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A B S T R A C T

The wear behavior of three laser clad high speed steel (HSS) alloys and one conventional spun cast HSS alloy was
investigated by using a pin on disc tribometer at 25 °C and 500 °C. The wear mechanism was found to be the
combined effect of abrasive, adhesive and tribo-oxidative wear, with the latter becoming more prominent at
500 °C.

Due to refined microstructures with higher hardness, laser clad HSS alloys showed superior wear resistance at
25 °C. However, at 500 °C in-spite of the cracking of MC carbides, the cast HSS alloy showed the best wear
resistance. With superior anchorage, the coarse MC carbides carried the load, enabling the matrix to form a
stable oxide layer to resist the wear.

1. Introduction

In the hot rolling process, the work rolls' condition and life span are
key factors for the robustness of the production process and of the
rolled product quality [1]. Hot rolling work rolls experience severe
working conditions due to the extreme cyclical temperatures and loads,
leading to the degradation of the work roll surface [2,3]. In order to
retain the product quality during the course of rolling campaign, the
work roll must resist to high abrasive, adhesive and oxidative wear, and
extreme thermo-mechanical fatigue [4].

In the hot strip mill (HSM), high speed steel (HSS) work rolls are
used in both early and finishing mill stands to meet the demands of the
high quality production and high productivity [5]. HSS rolls are pre-
ferred in the HSM due to their superior mechanical properties, showing
an excellent combination of strength, hardness, wear and corrosion
resistance compared to the conventional roll-grades [6,7]. HSS are
complex alloy steels containing carbide forming elements like vana-
dium, tungsten, molybdenum and chromium, with the alloying ele-
ments percentage ranges usually between 10-25 % [8]. HSS rolls are
conventionally produced by casting (centrifugal) processes [9,10]. The
microstructure of the cast HSS rolls is composed of a martensitic matrix

and heterogeneously distributed coarser grain boundary carbides (MC
and M6C type) with the grain size ranging from 20-200 μm [11,12].

In the hot rolling process, abrasive wear is caused by the hard oxide
particles, which are harder than the roll material [13,14]. To resist the
wear, it is significantly important to improve the hardness of the mar-
tensitic matrix and to increase the amount of hard and wear resistant
carbides. Nilsson et al. [15] recommends the utilization of powder
metallurgy processes to refine the microstructure. Microstructural re-
finement will improve the thermo-mechanical fatigue and the wear
resistance of the work rolls in the HSM. Such refinement of the mi-
crostructure can be achieved by laser metal deposition (laser cladding
process) due to relatively high cooling rates [16,17].

The laser cladding process is a manufacturing technique, that uses
absorbed laser energy as a heat source to deposit clad layers of ad-
vanced properties onto the substrate [18]. During laser cladding a high
power laser beam scans over the surface of the substrate creating a melt
pool into which powder material is simultaneously injected to produce
a cladded layer upon resolidification [19]. Laser cladding offers distinct
processing advantages over conventional technologies due to high
control over the heat input, limited heat affected zone (HAZ), minimal
dilution of the powder material with substrate and low distortion, along
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with strong metallurgical bonding between the clad layer and substrate
[20].

Considerable work has been conducted investigating the effect of
microstructure on the wear behavior of HSS alloys [21,22]. Shizhong
et al. [23] reported that for higher hardness (> 700 HV), abrasive wear
resistance of HSS mainly depends on the amount, morphology and
distribution of VC carbides. However, most of these studies are limited
to cast HSS alloys, only a few investigations provide insight into the
wear of laser cladded HSS coatings, reporting that wear resistance de-
pends upon the matrix microstructure and features of dispersed car-
bides [24–27]. Hashemi et al. [28] reported on the wear of thick HSS
laser clad deposits under different sliding speeds. While Shim et al. [29]
compared the influence of various post heat treatments on the wear of
laser cladded HSS deposits. The current research addresses the wear of
thick HSS laser clads at 25 °C and at 500 °C by taking into account the
effect of oxidation and compares the results with the wear of a con-
ventionally spun cast HSS alloy under the same conditions.

The motivation of the present study is to identify and investigate the
wear mechanisms involved during the hot rolling for four roll grades of
HSS produced by conventional casting (one grade) and by additive
manufacturing (three grades). Two testing temperatures 25 °C and
500 °C represent typical temperatures at which the work roll is in-
troduced for rolling and the average maximum temperature of the work
roll in the rear finishing mill stands respectively [15,30]. The effect of
microstructure refinement, carbide amount, type and morphology on
the friction and wear are investigated. It is important to mention that
current paper only addresses the sliding part of the rolling process.
Thermo-mechanical fatigue is also not the scope of this paper.

2. Experimental

2.1. Experimental setup and procedure

A CSM-Instruments high temperature pin on disc tribometer was
used for friction and wear characterization of one spun cast HSS alloy
and three laser cladded HSS alloys, see Fig. 1. Laser cladding of HSS
alloys was performed by using a 4 kW TRUMPF Nd:YAG laser source.
The focusing head consisting of a 200mm collimation lens and a
300mm focal lens, which was mounted to the end-effector of a six
degree of freedom ABB robot IRB-2600M2004. An ABB tilt rotation
manipulator was used to manipulate the cylindrical substrates. The
powder was supplied by a Twin150C Oerlikon-Metco powder feeder
and injected into the laser-induced melt pool on the substrate by lateral
nozzles of 2.5 mm in diameter. Argon was used as powder carrier gas, as
well as to protect the laser-material interaction zone from oxidation.
The high power laser cladding facility used for the production of
samples is shown in Fig. 1.

Laser cladding was performed on a 42CrMo4 steel cylindrical sub-
strate of 50mm diameter. Laser cladding processing parameters are
listed in Table 1.

Hemispherical pins of 10mm diameter were machined from the cast
and laser clad HSS samples by using wire Electric Discharge Machining

(EDM), see Fig. 2. Pins from the laser clad HSS alloys were machined in
such a way that tips of the pins were composed of laser clads. Wear
testing was performed at 25 °C and at 500 °C under a constant applied
load of 5 N for a sliding distance of 2000 m. This resulted in a maximum
Hertzian contact pressure of 795 MPa. In the experiments, the sliding
speed was fixed at 450 mm/s. As counter surface, low carbon steel discs
of 50 mm diameter were used.

The wear rates were calculated from the volume loss of the pins
based on the wear diameter [31–33]. Volume loss and wear rate are
calculated by using eq. (1) and eq. (2) respectively.

=V πd
R64

4

(1)

=k V
SFn (2)

Whereas V is the volume loss (mm3) of the pin, d is the wear diameter
(mm) of the pin and R is the radius (5 mm in this paper) of the pin tip.
While, k represents the wear rate (mm3/N.m) and it is defined as the
volume loss V (mm3) per unit of the sliding distance S (mm) and of the
applied force (Fn).

2.2. Materials

The composition of the laser clad and spun cast HSS alloy is listed in
Table 2. Laser cladding powders were commercially purchased from
Höganäs AB and Carpenter Technology Corporation and were in-
vestigated by varying the amount of carbide forming elements V, W and
Mo (LC1, LC2 and LC3). Among the laser cladding HSS alloys, LC2 also
contains Co (3.0–5.0 %) which was added to improve the hardness at
elevated temperatures. LC3 contains higher amount of Mo and W but
lower amount of V in comparison to LC1 to achieve a larger percentage
of M2C carbides.

Among the HSS alloys, the cast HSS alloy contains the highest
amount of carbon (1.6–2.0 %) but does not contain W. The cast HSS
alloy was double tempered at 520 °C for 2 h and air cooled for the
precipitation of the secondary carbides while the laser clad HSS alloys
were tested in the as clad conditions.

2.3. Analysis tools

A KEYENCE VHX-5000 optical microscope was used for the mea-
surement of the wear diameter of the pins. A confocal microscope
KEYENCE VK-9700 was used to measure the surface roughness of the
pin and disc samples. A JEOL JSM-7200 field emission Scanning

Fig. 1. High power laser cladding facility and high temperature pin on disc tribometer at the University of Twente.

Table 1
Processing window for the laser cladding process.

Laser power (W) Laser scan speed
(mm/s)

Mass flow rate
(g/min)

Tracks overlap ratio
(%)

2000–2200 5 13 50
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Electron Microscope (SEM) equipped with Energy Dispersive X-ray
Spectroscopy (EDS) and Electron Backscattered Diffraction (EBSD)
sensors was used for microstructural, elemental and phase analyses of
the HSS alloys and the wear tracks.

Samples for the microstructural analysis were prepared from the
cross-sections of laser cladded bars and mounted in Bakelite (Struers-
PolyFast). Polishing of samples was performed on Struers TEGRA-
MIN-30 by using diamond suspensions of 9 μm, 3 μm, 1 μm, and
0.25 μm, and colloidal silica suspension of 0.04 μm.

A Talos F200X S/TEM is used for High Resolution Transmission
Electron Microscopy (HRTEM). Samples for HRTEM were prepared by
Focused Ion Beam (FIB). The micro-hardness of the HSS alloys was
determined by a Leco LM-100AT Vickers indenter. The micro-hardness
measurement were conducted at a load of 500 g with a dwell time of
15 s (DIN EN ISO 6507-1 standard).

3. Results

3.1. Microstructure and micro-hardness

The microstructure of the laser clad and cast HSS alloys is shown in
the Backscattered Electron (BSE) micrographs, see Fig. 3. The micro-
structure of the spun cast HSS alloy mainly consists of primary MC and
eutectic M6C carbides along with dark secondary precipitates of vana-
dium enriched carbides [12]. For laser clad HSS alloys, the highly re-
fined microstructure consists of continuous network of fine eutectic of
MC(VC) and M2C carbides. The matrix consists of martensite and re-
tained austenite. The martensitic matrix is enriched with M7C3 and
M23C6 carbides along with the nano size secondary precipitates of
complex carbides. In addition, LC2 contains 3–5 % of cobalt, homo-
geneously distributed within the matrix. Addition of Co provides
strength to the matrix at high temperature [34].

SEM micrograph and EDS images show the typical size, morphology
and elemental analysis of different carbides present in laser clad HSS
alloys, see Fig. 4. It is found that MC (VC) carbides are blocky, round
and rod like shaped and are enriched with V. While M2C carbides have
feathery, lamellar and layered morphology and are enriched with Mo.

During the laser cladding of thick coatings, re-heating of the inter-
mediate layers resulted in the tempering of the existing lath martensite,
and the transformation of retained austenite to martensite. This re-
heating process also affects the amount of secondary precipitates from
one layer to another [35]. The percentage of carbides present in the

HSS alloys determined by EBSD analyses is listed in Table 3 while the
EBSD phase maps are shown in Fig. 5.

The micro-hardness (HV 0.5) measurements of the laser clad HSS
alloys are plotted along the clad height, see Fig. 6. Optical image of the
cross-section of three layers laser clad samples of LC2 with micro in-
dents is also shown, see Fig. 6. The micro-hardness of the laser clad HSS
alloys LC1 and LC3 was determined from the samples cladded with two
overlapping clad layers while in case of LC2 from three overlapping
clad layers sample. The micro-hardness of the cast HSS was optimized
to 660± 10 HV by double tempering at 520 °C followed by air cooling.
This promoted the precipitation of fine secondary carbides in the matrix
and increased the material homogeneity by transformation of residual
austenite to martensite.

3.2. Friction

Friction coefficient signals recorded at 25 °C and at 500 °C for cast
and laser clad HSS alloys are shown in Fig. 7. At 25 °C, the mean
coefficient of friction of the cast HSS is slightly higher (≈ 0.6) when
compared to the laser clad HSS alloys (≈ 0.5–0.55). The friction signals
showed running-in for both kinds of HSS alloys which represents an
initial metal-metal contact before stabilizing upon the formation of an
interfacial layer on the pin surface due to transfer of material from the
disc, consisting of metal and oxide debris (see also Fig. 8). Among the
laser cladded samples, LC2 and LC3 showed stabilization in the friction
signals in the first 200 m; however LC1 stabilized around 600 m which
can be attributed to the amount of metal-oxide debris, forming the in-
terfacial layer. Worn surfaces of the pins covered with the interfacial
layer are shown in Fig. 8.

At 500 °C, all four HSS alloys exhibited stable friction behavior with
a mean value of 0.6, although cast HSS and LC3 showed increasing
noise in the friction signals over time. In the experiments conducted at
500 °C, the pin was brought in contact with a pre-oxidized disc surface
heated up to 500 °C and sliding was immediately started. During the
experiments, a short running-in period was observed for both cast and
laser clad HSS alloys. The running-in period was shorter for the cast
HSS alloy and LC2. SEM micrographs of the worn surface of pins are
shown in Fig. 9. SEM micrographs show that for the cast HSS apart from
carbides, the matrix was fully oxidized. But for the laser clad HSS al-
loys, a partial inhomogeneous oxidation across the worn surface was
observed. Representative oxidation states of cast HSS and laser clad HSS
at 500 °C is expressed by schematics, see Fig. 10.

3.3. Wear

At 25 °C the cast HSS alloy showed a higher wear rate when com-
pared to the laser clad HSS alloys, see Fig. 11. The highly refined mi-
crostructure of laser clad HSS alloys provided strength to the matrix to
resist the abrasive wear (third body abrasion) which was dominant at
room temperature. The highest wear rate of the cast HSS and the low
values for laser clad HSS alloys are justified by the lowest and highest

Fig. 2. Laser cladding of HSS alloys on cylindrical substrate and subsequent machining of pin samples.

Table 2
Chemical composition of cladding powders (Wt.%).

Powders C Cr Mo W Co V Fe

LC1 1.3 4.3 4.6 5.6 – 4.0–5.0 bal
LC2 1.3 4.3 4.6 5.6 3.0–5.0 3.0–5.0 bal
LC3 1.3 4.2 5.0–6.0 6.0–7.0 – 3.0–4.0 bal

Cast HSS 1.6–2.0 4.5 5.0 – – 4.0–6.0 bal
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hardness respectively. The harder HSS alloys continuously abraded the
low carbon steel disc surface, resulting in adhesive wear by transferring
and agglomerating the wear debris onto the pin surface, see Fig. 8.

In the wear tests performed at 500 °C, the wear is driven by the
oxides that formed in the contact. During the wear process, abrasive
particles were formed as a combination of oxide and carbide debris
which wore the matrix. Since the cast HSS formed a more stable and
homogeneous protective oxide layer at this temperature (Fig. 9), the
cast HSS alloy showed a lower wear loss than the laser clad HSS sam-
ples.

The coarser MC carbides in the cast HSS, due their high hardness
and superior anchorage supported the load during the test. The MC
carbides suffered cracking during this process, but it helped the matrix
to oxidize to resist the wear (Fig. 12). MC carbides are highly prone to
oxidation [36] but due to their load carrying capability, no oxidation of
these carbides was observed, see Fig. 13. In addition, the matrix of the
cast HSS alloy was also protected by the stable iron oxide film (Fe2O3)
formed while MC carbides carried the load, see Figs. 12 and 13.

At 500 °C laser clad HSS alloys showed partial and inhomogeneous
oxidation, resulting in the continuous wear of the martensitic matrix.
Fine angular MC carbides and discontinuous network of MC/M2C car-
bides were easily peeled off due to the poor anchorage, see Fig. 14. This
resulted in an increase in the wear debris, further facilitating the two

and three body abrasion. Although LC2 showed the most stable friction
behavior, but the presence of Co (3–5 %) did not result in a significant
difference in the wear performance of LC2. Among the laser cladded
HSS alloys, LC3 showed the lowest wear. According to the aims of alloy
development, this was due to greater carbide volume fraction (30–35 %)
of LC3 contributing to higher average hardness. Material transfer was
also observed on the surface of LC3 (Fig. 9).

3.4. Surface topography

Surface roughness plots of the cast and selective laser clad HSS al-
loys at 25 °C and 500 °C are shown in Fig. 16 and Fig. 17. Comparative
surface roughness values (Ra) of all HSS alloys at 25 °C and 500 °C are
also plotted in Fig. 18.

Fig. 3. BSE micrographs showing microstructure of HSS alloys, (a) LC1 (b) LC2 (c) LC3 (d) cast HSS.

Fig. 4. SEM micrograph showing different carbides in the laser cladded HSS alloys and EDS images showing V, Mo and W distribution in MC and M2C carbides.

Table 3
Phase constitution of HSS alloys by EBSD analysis (%).

Materials Martensite MC M2C M6C M7C3 & M23C6 M3C Co

LC1 75 11 8 – 6 – –
LC2 72–75 10 8 – 4 – bal
LC3 70 10 14 – 6 – –

Cast HSS 82 12 – 4 1 1 –
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At 25 °C worn surfaces of cast HSS and LC1 showed the highest
surface roughness values (Ra) of 0.55 μm and 0.54 μm respectively
while LC3 showed the lowest surface value (Ra) of 0.21 μm. The higher
surface roughness of the cast HSS and LC1 can be related to the larger
amount of metal debris and higher wear rates of these alloys, as dis-
cussed in sections 3.2 and 3.3.

At 500 °C all HSS alloys showed a comparable surface roughness
values (Ra) 0.15–0.16 μm, While LC2 showed the highest surface
roughness (Ra) of 0.18 μm. Regardless of comparable surface roughness
values, the surface topography of the cast HSS differs from that of laser
clad HSS (LC2). The presence of stripes on the surface of LC2 indicate

the inhomogeneous oxidation, on the contrary the surface of the cast
HSS represents the presence of a homogeneous oxide layer (Fig. 17).

4. Discussion

Wear characterization of HSS alloys on the basis of the presented
results reveals that wear is a complex interaction of abrasive, adhesive
and tribo-oxidative wear. At 25 °C wear is dominated by the abrasion of
the interfacial layer. Due to the highly refined microstructure and
higher average hardness, laser clad HSS alloys showed lowest degree of
wear, as also observed by Hashemi et al. [28]. In a similar wear study at

Fig. 5. EBSD phase maps of HSS alloys (a) Cast HSS, (b) LC1, (c) LC2, (d) LC3.

Fig. 6. (L) Image of the cross-section of laser clad sample of LC2 showing clad layers, dilution and heat affected zones (HAZ) along with the micro indents, (R)
Comparison of the micro-hardness measurements of the laser clad samples LC1, LC2 and LC3.
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25 °C, Ilo et al. [37] found the wear mechanism to be abrasive in nature
due to the abrasion of mating surface by hard carbide particle present in
the HSS. Similarly Ying et al. [38] also reported that wear of HSS (with
C % <2.58 %) is mainly determined by the hardness of the matrix, the
higher the matrix hardness, the better the wear resistance. During the
continuous sliding, metal-oxide debris, which resulted from plastic
deformation adhered to the pin surface forming an interfacial layer, see

the SEM micrographs of pins' surfaces in Fig. 8. This transition is also
observed in the friction signals of HSS alloys at 25 °C. The observed
transition is larger for the cast HSS (up to 400m) and LC1 (up to
600m). This might be due to greater amount of metal-oxide debris
requiring additional time to fully form an interfacial layer [39,40].
Interestingly, as shown in the present investigation a higher surface
roughness of the cast HSS (Ra≈0.55 μm) and LC1 (Ra≈0.54 μm)

Fig. 7. Friction characterization of HSS alloys at 25 °C and 500 °C.

Fig. 8. SEM micrographs showing the material transfer from the disc to pin surfaces, contributing towards the formation of interfacial layer at 25 °C, (a) Cast HSS (b)
LC1 (c) LC2 (d) LC3.
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(Fig. 18) is observed for these contacts compared to LC2 and LC3 which
formed more stable contacts, resulting a lower Ra (≈0.21–0.38 μm).

The wear rate at 500 °C can not be related to the wear rate at 25 °C.
High temperature tribological investigations are highly complex due to
thermal softening of materials and oxidation of surfaces [41]. During
the heating of counter disc, a hard oxide layer of hematite (Fe2O3) is
formed [30]. Although microstructural refinement improved the
average hardness of laser cladded HSS alloys [42], the retention of fine
carbides at elevated temperature was difficult when it came in contact
with the hard oxide layer of the counter surface. Due to poor anchorage,
fine angular MC carbides and the discontinuous network of M2C car-
bides were easily removed [25,28,43] and resulted as additions to the

oxide debris abrading the martensitic matrix of laser cladded HSS al-
loys.

Laser clad HSS alloys showed an inhomogeneous oxidation during
the wear at 500 °C. Oxidation and oxidation rates depend upon the
composition and distribution of carbides [44]. MC carbides are highly
prone to oxidation but M2C and M7C3/M23C6 carbides resist oxidation
[36,45,46]. The presence of fine Cr7C3 carbides, Cr23C6 carbides and
vanadium-tungsten enriched complex nanometer-size carbides em-
bedded in the matrix (Fig. 19) also reduced the oxidation of matrix. Due
to the poor oxidation, the matrix experienced severe wear. Nilsson et al.
[2] state that to a certain extent, the presence of an oxide layer on the
roll surface acts as a protective layer, reducing the intensity of contact

Fig. 9. SEM micrographs showing the oxidation state of the worn surfaces of the HSS pins at 500 °C, (a) Cast HSS, (b) LC1, (c) LC2, (d) LC3.

Fig. 10. Schematic describing the oxidation state of
cast HSS pins at 500 °C, (a) Schematic of the Cast HSS
pin with matrix covered by a homogeneous oxide
layer, (b) Schematic of the laser clad HSS pin de-
scribing the inhomogeneous oxidation, both matrix
and carbides exposed to the hard abrasive oxide
layer of the counter surface.

Fig. 11. Wear rate of HSS alloys at 25 °C and at 500 °C.
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stresses and roll surface wear. The worn surface of LC3 showed the
transfer of counter surface material to the pin surface which is the result
of sticking between LC3 and the counter surface. An initial significant
transition in the friction signal of LC3 also confirms such phenomena
(Fig. 7) [47]. This also indicates the oxidation resistance of LC3 [48].

Since heat treatment has been found to offer no considerable

improvement in the wear resistance of laser clad HSS [29], the wear
testing of laser clad HSS alloys was performed in as clad conditions,
without application of post heat treatment. Conversely, during the wear
testing of laser clad HSS, Chen et al. [49] found an increase in wear
with increasing tempering temperatures. Wang et al. [25] and Leunda
et al. [50] reported an increase in hardness upon heat treatment due to

Fig. 12. Worn surface of cast HSS showing fracture of MC carbide at 500 °C with EDS spectrum showing oxidation of surface (19% oxygen contents).

Fig. 13. EDS images of the worn surface of the cast HSS confirming no oxidation of MC carbides due to load bearing.

Fig. 14. (a) Worn surface of laser cladded HSS alloy also showing the carbide removal at 500 °C (b) Material removal from the wear track of counter surface.
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transformation of retained austenite to martensite as the retained aus-
tenite yields a relatively low hardness. While Zeisig et al. [6] reported
that even a higher amount of retained austenite is not critical to
abrasive wear resistance. However, the phase contribution of retained
austenite for the tested laser cladded HSS (LC1, LC2 and LC3) was not
significant (<5%), as recorded during the EBSD measurements.

In contrast to the laser clad HSS alloys, the conventional spun cast
HSS alloy showed less wear at 500 °C. The coarse MC carbides present
in the cast HSS are much harder (3000 HV) compared to the matrix
[51]. Lump MC carbides are anchored strongly compared to lamellar
M2C carbides and are not easily crushed by heavy loads. Such attributes
helped MC carbides to support the load at 500 °C. Xu et al. [52] also

concluded that VC carbides in HSS possesses excellent wear char-
acteristics compared with M2C and M6C, while attributing such char-
acteristic to the morphology and the micro-hardness of VC carbides.
Badisch et al. [53] reported the higher abrasive wear resistance of the
HSS containing the coarser primary carbides as compared to those with
or without smaller carbides. Since it has been observed that the load
was carried by the carbides in the present study, the matrix was oxi-
dized with a homogeneous oxide layer (see also Fig. 17). As a result, the
overall wear of the cast HSS alloy was much less than the laser clad HSS
alloys.

A descriptive wear model at 500 °C for the cast and laser clad HSS
alloys is shown in Fig. 20. The schematic model describes the various

Fig. 15. EDS images of the worn surface of laser clad HSS, confirming an inhomogeneous oxidation (maximum 4% oxygen contents) of the matrix and carbides.

Fig. 16. Surface roughness plots of worn surfaces of HSS pins after wear testing at 25 °C, (a) Cast HSS, (b) LC1.

Fig. 17. Surface roughness plots of worn surfaces of HSS pins after wear testing at 500 °C, (a) Cast HSS, (b) LC2.
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wear mechanisms of the HSS alloys at 500 °C. Fig. 20a shows the for-
mation of a homogeneous oxide layer (19 % oxygen) on the matrix of
cast HSS as the coarse carbides (VC) carries the load. The load carrying
capability of coarse VC carbides and the presence of thick oxide layer
prevents the excessive wear of the matrix from the hard oxide layer of
the rolled material. This is also confirmed by the SEM and EDS analysis
of the cast HSS worn surface (Figs. 12 and 13). In the contrary, Fig. 20b
shows the formation of an inhomogeneous, thin oxide layer (maximum
4 % oxygen) on the matrix of the laser clad HSS due to Cr enriched
carbides dispersed in the matrix. This results in the excessive wear of
the matrix and the continuous removal of discontinuous networks of the
fine carbides (M2C) by the hard oxide layer of the rolled material and by
metal-oxide debris. Excessive wear and inhomogeneous oxidation of the
laser clad HSS is also confirmed by the SEM and EDS analysis of the
worn surfaces (Figs. 14 and 15).

5. Conclusions

Wear and friction characterization of HSS alloys produced by spin
casting and laser cladding was conducted by using a high temperature
pin on disc tribometer. The results of the characterization are sum-
marized below.

(1) Tribological behavior of the HSS work roll materials is found to be
strongly dependent upon the microstructure of the alloys especially
type, size and morphology of the present carbides.

(2) The highly refined microstructure of laser clad HSS alloys reduced
the abrasive contribution to wear at 25 °C when compared to the
cast HSS.

(3) Conventional cast HSS alloy showed greater wear resistance at
500 °C than laser cladded HSS alloys due to the load carrying cap-
ability of the coarse MC carbides and stable oxidation of matrix.

(4) The matrix of the laser clad HSS alloys experienced severe wear at
500 °C due to inhomogeneous oxidation. Partial oxidation of the
matrix was due to the presence of fine chromium enriched carbides
and vanadium-tungsten enriched complex nano carbides in the
matrix.

(5) Due to the insufficient anchorage of fine carbides in laser clad HSS
alloys, the angular MC carbides and the discontinuous network of
M2C carbides were easily removed at 500 °C and were added to the
wear debris abrading the matrix.
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