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Abstract	
High strength steels (HSS) used in highly abrasive environments, such as in mining and crushing,
must endure high stress abrasion. To properly understand the wear behavior of materials under such
circumstances, the connection between surface loading, work hardening, and material removal has
first to be determined. In this study, wear resistant steels with initial hardness ranging from 400 to
750 HV were investigated in single-grit abrasion. In the cyclic abrasion experiments, the abrasion
resistance of the steels was improved noticeably from the initial state due to surface hardening.
However, the highest surface hardening rate did not result in the highest wear resistance. Moreover,
when the surface loading was sufficiently increased, the transition to a high wear rate mechanism
was observed.
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Highlights:
· Single scratch test cannot not sufficiently represent wear and hardening of HSS
· Cyclic scratch test reveals relevant surface hardening of HSS in high stress abrasion
· Natural rock scratch tips give realism but are more unpredictable than diamond tips
· Microstructural features affect wear and hardening behavior of martensitic steels

1	Introduction	

In the mineral processing industry, the high stress conditions create a challenging environment for
the wear protection steels. Great amounts of highly abrasive rocks are being processed and
transported for example in earth construction, excavation, mining and mineral processing, inducing
heavy abrasion, gouging and impact wear. Materials are required to withstand repeated cycles of
high stress loading causing scratching, denting, impacting, and mineral crushing without premature
failure or critical reduction in the service life. High strength steels can provide longer lifespan due
to their durability than most of the mild steels or coated structures under these conditions.

In order to control the abrasive contact conditions, it is common that wear tests are simplified to
laboratory scale pin-on-disk, ball-on-disk or impact-abrasion experiments [1-6]. In most of these
tests,  it  is  clear  that  the  contact  pressures  and  thus  the  wear  rates  remain  at  a  rather  low  level
compared with the actual mining conditions. To simulate the moderate and high stress conditions,
scratch tests have been utilized to extract the wear coefficients and wear rates [7,8]. The hardening
of the wear resistant materials and its relationship to the wear resistance, however, is not clearly
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established because only the initial hardness is commonly reported. The use of scratch hardness [9]
as an approximation for the wear resistance has been sometimes [10, 11] found useful, but it again
does not give direct information about the surface hardness of the material.

In this work, high stress abrasion, i.e., wear under stress levels capable of crushing the abrasive, and
work hardening of wear resistant steels with different initial hardness were studied. The aim was to
get more precise insight into the material behavior in the abrasive service conditions. The high
stress conditions between steels and minerals were experimentally simulated with scratch tests
using relatively high normal loads. The surface hardness was measured after the tests from the
scratch grooves, and the wear rates were determined from the worn surfaces. Compared to a normal
pin-on-disk setup, where the surface pressures are essentially lower, the use of high loads and a
small indenter demonstrates the ability of the steel to withstand deformation and wear in sharp edge
contacts by natural rocks sliding on the surface. Moreover, this study also provides the basic data
needed in the computational modeling and simulation of the wear process, such as the wear
coefficients, non-linear hardening data of the surfaces, and the shape of the worn configurations
(profiles).

2.	Materials	and	methods	

A single scratch test was performed on five different high strength wear resistant steels commonly
used in abrasive conditions. In the current study, the amount of material loss, surface work
hardening, and wear mechanisms were examined.

Four martensitic steels with hardness values ranging from 400 to 550 HV and a 750 HV chromium
carbide reinforced matrix composite were selected for the study. Both the HV400 and HV750 steels
were experimental grades. These steels are generally used in highly abrasive environments, such as
wear protection plates in mining and earth construction. The martensitic steels were manufactured
by hot rolling and the direct quenching process (DQ). The particle reinforced composite steel was
produced by casting. Oxygen free high conductive (OFHC) copper was used as a simple reference
material in the single scratch tests. Table 1 lists the nominal compositions, initial hardness, and
quasi-static compressive yield strengths of the test materials. The bulk microstructures of the steels
are shown in Figure 1.

Table 1. The nominal compositions, hardness values, and yield strengths of the test materials.
Material Copper HV400 HV500A HV500B HV550 HV750

Initial hardness [HV10] 100-102 400-415 500-510 490-515 540-565 740-760
Microstructure Cold drawn

(25%)
Martensitic Martensitic Martensitic Martensitic Cr7C3 in

martensitic matrix
Yield strength [MPa]* 280 n/a 1800 1950 2070 2540
C [%] - 0.15 0.30 0.32 0.36 2.00
Si [%] - 0.16 0.80 0.70 0.60 n/a
Mn [%] - 1.05 1.70 1.50 1.00 n/a
P [%] - n/a 0.025 0.015 0.015 n/a
S [%] - n/a 0.015 0.005 0.005 n/a
Cr [%] - 0.21 1.50 1.00 1.50 20.0
Ni [%] - n/a - 2.00 2.50 n/a
Mo [%] - 0.15 0.50 0.70 0.80 n/a
B [%] - n/a 0.005 0.005 0.005 n/a
Cu [%] 99.999 - - - - -
* Quasi-static compression test



Figure 1. Initial microstructures of the four hardest test steels, a) HV500A, b) HV500B, c) HV550,
and d) HV750.

The high stress two-body abrasion tests were conducted as single and multiple scratch tests by
CETR UTM-2 tribometer using a standard Rockwell-C tip with a 	200μm ± 10 radius. Preliminary
abrasion tests were performed with natural granite and quartzite rock tips, which were screened
from the actual batches of abrasives obtained from quarries. The scratching was performed in a
circular track to reduce any possible effects on the results that could arise from choosing the sliding
direction in respect to the rolling direction of the hot rolled steels. The surfaces were ground and
polished sufficiently to remove the decarburized layer. The sliding speed was chosen as constant 0.1
mm/s for all tests. The utilized constant normal loads in the tests were 20 N, 40 N, 60 N, and 80 N.

The multiple scratch tests were used to further characterize the wear rate and hardening of the most
prominent steel grades observed in the single scratch tests. Multiple cycles were run in the same
scratch groove for 1, 2, 5, or 10 times. The use of a Rockwell-C tip instead of a conical tip allows
the center of the wear groove remain nominally flat so that the hardness could be measured with a
satisfactory accuracy with a micro Vickers indentation (HV0.2).

In addition, overlapping scratching experiments were conducted for two HV500 grades to study
how the previously formed and heavily deformed ridges behave under further abrasion. The test
was executed so that after making a scratch, the stylus was repositioned over one of the previously
ploughed ridges. This was continued until altogether five scratches were created, always
repositioning  the  stylus  on  the  ridge  on  the  same side  of  the  previous  scratch  (i.e.,  the  stylus  was
moved in the same radial direction between the scratches).

The ploughed ridges next to the grooves are not always continuously formed especially at high
contact stress situations, where shearing of platelets is often observed. Therefore a 3D optical
profilometer, Wyko NT-1100, was utilized to obtain more reliable data on the ridge formation than a
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sole two-dimensional line profile is generally capable of providing. A custom Matlab program was
used to analyze the scratch geometry and the volume loss from the measured profiles.

In addition to 3D surface profilometry, the surfaces were characterized with an optical microscope
to observe the differences in the wear behavior. Moreover, cross-sectional samples were prepared
from the middle of the scratch grooves for the characterization of the work hardening effect by
microscopy and microhardness testing.

3.	Results	

3.1	Mechanical	behavior	

The stress-strain behavior of the steels was studied with mechanical compression tests to determine
the relationship between the strain hardening and the initial microstructure of the steels. Noticeable
strain hardening was observed in the quasi-static compression tests for all of the studied steels (Fig.
2). The hardness of the compressed samples also increased accordingly. However, the maximum
hardness of the martensitic grades was not reached in the compression tests as the fracture stress of
the samples was not reached. The HV750 composite grade, in turn, fractured in the tests indicating
that the observed hardness is approximately the maximum hardness of the steel.

Figure 2. Compression stress-strain curves and hardness values measured after compression tests at
0.1 s-1 strain rate.

3.2	Single	scratch	tests	with	a	rock	intender	

Steel balls or pins are typically used as indenters in tribological tests. A more realistic contact was
attempted in tests with natural rocks as scratch tips. The used granite and quartzite rocks with
composite hardness of 650-750 HV and 1050-1250 HV, respectively, were naturally formed and
thus contained sharp edges. The rock tips, however, do not provide a continuously similar geometry
due to fracturing during the tests, and therefore the test conditions were difficult to control and keep
constant.

Figure 3a shows the two-dimensional geometry of a 6 mm granite rock overlaid with the real scale
geometry of the Rockwell-C tip. In this case, the rock edge that had been in contact with the steel
during  the  test  is  very  similar  to  the  Rockwell  stylus.  Figure  3b  shows  the  evolution  of  the
coefficient of friction during the scratch test. In region I, the edge geometry of the granite rock



changed and then stabilized. The sharp jumps in the friction values represent larger fractures of the
quartzite during the tests. It is especially challenging to find similarly shaped rocks for each
individual test, and the accuracy and validity of the results may suffer from the varying contact
conditions. As a consequence, the standard Rockwell-C tip was found sufficiently representative
and a more reliable tip type to ensure the comparability of the test results.

Figure 3.  a) A typical 2D profile of a natural  granite rock overlaid with the Rockwell-C geometry
marked with a yellow line, b) A single scratch test with natural granite and quartzite rocks against
the HV500A steel using a 40N constant normal load.

3.3	Single	scratch	tests	with	a	rigid	indenter	

The single scratch test results for the high strength steels with a rigid indenter are shown in Figure 4
at four normal loads. In the present results, the wear rate is calculated in a simple manner by
dividing the volume loss by the normal load multiplied by the sliding distance in the measured
profile. In general, a distinctive increase in the wear rate is seen with increasing load. The initial
steel hardness is expected to have a decreasing effect on the wear rate at all load ranges. The
reference copper showed much higher wear rate values than the HV400 steel, ranging roughly from
0.032 mm3/Nm at 40N to 0.0035 mm3/Nm at 80N due to the high ploughing at high loads.
However, the wear rate of HV400 steel was found markedly higher than in the other steels, and
therefore the testing for this material was limited only for single scratch test.

Figure 4. Wear rate for various hardness grades of wear resistant steels at different normal loads
during a single scratch test.

To evaluate the abrasion mechanism, the cutting-to-plasticity ratio was determined using the
equation  [12]:



= 	
− (1)

where is the negative volume below the baseline and  is the positive volume above the
baseline. When j reaches unity, all material has been cut off, while zero value implies ideal plastic
flow of the material into ploughed ridges. Figure 5 presents the calculated ratios for a single scratch
case.

Figure 5. Cutting-to-plasticity ratio showing the amount of material cut off at different normal
loads.

The measured cutting-to-plasticity ratios varied markedly in the current range of loads depending
on the steel grade. The 40N load increased ploughing for the HV500B and HV550 grades, whereas
the HV400, HV500A and HV750 grades showed increased cutting. Most grades exhibited increased
ploughing at 80 N. However, the HV500B grade underwent heavy cutting in this region, partially
because of the shear damage occurring in the ridge regions that removed noticeable amount of
material. The less ductile particle reinforced steel had cutting as the main wear mechanism. The
penetration depths in the high strength steels remained rather low, i.e., below 10 µm. The plastic
penetration depth in the HV750 grade was only 0.75 µm at 80N.

Figure 6 presents the hardness values of the worn surfaces at various loads. Copper saturates to its
maximum hardness at 40N, while all of the martensitic grades continue hardening throughout the
studied load range.  At 80 N, HV500B resulted in a roughly 100 HV higher value than HV500A,
and also 50 HV higher than the HV550 steel. The results suggest that in a single scratch test the
steady state of wear cannot be established with the studied steels.

Figure 6. Surface strain hardening measured from the bottom of the wear groove for normal loads in
the range of 20-80N.



The average friction behavior shown in Figure 7 provides a link to the abrasion mechanisms.
Although  friction  is  measured  for  a  steel  and  a  diamond  tip  pair,  it  is  evident  that  whenever  the
coefficient of friction is high, the wear mechanism is either heavy ploughing or the material is being
cut off at a high rate from the surface. The low friction values for the carbide reinforced steel are a
combined result of the high initial hardness, low degree of penetration, and low adhesion between
the hard carbides and the diamond tip.

Figure 7. The average friction coefficients at different normal loads in single scratch tests.

3.4	Multiple	scratch	tests	of	500HV	steels	

The  effects  of  multiple  cycles  were  studied  on  two  500HV  grades  using  four  different  constant
normal loads. Figure 8 presents the scratch test results for 1…10 cycles, showing that ten cycles is
enough to provide saturation to the maximum hardness for both studied steels at the bottom of the
groove. It is, however, evident that the steels exhibit slightly different hardening behavior. At 80N,
the steels reach saturation in the surface hardness already after a couple of cycles. At the lower
loads of 20N and 40N, the surface hardness of the steels seems to remain at a clearly lower level. It
is,  however,  possible  that  this  is  simply  due  to  the  relatively  thin  deformed  layer  formed  on  the
surface, through which the indenter can easily penetrate to the less deformed and softer material.

Figure 8. Surface hardness at the groove bottom and wear energies of high strength steels a)
HV500A and b) HV500B tested with different normal loads as a function of overlapping cycles.



Figure 8 shows also the difference between the two steel grades. At the lower loads, both steels
show quite similar general behavior, while at the higher loads the higher wear rate values of
HV500B indicate more loss of material due to cutting, especially at 80N. In the more ductile
HV500A, the material is to a larger extent only plastically deformed and folded to the sides of the
groove.
 The cutting-to-plasticity ratio remains rather constant throughout the multiple cycle range for the
loads used in this study. The cutting increases in both steels after the second cycle, when parts of the
ridges are torn off. Furthermore, the coefficient of friction decreases with the increase of the surface
hardness and reaches a more steady state after five cycles.
 Figures 9a and 9b represent the 2D profiles and worn 3D profiles of the two HV500 grades. A
noticeable difference can be seen in cutting/ploughing behavior, of which the HV500B showed
clearly higher cutting but more shallow penetration depths.

Figure 9.  2D profiles of a) HV500A and b) HV500B steels at  four normal loads together with 3D
profiles at 80N after 10 cycles, c) 3D and line profiles of five scratches overlapping on the ploughed
ridges of an HV500A sample at 40N.

Figure 9c shows the profile from an overlap test carried out directly over the ridges ploughed on a
HV500A sample at 40N. Altogether five scratches were run in this manner on both HV500A and
HV500B samples at the loads of 40N and 80N. The cutting-to-ploughing ratio remained at the same
level in both steel grades similar to the multiple scratch tests at 40N after 5 cycles. At 80N,
however, the HV500A sample showed a two times higher cutting-to-plasticity ratio compared to the
multiple cycle test. This indicates that the ploughed ridges of this material are prone to removal by
continued abrasion. In contrast, the HV500B sample showed two times smaller value in the cutting-
to-plasticity ratio than in the multiple cycle test. This, on the other hand, suggests that the ridge
areas of this steel grade are more resistant to abrasion than the groove itself.

3.5	Multiple	scratch	tests	with	low	and	high	loads	

Figure 10 shows the surface hardening and wear energies for all steels in the moderate (40N) and
severe wear (80N) regions. The lower load strain hardens the surface by creating a harder tribolayer,
but clear saturation is achieved only with the HV750 steel. When analyzing the more severe
conditions, the curves show clear saturation after five overlapping cycles. The initially harder



HV550 does not work harden in the test as much as HV500B, which could be a combined effect of
its lower ductility and shearing-off of the hardened tribolayer thus revealing less deformed and
softer material in HV550.

The effect of initial hardness is more significant in the moderate wear region where the steels show
less surface hardening. As expected, HV750 had the best wear resistance and the two 500HV grades
showed essentially the same wear rate. However, the HV550 steel performed almost as well as the
carbide reinforced steel. When comparing the results of moderate and high wear regions after ten
cycles, the martensitic steels show an increase in the wear rate by a factor of 5…9  The HV750
showed only a three times higher wear rate value at the higher load. Ideally the increase should be
double, if the materials behaved linearly as a function of load.

Figure 10. Surface hardness at the groove bottom and wear energies of the studied steels as a
function of overlapping cycles a) at 40N load and b) at 80N load.

The friction values remain rather constant in the moderate wear region, as shown in Figure 11a. The
second cycle, however, shows slight increase in some steels suggesting that the frictional force is
increased due to the removal of particles from the ridge regions. In the high wear region, friction
generally decreases due to increasing surface hardening, and for the same reason the increase in the
penetration depth slows down with the increasing number of loading cycles. Once the maximum
surface hardness is reached, the friction values stabilize to a more or less constant level.

Figure 11. The average coefficient of friction for the studied steel grades at a) 40N and b) 80N
constant loads as a function of abrasion cycles.

The abrasion mechanism (i.e., cutting vs. plasticity or ploughing) does not seem to change much as
a function of wear cycles, although a slight decreasing tendency may be observed in most of the
cases shown in Figure 12. However, the transition from the low wear region to the high wear region



due to the increased normal load changes noticeably the cutting-to-plasticity ratios. For example for
HV500A, the ratio decreases from about 0.5 to 0.3, while for HV500B a significant increase from
about 0.4 to 0.8-0.9 is observed. Also for HV750 the ratio decreases with increasing load, indicating
that more material is ploughed rather than cut off from the groove. The cutting-to-ploughing ratio of
HV550 seems to fluctuate more as a function of wear cycles than that of the other materials, but on
average no big change on its level with changing load is observed.

Figure 12. Cutting-to-plasticity ratios in a) moderate 40N and b) severe 80N wear regions.

Figure  13  shows the  worn  surfaces  at  two normal  loads  after  ten  wear  cycles.  At  40N,  no  severe
damage is observed on the sides of the grooves, but there is a distinct change in the wear
mechanism when moving to 80N in the load. The two 500HV grades show quite different plastic
behavior. The shear platelets in the A-grade can be interpreted as heavy deformation damage,
whereas in HV500B as well as in HV550 the damage is more related to cutting. On the surface of
the HV750 specimen, the Rockwell tip has slid rather smoothly, but some decohesion between the
matrix and the carbides can be observed on the surface. The primary cracks have propagated in the
matrix, but occasional secondary cracks are found also in the carbides.

Figure 13. Worn surfaces after 10 cycles at 40N and 80N normal force. The dashed line marks the
cutting plane for the cross-sectional samples.

The cross-sectional  study  exposed  heavily  deformed  layers  and  damage  on  the  surfaces  of  the
martensitic steel grades. The depth of the layers was not very deep, 5-20 µm only, despite the high
stress acting on the surface. The martensitic laths were elongated in the direction of the shear stress
acting on the surface. In all martensitic steels, there were shear fractures that propagated parallel to
the elongated laths.



Figure 14. a) Cross-section from the middle of the scratch groove in HV500A at 80N normal load
after ten cycles, the dashed line showing the heavily deformed layer revealed by etching, b) work
hardening occurring below the surface measured from the cross sections of the scratches.

The largest shear plates were found in the HV500A samples. Moreover, the shear fractures had
propagated below the hardened layer, which could have accelerated the formation of wear particles
as a result of contact fatigue. In contrast, both HV500B and HV550HV showed smaller shear
patterns in the cross-sections, which could indicate better long term surface fatigue resistance. In the
martensitic matrix of HV750, light shear banding near the surface was also detected. However, the
loss of material in HV750 occurs mainly by carbide detachment that results from, e.g., fracture at
carbide-matrix boundaries.

The depth of the hardened layer was measured from the cross-sections  after  10  cycles  at  80N
normal load. In the martensitic steels, the hardness profiles showed hardening down to 100…
150µm before the bulk hardness was reached. The highest values, 700-800 HV0.025, were
measured from the tribolayer formed during the deformation. Although there were no observable
visual changes in the HV750 surface microstructure, the hardness values indicate that work
hardening had taken place down to ca. 50 µm from the surface.

4.	Discussion	

4.1	The	effect	of	surface	hardening	

The single scratch test is commonly used as a benchmark for the tribological behavior of different
surfaces, such as steels [11,13,14] and coatings [15]. Based on the results of the current study, the
single scratch test, however, does not properly reflect the wear behavior of high strength steels if the
tested material is in a virgin (as-received) condition. For example, the work hardening capability of
the steels studied in this work led to an over 50% increase in the surface hardness compared to the
initial bulk hardness. In addition, the microstructural differences due to the different compositions
and processing parameters resulted in differing mechanical behavior of the studied steels under
abrasive conditions. Also differences in the microstructures of the hardened surfaces compared with
the initial states could be observed.

After the observed maximum hardness was reached, the wear rates described as volume loss per



energy unit were clearly decreased, as seen in Figure 10. In the single scratch tests, the hardening
was a strong function of the applied normal load, but in most cases reaching of the maximum
surface hardness required multiple scratching cycles in the same groove. Some attempts of using
wear and work hardening coefficients to describe the abrasive wear of metals have been presented
[12,16,17]. The models, however, are often limited by very little knowledge of the true hardness of
the work hardened surface due to abrasion, or sometimes even restricted only to the as-received
state hardness neglecting work hardening completely. Therefore, the wear behavior of steels should
be attempted to predict only when the true hardening behavior related to the application in question
is properly taken into account, as shown by the scratch test results of this work.

In hot rolled martensitic steels, the amount of tempered martensite over the untempered hard and
brittle martensite can be used as a design parameter related to the ductility and hardness of the
material. Moreover, the appearance of other softer phases [18,19] has been found to affect the wear
behavior. The more detailed studies of the microstructural features of martensitic wear resistant
steels also reveal that the prior austenite size [20,21], packet and block sizes of the martensite [22-
24] and their high angle boundaries affect the hardening and failure behavior of the lath martensitic
structure.  In general  it  is  believed that with a finer structure and optimally distributed packets it  is
possible to achieve increasingly higher strength. This, however, normally happens at the expense of
toughness,  as  shown for  example  by  the  simulations  of  Shanthraj  and  Zikry  [25].  In  case  of  high
stress abrasion, this in turn can affect the wear rates drastically, as a higher density of cracks may
develop in the very fine structure leading to faster detachment of the wear particles.

The differences in the wear behavior of the studied steels were evident in the optical examinations.
For example, the surfaces of HV500A samples after multiple and overlapping scratch tests revealed
that the ridge regions contained plenty of partially detached wear platelets, as shown in Fig 13a,
while in similar experiments with HV500B the material was removed by clean cutting already
during scratching. The shape and small size of the platelets in HV500A also suggest that they may
be removed rather easily in further abrasion or scratching, thus accelerating wear. Somewhat similar
behavior of martensitic wear steels in impact-abrasion were observed by Ratia et al. [26,27], who
found that material is more easily detached from the previously deformed areas such as impact
crater edges containing similar type of “shear-platelets”.

It is important that the tribolayer is hard enough and does not induce subsurface fracturing, which
can accelerate abrasive wear significantly. It has been reported for example by Venkataraman and
Sundararajan [28], that the cracks beneath the deformed layer can easily initiate at the interface and
propagate laterally leading to high wear rates. However, in the current experiments no such
behavior was observed for any of the tested steels. The surface shear/tensile cracks (Fig 14a)
seemed to halt when the less oriented martensitic structure (with the original bulk orientation
distribution) was encountered under the deformed surface layer. However, it is still quite plausible
that under repeated loadings the cracks could propagate laterally along the surface layer-bulk
interface.

4.2	Wear	resistance	under	high	stress	abrasion	

The high stress abrasion tests showed that surface hardening is a very important factor for the
material’s wear resistance. Figure 15 illustrates the mechanics of an external asperity - steel contact
in a scratch test, showing the situation both during and after the contact. Because of the significant
surface work hardening, under repeated loadings the wear rates of the studied steels decrease



drastically compared to the initial contact. In the low force tests at 40N, the initially harder 550HV
and 750HV steels resulted in 50% lower wear rates than the two 500HV grades. Moreover, the
penetration depth in the HV500 steel grades was three to six times higher than in the harder steels.
The current results support the previous findings for example by Kato [29] In general, it seems
evident that the abrasive mechanism does not change noticeably in the 40N load region used in this
investigation, which suggests that the steels have a rather constant wear rate even under repeated
contacts at such surface pressure levels. The optical examination of the wear grooves also supports
this  result.  Some  evidence  of  adhesion  and  removal  of  wear  particles  was  found,  but  the  visual
inspection did not reveal any severe damage other than formation of small amounts of wear debris.

Figure 15. Schematic illustration of the penetration of a hard abrasive particle in the steel surface
during high stress abrasion.

The studied high strength steels showed good wear resistance in the high stress abrasion tests.
Consequently, this implies that the strong surface work hardening capability and ductility of these
steels also promote their endurance in the mineral processing applications, where similar high
stresses are commonly present. The experimental carbide reinforced steel showed noticeably less
wear and lower friction than the studied martensitic grades, evidently owing much to its high initial
hardness, reasonable work hardening capability, and preferential composite microstructure, which
can undergo relatively large plastic deformation and gives good support to the carbides in pure
abrasion. Especially at higher loads, the wear particles were formed by fracturing from the surface
primarily along the carbide-matrix interfaces and in the matrix, but still without significant signs of
larger scale damage that could lead to high wear rates in the crushing application.

Based on the current results, it cannot be estimated whether the increase in friction, which affects
the shear stresses (the coefficients of friction for natural rocks vs. steels range from 0.5 to 1.0, as
seen in Figure 3) would inflict more severe subsurface damage. This is, however, a question that
will be addressed by the authors in more detail in a separate paper under preparation by numerical
modeling and simulations and by investigating the subsurface stresses in the microstructures with
sets of test parameters that represent different friction conditions.

5.	Conclusions	

Controlled experimental scratch tests were conducted to study the high stress abrasion and work
hardening behavior of high strength wear resistant steels with initial hardness ranging from 400HV
to 750HV. The test method was shown to provide new data on the surface work hardening and, in
particular, on its role on the improved wear resistance of the studied materials. Moreover, the
obtained results help to formulate the dependence of the wear rate on experimental and application
conditions and facilitate modeling of the abrasive wear of high strength wear resistant steels.



In multiple cycle tests, i.e., in tests where the same track is scratched repeatedly, the surface
hardness values saturate to a certain (maximum) level if the applied normal load is high enough.
Lower loads, on the other hand, are in many cases not capable of raising the surface hardness to
similar values even though the scratching is continued, which will also have an effect on the wear
behavior of the material. It is therefore evident that the wear rates determined from single scratch
tests do not properly represent the steel’s true behavior in high stress abrasion conditions, mostly
due to the insufficient account of the surface strain hardening behavior of the material. It should
also be kept in mind that the morphological features of the martensitic structure, such as the prior
austenite, packet, block and lath sizes together with the volume fraction and distribution of
untempered martensite have a strong effect on the strength, initial hardness and work hardening
behavior of the steels.
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