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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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Abstract 

The performance thresholds of cutting tool geometries, tool materials and machining systems are often restricted by surface friction from work 
material engagement and flow across the tool surfaces. This study investigates the influences of geometrically defined surface textures of the tool 
rake face on forces encountered during two dimensional orthogonal turning. Regular textures featuring highly uniform profiles and inter-surface 
blending, exhibiting no measurable recast material were produced using a multi-scanning strategy of a femtosecond pulsed laser of near IR 
wavelength, in specially profiled flat rake faces of cemented carbide cutting tool inserts. A series of complementary tests were carried out on 
open ended grooved and equivalently sized closed dimpled surface textures of defined area ratios in the presence of a cutting fluid to investigate 
their effects on cutting and frictional forces when machining a Chromium steel material exhibiting ductile long chip behaviour. Data captured 
from a purpose designed in-situ lathe based friction test to simulate chip flow during machining, orthogonal turning experiments using a zero 
degree rake angle setup and laboratory tribometer oscillatory tests using an identical cutting tool and workpiece material tribo-pair and lubrication 
fluid, highlight the influences of closed and open structured textures on surface lubrication regimes and the consequent friction forces. The results 
of the study reveal that surface texturing of uncoated cemented carbide tool surfaces can reduce friction when employed with coolant within the 
tools’ typical operating range. It has also been shown that textures having closed dimple structures produce the lowest friction forces under these 
conditions and reduced surface wear. The reduction of the measured surface friction produced by the dimpled textures also suggest desirable 
shifts in the boundary and hydrodynamic lubrication regimes towards the tools’ cutting edge.  

Keywords: Texture; Cutting tool; Friction; Laser 

 

1. Introduction 

Frictional interactions between a cutting tool and workpiece 

have a significant impact on the machining process, which can 

curtail the cutting performance and operating life of the tool. 

This is contributed by factors such as tool and work material 

properties, tool geometry, cutting parameters, coolant 

application and the machining environment [1].   

Studies on enhancements to the machining process have 

considered both the tool’s material and geometric influences on 

friction and wear performance. Surface modifications of 

cemented carbide cutting tools by the application of single or 

multi-layered coatings such as TiC, TiN, TiAlN, TiCN and 

Al2O3 have been employed successfully. Coatings have been 

shown to reduce wear processes occurring between the tool and 

chip interface [2, 3]. Geometric modifications to cutting tools 

have been presented covering influences of micro features on 

chip behaviour and fluid delivery to the cutting zone [4]. Recent 

studies have shown that cutting performance can be improved 

by topographic modifications of the cutting surface through 

micro-texturing, [5, 6, 7]. These micro-textures have particularly 

shown enhancement in machining performance when cutting 
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fluids are used. Although initial studies have reported that 

textures can enhance cutting performance, the mechanism by 

which the textures achieve this is still unclear. This lack of 

understanding has hindered texture design optimisation and 

industrial uptake. 

In machining operations, frictional forces at the tool-chip 

interface contribute to the total cutting forces. It has been 

proposed that micro-textured patterns in cutting tools reduce the 

friction between the tool rake face and the chip.  However, the 

tool-chip interface is a tribologically complex contact.  Firstly, 

the normal pressure acting on the chip varies within the contact; 

the pressure is highest at the cutting edge and decreases as the 

chip flows further away from the cutting edge [8].  Secondly, the 

chip typically exhibits tribo-chemical contact in the region of the 

cutting edge and this phenomena changes as the chip slides 

further along the tool surface.  Finally, there is significant 

temperature variation across the contact length of the chip. 

In the presence of a cutting fluid, the sliding region of the 

tool-chip contact exists in different lubrication regimes due to 

the varying contact pressures from the cutting edge. Lubrication 

regimes are categorised based on the lambda ratio (λ) which is 

the ratio of the lubricant film thickness (h_min) and the 

composite surface roughness of the two surfaces (in this case, 

the tool rake face and chip surface). The minimum film thickness 

is typically determined by the Hamrock-Dowson equation [9]. 

Boundary regime occurs at λ=1, mixed regime at 1<λ<3 and 

hydrodynamic regime at λ≥3. 

For the tool-chip contact, the boundary regime occurs near 

the cutting edge where the load is high and the sliding velocity 

is reduced through material shear. This regime is characterised 

by significant asperity-asperity contact and a very thin lubricant 

film resulting in high friction values. As the chip moves further 

along, mixed lubrication occurs as the load reduces, sliding 

velocity increases and the lubricant film thickness increases. In 

the mixed regime, the chip and the tool are in contact in some 

regions but fully separated in other regions by the lubricant film. 

Typically, lower friction values are observed in the mixed 

regime than in boundary regime. When the chip is furthest from 

the cutting edge and just before it begins to curl, hydrodynamic 

lubrication is experienced because the normal load is 

significantly reduced and a thicker lubricant film completely 

separates the chip from the tool surface. Friction is lowest in the 

hydrodynamic regime but can gradually increase at higher 

velocities. Friction changes from boundary to hydrodynamic 

regimes are normally represented in the form of a Stribeck curve. 

The curve represents the friction coefficient against the 

Sommerfield numbers, S (S∝µV/W), where µ is the dynamic 

viscosity of the lubricant, V the entrainment speed, and W the 

normal load per unit length.  

In order to effectively employ micro-textures in cutting tools, 

it is important to understand their effect across the lubrication 

regimes. This study aims to provide fundamental understanding 

of the influence of micro-textures in the cutting processes by 

investigating their influence on friction performance at the tool-

chip interface in different lubrication regimes. Three testing 

approaches were employed; orthogonal turning tests to capture 

cutting forces, in-situ friction and laboratory based tribological 

tests to capture friction forces. The micro-texture patterns 

employed in this study were closed 

structure circular dimples and open ended parallel grooves. 

These patterns have been reported to have improved cutting 

performance [10]. Although cutting tools are typically coated, 

tests in this study were conducted with uncoated tools to 

eliminate the effect of surface coating on friction performance. 

 

2. Experimental setup 

2.1. Sample preparation 

Modified CNMA 120408 Tungsten carbide inserts WC-

22%Co (by volume) from Sandvik were used in this study 

having nominal mechanical properties of ultimate tensile 

strength = 344 MPa and Young’s modulus = 530-700 GPa. The 

inserts were laser processed with a Georg Fischer Machining 

Solutions Laser LP 400 U platform equip with a femtosecond 

pulsed IR laser (Pulse duration = 290 fs) from Amplitude.  

Two texture patterns were generated; staggered dimples and 

parallel grooves. High uniformity of texture profiles were 

achieved by using pre-optimised scanning strategies. In the case 

of groove patterns, parallel linear scans (Beam to surface 

incidence = 90°) were used along the full length of the grooves. 

Error! Reference source not found. (a) illustrates the scanning 

path used to generate the parallel grooves. Laser parameters 

used were as follows: Average Power = 10 W, Frequency = 500 

KHz, Beam Speed = 2500 mm/s, Beam Diameter = 30µm. The 

combination of scanning speed and frequency were chosen to 

provide a 5 µm pulse linear displacement along the scanning 

direction, orientated parallel to the tool’s cutting edge. The 

separation distance between subsequent scanning paths (hatch 

distance) was 5 µm. This scanning strategy was repeated six 

times to achieve groove depths in the vicinity of 6 µm and 

widths of 50 µm (Figure 2).  

The staggered dimple textures were generated by utilising the 

scanning strategy illustrated in Error! Reference source not 

found. (b). Two hatching angles were used, the first at 45° and 

the second at 135° to the tool’s cutting edge. These angles were 

selected as they were found to result in uniformity of the curved 

surface profile of the dimples. The hatching distance selected 

was 5 µm.  
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Figure 1. Laser scanning strategies for (a) groove and (b) dimple texture (not to 

scale).   

The laser parameters used were similar to those used for 

parallel grooves apart from the average laser power which was 

set at 12W. The scanning strategy was repeated 4 times which 

resulted in dimples with depths of nominally 5 µm and 

diameters of 50 µm (Figure 3).  

 

Figure 2. SEM images and topographical section (Sensofar S-Neox) of tool 

surface showing laser generated grooved textures (AR=50% shown)  

Figure 3. SEM images and topographical section (Sensofar S-Neox) of tool 

surface showing laser generated dimple textures (AR=50% shown) 

2.2. Orthogonal turning tests 

Two-dimensional orthogonal turning tests were conducted 

using the specifically prepared Sandvik inserts. The cutting 

edges of the inserts were re-machined to have 1 mm cutting edge 

width, 0° rake angle, 6° flank angle and a controlled cutting edge 

radius of 4 µm. The tools were produced with a waist angle of 

2° to ensure workpiece clearance. The short 1 mm cutting edge 

and narrow chip flow path was employed to provide the required 

sensitivity for the measurement of forces relating to cutting and 

chip flow across the tool rake face.  

The textures described in section 2.1 were applied on the re-

machined inserts to cover a 2 mm length of the tool rake face, 

positioned 50 µm away from the cutting edge as shown in Figure 

4. 

The groove patterns were oriented parallel to the cutting 

edge, as previously reported machining trials have shown that 

groove patterns on the tool rake face in this orientation produced 

lower cutting forces compared with similar patterns oriented 

orthogonally [10]. The selected textures provide two conditions 

of non-interrupted chip flow along the tool rake face.  

The deliberate positioning of the texturing in the close 

proximity to the cutting edge allows the study of its effects in 

the workpiece shear region where the chip-tool contact forces 

are expected to be the highest and boundary lubrication 

conditions are anticipated (λ=1). The extended texturing along 

the length of the rake face where the chip-tool contact forces are 

expected to progressively reduce simultaneously allows the 

mixed (1<λ<3) and hydrodynamic lubrications conditions (λ≥3) 

to be captured (Figure 4). From preliminary studies of the chip 

behavior of this tool configuration and material combination, 

chip departure occurs in less than 2 mm of contact with the tool 

rake face. 

A CrMoV steel, grade X199CrMoV5 was used as the 

workpiece material with the following mechanical properties; 

ultimate tensile strength=400-500 MPa, yield=1.27-1.58 GPa, 

hardness=57-62 HRC.  

Figure 4. Lubrication regimes of a textured cutting tool 

Tests were conducted on a DMG CTX510E CNC lathe. A 

bespoke tool holder was designed for the cutting tool and 

adapted to the dynamometer (Kistler: Type 9129AA). The 

dynamometer was configured to capture the cutting force Fx 

orientated orthogonally to the tool’s rake face and Fy, the 

combination of the feed force and friction force components 

coinciding with the tool’s rake surface.  Signal processing was 

carried out using a charge amplifier (Kistler 5070A) and an in-

line analogue to digital converter (NI 9205) to provide the inputs 

to a computerised platform incorporating National Instruments 

signal acquisition software. Pressurised fluid delivery was 

employed using a (5:95) emulsified solution (Blaser Synergy 

905). Table 1 details the machining parameters used (Vc: 

surface speed, Fn: Feed rate, Ae: depth of cut, Dwell: surface 

contact time). The tests were repeated twice to check 

consistency. 
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fluids are used. Although initial studies have reported that 

textures can enhance cutting performance, the mechanism by 

which the textures achieve this is still unclear. This lack of 

understanding has hindered texture design optimisation and 

industrial uptake. 

In machining operations, frictional forces at the tool-chip 

interface contribute to the total cutting forces. It has been 
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friction between the tool rake face and the chip.  However, the 
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the normal pressure acting on the chip varies within the contact; 

the pressure is highest at the cutting edge and decreases as the 

chip flows further away from the cutting edge [8].  Secondly, the 
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further along the tool surface.  Finally, there is significant 
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regimes are categorised based on the lambda ratio (λ) which is 

the ratio of the lubricant film thickness (h_min) and the 

composite surface roughness of the two surfaces (in this case, 

the tool rake face and chip surface). The minimum film thickness 

is typically determined by the Hamrock-Dowson equation [9]. 

Boundary regime occurs at λ=1, mixed regime at 1<λ<3 and 
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For the tool-chip contact, the boundary regime occurs near 

the cutting edge where the load is high and the sliding velocity 

is reduced through material shear. This regime is characterised 

by significant asperity-asperity contact and a very thin lubricant 

film resulting in high friction values. As the chip moves further 

along, mixed lubrication occurs as the load reduces, sliding 

velocity increases and the lubricant film thickness increases. In 

the mixed regime, the chip and the tool are in contact in some 

regions but fully separated in other regions by the lubricant film. 

Typically, lower friction values are observed in the mixed 

regime than in boundary regime. When the chip is furthest from 

the cutting edge and just before it begins to curl, hydrodynamic 

lubrication is experienced because the normal load is 

significantly reduced and a thicker lubricant film completely 

separates the chip from the tool surface. Friction is lowest in the 

hydrodynamic regime but can gradually increase at higher 

velocities. Friction changes from boundary to hydrodynamic 

regimes are normally represented in the form of a Stribeck curve. 

The curve represents the friction coefficient against the 

Sommerfield numbers, S (S∝µV/W), where µ is the dynamic 

viscosity of the lubricant, V the entrainment speed, and W the 

normal load per unit length.  

In order to effectively employ micro-textures in cutting tools, 

it is important to understand their effect across the lubrication 

regimes. This study aims to provide fundamental understanding 

of the influence of micro-textures in the cutting processes by 

investigating their influence on friction performance at the tool-

chip interface in different lubrication regimes. Three testing 

approaches were employed; orthogonal turning tests to capture 

cutting forces, in-situ friction and laboratory based tribological 

tests to capture friction forces. The micro-texture patterns 

employed in this study were closed 

structure circular dimples and open ended parallel grooves. 

These patterns have been reported to have improved cutting 

performance [10]. Although cutting tools are typically coated, 

tests in this study were conducted with uncoated tools to 

eliminate the effect of surface coating on friction performance. 
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2.1. Sample preparation 

Modified CNMA 120408 Tungsten carbide inserts WC-

22%Co (by volume) from Sandvik were used in this study 

having nominal mechanical properties of ultimate tensile 

strength = 344 MPa and Young’s modulus = 530-700 GPa. The 

inserts were laser processed with a Georg Fischer Machining 

Solutions Laser LP 400 U platform equip with a femtosecond 

pulsed IR laser (Pulse duration = 290 fs) from Amplitude.  

Two texture patterns were generated; staggered dimples and 

parallel grooves. High uniformity of texture profiles were 

achieved by using pre-optimised scanning strategies. In the case 

of groove patterns, parallel linear scans (Beam to surface 

incidence = 90°) were used along the full length of the grooves. 

Error! Reference source not found. (a) illustrates the scanning 

path used to generate the parallel grooves. Laser parameters 

used were as follows: Average Power = 10 W, Frequency = 500 

KHz, Beam Speed = 2500 mm/s, Beam Diameter = 30µm. The 

combination of scanning speed and frequency were chosen to 

provide a 5 µm pulse linear displacement along the scanning 

direction, orientated parallel to the tool’s cutting edge. The 

separation distance between subsequent scanning paths (hatch 

distance) was 5 µm. This scanning strategy was repeated six 

times to achieve groove depths in the vicinity of 6 µm and 
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The staggered dimple textures were generated by utilising the 

scanning strategy illustrated in Error! Reference source not 

found. (b). Two hatching angles were used, the first at 45° and 
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selected as they were found to result in uniformity of the curved 
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Figure 1. Laser scanning strategies for (a) groove and (b) dimple texture (not to 

scale).   

The laser parameters used were similar to those used for 

parallel grooves apart from the average laser power which was 

set at 12W. The scanning strategy was repeated 4 times which 

resulted in dimples with depths of nominally 5 µm and 

diameters of 50 µm (Figure 3).  

 

Figure 2. SEM images and topographical section (Sensofar S-Neox) of tool 

surface showing laser generated grooved textures (AR=50% shown)  

Figure 3. SEM images and topographical section (Sensofar S-Neox) of tool 

surface showing laser generated dimple textures (AR=50% shown) 

2.2. Orthogonal turning tests 

Two-dimensional orthogonal turning tests were conducted 

using the specifically prepared Sandvik inserts. The cutting 

edges of the inserts were re-machined to have 1 mm cutting edge 

width, 0° rake angle, 6° flank angle and a controlled cutting edge 

radius of 4 µm. The tools were produced with a waist angle of 

2° to ensure workpiece clearance. The short 1 mm cutting edge 

and narrow chip flow path was employed to provide the required 

sensitivity for the measurement of forces relating to cutting and 

chip flow across the tool rake face.  

The textures described in section 2.1 were applied on the re-

machined inserts to cover a 2 mm length of the tool rake face, 

positioned 50 µm away from the cutting edge as shown in Figure 

4. 

The groove patterns were oriented parallel to the cutting 

edge, as previously reported machining trials have shown that 

groove patterns on the tool rake face in this orientation produced 

lower cutting forces compared with similar patterns oriented 

orthogonally [10]. The selected textures provide two conditions 

of non-interrupted chip flow along the tool rake face.  

The deliberate positioning of the texturing in the close 

proximity to the cutting edge allows the study of its effects in 

the workpiece shear region where the chip-tool contact forces 

are expected to be the highest and boundary lubrication 

conditions are anticipated (λ=1). The extended texturing along 

the length of the rake face where the chip-tool contact forces are 

expected to progressively reduce simultaneously allows the 

mixed (1<λ<3) and hydrodynamic lubrications conditions (λ≥3) 

to be captured (Figure 4). From preliminary studies of the chip 

behavior of this tool configuration and material combination, 

chip departure occurs in less than 2 mm of contact with the tool 

rake face. 

A CrMoV steel, grade X199CrMoV5 was used as the 

workpiece material with the following mechanical properties; 

ultimate tensile strength=400-500 MPa, yield=1.27-1.58 GPa, 

hardness=57-62 HRC.  

Figure 4. Lubrication regimes of a textured cutting tool 

Tests were conducted on a DMG CTX510E CNC lathe. A 

bespoke tool holder was designed for the cutting tool and 

adapted to the dynamometer (Kistler: Type 9129AA). The 

dynamometer was configured to capture the cutting force Fx 

orientated orthogonally to the tool’s rake face and Fy, the 

combination of the feed force and friction force components 

coinciding with the tool’s rake surface.  Signal processing was 

carried out using a charge amplifier (Kistler 5070A) and an in-

line analogue to digital converter (NI 9205) to provide the inputs 

to a computerised platform incorporating National Instruments 

signal acquisition software. Pressurised fluid delivery was 

employed using a (5:95) emulsified solution (Blaser Synergy 

905). Table 1 details the machining parameters used (Vc: 

surface speed, Fn: Feed rate, Ae: depth of cut, Dwell: surface 

contact time). The tests were repeated twice to check 

consistency. 
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Table 1. Test parameters for CNC lathe based turning and friction tests 

2.3. In-situ friction tests 

An in-situ friction test was designed to mimic as closely as 

possible the actual machining conditions for chip flow across 

the rake face of the tool, by considering the cutting tool and 

workpiece material tribo-pair, contact forces, chip velocity and 

the application of a cutting fluid. The tests were conducted on 

the DMG CNC lathe with a custom-made holder, which allowed 

the 1 mm wide rake face of the prepared inserts to tangentially 

contact the rotating workpiece material. The workpiece surface 

was aligned with the tool’s textured area and rotated in the 

direction of chip flow to simulate the workpiece contact under 

orthogonal turning conditions as shown in Figure 5. The 

material engagement width was therefore equivalent to the chip 

width in the orthogonal turning tests. The cutting tool insert 

support was suspended on a sprung surface to stabilise the 

applied force on the workpiece. The cutting tool and workpiece 

material combination used in the orthogonal turning tests was 

employed in the in-situ friction tests. The Kistler cutting tool 

dynamometer and data capture arrangement described in section 

2.1 was configured to capture the applied load Fn and friction 

response F. 

An infeed of 10 µm was applied to the tool to ensure a stable 

contact load, set at 8 N. This low load value was deliberately 

selected to allow the capture of the frictional force influences 

produced by surface texturing only, without any potential 

influences by effects of transfer films/material that could occur 

in the boundary and possibly in the mixed lubrication regimes 

at the higher contact pressures.  The surface speed was 

progressively decreased from 150 m.min-1 to 30 m.min-1 to 

enable the capture of forces over a typical range of cutting 

speeds of the tool in a turning application. Each capture was 

carried out over a 5 second interval. The test parameters are 

provided in Table 1. 

Figure 5. a) In-situ machine based friction test setup and b) the data capture 

diagram) 

2.4. Tribometer tests  

Tribological tests were conducted in order to investigate the 

friction performance of textures employed in the cutting tests. 

Tests were conducted on a Bruker UMT tribometer. Flat ended 

cylindrical pins with end-diameters of 2 mm were reciprocated 

against the top flat surface of tungsten carbide inserts. The 

cylindrical pins were machined from the same workpiece 

material used in the orthogonal turning and in-situ friction tests. 

The inserts were textured with groove and dimple patterns 

similar to those evaluated in the orthogonal turning and in-situ 

friction tests (Figure 2 and 3). In the case of the groove patterns, 

the pin was reciprocated perpendicular to the grooves. For 

comparison, tests were also conducted on untextured inserts 

using the as-sintered surfaces. Tests were carried out at a load 

of 10 N (3 MPa) selected to be in the vicinity of the conditions 

of the in-situ friction tests and at stroke length of 5 mm. The 

same cutting fluid used in the turning tests was used in the 

tribotests and contained around the specimen to provide a 

flooded environment. As mentioned earlier, in the case where a 

fluid is used during machining, the tool-chip contact can be 

considered to transverse all the lubrication regimes due to the 

varying loading conditions. It is therefore important to 

understand the behaviour of textures across all the regimes. In 

this study, an investigation of all the lubrication regimes was 

enabled by varying the sliding speed between 0.3-3 m/min (0.5-

5 Hz). Tests were initiated at the highest frequency and 

decreased gradually in a series of steps.  Each step had a duration 

of 1 min.  

Although high temperatures exist at the tool-chip interface, 

all tests in this study were conducted at room temperature. This 

approach was selected so as to isolate the effect of texture from 

those of temperature on friction. 

3. Results and discussion 

3.1. Influence of textures on cutting performance 

The orthogonal turning arrangement incorporating a cutting 

edge of 1 mm and a 0° rake angle was sufficiently sensitive to 

allow the influences of the specific surface textures on the 

cutting forces to be successfully captured. The captured cutting 

forces Fx and the component of particular interest Fy 

incorporating the feed and opposing friction force vectors in the 

direction along the tool’s rake face were extracted for each test, 

compared and averaged for comparison of the tool surfaces 

under review. Error! Reference source not found.6 

summaries the results from the orthogonal turning tests.  

It can be seen that lower force values of Fy were obtained 

with dimple textured samples compared to the untextured 

samples. In contrast, the groove-textured samples showed no 

significant reduction in cutting forces, Fy when compared to 

those for the untextured surface under the constant feed 

parameters provided in Table 1. The high Fx and Fy values 
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observed in the G-20 sample were as a result of a larger cutting 

edge radius due to rapid edge deterioration (blunting) observed 

during testing. 

 

 

According to the configuration described earlier, the 

measured Fy force component includes both the feed force and 

the fiction force along the direction of the rake face (00 rake 

angle). The in-situ friction and laboratory friction tests were 

specifically designed to measure the friction force component 

separately under the described range of conditions. 

Figure 6. Averaged normal (Fx) and tangential (Fy) cutting force components 

of untextured and textured inserts from orthogonal turning tests 

3.2. Influence of surface textures on friction performance 

The applied and friction forces from the in-situ lathe based 

friction tests were successfully captured at 30, 60, 100 and 150 

m.min-1 surface speed and the friction coefficients were 

determined. The coefficients of friction of the untextured, 

dimpled and grooved surfaces are shown graphically in Figure 

7.  

With reference to the speed dependence of the coefficient of 

friction as defined by the Stribeck curve, it can be observed in 

Figure 7 that the higher friction values for all surfaces occur at 

the lowest surface speeds. The immediate reduction in the 

friction coefficient exhibited by all the surfaces with the onset 

of movement suggest the immediate or very early transition 

from boundary lubrication conditions (i.e. λ=1) to a mixed 

lubrication regime (i.e. 1<λ<3) likely to be influenced by the 

presence of cutting fluid.  As the surface speed increased all, 

with the exception of the D-50 surface, exhibited a speed where 

friction is the lowest, followed by a transition to increasing 

friction with speed, suggesting that hydrodynamic lubrication 

had been reached (i.e. λ≥3).  The trend suggests that the lowest 

coefficient of friction for the D-50 surface under the test 

conditions would be reached at a surface speed beyond the 150 

m.min-1 test limit. However, at a surface speed of 130 m.min-1, 

which is the typical speed used in cutting operations for this tool, 

the dimple textures produced significantly lower frictional 

coefficients than the other surfaces. 

Figure 7. Coefficient of friction as a function of sliding speed for untextured 

and textured inserts obtained from in-situ machine based friction tests 

These finding were also supported by optical examinations 

of the wear traces made by the rotating workpiece on the tools’ 

rake faces. In each case, contact sites occurring across the entire 

rake face surface widths comprised of track lengths extending 

along the rake face of approximately 1 mm.  On the D-50 

surface, the apparent contact length was noticeably shorter than 

on the other tool surfaces but the exact ranking of contact areas 

for all the surfaces tested was not determined.  

Figure 8 shows the friction coefficient results obtained from 

the tribometer tests plotted as a function of sliding speed. Here, 

the maximum speed achieved at the middle of the stroke was 

used as the sliding speed. From Figure 8 it can be seen that 

friction generally decreases with the increase in sliding speed. 

At speeds below 1 m/min, the textures did not have any 

significant effect on friction compared to untextured surfaces. 

But as the speed increases beyond 1 m/min, differences in 

friction performance between the samples were clearly 

observed. In the dimple-textured samples, D-50 samples 

exhibited lower friction than the untextured samples while D-20 

samples had higher friction values. There was no clear 

explanation for this trend other than perhaps a limitation in the 

lubrication film through its application or from surface effects 

or debris during this testing. On the other hand, the groove-

textured samples showed similar performance to the untextured 

samples and no differences were observed between G-20 and G-

50. The improved friction performance of dimple textures is in 

agreement with Braun et al [11]. This improved performance by 

Cutting speed 
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Table 1. Test parameters for CNC lathe based turning and friction tests 

2.3. In-situ friction tests 

An in-situ friction test was designed to mimic as closely as 

possible the actual machining conditions for chip flow across 

the rake face of the tool, by considering the cutting tool and 

workpiece material tribo-pair, contact forces, chip velocity and 

the application of a cutting fluid. The tests were conducted on 

the DMG CNC lathe with a custom-made holder, which allowed 

the 1 mm wide rake face of the prepared inserts to tangentially 

contact the rotating workpiece material. The workpiece surface 

was aligned with the tool’s textured area and rotated in the 

direction of chip flow to simulate the workpiece contact under 

orthogonal turning conditions as shown in Figure 5. The 

material engagement width was therefore equivalent to the chip 

width in the orthogonal turning tests. The cutting tool insert 

support was suspended on a sprung surface to stabilise the 

applied force on the workpiece. The cutting tool and workpiece 

material combination used in the orthogonal turning tests was 

employed in the in-situ friction tests. The Kistler cutting tool 

dynamometer and data capture arrangement described in section 

2.1 was configured to capture the applied load Fn and friction 

response F. 

An infeed of 10 µm was applied to the tool to ensure a stable 

contact load, set at 8 N. This low load value was deliberately 

selected to allow the capture of the frictional force influences 

produced by surface texturing only, without any potential 

influences by effects of transfer films/material that could occur 

in the boundary and possibly in the mixed lubrication regimes 

at the higher contact pressures.  The surface speed was 

progressively decreased from 150 m.min-1 to 30 m.min-1 to 

enable the capture of forces over a typical range of cutting 

speeds of the tool in a turning application. Each capture was 

carried out over a 5 second interval. The test parameters are 

provided in Table 1. 

Figure 5. a) In-situ machine based friction test setup and b) the data capture 

diagram) 

2.4. Tribometer tests  

Tribological tests were conducted in order to investigate the 

friction performance of textures employed in the cutting tests. 

Tests were conducted on a Bruker UMT tribometer. Flat ended 

cylindrical pins with end-diameters of 2 mm were reciprocated 

against the top flat surface of tungsten carbide inserts. The 

cylindrical pins were machined from the same workpiece 

material used in the orthogonal turning and in-situ friction tests. 

The inserts were textured with groove and dimple patterns 

similar to those evaluated in the orthogonal turning and in-situ 

friction tests (Figure 2 and 3). In the case of the groove patterns, 

the pin was reciprocated perpendicular to the grooves. For 

comparison, tests were also conducted on untextured inserts 

using the as-sintered surfaces. Tests were carried out at a load 

of 10 N (3 MPa) selected to be in the vicinity of the conditions 

of the in-situ friction tests and at stroke length of 5 mm. The 

same cutting fluid used in the turning tests was used in the 

tribotests and contained around the specimen to provide a 

flooded environment. As mentioned earlier, in the case where a 

fluid is used during machining, the tool-chip contact can be 

considered to transverse all the lubrication regimes due to the 

varying loading conditions. It is therefore important to 

understand the behaviour of textures across all the regimes. In 

this study, an investigation of all the lubrication regimes was 

enabled by varying the sliding speed between 0.3-3 m/min (0.5-

5 Hz). Tests were initiated at the highest frequency and 

decreased gradually in a series of steps.  Each step had a duration 

of 1 min.  

Although high temperatures exist at the tool-chip interface, 

all tests in this study were conducted at room temperature. This 

approach was selected so as to isolate the effect of texture from 

those of temperature on friction. 

3. Results and discussion 

3.1. Influence of textures on cutting performance 

The orthogonal turning arrangement incorporating a cutting 

edge of 1 mm and a 0° rake angle was sufficiently sensitive to 

allow the influences of the specific surface textures on the 

cutting forces to be successfully captured. The captured cutting 

forces Fx and the component of particular interest Fy 

incorporating the feed and opposing friction force vectors in the 

direction along the tool’s rake face were extracted for each test, 

compared and averaged for comparison of the tool surfaces 

under review. Error! Reference source not found.6 

summaries the results from the orthogonal turning tests.  

It can be seen that lower force values of Fy were obtained 

with dimple textured samples compared to the untextured 

samples. In contrast, the groove-textured samples showed no 

significant reduction in cutting forces, Fy when compared to 

those for the untextured surface under the constant feed 

parameters provided in Table 1. The high Fx and Fy values 
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observed in the G-20 sample were as a result of a larger cutting 

edge radius due to rapid edge deterioration (blunting) observed 

during testing. 

 

 

According to the configuration described earlier, the 

measured Fy force component includes both the feed force and 

the fiction force along the direction of the rake face (00 rake 

angle). The in-situ friction and laboratory friction tests were 

specifically designed to measure the friction force component 

separately under the described range of conditions. 

Figure 6. Averaged normal (Fx) and tangential (Fy) cutting force components 

of untextured and textured inserts from orthogonal turning tests 

3.2. Influence of surface textures on friction performance 

The applied and friction forces from the in-situ lathe based 

friction tests were successfully captured at 30, 60, 100 and 150 

m.min-1 surface speed and the friction coefficients were 

determined. The coefficients of friction of the untextured, 

dimpled and grooved surfaces are shown graphically in Figure 

7.  

With reference to the speed dependence of the coefficient of 

friction as defined by the Stribeck curve, it can be observed in 

Figure 7 that the higher friction values for all surfaces occur at 

the lowest surface speeds. The immediate reduction in the 

friction coefficient exhibited by all the surfaces with the onset 

of movement suggest the immediate or very early transition 

from boundary lubrication conditions (i.e. λ=1) to a mixed 

lubrication regime (i.e. 1<λ<3) likely to be influenced by the 

presence of cutting fluid.  As the surface speed increased all, 

with the exception of the D-50 surface, exhibited a speed where 

friction is the lowest, followed by a transition to increasing 

friction with speed, suggesting that hydrodynamic lubrication 

had been reached (i.e. λ≥3).  The trend suggests that the lowest 

coefficient of friction for the D-50 surface under the test 

conditions would be reached at a surface speed beyond the 150 

m.min-1 test limit. However, at a surface speed of 130 m.min-1, 

which is the typical speed used in cutting operations for this tool, 

the dimple textures produced significantly lower frictional 

coefficients than the other surfaces. 

Figure 7. Coefficient of friction as a function of sliding speed for untextured 

and textured inserts obtained from in-situ machine based friction tests 

These finding were also supported by optical examinations 

of the wear traces made by the rotating workpiece on the tools’ 

rake faces. In each case, contact sites occurring across the entire 

rake face surface widths comprised of track lengths extending 

along the rake face of approximately 1 mm.  On the D-50 

surface, the apparent contact length was noticeably shorter than 

on the other tool surfaces but the exact ranking of contact areas 

for all the surfaces tested was not determined.  

Figure 8 shows the friction coefficient results obtained from 

the tribometer tests plotted as a function of sliding speed. Here, 

the maximum speed achieved at the middle of the stroke was 

used as the sliding speed. From Figure 8 it can be seen that 

friction generally decreases with the increase in sliding speed. 

At speeds below 1 m/min, the textures did not have any 

significant effect on friction compared to untextured surfaces. 

But as the speed increases beyond 1 m/min, differences in 

friction performance between the samples were clearly 

observed. In the dimple-textured samples, D-50 samples 

exhibited lower friction than the untextured samples while D-20 

samples had higher friction values. There was no clear 

explanation for this trend other than perhaps a limitation in the 

lubrication film through its application or from surface effects 

or debris during this testing. On the other hand, the groove-

textured samples showed similar performance to the untextured 

samples and no differences were observed between G-20 and G-

50. The improved friction performance of dimple textures is in 

agreement with Braun et al [11]. This improved performance by 

Cutting speed 
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the dimples can be attributed to the increase in lubricant film 

thickness separating the rubbing counterparts [12]. The lack of 

friction improvement by the groove patterns in this study was 

also in agreement with Scaraggi et al. [13], and could be 

attributed to negligible enhancement in lubricant film thickness 

by the grooves. In literature, it has been postulated that open 

structures such as grooves can lead to the collapse of the 

lubricant film due to release of lubricant from the contact area 

through the sides of the grooves.  

Ideally, the sliding speeds in the tribometer tests should be 

extended to higher values closer to the typical cutting speeds 

(~130 m/min) but due to limitations on the test equipment used 

in this study, testing at higher speeds could not be realized.  

There are on-going studies to investigate friction performance 

of these textured samples at higher sliding speeds on a different 

tribometer.  

Figure 8. Friction coefficient as a function of sliding speed 

For the reported conditions, the results therefore indicate that 

dimple textures are more effective at reducing chip-tool surface 

friction in the vicinity of the cutting speed. Although, no 

improvements in frictional or cutting performances were 

observed with groove textures compared to the untextured 

samples it is possible that these textures provide other benefits 

such as increased cooling effects and reduced crater wear as 

reported by Sugihara and Enomoto [14]. 

4. Conclusion 

Femtosecond pulsed laser processing using pre-optimised 

scanning strategies has enabled the generation of highly regular 

dimpled and grooved textures on the rake faces of orthogonal 

turning tools.  From the SEM examinations and optical 

measurements, femtosecond pulsed laser processing did not 

produce any visible or measurable traces of recast layers around 

the texture features which would have been detrimental the 

frictional surfaces.  Three complementary tests were selected to 

reveal the influence of surface texture on cutting forces and 

workpiece chip friction of laser textured cemented carbide 

orthogonal cutting tools. The machining tests have revealed that 

surface texturing consisting of closed features (dimples) to 

reduce cutting forces in orthogonal turning are able reduce 

friction in the boundary and mixed lubrication regime of the 

tool-chip interface resulting in reduced cutting forces.  

The friction tests provide additional insight into the frictional 

effects of textured surfaces without the influence of the feed 

force in the machining process. The results show that the largest 

effects on friction by the textures occur at higher sliding 

velocities. This occurs with higher cutting speeds where mixed 

or hydrodynamic lubrication regimes are expected to 

predominate in association with the cutting fluid. At the tool-

chip interface, various lubrication regimes exist. The dimpled 

textures show lower friction values compared to untextured 

samples across these two regimes.  

While these tests have highlighted the benefits of surface 

texturing, significant friction enhancements are envisaged with 

the combination of surface coatings and texturing.   
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