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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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1. Introduction 

An accurate and realistic coefficient of friction (COF)   

between the tool-chip and the tool-workpiece is critical in 

machining simulations as this impacts the predicted forces, 

chip geometry, machined surface integrity, and the rate of tool 

wear [1]. These frictional interactions are complex primarily 

due to the high normal contact pressures, temperatures, and 

sliding speeds that vary throughout the tool/workpiece/chip 

interface. Therefore the COF cannot be assumed to be a 

constant value [2]. In addition, other factors such as surface 

asperities, the local deformation of the workpiece/chip, the 

presence of lubricants, tool-workpiece vibrations, and 

atmospheric properties further increase the complexity. 

In drilling there are three main contact zones with different 

tribological conditions. These are the tool-chip, tool-

workpiece, and tool-hole contacts, as discussed by Lorain et al. 

[3]. The tool-chip and tool-workpiece contacts, in the 

secondary and tertiary deformation zones respectively, are 

open systems as the material is continuously refreshing. The 

tool-hole contact is where the minor cutting edge of the drill is 

in contact with the generated hole surface, this is a closed 

system as the tool rubs over a surface that has already been 

modified by the tool. The methods available to determine the 

COF fall into three categories, either by in-process cutting 

force measurement, conventional bench tribometers, or 

specialist high-speed tribometers designed to recreate the 

conditions of metal cutting [4]. 

The first category involves measuring the cutting forces 

during orthogonal cutting and using a shear zone based 

analytical model of metal cutting to determine an averaged 

apparent COF [5]. This method is idealised and limited as the 

analytical shear zone models usually assume a perfectly sharp 

cutting edge, and it does not allow the variation in the COF 

ScienceDirect 

6th CIRP Conference on Surface Integrity 

Analysis of the contact mechanics in machining using a novel high-speed 

tribometer 

 Joshua Priesta,b*, Hassan Ghadbeigib, Sabino Ayvar-Soberanisc, Anders Liljerehnd, Matthew Waye 

a  Industrial Doctoral Centre in Machining Science, Advanced Manufacturing Research Centre with Boeing, University of Sheffield, Rotherham, S60 5TZ, UK 
b The University of Sheffield, Department of Mechanical Engineering, Sir Fredrick Mappin Building, Mappin Street, S1 3JD, Sheffield, UK 

c Advanced Manufacturing Research Centre with Boeing, Advanced Manufacturing Park, Catcliffe, Rotherham, S60 5TZ, UK 
d Sandvik Coromant AB, Mossvägen 10, Sandviken, Sweden 

e Sandvik Coromant AB , Unit 8, Morse Way, Waverley, Rotherham, S60 5BJ, UK 

 

* Corresponding author. Tel.: N/A; fax: N/A. E-mail address: j.priest@amrc.co.uk 

Abstract 

A new high-speed pin-on-bar type tribometer has been developed to study the variation of the friction coefficient with respect to the local 

thermomechanical contact conditions between the tool and the workpiece when drilling C45 steel. The forces and temperatures are measured 

over a range of pin indent depths and sliding velocities in open and closed loop tribo-systems. The tribometer's ability to recreate the 

thermomechanical contact conditions in drilling is demonstrated and the induced surface modification in the workpiece by the tribology testing 
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along the tool/workpiece/chip interface to be determined. 

Several attempts have been made to address the latter issue by 

utilising either a split tool [6] or a partially restricted tool [7] to 

vary the tool-chip contact length and therefore capture the 

variation of frictional shear stresses and the COF along the rake 

face. The latter study demonstrates the presence of the stick-

slip phenomena, contact pressure in the region of 1 – 2.25 GPa, 

and apparent COF values up to 2.6 in the slip region on the rake 

face of the tool. However, the limitations with this method are 

that the force contribution of the edge radius is calculated 

analytically, and the contact mechanics could be affected by the 

introduction of the slot on the rake face, which is not 

representative of real-world conditions. 

Traditional pin-on-disc bench tribometers have been used to 

generate a sliding contact and determine the COF for 

machining simulations [8], however, the technique is not 

capable of recreating the conditions of metal cutting with 

respect to the high temperatures and contact pressures [9]. 

Additionally, the conventional setup only replicates a closed 

system where the pin repeatably travels over the same path. 

Therefore, the open system in the secondary and tertiary shear 

zones is not recreated. Modified setups have been designed to 

alleviate this issue where the pin follows a spiral path [10], 

however this requires very large discs for high cutting speeds. 

Specialist open tribometers are an improvement on 

traditional pin-on-disc tests for machining applications. Open 

and closed system sliding contacts have been generated on the 

outer diameter of a bar using a lathe, with contact pressures and 

sliding speeds equivalent that observed in metal cutting [11]. 

However, the obtained temperatures were not reported, and the 

sliding contact occurs on a ground surface which may affect the 

results due to the presence of a surface oxidation layer that is 

not present at the tool/chip and tool/workpiece interfaces. To 

minimise the latter, experiments are reported whereby the pin 

immediately follows an orthogonal cutting pass on the end of a 

tube [12]; surface temperatures of 80 - 180°C were recorded 

before the pin passes over the surface at speeds of 1 – 3 m/s 

under a 1kN load, but temperature measurements during the 

contact were not captured. 

It is reported in steels that the apparent COF reduces and the 

heat flux into the pin increases with an increased sliding speed 

[11]. Average contact pressures of between 1 - 3GPa [11] have 

been calculated using a  geometry based method that relies on 

wear track width measurements. 

To address some of the challenges in this context, this study 

reports a newly developed simplified high-speed tribometer for 

recreating the tribological conditions in drilling. The developed 

system is simplified so it does not require an additional 

pneumatic actuator to load the pin as reported in the literature. 

This study investigates how well the system replicates the 

tribology of drilling with respect to the local contact speeds, 

pressures, and temperatures, whilst studying the sub-surface 

modification which has been overlooked in previous literature. 

2. Experimental Methodology 

The material used in this study is the annealed C45U steel, 

with a ferritic-pearlitic microstructure and a chemical 

composition as reported in Table 1, in the form of bars with a 

diameter of 180 mm and a length of 135 mm. These had a 

uniform hardness of 199 HB. The bars were prepared using a 

turning operation, resulting in an average initial surface 

roughness of 1.25 µm Ra in the feed direction with a standard 

deviation of 0.022 µm. 

Table 1. Chemical composition of C45U Annealed used in this study. 

C Si Mn P S 

0.48 0.280 0.740 0.01 0.03 

2.1. Modified pin on bar setup 

Fig. 1a shows the developed pin on bar setup and Fig. 1b 

shows the geometry of the TiNAl PVD coated tungsten carbide 

pins. The pins have two 0.5 mm diameter blind holes that 

extended to the centre line of the pins at distances of 1.5 mm 

and 4.5 mm from the point of contact. Transition joint TJC1-

CASS-IM050U-150 0.5 mm diameter thermocouples were 

inserted into these holes and connected to a NI 9213 DAQ to 

measure the local pin temperatures and temperature gradient 

with a 75Hz sampling frequency. The surface roughness of a 

sample of 4 pins was measured prior to testing using an 

Alicona, the pins had an average surface roughness of 0.349 Ra 

with standard deviation of 0.08 Ra. The pins were mounted into 

a custom jig which was mounted to a Kistler 9213a 

dynamometer in a DMG Mori-Seiki NT4250 machine tool to 

measure the forces as demonstrated in Fig. 1a. 

 

 

Fig. 1.  (a) The experimental setup with (b) the drawing of the pin geometry 

(units in mm) and a demonstration of the (c) open and (d) closed tribometer. 

The experiments were conducted by setting a constant 

indent depth (green arrow in Fig. 1c and Fig. 1d) into the 

rotating bar to generate the sliding contact. The open tribometer 

was created by using an axial feed rate of 2 mm/rev (black 

arrow in Fig. 1c) to avoid rubbing on the previous wear scar, 

generating a helical path on the bar. In contrast, the pin in the 

closed tribometer passed over a single path as shown in Fig. 1d 

in red. The open tribometer tests had a consistent steady-state 

engagement time of 8 seconds whilst the closed tribometer tests 

were engaged for a consistent 40 revolutions. 

2.2. Experimental conditions 

A range of testing conditions was selected for both the open 

and closed tribometers, based on an iterative preliminary study 

𝐹𝐹𝑡𝑡 = √(𝐹𝐹𝑦𝑦)2 + (𝐹𝐹𝑧𝑧)2𝐹𝐹𝑛𝑛 = 𝐹𝐹𝑥𝑥µ𝑎𝑎𝑎𝑎𝑎𝑎 =  𝐹𝐹𝑡𝑡𝐹𝐹𝑛𝑛 �̇�𝑞𝑘𝑘𝐴𝐴𝐿𝐿�̇�𝑞 = 𝑘𝑘𝐴𝐴𝐿𝐿 (𝑇𝑇1 − 𝑇𝑇2)                                                                             
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using FEM in ABAQUS/Explicit, to ensure the pressures and 

sliding velocities were consistent with those in the tertiary and 

secondary shear zones during drilling. Instantaneous contact 

pressures from 1.6 - 2.3 GPa were predicted at indent depths 

from 5 - 150 µm, demonstrating that the instantaneous pressure 

is not significantly impacted by increasing indent depth due to 

the larger wear tracks produced. 

It is worth noting that the dynamic instability and lack of 

consumables limited the maximum achievable speed and 

number of indent depths for the closed tribometer testing. Table 

2 reports the designed experimental matrix, where green cells 

indicate open tribometer parameter sets, red cells indicate the 

closed tribometer parameter sets, and amber cells indicate 

parameter sets that both the open and closed tribometers were 

tested at. 

Table 2. Experimental design matrix 

In-feed (µm) 
Sliding Speed (m/min) 

10 30 60 77.5 145 

50 Open/Closed Closed Closed Open Open 

100 Open   Open Open 

150 Open/Closed Closed Closed Open Open 

2.3. COF and heat flux calculation 

The reactions forces were measured in the coordinate 

system shown in Fig. 1c and the tangential (out of plane 

direction in Fig. 1) and normal forces were calculated 

according to equations 1 and 2, respectively. This then allows 

the apparent COF to be determined using equation 3. 

𝐹𝐹𝑡𝑡 = √(𝐹𝐹𝑦𝑦)2 + (𝐹𝐹𝑧𝑧)2  (1) 𝐹𝐹𝑛𝑛 = 𝐹𝐹𝑥𝑥  (2) µ𝑎𝑎𝑎𝑎𝑎𝑎 =  𝐹𝐹𝑡𝑡𝐹𝐹𝑛𝑛    (3) 

As there are two thermocouples in the pin the heat flux (�̇�𝑞) 

entering the pin can be calculated using Eqn.4 [13]. The 

thermal conductivity (𝑘𝑘) used for the carbide pin is 110 W/mK, 

the area (𝐴𝐴) is the cross-sectional area of the pin, and the length 

(𝐿𝐿) is the 3 mm distance between the thermocouples. �̇�𝑞 = 𝑘𝑘𝐴𝐴𝐿𝐿 (𝑇𝑇1 − 𝑇𝑇2)                                                                             (4) 

It was assumed that the surface of the pin is perfectly 

insulated and that there are no convection losses. The latter is a 

reasonable assumption as no coolant was used, although the 

first assumption could potentially lead to an under prediction 

of the heat flux into the pin. 

3. Results 

Fig. 2a and Fig. 2c show the transient mechanical response 

of the open and closed tribometers, respectively. In the open 

tribometer (Fig.2a), the normal (red line) and tangential (green 

line) forces reached a steady-state rapidly, therefore so did the 

resultant COF (blue line). The slower closed tribometer tests, 

represented by the dashed lines in Fig. 2a, were run for longer 

as these required more time to reach a steady-state, ensuring a 

consistent 8s of steady-state engagement was still achieved. 

The closed tribometer (Fig. 2c) takes much longer to reach a 

steady-state compared to the open tribometer (Fig. 2a), 

although this was eventually reached in all tests. As the number 

of cycles was kept constant in the closed tribometer tests, rather 

than the steady-state engagement time, this resulted in varied 

steady-state engagement times; approximately 2.5 s at 60 

m/min and 100 s at 10 m/min. 

Fig. 2b and Fig. 2d demonstrates the transient thermal 

response of the open and closed tribometers, respectively. The 

temperature measurements in both the open and closed 

tribometers did not reach a steady-state, however, the thermal 

heat flux energy entering the pin reached a steady-state rapidly. 

The heat flux is shown by the green lines and the local pin 

temperature measurements are shown by the red and blue lines 

in Fig. 2b and Fig. 2d for the open and closed tribometers 

respectively. 

 

 

Fig. 2. The (a, c) mechanical and (b,d) thermal transient response of the open 

(a,b) and closed (c,d) tribometers at a 150µm indent. T1 and T2 are the 

thermocouple readings 1.5 and 4.5mm from the contact respectively. 

The average apparent COF values in the steady-state 

engagement regions are plotted with respect to the normal load 

in Fig.4a and Fig.4b for the open and closed tribometers 

respectively. The data points at different surface speeds do not 

align with the same normal load, indicating that the normal load 

is a function of both in-feed depth and sliding speed. 

In the open tribometer (Fig.3a) the apparent COF increases 

with the increased normal loads, while it is reduced with 

increased sliding speeds. However, there is a reduced change 

in the apparent COF with respect to the normal load above 1kN 

and with respect to the sliding speed above 77.5 m/min. 

In the closed tribometer (Fig.3b), the apparent COF reduces 

as the normal load increases, which is the opposite trend to that 

observed in the open tribometer. However, the trends observed 

with respect to the sliding speed remain consistent with those 

observed previously. Due to the lower sliding speeds used and 

the reduced number of tests in the closed tribometer, there is no 

plateau in the apparent COF with respect to the sliding speed. 

Comparing the open and closed tribometer tests at 10 

m/min, the only tests directly comparable, this indicates that a 

much higher apparent COF value is reached in the closed 
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tribometer compared to the open tribometer; this is an increase 

of 0.4 at this sliding speed. 

 

 

Fig.3. (a) OL and (b) CL apparent COF variation with normal load and 

sliding speed. Error bars show the standard deviation. 

The average heat flux and maximum temperature reached 

(measured at T1) in the steady-state engagement region is 

shown in Fig. 4a and Fig. 4b for the open tribometer and Fig. 

4c and Fig. 4d for the closed tribometer, respectively. Only the 

maximum absolute temperatures are plotted as a steady-state 

was not reached. 

 In both the open and closed tribometers, the trends are 

consistent, increasing the normal load and sliding speed results 

in increased heat flux and the maximum temperature recorded 

in the pin. Comparing the tests conducted at equal (10 m/min) 

sliding speed (blue lines in Fig. 4b and Fig. 4d for the open and 

closed tribometers, respectively), the maximum temperatures 

reached in the closed tribometer are approximately twice that 

measured in the open tribometer. This significant increase is 

likely due to the increased engagement time to reach 40 

revolutions in the closed tribometer. Comparing the 

temperatures after the same engagement times in the 10 m/min 

tests, the closed tribometer still reached higher temperatures, 

albeit this increase is not as large as suggested by comparing 

Fig. 4b with Fig. 4d. 

 

 

Fig. 4. (a,c) Average heat flux and (b,c) maximum temperature reached 1.5 

mm from the surface in the open (a,b) and (c,d) closed tribometers. 

3.1. Wear of the carbide pins 

The wear on the pins used in the open tribometer testing was 

negligible (Fig. 5a), although this was more significant in the 

closed tribometer testing (Fig. 5b). The width of the wear marks 

in the closed tribometer testing were measured, as indicated in 

Fig. 5b, these measurements are shown in Fig.6. This increases 

with both normal load and sliding speed, although there is very 

little difference at normal loads of around 500 N. 

 

 

Fig. 5. Post-testing (a) Open (145 m/min and 150µm indent) and (b) closed 

tribometer pin (60 m/min and 150µm indent). Arrow shows travel direction. 
 

 

Fig.6. Closed tribometer testing pin wear mark widths at 10 m/min (blue 

line), 30 m/min (orange line), and 60 m/min (purple line). 

3.2. Open loop contact area calculation 

The produced wear track widths were measured using a 

Mutuyoto SJ-210 surface profile measurement tool. This 

method did not produce a detailed profile of the wear track, 

however, it was sufficient to measure the track width. In the 

open tribometer, the wear track widths (Fig. 8a) increase with 

the indent depth and reduce with increased sliding speed. In 

contrast, in the closed tribometer, the wear track widths 

increase with increased sliding speeds and produce larger wear 

tracks. Using equation 5 outlined by Zemzemi et al. [12], the 

averaged contact pressures for the open tribometer tests are 

calculated to be in the region of 1.4 – 1.8 GPa, as shown by the 

red lines in Fig. 7b. The closed tribometer pressure calculations 

are not shown in Fig. 7b  due to the transient nature of the wear 

track geometry that was not captured. However, the calculated 

pressures using equation 5 are in the region of 0.48 – 0.7 GPa. 

 

 

Fig. 7. (a) Measured wear track widths for the open (green lines) and closed 

(black lines) tribometers. (b) averaged contact pressure using the Zemzemi et 

al. [12] method (red lines) and indentation depth method (blue lines). 

As the indent depth is already known, the contact area can 

be calculated without measuring the produced wear track using 

ℎℎ𝑐𝑐 𝑘𝑘

𝑘𝑘
𝑘𝑘

𝑘𝑘 𝑤𝑤𝑐𝑐

𝑃𝑃 ≈ 8𝐹𝐹𝑛𝑛𝜋𝜋𝑊𝑊𝑐𝑐2𝑃𝑃 = 𝐹𝐹𝑛𝑛𝐴𝐴𝑐𝑐  ≈ 𝑘𝑘𝐹𝐹𝑛𝑛𝜋𝜋𝜋𝜋ℎ𝐴𝐴𝑐𝑐 = 𝜋𝜋𝜋𝜋ℎ𝑐𝑐
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equation 6. This is derived using a geometric relationship for 

the surface area of a half sphere sector (equation 7) and the 

empirical relationship between the in-feed depth ( ℎ ) and 

contact area indent depth (ℎ𝑐𝑐), as shown in Fig.8. The limitation 

of this method is that it requires the contact constant (𝑘𝑘) to be 

known. This is commonly approximated as 2 [14], although a 

constant value likely does not represent the physics of the 

problem; further work to determine how this changes with the 

thermomechanical contact conditions is required. 

 

 

Fig.8. Indenter contact geometry, showing the contact constant 𝑘𝑘. 

 Fig. 7b shows that the applied method (blue lines) results in 

contact pressures approximately half of those obtained by the 

Zemzemi et al. [12] method (red lines). A contact constant (𝑘𝑘) 

of 4 must be assumed to make the methods consistent. The 

difference in the predicted contact pressures using the two 

formulations is either related to an inaccurate contact constant 

(𝑘𝑘), because the measured wear track widths (𝑤𝑤𝑐𝑐) are not the 

instantaneous contact widths during the test due to the elastic 

relaxation when it is unloaded, or due to the deflection of the 

pin holder and the machine during loading. The measured wear 

track depth after testing at the 150 µm in-feed depth was only 

approximately 12 µm, indicating that it is likely primarily 

related to the deflection of the machine with a contribution 

from the wear track elastic recovery. 

However, these methods only calculate an averaged contact 

pressure, the pressure of interest is the instantaneous contact 

pressure under the pin which can only be determined by inverse 

finite element modelling as outlined by Zemzemi et al. [12]. 𝑃𝑃 ≈ 8𝐹𝐹𝑛𝑛𝜋𝜋𝑊𝑊𝑐𝑐2  (5) 𝑃𝑃 = 𝐹𝐹𝑛𝑛𝐴𝐴𝑐𝑐  ≈ 𝑘𝑘𝐹𝐹𝑛𝑛𝜋𝜋𝜋𝜋ℎ  (6) 𝐴𝐴𝑐𝑐 = 𝜋𝜋𝜋𝜋ℎ𝑐𝑐  (7) 

3.3. Open loop wear scar surface integrity 

Micrographs of the centre points of the wear tracks in the 

open tribometer tests are shown in Fig.9. This central point of 

the wear track is where the maximum instantaneous 

temperature and pressure is expected. Fig.9a and Fig.9b show 

the 50 µm in-feed tests and Fig.9c and Fig.9d depict the 150 

µm in-feed tests at 10 m/min and 145 m/min, respectively. The 

thickness of the induced plastically deformed layer beneath the 

pin increases with increased sliding speed and in-feed depth. 

This layer does not have a consistent thickness throughout the 

contact surface, it has ‘breaks’ within the layer which appear to 

be heavily deformed ferrite grains within a region of deformed 

pearlite grains. Due to this inconsistency, it is difficult to 

quantify this, however at 50 µm in-feed the plastically 

deformed layer is approximately 1.261 and 3.166 µm at 10 and 

145 m/min, respectively. These then increase to approximately 

3.083 and 3.525 µm at a 150 µm in-feed, respectively. 

 

 

Fig.9. SEM images at the centre of the wear track with a 50µm in-feed at (a) 

10 and (b) 145 m/min, and with a 150µm in-feed at (c) 10 and (d) 145 m/min. 

4. Discussion 

In the closed tribometer, the in-feed depth is fixed, therefore 

after the material is plastically deformed when the pin passes, 

the in-feed depth will be reduced in the subsequent passes. 

Although, as shown in the open tribometer, a large proportion 

of the deformation is elastically recovered so the in-feed depth 

should not be significantly impacted. This effect, along with 

the increased wear on the pins and the increasing plastic 

deformation of the workpiece likely contribute to the longer 

time required to reach a steady-state in the closed tribometer 

compared with the open tribometer. 

In both the open and closed tribometers, the pin 

temperatures did not reach a steady-state although the heat flux 

reached a steady-state within approximately 1s. This 

phenomenon has also been previously reported [12] which is 

due to the low total engagement times. 

Compared to the previous setups in the literature that apply 

a constant normal load using a pneumatic cylinder [11], it is not 

possible to maintain a constant normal load and vary the sliding 

speed. However, as demonstrated in this study, exact user 

control over the normal load is not required to characterise the 

COF with respect to the thermomechanical contact conditions. 

In the open tribometer, increasing the sliding speed with a 

constant in-feed depth generally reduces the normal load and 

increases the maximum temperature reached (shown in Fig. 4b) 

due to the increased thermal softening effect. In the closed 

tribometer, this trend is not observed, an increased sliding 

speed generally results in an increased normal load. This is 

likely because of the wear of the pins at higher sliding speeds 

and normal loads, as shown in Fig.6. 

The trends observed in the closed tribometer with respect to 

the apparent COF have also been reported by other authors 

[11], [12]. In the closed tribometer, the reduction in the COF 

with increased normal load is likely due to the higher local 

temperatures compared with the open tribometer (Fig. 4b 

compared with Fig. 4d), causing increased thermal softening at 

higher loads. In the open tribometer, the range of the apparent 

COF throughout the experimental design space (~ 0.1 – 0.15) 

is much lower than the range seen in the closed tribometer (~0.3 

– 0.55). This potentially suggests that the COF on the minor 

cutting edge of the drill is higher, and is more sensitive to the 

thermomechanical contact conditions, compared with the COF 

in the secondary and tertiary deformation zones. However, the 

increased absolute apparent COF values in the closed 

tribometer compared with the open tribometer are potentially 

also due to the larger contact areas (demonstrated in Fig. 7a), 

caused by the increased temperatures and plastic deformation. 
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The contact pressures in the OL system are in the region of 

1.4 – 1.8 GPa using the Zemzemi equation, which is consistent 

with those experimentally measured in the secondary and 

tertiary shear zones during machining [7]. Although this 

equation only calculates an averaged contact pressure, this 

method has been shown to be consistent with the instantaneous 

maximum pressures predicted using FE modelling [11].  

The measured temperatures in the pin were all below 150°C 

as the coating acts as a thermal barrier and the closest 

thermocouple in the pin was 1.5 mm from the point of contact. 

It is not possible to comment on whether the contact 

temperatures replicate that seen in drilling as the instantaneous 

contact temperatures are not known. The micrographs of the 

produced wear tracks indicate that potentially no phase 

transformation occurred, suggesting that the temperatures did 

not exceed the austenitisation temperature (723 ºC), which does 

not occur in orthogonal cutting at surface speeds below 200 

m/min [15]. Therefore, in drilling operations at surface speeds 

below 145 m/min, this temperature should not be exceeded.  

Due to the dynamic instability issues in the CL system, the 

maximum sliding speed achieved (60 m/min) does not replicate 

the sliding speeds on the minor cutting edge of the drill (around 

80 – 145 m/min) using commercial cutting parameters. Further 

closed tribometer testing is required at higher sliding speeds 

and the instantaneous contact pressures and temperatures need 

to be calculated by inverse modelling the sliding contact 

conditions using FE modelling. 

5. Conclusions 

A new simplified high-speed pin on bar tribometer, that does 

not require a pneumatic actuator to control the applied normal 

load, has been developed and used to study both open and 

closed systems. The apparent COF values in the closed 

tribometer are much higher than those observed in the open 

tribometer. This suggests that the COF on the minor cutting 

edge of the drill is higher than in the secondary and tertiary 

shear zones. In the open tribometer, the apparent COF increases 

with increased normal load and decreases with increased 

sliding speed. However, in the closed tribometer, although the 

same trend with respect to sliding speed is observed, the 

apparent COF decreases with an increased normal load. 

The averaged contact pressures were calculated using a 

geometric method based on the wear track measurements, 

indicating that the contact pressures are in the region of 1.4 – 

1.8 GPa, which is consistent with those in machining. The 

sliding speeds used in the open tribometer testing were within 

the range expected in drilling, however, the speeds in the closed 

tribometer were below those expected at the minor cutting edge 

of the drill because of the dynamic instability issues. As the 

contact temperatures were measured in the pin, the 

instantaneous contact temperatures are not known. The 

micrographs of the wear tracks indicate that phase 

transformation did not occur, suggesting that the temperatures 

did not exceed 723 °C, which is consistent with drilling at 

commercially recommended speeds. The plastically deformed 

layer beneath the pin consisted of heavily deformed pearlite 

and ferrite grains, which increase in thickness as the normal 

load and sliding speed is increased. 

Further FE modelling is required to determine the 

instantaneous pressures and temperatures beneath the pin. In 

addition, higher speed closed tribometer testing with analysis 

of the wear track surface integrity is required. 
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