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Abstract5

Contacts operating under severe conditions such as high temperatures, contact pressures and/or sliding

velocities, can occur in many applications and especially in metalworking processes. The extreme ther-

momechanical loadings withstood by the tooling during such interaction directly govern their lifetime but

also the functional properties of the component surface. Understanding the friction and wear mechanisms

behind is still an issue and can only be addressed with a relevant experimental set-up. This work presents

the development of a new laser-based heating system fitted on an open tribometer with the aim of investi-

gating such severe contact conditions for a AISI1045 carbon steel during sliding against uncoated cemented

carbide. A 3D numerical approach is adopted to design the system and predict the temperature distribution,

as well as the heating rates, below the laser beam and at the expected contact zone. A phase transformation

model based on the simulated thermal kinetics is applied to identify the conditions leading to the potential

formation of austenite and to show that a proper combination of laser power and sliding velocity has to be

selected to ensure the desired contact conditions. It is shown for example that even at high sliding veloci-

ties, a maximum temperature of 600◦C can be reached in the contact zone without exceeding the melting

temperature ahead while only a thin layer can be affected by the laser. The experimental set-up is described

with the integration of a laser head into the test bench. An experimental campaign is carried out to show

the influence of the temperature and sliding conditions on the tribological behavior especially in terms of

friction, wear mechanisms and microstructural evolution beneath the contact track.
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1. Introduction

Over the last decades, an increasing demand for solutions to enhance the tribological behavior of me-

chanical systems regards to the temperature has been observed. This is often the result of the increasing

requirements in terms of performance and durability, pushing them to operate under much more severe10

conditions. Whether directly via the operating environment or indirectly due to the sliding conditions

[1], numerous applications are concerned by elevated temperature issues in several key industries, such as

aerospace (turbo-engines), automobile (combustion engines or braking systems), power generation (gas tur-

bines) but also in many metalworking processes (hot rolling, hot forming or machining). Despite the growing

effort in the field of high temperature tribology, a clear understanding on how the temperature affects the15

wear and frictional behavior is still needed to improve their efficiency, functionality or lifetime. Being able to

run experimental campaigns simulating the contact conditions in these various applications appears crucial

to reach this objective.

In the literature, several research groups endeavored to develop dedicated set-ups to investigate contacts20

occurring at elevated temperature.

The first conventional option is to heat the working environment and fit a tribometer into a heating

chamber. Mane et al. [2] designed their own ball-on-ring tribometer within a furnace to study the effect of

temperature up to 60◦C on the wear of reinforced rubber materials for tire industry. Tran et al. [3] selected

a commercial UMT pin-on-disc with a heating furnace and performed experiments up to 700◦C to study25

the oxide formation between a High Speed Steel and a Stainless Steel 316. A similar configuration was

employed by Ghiotti et al. [4] up to 800◦C on a high strength steel where the authors especially tried to

simulate the thermal cycles to which the forming dies are subjected in hot stamping by periodically cooling

the friction pin with an air nozzle. Rahman et al. [5] studied the Inconel 617 and alloy 800HT under high

temperatures with a specially developed closed-tribometer. The latter is placed in a transparent chamber30

heated with infrared radiation reflected by a thin gold coated quartz tube and controlled environment to

assess the impact of oxidation on the friction performance. Some other works also report the use of a hot

air blower to warm up a pin-on-disc setup within the heating chamber 400◦C [6].

Increasing the temperature can be achieved by heating the contact bodies themselves. Hoić et al. [7] de-

signed a tribometer with an electric heater built in the rotary disc which allowed them to reach 250◦C when35

testing clutch and drive train contact components.In the same way, Tavasci et al. [8] selected a ring-on-ring

tribometer with heaters in the two discs to evaluate a heat transfer coefficient with a 0.40% carbon steel up

to 800◦C. Reciprocating contact configurations are also mostly investigated with this method. Samples are

commonly heated via heating elements embedded within the sample holders such as in the work of Courbon

et al. [9] focusing on adhesion tendency up to 800◦C using a commercial Optimol SRV. Similarly, Velkavrh40
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et al. [10] employed the latter to handle temperatures up to 200◦C and to characterize the tribological be-

haviour at high contact pressure and high velocities in bulk metal forming. Both bodies in contact can even

be heated up as proposed byMary et al. [11] in blade/disk fretting wear tests up to 500◦C. Alternatively to

electric elements, a ball-on-disc heated by an induction system up to 800 ◦C was also developed by Gautam

et al. [12] to study the effects of self-lubricating coatings.45

Interestingly, these selected works show that the term high temperature tribology can be discussed as it

highly depends on the tribological system and materials in contact. As emphasized by Meng et al. [13], a

temperature considered as high for a polymeric material will indeed not be that high for a metallic material

such as steel. Moreover, one can see that various technological solutions were implemented to heat the50

specimens and control the temperature. However, in all the cited studies, a closed-tribometer was employed.

If this might be relevant for some contact configurations where wear debris recirculation, surface hardening

or oxidation occur, it could be detrimental to investigate some other applications as early highlighted by

Olsson et al. [14] or recently by Sterle et al. [15]. Indeed, this kind of tribometer does not provide a special

contact configuration where the material is only once in contact with the counter-surface as it is in some55

processes like sheet forming, machining and friction stir welding.

Olsson et al. [16] proposed one of the first open bar-on-cylinder tribometer to tackle this issue. Claudin

et al. [17] or BenAbdelali et al. [18] extended this concept to a pin-on-bar configuration targeting high

contact pressures and sliding velocities whereas some other research groups oriented their work towards a

linear scratch-test type of contact [19, 20]. In each of these set-ups, the temperature is unfortunately not60

controlled but is the result of the frictional heat. The largest developments in terms of open high tem-

perature tribometers can be found in the hot forming community. Simulative tests based on strip drawing

configuration were developed by Yanagida et al. [21] or Boher et al. [22] respectively using a pre-heating

furnace or a resistance heating system both up to 875◦C. Mozgovoy et al. [23] upgraded it and designed

an innovative hot strip tribometer in which the sheet strip is mounted vertically in order to minimize the65

accumulation of wear debris. Heating is provided directly via the clamping jaws and the Joule effect which

enables a faster heating compared to most of the high temperature set-ups with heating rates up to 35◦C/s

and temperature close to 900◦C. The maximum sliding velocity that can be achieved remains limited to

0.5m/s.

70

This brief literature survey shows that developing a versatile open tribometer, able to cover a wide

range of contact conditions and control the operating temperature is still a real challenge. With most of

the mentioned heating systems, the heating and cooling rates are relatively low and do not represent the

high thermal kinetics as high as 105◦C/s that can be encountered in some high temperature applications.

Moreover, the use of a furnace/heating chamber can lead to the formation of thicker oxide layers and/or75
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undesired contamination which could adversely affect the analysis of the results. Finally, it appears that no

system, to the best of the author’s knowledge, is able to run high temperature controlled wear test at a high

sliding velocity exceeding 2m/s.

The proposed paper has thus a twofold objective: (i) to present the design and assess a novel approach

to elevated temperature wear testing, based on a laser pre-heating system, able to cover a wide range of80

contact conditions especially at high sliding velocities; and (ii) to implement the concept on an existing open

tribometer and give a first insight of the resulting tribological behaviour with a preliminary experimental

campaign on a AISI1045 steel. The paper is organized into three main parts: the first describes the testing

configuration and the modeling approach that has been developed to assess the capability of the heating

system; the second part will present the numerical results in terms of achievable testing temperatures but85

also expected phase transformation as far as a carbon steel is concerned; the third part will introduce the

integration of the heating system onto the tribometer and the results of a preliminary experimental campaign

under various heat inputs and sliding conditions.

2. Design and Modeling approach

2.1. Brief description of the test configuration90

An in-house made open tribometer [17, 18] was used in this study which consists in a specific device

mounted in a NC lathe and developed to carry out frictional tests under high contact pressures and sliding

velocities (Fig. 1a). The tribological behaviour under such conditions is investigated by scratching a pin

with a spherical tip against a cylindrical bar made of the investigated material along a helicoid path.

Once the whole surface of the bar has been used, a cutting tool refreshes the surface ploughed by the95

pin to remove the affected layer of work material. A belt finishing operation is then applied leading to a

controlled and repeatable surface roughness of Ra 0.5µm with a negative skewness Rsk (Fig. 1a).

The normal load is applied by a hydraulic jack (Fig. 1b). Friction pins are maintained by an instru-

mented pin-holder (Fig. 1c) fixed onto a dynamometer in order to provide the macroscopic force components.

100

The concept of this work was thus to upgrade this tribometer with the ability to control the input

temperature of the counter surface into the contact. To this end, the idea was to implement a processing

optics typically used for heat treatment onto the existing setup. The Figure 2 presents the developed

configuration with the laser beam impacting the input surface.

Due to several design constraints related to the tribometer or the machine itself, the perpendicularity of105

the laser beam could not be achieved resulting in an incident angle of 57◦. This led the initial laser spot

diameter of 1.2mm to be elongated in the sliding direction, finally forming an elliptical shape of 1.2x5.5mm.

From the tribological point of view, an elliptical spot appeared to be even beneficial it allowed to reach a
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higher temperature under the expected contact zone with a limited temperature in the laser spot. Indeed,

because of a larger spot, the heat flux density is reduced so the temperature does not reach excessively110

high values close to the melting temperature. Moreover, as the main length of this elliptical spot is in the

material flow direction, the end of the laser spot became closer to the contact zone while the counter surface

exhibits a longer exposure time. It can be noted that the distance between the end of the heated area and

the entrance of the contact zone remains limited to approximately 2.75mm.

2.2. Numerical model115

The first step of this work was to assess the temperatures that could effectively be achieved at the contact

entrance.

A 3D Arbitrary Lagrangian Eulerian (ALE) model (Fig. 3) was implemented in the Finite Element

code ABAQUS and solved with an explicit integration scheme. The ALE approach provides an efficient

framework to compute stationary thermal regimes within the sliding material. The problem to solve being120

symmetric, only half of it was considered. In this model, the workmaterial enters via the Eulerian boundary

at a given velocity by the inflow surface (A’B’C’D’ in Fig. 3a-b) and goes out through the Eulerian outflow

surface (ABCD in Fig. 3a-b).

The workpiece is discretized using hexagonal eight-node, coupled-temperature displacement, reduced-

integration elements (C3D8RT) from the ABAQUS element library (Fig. 3b).125

Beneath the pre-heated region and the expected contact zone, the element size has been decreased

down to 100µm (Fig. 4b). The expected contact width has typically an order of magnitude of 1mm. The

contact itself between the pin and the counter-material being not modelled, a ratio of 10 elements appears

consistent to extract only thermal data from such a simulation. This mesh would have to be refined if the

whole tribological problem, i.e. sliding contact between the two solids, would be modelled.130

A AISI1045 steel was used in this work as a reference and well characterized material. Its behavior has

been taken into account through the strain, strain rate and temperature dependent Johnson-Cook flow stress

model (Eq. 1). Even if this was not necessary at this step, it has been selected to deal with the complex

thermo-mechanical coupling that could be introduced in further studies. Parameters of the latter have been

defined thanks to the identification provided by Jaspers and Dautzenberg [24] (Table 2).135

σeq = [A+B (εp)
n
]

[
1 + C ln

(
ε̇p
ε̇0

)][
1−

(
T − T0
Tf − T0

)m]
(1)

where A is the yield strength (MPa), B is the hardening modulus (MPa), C is the strain rate sensi-

tivity coefficient (viscosity), n is the hardening coefficient, m is the thermal softening coefficient, ε̇p is the

plastic strain rate (s−1), ε̇0 is the reference plastic strain rate (s−1) (ε̇0 = 1s−1), Tf is the melting tempera-

ture of the work material (◦C), T is the temperature of the workpiece (◦C), and T0 is room temperature (◦C).

140
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2.3. Thermal loading and boundary conditions

In the present work, the interaction between the pin and the counter-material has not been modeled as

the objective was to only assess the input temperature within the contact zone. To this end, the laser beam

was modeled by a heat flux density homogeneously applied over a surface similar to the laser spot and ahead

of the expected contact zone as shown in Figures. 3d-e.The amplitudes of the heat flux were selected to145

cover a large range of power inputs. This implies that they represent the power that should be theoretically

absorbed by the heated surface. To achieve this power input, absorption as well as laser performance and

beam orientation should be considered and the actual power of the laser should be selected accordingly.

Additional thermal boundary conditions were applied as follows:

• Heat is dissipated by conduction through surfaces AA’D’D, ABCD, A’B’C’D’ and C’CDC’,150

• Heat exchange by convection with the surrounding environment on the surface ABB’A’ is neglected,

• Heat exchange by radiation is also neglected considering the small size of the heated regions, surface

thermal gradients compared to the bulk temperatures as well as the amplitude of the investigated

power inputs.

In order to implement the most reliable physics, temperature dependent thermal properties of the AISI155

1045 steel were implemented as described in the Table 3.

3. Temperature predictions

3.1. Temperature distributions & kinetics

The numerical model was first employed to extract the temperature profiles at the top surface, along the

edge AA’ shown in Figures 3a-c. Four input powers ranging from 500 to 2000W combined to four sliding160

velocities of 25, 50, 75 and 100m/min were investigated.

As it can be seen on the Figure 5a, the higher the laser power the higher temperature will be at the

top surface for a given sliding velocity. Temperatures up to 1200◦C can be reached when applying 2000W

but a sudden decrease can be observed once the sliding material leaves the heated region. The expected

temperature at the contact zone appears to be about half the maximum temperature but still provides a165

relevant range from 150 to 600◦C at 50m/min.

The Figure 5b shows that for a given input power of 1500W increasing the sliding velocity from 25

to 100m/min will reduce the maximum temperature at the exit of the heated region from 1300 to 600◦C.

However, as far as the temperature at the contact zone is concerned, temperatures between 350 and 500◦C

can still be expected.170

6



This analysis was extended to the full matrix of conditions and led to the map in Figure 6 summarizing

the achievable temperatures at the top surface of the contact zone. Over the whole range of sliding ve-

locities, temperatures up to minimum 450◦C can always be reached, even at the highest sliding velocity of

100m/min. For the latter, reaching highest temperatures would require a higher power input and thus the

use of a more powerful laser source.175

Temperatures exceeding 800◦C within the pre-heated region were highlighted in the Figures 5a-b. This

definitely raised the question of a potential phase transformation when materials such as carbon steels in

this study are investigated. Temperature profiles were thus extracted along the depth, right in the axis of

laser spot (Fig. 7).180

It was shown that the temperature rapidly decreases along the depth, being approximately half of the

top surface one at 0.2mm. Under several combinations of sliding velocity and input power, the Ac1 tem-

perature can even be exceeded over the first 50µm. However, it can be noted that extremely fast thermal

kinetics were achieved (Fig. 5) with heating rates as high as 5.105 ◦C/s and cooling rates approximating

3.105 ◦C/s. A phase transformation model had to be developed to confirm its occurrence based on this data.185

3.2. Occurrence of a phase transformation

Based on the previous findings, the question of a potential evolution in the microstructure was raised.

The AISI1045 is a ferritic-pearlitic steel which, because of continuous heating, can transform into austenite.

To study this phenomena and assess if this transformation could occur, a metallurgical model developed by190

Miokovic et al. [25, 26] and based on the Avrami equation [27] was used. The Avrami model was initially

developed for isothermal transformations but in the case of high heating rates, Mioković et al. discretized

the Avrami equation in several short isothermal steps (see Eq. ??) and summed the fraction of transformed

material.

fA,i+1 = fA,i +
∂fA,i

∂t
|t∗i ×∆t (2)

∂fA,i

∂t
|t∗i = n.b(Ti)

n.ln

(
1

1− fA,i

)n−1
n

.(1− fA,i) (3)

b(T ) = C.exp

(
−∆H

k.t

)
(4)

where fA,i+1 is the percentage of austenite formed at t∗i (%), T is the temperature (◦K), k is the195

Boltzmann constant (eV.K−1), n is the Avrami constant, C is the velocity constant (s−1) and ∆H is the

activation enthalpy (ferrite to austenite) (eV ).
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The parameters used to calculate the percentage of formed austenite are reported in the Table 4. They

were identified based on stress-free dilatometry tests using heating rates up to 10000◦C/s.

200

The fraction of formed austenite computed from Equations 2, 3 and 4 can be seen in Fig. 8 for different

constant heating rates. One can observe that when increasing the heating rate, the activation of the austenitic

transformation is shifted towards higher temperatures. Indeed, whereas the transformation starts around

750◦C at 103 ◦C/s, temperatures between 900 and 925◦C have to be reached at 5.105 ◦C/s. Another

conclusion is that, higher is the heating rate, lower is the time to produce 100% of austenite once the205

transformation began and temperatures higher than 1000◦C are exceeded within this short time. One still

has to be careful and consider only the trend as these results are extrapolated up to 5.105 ◦C/s from the

work of Miokovic et al. [26] that was limited to 104 ◦C/s.

This model was then applied to the temperature kinetics extracted from the FE model (Fig. 5). The

temperature profiles were then discretized in short time steps of 10−4s and the heating rate was computed210

for each one. Summing the fraction of formed austenite over theses steps, it was possible to assess the total

amount of austenite formed during the whole heating cycle with varying heating rates. The Figure 9 shows

the fraction of formed austenite over the whole ranges of sliding velocity and laser power input.

The parameters leading to the formation of 100% of austenite can be identified and the experiments

designed according to the targeted conditions when correlated to the expected temperature map shown in215

Figure 6. As an example, testing where austenitic transformation has to be avoided will be limited to a

maximum contact temperature of 300◦C at 25m/min with a 1kW input power, 400◦C at 60m/min with a

1.5kW input power and almost 500◦C at 100m/min with a 2kW input power

3.3. Discussion of the numerical results

The expected temperature at the contact zone is considered to be the one at the black dotted line in220

Figure 5. According to the short time scale and high gradient along the sliding direction, an uncertainty

definitely exist and variations may occur around this contact location. When considering a sliding velocity

of 50m/min and a circular contact width of 1mm, the time required for the hot surface to completely pass

through the whole contact zone is approximately 1.2ms. A variation along the material flow direction could

occur but most probably not with an amplitude close to the contact width. If a variation of half the contact225

width is assumed, ahead or at the back of the contact, this would lead to a variation between 10°C (over

140°C) at 500W and 50°C (over 550°C) at 2000W. This results in a potential variation between 7 and

maximum 10% compared to the targeted temperature, which seems reasonably acceptable considering the

complexity of the system.

The validation of the simulated results is not straight forward as measuring temperature in a sliding230

contact is still a real issue. Thermocouples could be embedded in one of the sliding bodies, which is highly
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complex here considering the size of the samples and the sliding open configuration. Using an infrared

camera would definitely provide additional data such as the temperature distribution but assessing the

actual temperature is again challenging as it requires the perfect knowledge of the emissivity, which may

vary locally depending on the surface conditions such as roughness or oxidation [28, 29]. Therefore, it is235

to date difficult to validate the simulated temperature fields via an experimental approach. One option to

develop in a future work would be to implement two-color pyrometers that would provide local temperature

measurements and avoiding issues related to the emissivity of the materials.

Nevertheless, for a validation purpose, the FE results were compared with the ones provided by an

analytical model presented in [30]. When considering temperature fields below the melting point, the error240

between the temperatures computed via the two models remained below 10% which was considered to

validate the numerical approach.

Finally, one can highlight that this analysis is valid for the given material pair. Simulated temperatures

will indeed be affected if, for example, a more refractory alloy is employed such as a titanium or nickel

based-alloy. Thermophysical properties will have to be accordingly updated and it is expected that the245

temperature profiles, especially along the depth, will differ due to a modified heat diffusion.”

4. Experimental implementation

4.1. Upgraded experimental set-up

Based on the previous analyses, a specific mounting system was designed to fit the laser heating unit

into the tribometer. A Laserline OTS5 optics was selected and combined with a 3kW diode laser, both250

from Laserline GmbH, via an optical fiber of 600µm with a numerical aperture of 0.2. The focal distance of

150mm resulted in a circular spot size of 1.2mm under a normal incidence on the surface. The final setup

can be seen in Figure 10a with the different components and under operating conditions in Figure 10b. As

discussed in Section 2.1, the mounting system resulted in a 57◦ incidence angle and an effective laser spot

of 1.2 x 5.5mm on the counter surface.255

The tribological experiments were carried out using a normalized AISI 1045 steel supplied as bars (80mm

diameter x 500mm long) with hardness between 180 and 190 HB (yield stress 320 MPa; tensile strength -

696 MPa) and a ferritic-pearlitic microstructure.

Friction pins with a spherical diameter of Ø9mm were made of tungsten carbide with around 8% of cobalt260

binder and were TiN coated. Besides the fact that it is typically employed on cutting tools, this substrate

material was intentionally selected as it is characterized by a high stiffness, high hardness and thus a good

wear resistance. The PVD TiN coating was applied to reduce the material transfer phenomena and focus

the study on the counterpart analysis without affecting the results by a potential catastrophic wear of the
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pin. To eliminate the potential influence of surface roughness, friction pins were ground and polished down265

to Ra 0.3µm.

The apparent friction coefficient µapp was provided by the ratio between the tangential Ft and the normal

Fn forces in Eq. 5.

µapp =
Ft

Fn
(5)

The term ’apparent friction coefficient’ or ’macroscopic friction coefficient’ is used since it differs signifi-

cantly from the ’local friction coefficient’ induced by adhesion at the pin-work material interface. The work270

conducted by Bowden and Tabor [31] proposes a simple decomposition in two contributions (Eq. 6):

µapp = µadh + µplast (6)

Where, µapp is the apparent friction coefficient, µadh the adhesive part and µplast is the contribution of

the plastic deformation in the softest material (ploughing).

Only the apparent friction coefficient µapp was considered in this study. Extracting both the adhesive

and plastic would have been possible but would have required an intense post-processing either based on an275

analytical model as described by Claudin et al. [17] or a numerical procedure as developed by BenAbdelali

et al. [18].

A constant normal load of 1200N was applied on the pin while the sliding velocity varied from 5 to

160m/min. The amplitude of the normal load was here selected to ensure the formation of a full plastic280

contact. If the Hertzian contact pressure does not make sense in that case, increasing the normal load

once the onset of plastic yield is reached, intends to be sure that the contact is fully plastic and that the

contact area is large enough to become insensitive to any remaining surface defects or variations in terms

of topography. The average plastic contact pressure can be estimated to be 3 times the yield stress of the

material [32], so around 1.5 GPa in the present configuration.285

Several laser power amplitudes from 1000 to 3000W were applied, without running all the possible

combinations. Each of these tests lasted minimum 5 seconds and was replicated in order to estimate the

uncertainty. The values presented in the following sections are the average of the signal recorded during the

experiments over a steady state period whereas the error bars represent ± the standard deviation.

4.2. Friction coefficient290

The Figure 11a shows the evolution of the apparent friction coefficient versus time when activating the

laser at 1000W and 3000W. Over the first 0.5s, friction was stable with an average value close to 0.18. While

it remained stable over the whole test without pre-heating, it suddenly increased to 0.4 when activating the
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laser pre-heating system at 1000W and exceeded 0.6 at 3000W. Interestingly, the apparent friction coefficient

dropped back to the initial value of 0.18 when deactivating the counter surface pre-heating.295

An average value of µapp was then extracted over the laser activation period and a stable sliding distance,

resulting in the bar chart presented in Figure 11b. It can be observed that friction increased as soon as

pre-heating was applied for each tested sliding velocity. However, when increasing the latter, the increase in

µapp appeared to be lower with values close to 0.3 at 80 and 160m/min when applying 2000W against 0.4 at

5m/min with 1000W. This could be directly connected to the lower temperatures achieved when increasing300

the velocity, even with a higher laser power (Fig. 6).

It is important to emphasize that the power mentioned in this experimental section concerns the setting

of the laser source. It does not obviously corresponds to the actual input power on the counter surface as

this highly depends on the surface absorption coefficient. Peng [33] reported an absorptivity close to 0.6-0.7,

leading to a maximum possible power input of around 2000W, in agreement with the simulations performed305

in Section 3.1.

4.3. Surface topography

The surface topography of the contact tracks was analyzed with an Alicona G5 focus-variation microscope

to assess any changes in the contact morphology (Fig. 12).

The scratched surface was found to become smoother as the laser power increased. Some abrasive grooves310

and micro-ploughing marks were still observed at 1000W (Fig. 12a-b) while the contact zone appeared highly

smooth at 3000W (Fig. 12c-d). However, a larger contact area could also be reported with, for example,

an increase by 50% when applying 1000W compared to a non-heated test, and a factor larger than 2 when

increasing the laser power from 1000W to 3000W. This could explain the increase recorded on the apparent

friction coefficient.315

Interestingly, the indentation depth was relatively constant and around 20µm but whereas a material

side flow was observed at 1000W (Fig. 12a-b), a specific topography could be noted at 3000W as shown in

Figures 12c-d. The primary profile (Fig. 12d) is characterized by a 140µm high peak (M1) and a gap region

(M2) which could correspond to the formation of a keyhole typically found in laser welding [34]. These two

observations tend to show that melting occurred ahead of the contact zone and that the pin was sliding320

on a thin partially melted layer. The similar indentation depths highlight that the increase in the contact

width was not due to a deeper penetration amplified by the softening of the counter surface but by a more

complex phenomena such as a side flow of the melted bath combined to a thermal expansion in the normal

direction.

4.4. Near-surface evolution325

In order to investigate the subsurface properties, samples were extracted in both sliding and transverse

directions. Each was mounted, polished with SiC grinding papers up to 1200 followed by diamond based

11



suspensions down to 1µm and finally etched in 2 % Nital solution. Optical analyses were then performed

using a ZEISS microscope.

330

The first analyses focused on the extreme specific case of the lowest sliding velocity of 5m/min. The

Figure 13 shows that the microstructure of the AISI1045 steel was modified by the laser pre-heating and

formed a white layer beneath the contact zone. The initial ferritic-pearlitic microstructure, that could still be

seen in the bulk material, was completely dissolved and transformed into a new one difficult to characterize

with an optical microscope. The width of this transformed region appeared to be larger than the contact area335

(Fig. 13a-c) and increased from 2.5 to 4.2mm when increasing the laser power from 1000W to 3000W. This

can be correlated to the increase in terms of friction previously reported (Fig. 11) and a potential increase

in the ploughing component of the apparent friction coefficient. To the same extent, higher the laser power,

deeper the affected depth with approximately 200µm at 1000W versus 500µm when set at 3000W. These

findings are in agreement with those presented in Figures 7 and 9 from which a phase transformation was340

expected at a so low speed, and an increasing depth with the increasing input power.

Microharness measurements were performed along the depth and at different transverse locations (Fig. 13b-

d). It can be seen that the hardness close to the top surface increased up to 800HV whereas the bulk hardness

was around 200HV. However, increasing the power to 3000W led this hardness to be reached over 400µm

compared to only the first 20 to maximum 50µm at 1000W. These hardness profiles are characteristic of345

those obtained by laser quenching where a sudden increase in the hardness can be achieved, contrary to

induction hardening where the transition is smoother [35]. This proves that a hard martensite phase could

have been formed in this white layer, most probably not completely before the material entered the contact

zone.

350

Zooming in on the near surface region (Fig. 14) highlighted the differences in terms of microstructure.

At 1000W, grain boundaries are still visible with the cementite fully dissolved beyond the transition zone

(Fig. 14a). At 3000W, a really fine microstructure was generated confirming the complete dissolution of

the ferrite and pearlite (Fig. 14c). The mechanical action of the pin also affected the microstructure over

10 to 20µm from the near surface within the white layer as finer and elongated grains could be observed355

as shown in Figure 14a when applying 1000W. This was however not that obvious at 3000W and on the

migrographs in the sliding direction (Fig. 14c-d). An assumption is that a post-dynamic transformation still

occurred once the steel left the contact zone, once the mechanical loadings of the pin were released and cooling

took place. This would definitely have to be confirmed by deeper and further analyses at a much lower scale.

360

Based on the simulation results and the map shown in Figure 9, the experiments run at 80m/min were

also carefully analyzed as no phase transformation was supposed to occur. The cross sections in both slid-
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ing and transverse directions (Fig. 15a-b) show that the ferritic-pearlitic microstructure was not affected

when applying 2000W, confirming the prediction of the developed model. A small near surface layer with

a thickness of approximately 5µm could still be identified in Figure 15a while the shear deformation along365

the sliding direction was visible as presented in Figure 15b.

The same analyses were conducted on the sample run without the laser preheating. The deformed

microstructure could be observed in the sliding direction (Fig. 15d) as well as a deformed near surface layer

in the transverse direction (Fig. 15c). However, the microstructure did not seem to be the same as the one370

generated with a laser power of 2000W and corresponded more to a work-hardened one. Additionally, the

grain elongation in the sliding direction was more intense at 2000W than without preheating.

Based on these results, it was assumed that the thin layer identified in Figure 15a was the result of the

severe plastic deformation combined to the heat generated both by friction and the preheating system which

led to a grain refinement mechanism as reported in a previous work [36]. The increase in µapp observed at375

this higher sliding velocity (Fig. 11) could thus be explained by a slight increase of the contact area but also

by the formation of a thin more adhesive layer.

5. Conclusions

This paper focused on the development of a new laser-based heating system fitted on an open tribometer

to perform high temperature friction and wear testing. It presented a combined numerical and experimental380

study to design the system, assess the achievable input temperatures in the contact and highlight the

potential phase transformation depending on the sliding and preheating conditions. The important findings

of this work are as follows:

• Maximum temperatures between 450◦C and 600◦C could be reached at the contact zone with sliding

velocities up to 100m/min;385

• Extreme thermal kinetics of 3 to 5.105 ◦C/s could be achieved which are definitely of interest as far

as high speed processes are concerned;

• When employed with steels, the austenitic transformation could be activated which shows that, besides

the maximum targeted temperature, the occurrence of a phase transformation should be carefully

considered;390

• The apparent friction coefficient was found to increase as soon as a laser preheating was applied over

the whole range of sliding velocities;
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• Whereas no specific and severe material transfer was observed onto the friction pin, the detailed

analysis of the contact track emphasized a relatively smooth sliding process dominated by abrasive

and microploughing phenomena;395

• Depending on the sliding and preheating conditions, contact could occur between the friction pin and

a soft and fully transformed material, leading to whether a drastic increase in the contact area or the

formation of a more adhesive thin surface layer;

• Finally, the developed numerical model provided relevant and consistent results compared to the

experimental observations.400

The last conclusion presents an interesting perspective as it could be used to deeply investigate the inter-

action with the preheated surface. Combined thermomechanically coupled simulations taking into account

not only the laser source but also the friction pin itself could be developed and the final thermomechanical

loadings withstood by the steel counter-surface could be extracted.

From the experimental point of view, the main limitation of the current system is the lack of local405

temperature measurements and the fact that only the laser power can be controlled. A further improvement

of the system will be to implement a pyrometry based technique to assess the temperature right at the exit

of the contact to increase the understanding of such specific tribological behavior.
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A Yield strength (MPa)
B Hardening modulus (MPa)
C Strain rate sensitivity coefficient (viscosity)
CAvr Velocity constant (s−1)
Fn Normal Force (N)
Ft Tangential forces (N)
fA,i Percentage of austenite formed at ti (%)
k Boltzmann constant (eV.K−1)
m Thermal softening coefficient
n Hardening coefficient
nAvr Avrami constant
T Temperature of the workpiece (◦C)
T0 Room temperature (◦C)
Tf Melting temperature of the work material (◦C)
∆H Activation enthalpy (ferrite to austenite) (eV )
ε̇0 Reference plastic strain rate (s−1)
ε̇p Plastic strain rate (s−1)
µadh Adhesive part of the apparent friction coefficient
µapp Apparent friction coefficient
µplast Contribution of the plastic deformation in the softest material (ploughing)

Table 1 — Nomenclature
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Steel A [MPa] B [MPa] n C ε̇0 [/s] m Tm [◦C] T0 [◦C]
AISI 1045 553.1 600.8 0.234 0.0134 1 1 1460 25

Table 2 — Johnson-Cook model parameters for AISI 1045 ([24])
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Temperature (°C) AISI1045
Specific Heat 0 420
(J.Kg−1.K−1) 100 470

200 521
300 571
400 622
500 672
600 722
700 733
800 823
900 874

Conductivity 100 50.7
(J.m−1.s−1.K−1) 400 41.9

700 30.1
1000 26.8

Density (Kg/m3) 14450 7850
E (GPa) 630 207

ν 0.3 0.3

Table 3 — Thermal properties of AISI1045 steel.
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Parameter Symbol Value
Percentage of formed austenite at ti fA,i [%]

Temperature T [◦K]
Boltzmann constant k 8.617× 10−5eV.K−1

Avrami constant n 1.585
Velocity constant C 2.84× 1020s−1

Activation enthalpy (ferrite to austenite) ∆H 4.185eV

Table 4 — Parameters of the model from Miokovic et al. [25, 26] to compute the percentage of formed austenite.
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Fig. 1 — (a) Overview of the initial configuration of the tribological setup; b) close view of the tribometer and c)
instrumentation.

23



WC-Co 

friction 

pin

Counter body: 

AISI1045

a b

Laser 

head

Fig. 2 — (a) Principle of the friction test and b) schematic of the laser pre-heating system with the laser head illustrated
in a).

24



a

Expected

Contact zone
Laser source

A

B

A’

B’

Laser source
b

c
6 mm

0.6mm
Φ1mm

5.5mm

Fig. 3 — (a) Geometry of the 3D ALE model; b) mesh and boundary conditions; c) top view with the schematic of the
laser spot and expected contact area.

25



D

A

D’

A’

Centre of the 

expected

contact zone

a

Heat flux density

b

Fig. 4 — (a) Side view of the model with the region of interest and b) with the laser beam being model as a heat input
and meshed workpiece.

26



0

200

400

600

800

1000

1200

1400

0 5 10 15 20 25

Te
m

p
er

at
u

re
 (

°C
)

Time (ms)

V = 25 m/min

V = 50 m/min

V = 75 m/min

V = 100 m/min

0

200

400

600

800

1000

1200

1400

0 5 10 15 20 25

Te
m

p
er

at
u

re
 (

°C
)

Time (ms)

P 500 W

P 1000 W

P 1500 W

P 2000 W

a b Centre of the 

laser beam

Centre of the 

contact zone

Fig. 5 — Temperature profiles at the top surface a) at a constant velocity of 50m/min when varying the power input
and b) at a constant power input of 1500W and a varying sliding velocity – the red dotted line represents the
axis of the laser spot, the black one being the center of the contact zone.

27



Input power (kW)

Sl
id

in
g 

ve
lo

ci
ty

 (
m

/m
in

)

Temp. (°C)

Fig. 6 — Mapping of the temperature at the contact zone depending on the input power and sliding velocity.

28



0

0,1

0,2

0,3

0,4

0,5

0,6

0 200 400 600 800 1000 1200

D
ep

th
 (

m
m

)

Temperature (°C)

Ac1 Temp.

P = 500 W

P = 1000 W

P = 1500 W

P = 2000 W

0

0,1

0,2

0,3

0,4

0,5

0,6

0 200 400 600 800 1000 1200

D
ep

th
 (

m
m

)

Temperature (°C)

Ac1 Temp.

V = 25 m/min

V = 50 m/min

V = 75 m/min

V = 100 m/min

a b

0.1

0.2

0.3

0.4

0.5

0.6

0.1

0.2

0.3

0.4

0.5

0.6

Fig. 7 — Temperature profiles along the depth below the center of the laser spot a) at a constant velocity of 50m/min
when varying the power input and b) at a constant power input of 1500 W and a varying sliding velocity.

29



a b

Temperature (°C) Time (s)

f a
(%

)

f a
(%

)

Fig. 8 — Percentage of formed austenite depending a) on the temperature and b) on the time after the beginning of
the transformation for different heating rates.

30



Input power (kW)

Sl
id

in
g 

ve
lo

ci
ty

 (
m

/m
in

)

fa(%)

Fig. 9 — Mapping of the fraction of formed austenite below the heated region depending on the input power and sliding
velocity.

31



Tribometer

Laser head

Mounting
system

a b

Friction pin

Fig. 10 — Implementation of the laser heating system into the upgraded tribometer: a) overview of the laser head and
b) side view of the operating system and formation of the contact track.

32



0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

5 40 80 160

A
p

p
a
re

n
t 

F
ri

c
ti

o
n

 c
o

e
ff

ic
ie

n
t

Sliding velocity (m/min)

0W

1000W

2000W

3000W

µ
ap

p

Sliding velocity (m/min)

b

Time (s)

µ
ap

p

a

0.6

0.5

0.4

0.3

0.2

0.1

0.7

0.8

0.6

0.5

0.4

0.3

0.2

0.1

0.7

0.8

0.9

Fig. 11 — Evolution of the apparent friction coefficient: a) versus time at 5m/min and b) versus the sliding velocities
with different laser power inputs.

33



µm µm
a c

P : 1000W
V : 5m/min
Fn : 1200N

P : 3000W
V : 5m/min
Fn : 1200N

A
lt

it
u

d
e 

(µ
m

)
A

lt
it

u
d

e 
(µ

m
)

Sliding direction

b

d

C DA B

C

A B

Contact width
≈1.3mm

Contact width
≈3mm

≈20µm

≈20µm M2

0.2     0.4     0.6     0.8    1.0     1.2     1.4     1.6     1.8    2.0     2.2     2.4     2.6     2.8     3.0    3.2     3.4 3.6     3.8    4.0     4.2     4.4     4.6     4.8     5.0

M1

0.5        1.0        1.5         2.0        2.5        3.0        3.5         4.0        4.5         5.0        5.5        6.0 6.5        7.0        7.5         8.0        8.5        9.0        9.5

Probed distance (mm)

Probed distance (mm)

D

Fig. 12 — Examples of contact track topography extracted at 5m/min with a laser power of a) 1000W with the
corresponding primary profile along the A-B line (b); b) with a laser power of 3000W with the corresponding
primary profile along the C-D line (d).

34



a 500 µm

P : 1000W
V : 5m/min
Fn : 1200N

c
1000 µm

P : 3000W
V : 5m/min
Fn : 1200N

0

0,1

0,2

0,3

0,4

0,5

0,6

0 200 400 600 800 1000

D
ep

th
 (

m
m

)

Hardness (HV 0,3)

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

0 200 400 600 800 1000

D
ep

th
(m

m
)

Hardness (HV 0,3)

b

d

Sliding direction

Sliding direction

Fig. 13 — Overview of the microstructure beneath the contact zone in the transverse direction at 5m/min when applying
a) a laser power of 1000W or b) 3000W with the corresponding hardness profiles (b,d) – the white dotted
line being the actual contact width.
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Fig. 14 — Near surface microstuctures at 5m/min when applying a laser power of 1000W (a,b) or 3000W (c,d) both
in the transverse (a,c) and sliding direction (b,d) directions.
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Fig. 15 — Near surface microstuctures at 80m/min when applying a laser power of 2000W (a,b) or without a laser
preheating (c,d) both in the transverse (a,c) and sliding direction (b,d) directions.
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