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This paper is focused on the effects of the separately applied laser heat treatment (LHT) and ultrasonic
impact treatment (UIT) and the combined LHT + UIT process on the wear and friction behaviors of the
hardened surface layers of the tool steel AISI D2. In comparison with the initial state, wear losses of the
treated specimens after long-term wear tests were decreased by 68, 41, and 77% at the LHT, UIT, and
combined LHT + UIT processes, respectively. The Abbott—Firestone bearing curves were used to analyze
the material ratio and functional characterization (bearing capacity and oil capacitance) of the studied
surface specimens. The wear losses registered after short (15 min) tests correlate well with the changes in
experimental surface roughness Ra, and the predictive Rpk, and bearing capacity Bc parameters,
respectively, evaluated using the Abbott-Firestone curves and Kragelsky—-Kombalov formula. The wear
losses after the long-term (45 min) tests are in good correlation with the reciprocal surface microhardness
HYV and with the W}, and Wp wear parameters, respectively, estimated using Archard—Rabinowicz formula
and complex roughness-and-strength approach. The observed HV increase is supported by nanotwins
(LHT), by dense dislocation nets (UIT), and by dislocation cells/nanograins fixed with fine carbides
(LHT + UIT) formed in the surface layers of the steel.

Keywords bearing curve, hardness, laser heat treatment, tool steel
AISI D2, ultrasonic impact treatment, wear

1. Introduction

The quality of the surface layers of products is one of the
important characteristics affecting their operational properties,
such as corrosion and wear resistance, stiffness contact/bearing
capacity, and fatigue life. The enhanced surface quality is
provided both by low surface roughness and by improved
physical and mechanical properties of the material (Ref 1).
Advanced technological processes applied to the material
surface may reduce financial and energy expenses owing to
use of the modified surface materials instead of more expensive
bulk materials of high strength in the machine parts production.
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The surface coating processes are known to be effective in
improvement of the surface properties of details (Ref 2).
However, the obtained coatings may undergo failure, wear, and
delaminations at severe mechanical loads, high motion speeds,
high specific contact pressures, and thermal cycling. Thus, the
other approaches for the modification of the surface microrelief
and microstructure without changing the chemical composition
can be demanded (Ref 3). Additionally, traditional thermal
treatment cannot always be able to provide the required quality
of materials. Therefore, the actions of highly concentrated
energy sources, such as plasma, electron beam, or laser, which
allow rapid heating/cooling of the irradiated near-surface
layers, can be used for effective thermal hardening of the
material surface (Ref 1, 4).

Particularly, the plasma hardening allows obtaining deep
and wide heat-affected zones, and it is relatively cheap and
high-performance process (Ref 5). Surface hardening produced
by the actions of the electron (Ref 6) or laser (Ref 7, 8) beams is
characterized by high stability, and the thermal effects on the
treated materials can be either local or extensive. The main
advantage of the laser heat treatment (LHT) for surface
hardening is a possibility to perform the treatment in the
environment air, while the action of electron beam requires the
vacuum conditions (Ref 9). The LHT process using modern
laser technological systems, such as high-power diode laser or
fiber laser with scanner optics, ensures high accuracy and
performance of the hardening process, and it allows obtaining
the high-quality surfaces.

A number of methods for mechanical hardenings, such as ball
burnishing (Ref 10) or roller burnishing (Ref 11), shot peening
(Ref 12), ultrasonic finishing treatment (Ref 13), or ultrasonic
impact treatment (UIT) (Ref 14), are known to induce severe
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plastic deformation (SPD) in the surface layers of the treated
materials. Normally, the SPD processes occurred through the
marked structural changes associated with generation/interaction
of dislocations/twins, and with the grain refinement. Addition-
ally, it is accompanied by the formation of macro- and
microstresses (Ref 15). The UIT process was shown to be one
of the most effective methods of the surface modification.
Particularly, it results in relatively thick severely deformed near-
surface layers and the formation of the regular wavy surface
microrelief with high oil holding capacity. Additionally, it has
good controllability and can be easily automated (Ref 16).

The combined thermo-deformation processes, which may
include the highly concentrated energy of arc plasma, electron
or laser beams, and the methods of severe plastic deformation
seem promising in surface hardening and improving the
surface-related properties, such as corrosion, wear resistance,
and fatigue resistance (Ref 17). Recently, the combined
LHT + UIT process was considered (Ref 18), which was
consisted of the laser transformation hardening [the LHT
process characterized by high rates of local heating (10'° °C/s)
and cooling (10%...10® °C/s)] and subsequent strain hardening
by severe plastic deformation induced by multiple impact loads
at the UIT process (with the strain rate of ~ 10° s7h). It was
shown the result in the highest quality properties of the surface
layer in comparison with those achieved by means of the LHT
or UIT processes used separately (Ref 19). Wear and tribolog-
ical characteristics of metallic surfaces were shown can be
successfully assessed by using the bearing curves of the
surfaces (Ref 20) and bearing ratio parameters (Ref 21).

The purpose of this work is twofold. The reduced wear of
the tool steel AISI D2 is aimed to be achieved by means of the
combined laser heat treatment and ultrasonic impact treatment.
Additionally, the relationships between the wear losses and the
profile topographic parameters of the surface microrelief and
microhardness of the surface layer are aimed to be established.

2. Experimental Procedures

2.1 Material

High-chromium tool steel AISI D2 studied in this work is
widely used in mechanical engineering for production of tools
and components that work at significant dynamic loads, such as
dies, punches, rollers. Their surface layers should normally be
of high quality and operational properties. Plane specimens of
this steel (dimensions 69 mm x 69 mm x 9 mm) were initially
heated to 850 °C, then slowly cooled in the furnace to 650 °C
(10 °C per hour), and then cooled in the environment air. The
specimens were milled before surface treatments (the initial
surface roughness was ~ Ra = 2.5 pum). The chemical
composition and mechanical properties of the studied steel are
listed in Tables 1 and 2.

The magnitudes of the surface hardness and microhardness
randomly measured on the surface and averaged are also given
in Table 2.

Table 1 Chemical composition of the tool steel AISI D2 (wt.%)

2.2 Laser Heat Treatment

Laser heat treatment (LHT) for remote hardening of the
specimen surface was performed using the equipment assem-
bled on the base of a Kondia Aktinos B500 machine with
computerized numerical control (CNC) shown in Fig. 1(a). A
Rofin Sinar FLO10 fiber laser with a maximum power output of
1 kW ensured cylindrical spot of ~ 1 mm in diameter and
multimode energy distribution in the focal plane. A Scanlab
Hurry Scan 25 with galvanometric scanner head, special
devices, and software allow obtaining a large spot area owing
to fast oscillation of the laser beam in two directions (the
scanning speed V. and the scanning width Ay, determine to the
track width by.) (Fig. 1b) (Ref 19, 22).

A strategy of maintaining constant temperature under the
laser beam was chosen for the LHT studied in this paper. The
constant temperature strategy allows to avoid undesirable
overheating or melting of the treated surface if the thickness,
slope, or roughness of the specimen (workpiece) would be
changed. An Impac Igar 12LO two-color pyrometer was used
to the real-time measurements of the temperature in the zone
irradiated by the laser beam. A proportional-integral-differential
(PID) controller was used to change the laser power needed to
maintain the temperature in the working area to be constant
(Fig. 2) (Ref 23). The LHT process was monitored and
recorded in real time using a high-speed camera (Fig. 1a).

The LHT process was carried out in the environment air at a
scanning speed V. = 1000 mm/s, scanning width sg, = 10 mm,
and the specimen feed rate S = 90 mm/min, which provided a
duration of the laser action on the treated area unit #; = 0.66 s
and the heating temperature 7 = 1270 °C.

The complete austenitization temperature range was esti-
mated by the ternary iron—carbon—chromium phase diagram that
took the chemical composition of the material as well as the
thermo-kinetic and thermo-physical models into account (Ref
24-27). The aforementioned methods allow accounting for the
limiting maximum heating temperature (Ac; < T (°C) < T3,) and
duration of the laser action (0.01 < 7 (s) < 1.5) that provided a
thermal hardening without melting the surface. The duration of
the laser action # was determined by the ratio of the diameter d;, or
length /[, of the laser beam (mm) and the specimen feed
rate S (mm/s). The heat energy of the laser beam was determined
by the ratio of laser power (W) and the laser beam diameter (mm)
and the specimen feed rate (mm/s). In this study, the calculated
magnitude of spent energy at the LHT process for the laser
surface hardening was ~ 40 kJ/cm? that allowed carrying out the
laser heat treatment without melting of the surface layer and
simultaneously ensuring the hardening depth of ~ 0.3 mm.

2.3 Ultrasonic Impact Treatment

The UIT process was carried out at ambient temperature
using the equipment and regimes described earlier (Ref 15, 19).
The UIT equipment, which contained an ultrasonic generator
with a frequency f,s, of 21.6 kHz and a power output of 0.3 kW,
the ultrasonic vibrating system with a piezoceramic transducer,
step-like horn, and the impact head with seven cylindrical pins,

C Cr Mo \% Mn Si Ni Cu P, S Fe
1.55 11.3 0.83 0.72 0.46 0.42 0.15 0.06 < 0.03 Bal.
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Table 2 Mechanical properties of the tool steel AISI D2

Oy (MPa) oy (MPa) o (%)

E (GPa) u HRC,

HYV 05 (GPa)

> 320 > 710 > 16

0.25 19.6 32

oy is the tensile yield strength, oy is the tensile ultimate strength, J is relative elongation, £ is the Young’s modulus, p is Poisson’s ratio, HRC is the
surface hardness, HV o5 is the microhardness in the specimens’ cross sections

scanner ! '

laser beam

part

hardened area \\i

Fig. 1 General view of equipment (a) and scheme (b) of the LHT
process for remote surface hardening: V. is the scanning speed, by,
is the track width, and S is the specimen feed rate

was assembled in the CNC machine and loaded onto the treated
surface with a static force Fy = 50 N (Fig. 3a). The used
vibration amplitude 4,4, of ultrasonic horn tip was ~ 18 pm.
These ultrasonic vibrations induced stochastic impacts of the
pins by the treated surface, and the frequency f; of these
induced impacts was ~ 3 4 0.5 kHz. During the UIT process,
the impact head was forcedly rotated (the rotation speed was
~ 76 rpm) to induce the shear constituents of the impacts (Ref
19). The ultrasonic system was moved along the treated surface
at a speed S = 600 mm/min. The UIT process lasted for 120 s
provided relatively high coverage of the treated area: The
specific number of impacts was ~ 400 imp/mm’. The
mechanical energy of the ultrasonic tool used was estimated
to be ~ 160 kJ. The experimentally measured temperature
increase at the UIT process did not exceed ~ 150 °C.
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2.4 Examinations of Topography of Surface Relief,
Microstructure, and Microhardness

The surface roughness, microrelief topography, and Abbott—
Firestone material ratio curve were investigated using optical
microscope/profilometer Leica DCM3D with 10XLD confocal
lens and appropriate software. To characterize the surface
roughness, both the traditional parameters, such as arithmetic
mean roughness parameter Ra and total height R¢ of the
roughness profile, and a number of functional parameters (Rpk,
Rk, Rvk) of the surface profile (Fig. 4d) were evaluated
according to the ISO 13565-2 standard (Ref 28). Analysis of
the 2D texture of the microrelief of the surface area of 2.5 x
3 mm (Fig. 4a and b) and the bearing curve (the Abbott—
Firestone material ratio curve) coupled with the histogram of
the profile depths of the surface roughness (Fig. 4c) was carried
out in accordance with the ISO 4287 standard.

Using the Abbott—Firestone curve and profile bearing curve of
surface roughness profile (Fig. 4d), the following functional
parameters of the surface roughness profile were graphically
evaluated (Ref 29): Rpk is the average arithmetic height of peaks
on the top of the surface roughness profile of microrelief; Rk is the
average arithmetic depth of the core of the surface roughness
profile (limited by the upper and lower horizontal lines); Rvk is
the average arithmetic depth of the valleys on the bottom of the
surface roughness profile; Mr; and Mr, are the material ratios,
respectively, obtained by the intersections of the upper and lower
horizontal lines and Abbott—Firestone curve, which are, respec-
tively, related to the highest outstanding peaks and the deepest
valleys out of the core of surface roughness profile.

Additionally, the surface microreliefs of the original and
modified specimens were analyzed by the scanning electron
microscopy (SEM) using JSM 6490LV microscope.

The analysis of the microstructure in the near-surface layers
was carried out using Nikon Optiphot-100 optical microscope
and transmission electron microscopy (TEM) and selective area
electron diffraction (SAED) applying a JEOL CX-IT JEM100
microscope. Additionally, the x-ray diffraction (XRD) analysis
of the surface layers was carried out using a DRON-3 M
diffractometer to assess the treatment-induced macrostresses
using a sin®y-based method and literature values of elastic
modulus and Poison’s ratio.

Microhardness of near-surface layers was measured using a
digital tester FM800 at a load on the Vickers indenter of 0.5 N
and the dwell time of 12 s.

2.5 Experimental and Theoretical Evaluations of Wear

The wear tests were carried out using the automated
tribological complex described elsewhere (Fig. 5a) (Ref 30,
31). The initial and treated specimens were tested for 15 and
45 min by the hard metal (94% WC, 6% Co) indenter (8 mm in
diameter, hardness 94 HRA) performing the reciprocating
sliding movement with frequency of 1 Hz and sliding speed
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Fig. 3 General view of the UIT equipment (a) and scheme of the
UIT process (b): Fy is a static load, A,s and f,, are the vibration
amplitude and frequency of ultrasonic horn tip, S is the feed rate of
specimen, and / is the track width

~ 0.013 m/s along the track of 4 mm long on flat specimen
surfaces in the industrial oil /20 at a constant load Fy = 30 N,
which was chosen based on the mechanical properties of the
investigated specimens. Frictional force Fy was estimated using
the tensometer measuring the displacement of the elastic
element that was inelastically connected to the tested specimen
(Ref 30). The magnitude of wear loss W was determined by
the profile (Fig. 5b and c) and topography (Fig. 5d) as the
depths of the worn track using an optical profilometer Leica
DCM3D.

The theoretical assessment of bearing capacity B¢ of the
surface microrelief of the treated specimens was carried out
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based on the relation between the profile parameters and
surface roughness topography by means of Kragelsky—Kom-
balov formula (Ref 32):

1 1/v
e (1) (5)
Im Pm

where 7, is the relative bearing length of the microasperities
of the surface roughness profile at the middle line (%), v is
the parameter calculated as v = 2, (Rp/Ra) — 1, where Ra is
the arithmetic mean deviation of the roughness profile (um),
Rp is the maximum profile peak height of the roughness pro-
file (um), p,, is the average radius of the microasperities’
peaks of the surface roughness profile (um).

The theoretical magnitude of the wear losses W was
estimated by Archard-Rabinowicz equation describing the
inverse proportionality of wear and microhardness of the tested
material (Ref 30):

KFl
- HYV
where K is the wear coefficient, F; is the static load (N), / is
the length of the worn track (mm), and HV is the microhard-
ness of the tested material (N/mm?).

To perform the complex evaluation of the quality of the
product surface layer, particularly the wear resistance, both the
surface microrelief parameters (parameters of roughness,
waviness, and macrodeviation) and the physical/mechanical
properties of the surface layer (the hardening intensity, residual
stresses etc.) should be taken into account. In this study, one of
such complex approaches is used for theoretical estimation of
the wear resistance, and the wear parameter #p was evaluated
in accordance with the following formula (Ref 32):

(Eq 1)

/4%

(Eq 2)

(Ra - Wz - Hr)'/®

-
o smi2 123

, (Eq 3)

where Ra is the arithmetic mean deviation of the surface
roughness profile within a sampling length (um), Wz is the
average height of the surface waviness profile within a sam-
pling length (um), H¢ is the maximum macrodeviation (pm),
tm is the relative bearing length of the microasperities of the
surface roughness profile at the middle line (%), Sm is the
average step between the microasperities of the surface
roughness profile at the middle line (mm), l,aq is the hard-
ness intensity of the surface layer, which can be calculated as
the ratio of the hardness increment in the hardened layer to
the initial material hardness g,lh“d = (H™ —HM)/
H™-100%), A = [(oy — 0r)/04]" is the parameter account-
ing for the stress state of the tested material, oy is the tensile
ultimate strength of material (MPa), oy is the residual micros-
tresses (MPa) (Ref 19), o, is the applied stress acting on the
friction surface (MPa), which is calculated by Hertzian theory
of non-adhesive elastic contact, and #, is the parameter
accounting for the friction fatigue at elastic contact [#, ranges
from 3 to 14 (Ref 33)].

3. Results and Discussion

A friction and wear are known to significantly depend on
both the sliding conditions and properties of contacting
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Fig. 5 Scheme of the automated tribological complex (a) consisting of frame (1), coil (2), electromagnet (3), electromagnet (4), lock ring (5),
indenter (6), and treated surface (7); 2D surface texture (b), profile (c), and 3D surface texture (d) of the worn track: Ay is the measured wear

magnitude

erties (primarily hardness) of the surface layer (Ref 34). One of
the first theoretical predictions of materials’ wear was reported
by Holm, who established that the quantity of the material

materials. The former includes the normal load and sliding
speed, and the latter comprises the surface topography
described by the roughness parameters and mechanical prop-
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removed by wear depends on the ratio of sliding length to the
real contact area of two rough surfaces. The contact area can be
adequately described by so-called material ratio Mr, which
magnitude is largely determined by the parameters of the
surface roughness (Ref 35). It was established that the reduction
in the roughness parameters of the surface microrelief is not
always beneficial for lowering the friction force and wear losses
(Ref 28, 36). According to the molecular-mechanical theory of
friction by Kragelsky accounted for the dual nature of the
friction force, the surface finishing (reduction in the surface
roughness) results in the decrease of the mechanical (abrasive)
constituent of friction and in the simultaneous increase of
adhesive constituent of friction (Ref 36). On the other hand,
according to the well-known Archard-Rabinowicz equation
(Eq 2), the magnitude of the worn material (/) is inversely
proportional to the hardness of the tested surface and directly
proportional to the sliding length, applied load, and wear
coefficient (Ref 37). Therefore, it seems reasonable to use the
combined assessment methods that will take the roughness
parameters of the surface microrelief and mechanical properties
into account simultaneously. The complex parameter Wp of
such type, which was described by Eq 3, is also used in this
study.

3.1 Parameters of Surface Microrelief

The appearance of the surface microreliefs of the specimens
of the tool steel AISI D2 was observed using SEM analysis.
Figure 6 shows changes in the surface morphologies induced
by different surface modification methods used in this study.
Many parallel grooves visible on the roughly polished surface
of the original specimen (Fig. 6a and b) became masked by the
oxide film formed after LHT, and the surface appears less rough

] 14
Wo: 162 mm

View fleld: 200 pm Det: SE 50 m.
SEM MAG: 1.44 kx

SEM HV: 200 KV

SEM HV: 200 kV.
View fleld: 200 ym
SEM MAG: 1.44 kx

# £ il

SEMHV:200kV | WD:2029mm
View fleld: 50.0 pm Det: SE
SEM MAG: 5.78 kx

SEMHV:200kv | WD:19.92mm
View fleld: 50.0 ym Det: SE 10 m
SEM MAG: 5.78 kx

(Fig. 6¢). Higher magnification allows revealing many cracks
of various sizes probably formed during the heating—cooling
cycle owing to the difference in the thermal expansion
coefficients of the steel and oxide. A rather smooth and wavy
surface is observed due to plastic deformation in the case of the
UlT-processed specimen (Fig. 6e). However, a closer exami-
nation shows that it still contains some unsmoothed areas in the
sites of the deepest initial grooves (Fig. 6f). The LHT + UIT-
processed surface is also fairly smooth. However, in this case,
there are additional small elements, which look like the
imparted hard particles in the matrix surface (Fig. 6g). These
particles formed due to UIT-induced fracturing of the LHT-
hardened microasperities promote additional smoothing of the
resulting surface microrelief of the LHT + UlT-processed
specimen (after finishing UIT) (Fig. 6g and h) owing to their
abrasion effect.

Results of more precise analysis of the surface profiles of the
steel specimens in the initial state and after different treatments
are shown in Fig. 7. Traditional parameters describing the
surface roughness, such as Ra or Rf, shown in Fig. 8(a) not
always allow assessing the possible operational properties of
the surface microrelief studied. Conversely, a number of
functional parameters (Rpk, Rk, Rvk) of the surface profile,
which can be obtained by means of the nonparametric
estimations of the shape of the roughness profile using the
Abbott—Firestone curve and profile bearing curve, can be very
useful in predicting the operational properties of the surface
microrelief, for instance, the wear behavior at different stages of
the detailed exploitation (Ref 38). Thus, all the profiles shown
in Fig. 7 are accompanied with the results of their analyses
carried out in the framework of the Abbott—Firestone approach
(Ref 32). Plotting the profile bearing curves and probability
histograms allows determining the aforementioned functional

SEM HV: 20.0 KV SEM HV: 200 kV. MIRA3 TESCA!

WD: 19.98 mm

View fleld: 200 pm Det: SE 50 pm.
SEM MAG: 1.44 kx

WD: 20.18 mm
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SEM MAG: 1.44 kx

SEMHV:200kv | WD:20.19mm
View fleld: 50.0 pm Det: SE 10 m
SEM MAG: 5.78 kx

SEMHV:200kV | WD:19.99 mm
View fleld: §0.0 pym Det: SE 10pm
SEM MAG: 5.78 kx

Fig. 6 SEM observations of the surface microreliefs of the specimens of tool steel AISI D2 in the initial state (a, b) and after LHT (c, d), UIT

(e, f) and combined LHT + UIT (g, k) processes
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Fig. 7 Two-dimensional surface profiles of the specimens of tool steel AISI D2 in the initial state (a) and after LHT (b), UIT (c) and combined
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parameters of the profiles observed after various treatments.
The changes in these parameters are also shown in Fig. 8(a).

Experimental studies of the surface microrelief (Fig. 7) show
that the LHT process has an insignificant effect on the surface
roughness and functional parameters due to lack of melting of
the surface layer. Conversely, the UIT process applied the
rotating impact head leads to significant changes in the surface
roughness caused by severe plastic deformation of the surface
layers induced by multiple sliding impacts of high frequency
(Ref 19), as a result, the improved microrelief with the
diminished roughness albeit slightly increased waviness is
formed. Considering the modification extent of the surface
microrelief, the combined LHT + UIT process, viz. the laser-
ultrasonic hardening/finishing technology, appears the most
effective in comparison with the separately used LHT or UIT
processes.

The combined LHT + UIT process results in the most
significant improvement in the roughness parameters. In this
case, the preliminarily performed laser thermal hardening of the
surface facilitated the destruction of the hardened microasper-
ities at subsequent UIT process despite some reduction in the
plastic strain extent (and thickness) of the deformed layer. As a
result, the combined process allows obtaining minimum
magnitudes of the roughness parameters (Fig. 6, 7d, and 8a).

In this study, all the identified functional parameters of the
surface profiles of the AISI D2 steel specimens demonstrate
similar behavior irrespective of the treatment used. They are
insignificantly changed after LHT and essentially reduced after
the UIT and combined LHT + UIT processes. Considering the
estimated wear magnitude in the aforementioned profile
running-in stage, the Rpk parameter is the most important.
Conversely, the Rk parameter allows predicting the wear
resistance of the part at the long-term operation. Both the
untreated and the LHT-processed surfaces are characterized by
the relatively large magnitude of initial wear losses on the
profile running-in stage (Fig. 8a), but the LHT-processed
surface is evidently more wear resistant. After the UIT and
combined LHT + UIT processes, both Rpk and Rk are
significantly reduced. The combined LHT + UIT process
results in more than five times reduction in the parameters Rpk
and Rk (Rpk) in comparison with those for the initial surface. It
allows predicting the increased wear resistance of the microre-
lief obtained. Thus, the combined LHT + UIT process promotes
a quicker formation of the equilibrium roughness (the profile
running-in stage becomes shorter) and facilitates enhanced
wear resistance on the long-term operation stage. A correlation
between the decreased Rpk and Rk and the increased material
ratio Mr parameters on the various depths from the treated
surface is observed (Fig. 8b). Furthermore, considering both the
UlT-processed and LHT + UlT-processed surfaces, the param-
eters Rvk and Mr indicate their high oil holding capacity, which
although are lesser than those observed in the original and
LHT-processed surfaces having numerous valleys with high oil
holding capacity (Ref 39). Owing to the deformation/destruc-
tion of the microasperities during the UIT process, the material
ratio Mrs for the highest peaks of the surface roughness profile
is increased more than eight times in comparison with the
untreated surface (Fig. 6, 7, and 8b). Experimental studies (Ref
40, 41) also show that severe plastic deformation of the alloyed
steel by means of shot peening allowed to obtain two times
reduction in functional parameters and to increase the Mrs in 4-
8 times depending on the treatment duration (1...15 min). The
magnitude of the Mrs after the combined LHT + UIT process is
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much higher (Mrs = 28%) than that for the untreated surface
(Mrs = 0.6%). It can also be an indicator of a much longer
lifetime of the LHT + UlT-processed surface (Fig. 8).

3.2 Microstructure Examination

Microstructures formed in the surface layers of the steel
specimens after different processes used for surface modifica-
tion are shown in Fig. 9. All of the microstructures registered
by optical microscopy contain large strip-like carbides, which
support high hardness of the steel. A heat-affected zone (HAZ)
is clearly visible after LHT and LHT + UIT as the slightly
darker areas (their boundaries are marked with the red arrows in
Fig. 9a and g). The thickness of the HAZ is ~ 300 um. The
surface relief appears to be unchanged after LHT. On the
contrary, the UIT process inducing severe plastic deformation
of the surface layer results in a wavy surface. The strain-
affected zone (SAZ) formed after UIT and marked by the blue
arrow in Fig. 9(d) is thinner (~ 50 um). In the case of the
combined LHT + UIT process, some exfoliations and cracks
are visible on the top surface additionally to the LHT-induced
HAZ and UlT-induced SAZ (see white arrows in Fig. 9g and h).
They can be caused by a higher hardness of the LHT-processed
surface layer and disappear after long UIT processing. As a
result, the surface roughness parameters are much lower than
those of the original and LHT-processed specimens (Fig. 6, 7,
and 8).

More precise analysis of the microstructures carried out by
TEM observations of the top surface layers (Fig. 9c, f, and k)
shows a number of distinctive features. Nanotwins and/or
martensitic nanolathes were formed in the top surface of the
LHT-processed specimen (indicated by yellow arrows in Fig. 9
(c). An appropriate SAED pattern is characteristic for the
twinned microstructure. Accounting for the well-known Hall-
Petch relation, such a microstructure can easily support high
HV and wear resistance registered for the LHT-processed
surface. However, parts of destructed oxide film serving as the
abrasives could accelerate the wear process. On the contrary,
UIT results in the formation of dense dislocation nets fixed with
fine carbides (Fig. 9f), which can also provide the increased HV
magnitudes. Although the UIT caused increase in HV is
naturally lower than those registered for the LHT and combined
LHT + UIT processes (see curve 5 in Fig. 13). The LHT + UIT
process produces the surface layer containing areas with either
fine dislocation cells or nanosized grains of random orientation
fixed by secondary nanocarbides (respectively, indicated with
yellow and red arrows in Fig. 9k). An appropriate SAED
pattern contains almost solid circles formed owing to highly
azimuthally dispersed diffraction spots of alpha iron. Both
observed microstructures provide the highest surface hardness
of this steel after the combined LHT + UIT process.

3.3 Wear and Friction Behaviors

The wear losses registered after tribological tests were
determined by means of analysis of the wear tracks using the
3D laser microscopy. After short (15 min) tests, the wear tracks
for the initial and LHT-processed specimens were more visible
than those appeared on the specimens tested after the UIT and
combined LHT + UIT processes (Fig. 10). Besides an evident
decrease in the wear losses of the treated surfaces, which will
be further analyzed in detail, one can observe another important
feature related to the changes in the roughness characteristics of
the wear track surface. Figure 11 shows a significant diminution
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Fig. 9 Optical (a, b, d, e, g, h) and TEM (c, f, k) observations of microstructure and SAED patterns of the specimen cross sections of tool
steel AISI D2 after LHT (a-c), UIT (d-f), and combined LHT + UIT (g-k) processes (Color figure online)
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Fig. 10 3D laser micrographs of the worn tracks on the surfaces of the specimens of the tool steel AISI D2 after LHT (a), UIT (b), and com-

bined LHT + UIT (c) after wear tests lasted for 15 min

of total heights (the R; parameter) of the wear tracks already
after short wear tests (15 min) and the R, saturation thereafter
(after longer wear tests). Thus, the surface roughness was
concluded to approach the equilibrium value during this first
(running-in) stage of the wear process (lasted for < 15 min).
After this running-in stage, the changes in the surface
roughness was observed to be negligible.

Equilibrium roughness was shown can be either lower or
higher than that of the initial roughness profiles of the contacted
surfaces (Ref 32). For instance, two steel surfaces in (Ref 32)
had different mechanical properties and initial roughness
(Ra; = 0.125 pm and Ra, = 1.35 um) but they got the same
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equilibrium roughness (Ray = 0.5 pum) when the profile
running-in stage of the wear/friction process was finished. In
our case, despite the essential difference between roughness
parameters of the original and processed specimens, all of the
specimens studied demonstrate very close surface roughness
formed after short (15 min) wear tests (Rt = 0.25...0.3 pm),
and this value can be already considered as the equilibrium
surface roughness. The surface roughness of the original and
UlT-processed specimens becomes equilibrium quicker than
that of the LHT and LHT + UlT-processed specimens, which
surfaces were significantly hardened by the LHT process. It
should be noted that the essential roughness decrease owing to
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Fig. 12 Experimental wear losses W after wear tests
for 15 min. (1), the surface roughness (Ra) (2), the wear value
according to the Abbott—Firestone curve (Rpk) (3), the bearing
capacity Bc of the microrelief according to Kragelsky—Kombalov
formula (4), and friction force Fy (5) of the specimens of tool steel
AISI D2 in the initial state and after LHT, UIT, and combined
LHT + UIT

the UIT process can be considered as an additional factor
facilitating the quick setting of the equilibrium roughness.

Figure 12 shows the changes in the experimental wear losses
Wy (curve 1) and friction forces Fi (curve 5) of the specimens
of the tool steel AISI D2 after the various treatments applied
before the tests in comparison with the arithmetic roughness Ra
(curve 2), the wear-related characteristics Rpk (curve 3) and B¢
(curve 4), respectively, evaluated by means of the Abbott—
Firestone curves (curve 3) and Kragelsky—Kombalov formula
(curve 4).

On the profile ‘running-in’ stage, the surface roughness is
known to contribute to the abrasive component of friction and
thus plays the main role in the wear resistance. The behaviors
of the Rpk and B¢ parameters are in good correlation with the
experimentally determined wear losses Wy . Particularly, in
comparison with the initial state, the LHT, UIT, and combined
LHT + UIT processes caused the decrease in the wear losses by
32, 44, and 52%, respectively. The Wi reduction after the
LHT + UIT process as compared to the initial and LHT-
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Fig. 13 Experimental wear losses after wear tests for 45 min (1),
functional parameters of the surfaces of the specimens of tool steel
AISI D2 evaluated using the Archard formula (2) and using the
combined wear parameter Wp (3), residual stresses (4), and surface
microhardness (5)

processed states can be explained by 5-8 times decrease in the
Ra and Rpk parameters. The friction force Fy is markedly
changed only after LHT, and the observed increase in Fy seems
to be caused by high abrasion wear induced by hard broken
parts of the microrelief asperities. The bearing capacity
parameter (Bc) of the surface profile, which indirectly describes
similar behaviors of friction/wear, is also decreased.

Evidently, when the test duration (say exploitation time)
increases, the wear losses of the LHT- and UIT-processed
specimens decelerate in comparison with the original one
owing to the completion of the initial intensive destruction of
the microasperities’ peaks and owing to exhaustion of the
plastic deformation because of high hardness of the specimen
surface layers induced by thermal or strain hardening. In
addition, the plastic deformation retards due to the strain
hardening and increased material ratio in deeper sections of the
surface roughness profile, i.e., the same external load becomes
insufficient to produce plastic strain, but it is just able to
provide some elastic deformations. To ensure the minimum
wear value on the profile running-in stage, the applied treatment
method should provide the resulting surface roughness, which
would be close to the equilibrium one.

On the profile running-in stage, when the tested surface
undertakes equilibrium roughness, both the friction and wear
are mainly affected by the surface roughness formed during the
manufacturing of the product (specimen) (Ref 32). At this
stage, the prognosis with regard to the friction and wear
characteristics is advisable to carry out using analytical
approaches characterized the surface profiles, for instance,
using the Abbott—Firestone curve (curve 3 in Fig. 12), or the
bearing capacity B¢ of the surface microrelief evaluated using
the Kragelsky—Kombalov formula (Eq 1) (curve 4 in Fig. 12).
On the other hand, after the formation of the equilibrium
surface roughness (after the completion of the profile running-
in stage), the wear losses will be mainly determined by
physical/mechanical properties (hardness) of the worn surfaces,
which are under consideration in the next subsection.

3.4 Correlation of Wear and Hardness

To analyze the wear characteristics after long-term tests, i.e.,
after the establishment of the equilibrium roughness, it is
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advantageous to use the Archard—Rabinowicz expression
(Eq 2) or combined approach simultaneously accounting for
the characteristics of the surface profile and physical/mechan-
ical properties of the contacted surfaces, which is described in
this paper by formula (Eq 3).

Figure 13 compares the wear losses experimentally regis-
tered after the tests lasted for 45 min with the behaviors of two
wear parameters theoretically evaluated using Eq 2 and 3. It is
seen that the LHT-processed surfaces demonstrate higher wear
resistance than those of the original and UlT-processed
specimens. Particularly, the wear losses of the tool steel AISI
D2 after long-term wear tests were decreased at the LHT (by
68%), UIT (by 41%), and combined LHT + UIT (by 77%)
processes in comparison with those of the original specimen.
This can be explained both by the deeper hardened layer
formed after LHT and by higher compressive residual
macrostresses in comparison with those of the UlT-processed
surface (curve 4 in Fig. 13). Generally, high near-surface
compressive residual stresses exert beneficial effect on the wear
resistance owing to their effectiveness for the closure or at least
for the prevention of the wear/fatigue cracks from opening/
propagating. The surface hardness (curve 5 in Fig. 13)
supported by the treatment-induced microstructural changes
(Fig. 9), and compressive stresses are therefore concluded to
play the main role in the wear enhancement in the long-term
wear tests of specimens (longer exploitation of the product).

The LHT and combined LHT + UIT processes result in 3-4
times decrease in the wear losses in comparison with that of the
original specimen, which is evidently caused both by the
enhanced microhardness in relatively deep surface layer
produced by the LHT process and by the decreased surface
roughness (Ra, Rpk, Rk) induced by the UIT process. The
observed efficiency is almost two times higher than that
reported for the specimens of the tool steel AISI M2 subjected
to high-power laser on the yttrium aluminum garnet (with
Gaussian energy distribution) without scanning optics (Ref 42).
Those specimens of the tool steel AIST M2 demonstrated the
wear resistance, respectively, improved by 30 and 90% in
comparison with the conventional thermal treatment and
original specimen.

The laser surface hardening with remelting of the surface
microrelief was also successfully used to decrease the surface
roughness parameters of metal and alloys (Ref 43, 44) and to
produce relatively thick hardened surface layers (Ref 45). Thus,
specimens of the tool steel AISI D2 processed by means of the
action of the continuous laser beam in optimum regime
demonstrated the surface roughness parameters decreased by
80% (Ref 46). The specimens of the tool steel AISI HI13
showed double enhancement in the surface microhardness (Ref
47) as compared to the original specimens after surface
hardening by means of the laser treatment in nitrogen
atmosphere used the 2D scanning process by the fiber laser
worked in the impulsive generation mode. The laser remelting
of the surface layers can often be effective in the surface
roughness reduction (Ref 43) and hardness increase (Ref 48).
However, the certain microstructural changes and contamina-
tions with oxygen occurred can be undesirable in some cases.
Considering these undesirable effects, the methods of severe
plastic deformation, such as shot peening (Ref 41, 49),
ultrasonic nanocrystal surface modification (Ref 50), or UIT
(Ref 15), can be more appropriate because they can generally
provide an essential hardening without contaminations and
phase transformations. Both shot peening (Ref 49) and
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ultrasonic nanocrystal surface modification (Ref 50) techniques
showed positive influence on the tribological characteristics of
steels, lowered their wear rates in comparison with the original
surfaces.

One of the most prospective ways for improvement of the
surfaces of the steel products is to use the hybrid technologies,
which may consist of rapid thermal action by the LHT process
to induce the transformation hardening in the surface layers and
subsequent severe plastic deformation of these surface layers by
means of burnishing by balls, rollers, or pins (Ref 18). These
hybrid technologies allow enhancing wear resistance and
friction behavior of various steels by 20-200% owing to a
double increase in microhardness caused by the structural
changes consisted of dislocation multiplication, the formation
of fine martensite needles and fine secondary particles of
chromium-iron carbides (Ref 18) accompanied with high
compressed residual stresses (curve 4 in Fig. 13).

The simultaneous application of the laser treatment (as a
heating phase) and severe plastic deformation (during the
cooling phase) was also shown to enhance the superficial
characteristics of the steel products (Ref 24). The combined
actions of continuous laser and roller burnishing of the
preheated surface layer led to the formation of finer grain
structures and the 30% increased wear resistance of the treated
surface of the steel products. Nonetheless, may be too difficult.
Therefore, the combined methods comprising sequential appli-
cation of LHT and UIT addressed in this paper can be used
without complex adjustment of the laser/deformation systems,
and it appears to be simpler and sufficiently effective.

4. Summarizing Remarks

This paper reports on the effects of the separately applied
laser heat treatment (LHT) and ultrasonic impact treatment
(UIT) and the combined LHT + UIT process on the wear and
friction behaviors of the hardened surface layers of the high-
chromium tool steel AISI D2. Abbott—Firestone curves and
bearing curves were used to analyze the material ratio and
functional parameters of the studied specimen surfaces. It is
shown that for the used modification methods, the surface
roughness and hardness play significant roles on different
stages of the wear process. The surface roughness is crucial on
the initial stage (the profile running-in stage spent for the
establishment of the equilibrium roughness), and the surface
hardness becomes determinative on the long-term stages (say
long-term exploitation of the tested material). The following
important findings can be mentioned:

1. The surface roughness remains almost unchanged after
single LHT (Ra = 2.56 um) and is significantly dimin-
ished by the UIT (Ra = 042 pm) and combined
LHT + UIT (Ra = 0.3 um) processes. Similar behaviors
were observed for the functional parameters (Rpk, Rk, Rvk)
evaluated using the Abbott—Firestone curves plotted for
each treated specimens. The regular microrelief formed
by the combined treatment would provide the high oil
capacitance of friction surfaces.

2. In comparison with the original specimens, the magni-
tudes of the surface microhardness were increased after
the LHT (2 times), UIT (by 50%), and combined
LHT + UIT (~ 2.5 times) processes. The observed
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microhardness increase is supported by nanotwins (LHT),
by dense dislocation nets (UIT), and by dislocation cells/-
nanograins fixed with fine carbides (LHT + UIT) formed
in the surface layers of the steel.

The wear losses of the treated specimens experimentally
registered after short tests (15 min) correlate well with
the arithmetic roughness Ra, with the predictive magni-
tudes of the Rpk parameter, and bearing capacity B¢
parameter, respectively, evaluated using the Abbott—Fire-
stone bearing curves and Kragelsky—Kombalov formula.
The surface roughness is therefore concluded to be
responsible for the wear behavior on the initial stage of
the wear process (the profile running-in stage).

The wear losses of the treated specimens experimentally
registered after long-term tests (45 min) correlate well
with the reciprocal surface microhardness and with the
magnitudes of W and Wp estimated using Archard—Rabi-
nowicz formula and complex roughness+strength ap-
proach, respectively.

In comparison with the original sample, the treated speci-
mens demonstrate the wear losses after short/long-term
tests (15/45 min) decreased by 32/68% (after the LHT),
by 44/41% (after UIT), and by 52/77% (after the com-
bined LHT + UIT processes).
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