflected in the direction tangent to
the surface thus causing erosion by the cutting
mechanism [41, 42]. Resistance of pearlite to ero-
sion depends on the orientation of pearlite plates
relative to the impingement direction of erodent
particles. The highest resistance reveal pearlite
plates oriented perpendicularly to striking particle
[42, 43]. Ye et al. [44] carried out microhardness
measurements on carbon steel specimens which
were fatigued in HCF regime prior to test. It was
found that pearlite hardness remained almost in-
dependent on stress amplitude except for very
high number of cycles close to fatigue fracture. In
contrast, microhardness of ferrite revealed a tran-
sient behaviour and it increased with increasing
number of cycles and then gradually decreased
with further increase in a number of cycles. It
should be mentioned, that the tests presented in
the paper were carried out at much lower number
of cycles. Furthermore, it was found that R and
R parameters were higher for abrasion compared
with erosion. The noteworthy finding is that both
parameters go through minima for the eutectoid
steel. The highest roughness parameters were
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observed for Armco iron, for stress amplitude cor-
responding to LCF and the abrasion test, R =1.83
pm and R =11.29 um. For C110U steel R =1.72
pum and R =10.91 pm. It testifies that in wear of
hypoeutectoid steel the leading process is ferrite
removal. For the hypereutectoid steel, plates of
secondary cementite during stress cycling are for-
ward extruded and thus devoid of adequate sup-
port and vulnerable to abrasion or erosion.

SUMMARY

The paper presents results of a pioneering study
into the effect of alternating stresses on abrasive and
erosive wear. Two test rigs were designed and built
to approach this problem. Test were carried out on
a wide range of carbon steels and cast steels with
different carbon content, microstructure and hard-
ness. For hypoeutectoid steel stress cycling causes
strain hardening thus reducing abrasive wear loss.
In CI110U steel stress cycles impair integrity of
microstructural constituents which considerably
increases wear loss. Alternating stresses increased
erosion intensity of all tested steels which can be
explained by the fact that in successive stress half
cycles two basic erosion micromechanisms i.e.
cutting and ploughing are alternatively enhanced.
It was found in the erosion-fatigue test on cast
steels that tensile stress had stronger effect on wear
loss than prior stress history.
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