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Abstract 

This thesis project was carried out at Sandvik Coromant in Västberga, Sweden with the purpose of 

developing a new laboratory test method for volumetric assessment of crater wear on inserts for steel 

turning. 

The test method was developed with the Sandvik Coromant´s existing crater wear measurement 

method as a starting point. Crater wear is currently measured as the projected area of exposed 

substrate, meaning where all coating layers have been removed.  

Based on earlier research on volume wear assessment, a focus variation microscope was selected to 

carry out 3D scans. To accurately measure the removed volume, an initial reference scan is required 

to capture individual variations existing on samples. The insert is then scanned after turning and 

compared with its reference.  

Factors affecting accuracy as well as possible improvements were identified as: Sample preparation, 

scan settings (resolution, quality) and data processing (alignment of scans, volume calculation etc.). 

Guiding alignment markers were created by laser ablation to help with alignment.  CloudCompare 

software was used to process the scanned 3D point clouds. A step by step routine was developed to 

ensure consistent results. The repeatability was assessed showing 8% standard deviation in volume for 

a shallow crater within the coating to 2% for a large crater worn into the substrate.  

The new method provides the possibility to measure wear while still inside the coating, which has been 

previously unavailable data. This enables measurement of the contribution of each specific coating 

layer on the wear resistance such as wear rate of a single layer instead of a combined wear rate for all 

layers. Detailed coating wear analysis is a valuable tool for development of optimized coatings.  

The developed wear measurement method was implemented on a case study which demonstrated 

the capabilities regarding its ability to resolve performance differences in experimental coatings. 

Additional wear parameters were used beside crater volume to support wear rate analysis and novel 

ways of representing volume wear parameters were presented.  
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Introduction & background 

Steel turning  
The biggest application for steel turning is manufacturing of automotive components. There is a 

constant demand for increased productivity to increase profitability. Productivity in steel turning is a 

function of material removal rate that in turn places high demands on the wear resistance of the 

cutting tool. 

Turning is a machining process where the tool is moved along a rotating workpiece to remove material 

and form new surfaces by a cutting action. There are many different configurations depending on the 

tool and tool path, examples include internal turning (boring) and parting where the tool is moved 

perpendicular to the axis of workpiece rotation. One of the most common types is longitudinal turning, 

where the tool moves along the axis of rotation.  

Complex environment 
The cutting zone where the workpiece and insert meet is a very complex environment with high 

temperature and contact pressure. The cutting parameters have a direct effect on the cutting zone 

environment: cutting speed (Vc) which is the speed of the rotating workpiece surface (m/min), feed 

rate (fn) describes the distance the insert move per workpiece revolution (mm/rev) and depth of cut 

(ap) which is the distance from uncut surface to the cut new surface (mm). See overview in Figure 1. 

 

Figure 1: Description of cutting parameters: cutting speed (Vc), feed rate (fn), depth of cut (ap), workpiece rotations per minute 
(n) and machined diameter (Dm) [1]. 

Increasing cutting speed will increase the heat developed in the cutting zone. The speed limit is 

determined by the thermomechanical and chemical stability of the tool.  

Feed and depth of cut can be combined as a normalized feed rate. An increase in feed rate leads to 

higher cutting forces and it is limited by the mechanical strength and toughness of the tool. 

The workpiece surface geometry has a large influence on the mechanical and thermal load in the 

cutting zone. A continuous surface will cause a constant high temperature and load because of the 

uninterrupted cutting action. Cutting fluids may be used to reduce the temperature in the cutting zone 

and to provide lubrication.  

When cutting a non-continuous surface, the intermittent contact will lead to lower maximum 

temperature, but the thermal cycling and mechanical impacts results in cyclic stresses and eventually 

fatigue. The different configurations cause different demands on the insert material regarding hot-

hardness and toughness among other properties.  
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Cutting insert design 
The tool consists of a tool holder and a symmetrical indexable insert, meaning that it has several edges 

that can be used as the edges wear out. The inserts exist in thousands of different shapes, sizes, and 

material combinations. Each insert variant is optimized to maximize the wear resistance and 

productivity while adhering to the demands of the application regarding surface finish. The geometry 

for a typical steel turning insert is shown in Figure 2. The material flow direction during cutting is 

perpendicular to the rake face and the chip flow direction is in parallel with the rake face. The formed 

chips during cutting will slide against the rake face which contain a chip breaker geometry to ensure a 

stable cutting process and reduce the chips contact length with the tool.  

 

Figure 2: Cutting Insert with chip breaker geometry [1]. 

The insert faces have very different contact conditions which result in different wear types. This 

requires a different approach regarding material selection and is why inserts contain a wide variety of 

materials and coatings.   

Substrate 
The bulk of the insert is generally made of cemented carbide which is a combination of hard tungsten 

carbide (WC) particles in a cobalt (Co) binder. The WC grain size and ratio as well as volume fraction of 

binder can be adjusted to tailor the physical and thermal properties. The relation between binder 

content and WC grain size regarding their effect on insert properties can be seen in Figure 3. A 

challenge when designing materials for cutting inserts is to achieve a good balance between toughness 

and hardness.  

Since the cutting environment varies for different parts of the insert, a modern development has been 

to utilize material gradients. A gradient with higher amount of metallic binder (Co) near the surface 

can be used to enhance toughness and improve edge stability. Toughness is important to reduce the 

risk of brittle fracture if cracks reach the substrate, called crack-arrest. 

Hot-hardness provides resistance to plastic deformation at the high temperatures in the cutting zone 

and can be increased by increasing the amount of WC in relation to binder content and by reducing 

the WC grain size.  
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Figure 3: Effect of increasing binder content and WC grain size substrate properties [2]. 

Coatings 
A big improvement in wear resistance and tool life came with the development of coated inserts. 

Desirable properties or demands for a coating are listed below:  

• High hot-hardness at desired cutting speed to reduce abrasive wear.  

• Chemically inert meaning high oxidation resistance and low solubility with the workpiece 

material at high temperature to reduce dissolution-diffusion [3], [4]. 

• Low thermal conductivity to protect the substrate from absorbing the heat which can lead to 

plastic deformation.  

• Low affinity to the workpiece material reduces adhesive and chemical wear.  

• High toughness to resist thermal cycling fatigue and impact shock.  

• Good adhesion to the substrate and the adjacent layers is one of the most important 

properties to prevent flaking of the coating.  

• Smooth surface morphology, low surface roughness reduces the amount of possible crack 

initiation sites.  

• Thickness should be thick enough to endure wear as long as possible but not so thick that it 

has properties of a bulk material.  

 

Coatings for cutting inserts are produced using one of two techniques, physical vapor deposition (PVD) 

and chemical vapor deposition (CVD). 

PVD is mostly used to coat inserts used in interrupted cutting and milling applications because of their 

high hardness, small grain-size, smooth crack-free surfaces, residual compressive stresses and good 

edge sharpness. Coatings with low crack density and compressive residual stresses increase toughness. 

The ability to arrest crack propagation is determined by the amount of grain boundaries to a large 

degree which makes small grain size a beneficial feature. The lower deposition temperature conserves 

toughness of the substrate by limited decarburization. Smooth surfaces can be an advantage for good 

surface finish of the component when machining soft materials. 
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Despite the many advantages of PVD, CVD is the most common deposition process for steel turning 

inserts. The line-of-sight deposition of PVD produces uneven coating thickness whereas CVD produces 

a more even thickness. The ability to produce multilayer coatings is one of the main advantages of CVD 

due to lower cost and process technical reasons. Another advantage is that CVD is the only suitable 

method for producing crystalline Alumina (Al2O3) coatings which is one of the most successful coatings 

in steel turning [5]. 

No single coating has been successful in fulfilling all the demands on a coating used in steel turning. A 

combination of several different coatings in various sequences and thicknesses are often used. The 

different layers have their unique properties that will resist different kinds of wear. The coating stack 

shown in Figure 4 is the most popular combination of coatings used in steel turning applications. Their 

functions will first be described shortly followed by a more detailed explanation of their properties. 

 

 
Figure 4: Illustration of a common combination of coatings in steel turning, bonding layers are not shown [1]. 

TiN (titanium nitride) is commonly used as the top layer, the main role is to provide wear detection 

because of its bright yellow color. The coatings beneath are often dark which makes it easy to spot 

when and where it has been worn through.  

The second layer from the top, Al2O3 (aluminium oxide or alumina) should provide thermal insulation 

to reduce the temperature in the substrate. Chemical wear resistance is highly important at the rake 

face where chemical wear dominates because of the high temperature. 

The third coating, usually TiCN (titanium carbonitride) should provide abrasive wear resistance to 

withstand the flank wear occurring on the flank face. Another important function is to act as an 

adhesion layer since coatings with high chemical wear resistance usually show poor adhesion to the 

substrate.  

 

A single phased material is often deposited first as a pure adhesion layer (around 1 µm) which has 

multiple functions, to reduce interface voids, carbon depletion and promote uniform nucleation and 

growth [6]. Examples are TiC and TiN. To achieve good adhesion it is important to have interdiffusion 

of the atoms from both coating and substrate [3]. 

 

The high temperatures of traditional CVD deposition lead to decarburization and formation of sub-

stochiometric η-phase in the near-surface region of the substrate. This η-phase is brittle and can lead 

to coating delamination [2]. Part of the solution has been to change the chemical composition of the 
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substrate by increasing carbon content to make it less sensitive to loss of carbon. The ability to control 

amounts of carbon has also been improved [4]. 

 

TiCN  

Another solution to reduce diffusion was the development of a moderate temperature process (MT-

CVD) that is used to deposit TiCN (or TiC/TiN). The lower temperature in combination with more 

reactive precursors lead to reduced decarburization, formation of η-phase and keep the WC/TiCN 

interface instead of forming brittle η-phase/TiCN interfaces [7]. This improvement led to higher 

transverse rupture strength due to lower residual tensile stress from the reduced temperature, in 

addition to the improved adhesion [7]. Because of the reduced decarburization, more flexibility is 

allowed concerning the selection of substrate with lower amount of carbon and higher amount of 

tungsten. 

 

A reduction of process temperature to 750-900°C can be achieved by the use of the organic compound 

acetonitrile containing both carbon and nitrogen instead of methane and nitrogen. The high deposition 

rate promotes a columnar structure which improves adhesion and strength [4]. The TiCN layer also 

acts as a diffusion barrier in the following higher temperature process when depositing Al2O3. 

 

Alumina (Al2O3)  

Alumina is one of the most successful coatings in turning due to its high hot-hardness, TiC and TiN have 

higher hardness at room temperature but lower at high temperature which makes Al2O3 the better 

choice for high speed turning. It is chemically inert in contact with metals due to dissimilar types of 

chemical bonds, unfortunately this property also makes is difficult to adhere well to cemented carbide 

substrate. This is why it is always used in combination with a bonding layer [8], often TiCN. 

 

Al2O3 exist as many different crystallographic allotropes, mainly α-Al2O3 (stable) and κ-Al2O3 

(metastable). κ-Al2O3 dominates nucleation on non-oxidized cubic carbides with FCC structure for 

instance TiC, TiN, TiCN [9]. Nucleation is the most important step that determine the resulting crystal 

structure of the coating grains. Interrupted deposition leads to restarted nucleation and thereby 

reduction in grain size [10]. Addition of impurities like CH4 and metalorganic Al precursors have been 

shown to increase nucleation as well [10]. 

 

κ-Al2O3 has shown benefits such as lower thermal conductivity than alpha and higher hardness due to 

less grain boundary (intergranular) voids, lower dislocation density [4] and fine grain size which can be 

achieved by interrupted nucleation [3]. A disadvantage is the metastability which means it will 

transform to stable α-Al2O3 which is accelerated at high temperature. The transformation and change 

in crystal structure (orthorhombic to trigonal) also results in a 8% decrease in volume occupied by Al2O3  

leading to tensile stresses and cracks in the coating [3]. Due to these disadvantages, α-Al2O3 is the most 

commonly used allotrope.  

 

Promoting growth in a preferential direction to achieve a highly textured coating can be done by 

various nucleation procedures. Ruppi et al. [9] used different oxidation potentials of the furnace 

atmosphere to modify the nucleation step (bonding layer) when depositing Al2O3 on MTCVD TiCN, 

resulting in strongly textured α-Al2O3 coatings (Figure 5). The titanium oxides formed on the TiCN 

surface were shown to promote alpha nucleation, Ruppi et al. speculated that especially Ti2O3 that is 

isomorphic with alpha-alumina had a large influence on the outcome [9]. 

It was shown that when the basal glide slip plane which has the lowest activation energy at 1000°C 

was oriented parallel to the surface (0001 texture), a higher degree of plastic deformation could take 
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place. This reduced the amount of severe cracking compared to other orientations or coatings with 

low texture. Use of highly textured coatings led to a large increase in wear resistance of modern 

coatings compared to previous generations.  

 
Figure 5: Difference in texture between two α-Al2O3 coatings with different deposition parameters [11]. 

Post treatments 
A disadvantage of CVD compared to PVD is the thermal cracks formed in the coating as a side-effect 

from the high process temperature. The cracks are caused by mechanical stresses in the material after 

coating deposition because of the difference in thermal expansion of the substrate and the coating. 

Post treatments can induce compressive residual stresses in coatings to increase the toughness. The 

depth of stresses can also penetrate a short distance into the substrate and provide a gradient of 

compressive stress which increases toughness further.  

Wear types & mechanisms 
The wear resistance of turning inserts is critical when it comes to increasing productivity. Replacing 

inserts equal production downtime which costs time and money so better wear resistance is directly 

related to profitability.  

The first step to improve wear resistance is to identify wear patterns on the surface of the inserts. The 

wear is categorized in different wear types according to ISO standards (1993, 1989a, 1989b): flank 

wear, notch wear, thermal cracking, mechanical fatigue cracking, chipping, fracture, built-up-edge 

(BUE), built-up-layer (BUL), and catastrophic failure [12]. Each wear type is in turn caused by one or 

several underlying wear mechanisms.  

Proper selection of materials and cutting parameters is the most efficient way to combat different 

wear mechanisms. A specific combination of substrate, coatings and post-treatments is called a grade 

and it is usually tailored to a specific operation and workpiece material where certain wear 

mechanisms dominate. 

The wear of inserts depends heavily on the type of operation. There can be flank wear on the cutting 

edge caused by abrasion, comb cracks along the cutting edge from thermal cyclic stress, flaking when 

the coating adhesion fails and plastic deformation of the substrate beneath the coating etc. [13]. 

The most relevant wear types when discussing continuous steel turning are flank wear (Figure 6, left) 

and crater wear (Figure 6, right) and plastic deformation of the tip. 
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Figure 6: Description of flank (left) and crater (right) wear locations on the insert [1] 

Flank wear is the gradual removal of coating by abrasive wear mechanisms. Hard particles in the 

workpiece slide against the insert flank face and produce cuts which abrade the surface. The removal 

of insert material changes the geometry and will lead to poor surface finish [14]. Flank wear is often 

characterized by measuring the distance Vb as shown in Figure 2. Because of its fast and easy 

measurement, it is often used as a performance metric in coating development.  

Plastic deformation (PD) leads to a permanent change of the tip geometry and is common for high 

temperature and pressure operations. The deformation of the tip can lead to cracking and eventually 

flaking of the coating due to its low ductility compared to the substrate. Fracture of the tip is another 

outcome of severe plastic deformation. PD is usually avoided by using cutting fluids to lower the 

temperature in order to retain the mechanical properties. 

Crater wear is the gradual growth of a crater on the rake face. A crater can change the chip breaker 

geometry depending on its location. This weakens the flank side walls and usually lead to fracture or 

excessive plastic deformation of the cutting edge. 

 
Figure 7: Crater wear appearance and location in relation to chip flow direction. 

Crater wear mechanisms 
The crater wear can be caused by a combination of different wear mechanisms described in this section. 

The typical appearance of a deep crater can be seen in Figure 7. 

Thermo-chemical wear (diffusion) 

Because of the different materials used, there is a gradient in chemical potential between the two 

contacting surfaces in the cutting zone. The difference in driving force will cause atoms to wander from 

the place of high chemical potential to low. This movement of atoms is called diffusion and the speed 

of which it occurs is a function of temperature (atomic vibrations). The high temperature in the cutting 

zone (Figure 8) accelerates interdiffusion of workpiece/insert material and lead to weakening of the 

insert by changing its chemical composition. The best ways to reduce diffusion is to lower the chemical 

potential by using dissimilar materials with low solubility, and to lower the temperature [14].  
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Figure 8: Typical temperature development in the cutting zone [1]. 

Abrasive wear (hard particles) 

Abrasive wear occurs when materials with different hardness are in contact and slide against each 

other. Asperities on the harder surface, loose particles or hard particles embedded in a soft surface 

will plough through the softer surface producing grooves and loose particles. The deformation and 

removal of material will reduce the wear resistance by gradually exposing less resistant coating layers 

or substrate below. Exposure of substrate will both increase abrasive wear because of its lower 

hardness and increasing diffusion by its higher chemical compatibility with steel. The consequences of 

abrasive wear on TiCN can be seen in the cross section of the sliding zone on the rake face in Figure 9 

from a study by M’Saoubi et al. [15]. The thickness has been significantly reduced by abrasive wear in 

the sliding zone to the left where the hard particles slide against the surface.  

 

Figure 9: Initiation of crater wear of TiCN on rake face [15] 

Thermomechanical (plastic deformation) 

The combination of high temperature up to 1000°C (Figure 8) and high surface pressure can cause 

deformation of the surface. The strength of a material is reduced at temperatures close to its melting 

temperature which means that a lower activation energy is required for plastic flow. Plastic 

deformation of a Al2O3 coating can be seen in Figure 10 in the sliding zone to the left of the CFD arrow, 

where the topography is more elongated [16].  
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Figure 10: Wear in on the rake face in different wear zones from sticking zone (A) to sliding zone (B) [16]. 

Influence of workpiece machinability in steel turning 
The machinability of a workpiece material describes the ease of machining regarding cutting forces, 

the wear it causes on the tools and the way chip formation occurs. A material with good machinability 

can therefore be cut for long periods of time without interruption. 

Most of the chemical and mechanical properties of the workpiece influence its machinability. 

Unfortunately, properties that are beneficial for the finished product often mean an increasing 

difficulty of cutting the material.  

Mechanical & thermal properties 
Mechanical properties such as hardness and ductility both affect wear in different ways. An increase 

in hardness decreases machinability by higher cutting forces, stresses and increasing temperature in 

the deformation zone. Hard inclusions that contribute to high hardness also have a severe abrasive 

effect which is the main cause of flank wear of the tool.  

Ductility and toughness are related to adhesive wear by formation of built-up edges (BUE) which can 

have both positive and negative effects on machinability. A material that strain hardens easily often 

cause wear in the form of BUE. The cutting speed can be increased to combat the most negative effects 

of adhesive wear since increasing speed lead to higher temperature which causes plastic flow and 

removal of built up material. 

Other properties are related to the materials processing history such as deformation hardening (cold-

working) and thermal treatments (annealing, normalization) affecting microstructure properties like 

grain size that in turn determine hardness and toughness. 

Thermal conductivity affects the heat development in the deformation zone. High thermal conductivity 

is beneficial since much of the heat is absorbed by the chips and transported away from the cutting 

zone.  

Chemical composition 
Alloying elements can be added to steel to either strengthen the ferrite matrix or by precipitating 

inclusions which improve mechanical properties. Alloying elements also affect the phase 

transformation properties by stabilizing austenite or by enhancing bainite or martensite formation.  

Carbon content has high correlation with the hardness of steel. Common wear mechanisms are 

adhesive and smearing wear for steel with low carbon content (C < 0,3%, low hardness, high ductility) 

and abrasive wear for high carbon content (C > 0,6%, high hardness, low ductility).  

Carbides and Oxides are formed by including Cr, Mo, Mn, W, V, Ti, Nb, Al in combination with C, O. 

These non-metallic inclusions form very hard particles that cause abrasive wear. Macro inclusions are 
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most problematic with a size above 150 microns in diameter and are mostly unintentionally produced 

in different manufacturing steps such as deoxidation during primary and secondary steelmaking [17]. 

Calcium can perform several functions in secondary steelmaking but one of the main purposes is to 

modify inclusions. It is most often added as a stable alloy for ex CaSi or CaSiBa as a powder or as a core 

in a steel wire fed into the molten steel. One of the most important functions is to convert solid alumina 

particle clusters and dendrites in Al-killed steels to molten calcium aluminates (CaO-Al2O3, liquid at 

1400°C, C12A7 if their ratio is correct) and silicates (SiO2) which prevent nozzle clogging by alumina 

during casting [18], [19]. Due to surface tension, the morphology changes and molten compounds will 

take a round globular shape which has beneficial mechanical properties during subsequent hot forming. 

Calcium sulphides precipitate and embed the calcium aluminates [20].  The reduced abrasiveness of 

the soft embedded calcium aluminates (or calciumaluminosilicates) reduces tool wear in machining 

[21]. 

Calcium-treatment is especially beneficial to reduce the severe abrasive wear properties of high-

carbon steel. Besides reducing the effect of hard alumina particles, it also reduces the formation of 

graphite flakes by removing sulphur which promotes flake formation. Additions of Mg and Ce promote 

isotropic growth directions which lead to growth of spheroid graphite [22]. 

Free-cutting steel with addition of manganese and sulphur will produce manganese sulphides MnS 

which deform plastically and smear along the rake face to form a protective layer. However, the 

elongated MnS particles from hot-rolling steel cause anisotropic brittleness and worse corrosion 

resistance of the final component.  

It has been suggested that the MnS layer can stick to cubic carbide tool surfaces by forming bonds that 

resist chip flow stress to some extent [13, p. 284]. They also lower the energy needed to initiate cracks 

and voids by the low interfacial energy with the ferrite matrix. This leads to shorter contact length of 

the chip on the rake face and lower tool forces [13, p. 280], [20, p. 669], [23, pp. II–6]. A decrease of 

sulphur has been shown to increase flank wear significantly. Addition of around 0,25% lead will attach 

at the MnS particles as tails and further enhance the lubricating layer formation.  
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Evaluation of new technologies for grade development 
Grade development is a multidisciplinary topic which requires integration of many different fields in 

materials science and engineering. Powder metallurgy, coating deposition and surface treatments, 

tribology, metrology and modeling are a few important examples.   

The development of lab test methods to reproduce specific wear types that exist in customer 

applications is an important step in performance testing and validation of new insert grades.  

Another key is the measurement and quantification of wear on the inserts after running tests. A 

limitation today is the ability to precisely measure the contribution of different coatings to the overall 

performance of the coating stack. To bring coating development to the next step, a more precise 

method to measure crater wear is necessary. 

Crater wear measurement 

Current method 

The principal lab test method used currently in Sandvik Coromant to measure crater wear consist of 

turning test performed at different predefined durations, taking pictures of the rake face with a light 

optical microscope, measure the crater wear area, and then continue turning at set intervals until end 

of tool life (Figure 11). Crater area is defined as exposed substrate where the coating has been worn 

away completely. The crater is often covered with workpiece material (Figure 12), which requires some 

subjective estimation of where the contour of exposed substrate lies.  

 
Figure 11: Evolution of crater with increasing time-in-cut. In order from upper left: 0, 10, 16, 22, 24, 28, 34, 34min (etched), 
crater area is defined as exposed substrate without coating (often covered with workpiece material). Crater area outlined in 
red as it appears.    

A limitation of this method is the necessity for wear to penetrate the whole coating stack before crater 

wear can be measured. Measurement of wear in different layers is therefore not possible and no depth 

of the crater is available in the crater wear measurement results. 
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Figure 12: Insert after turning, unetched (left), measurement of exposed substrate, area in red (middle) and the etched 
sampled where the crater can be seen. 

Literature review of wear volume measurement on cutting inserts 

There is an increasing interest from academia and industry to replace the current two dimensional 

methods of wear measurement. Several techniques and methods have been evaluated to map three-

dimensional wear over the years. An important aspect when considering a specific technique is to 

consider the spatial resolution required for defect quantification and the size of the measurement 

volume.  

Surface metrology is commonly associated with surface texture measurement while the focus of wear 

measurement is often used to quantify changes on a surface, preferably between two or more 

measurements of the same surface. This localized measurement of a specific feature does not require 

filtration methods often used in surface texture measurements where generalized representation of 

the surface is the goal. 

A review of studies related to metal cutting is presented here together with some limitations and 

research gaps. Broad categorization can be made between contact and non-contact methods, these 

and their sub-categories are discussed in the work of Tailor [24]. Both contact and non-contact 

techniques have been used with varying accuracy and speed for both quantitative and qualitative 

evaluations of turning insert wear. 

CCD camera 

One of the earliest examples of 3D contour mapping is a study by Meyer and Wu [25], where they 

manually traced the contour line of the crater from CCD camera images with low depth of field (DoF). 

The depth intervals were set to 25 µm. The main drawbacks of the method were the subjective nature 

and the very tedious and time consuming tracing process.   

Many years later, Yang and Kwon [26], [27] developed autofocus algorithms for a CCD camera to 

measure the maximum depth of the crater. No 3D surface was obtained but the contour of the crater 

was mapped using an edge detection algorithm.  

Karthik et al. [28] used a CCD camera and a stereo imaging technique to construct a 3D mapping of the 

insert rake face. The vertical resolution, long computational time to match corresponding points in the 

stereo images and illumination challenges are drawback of this method. The authors mentioned the 

importance of the crater depth parameter compared to the conventional area measurement, as a deep 

crater is often the leading cause of failure.  

Prasad et al. [29] used a similar technique and noted that crater depth less than 125 µm could not be 

measured accurately which is far from the precision necessary to measure wear in coating systems. 

The coatings layers can have thicknesses below 1 µm so a vertical resolution should be at least higher 

than that.  
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A further improvement in precision using CCD cameras can be made by projecting fringes onto the 

rake face used to calculate a 3D model of the surface [30], [31]. The resolution can be adjusted by 

selecting the fringe width and magnification. Only one image frame is needed which is an advantage 

in speed compared to laser scanning methods. Difficulties arise when complex chip breakers and semi-

transparent coatings are used that disturb the projected fringes.  

3D laser scanning 

Wang et al. [32] mapped topographical crater contour lines using a laser scanning microscope (LSM) 

and analyzed the relationship between the area of the crater contour at certain depths (ACR) and the 

crater wear depth. They developed a formula as a function of ACR, wear depth and cutting time and 

demonstrated accurate prediction of the crater wear volume. 

Profilometer 

Profilometer is a technique where a mechanical stylus is dragged over a surface to register variations 

in height. It is a precise contact method and can be used to map a 3D surface but is limited to less 

complex insert geometries (flat without chip-breaker) and crater wear depths due to the physical 

construction of the stylus and tip. The technique has been used to plot the maximum crater depth [33], 

but also to map the entire crater. 

Ávila et al. [34] mapped a full 3D surface by scanning sections of the crater with a profilometer to cover 

the entire wear region. The bounding upper surface for volume calculation was calculated as a least 

square plane that fits the contour of the selected crater area. The crater area was defined by the crater 

contour boundary of the most worn sample. They mentioned that the bounding plane interpolation 

works best with a flat surrounding area as opposed to when using complex chip breaker geometries. 

Interferometry 

White light interferometry is a technique with very high vertical resolution. Devillez et al. [35] 

measured the crater depth using white light interferometry. A flat geometry was used so the depth 

could be measured from an interpolated reference plane.  

An improvement regarding the ability to measure non-flat inserts was made by Dawson and Kurfess 

[36]. They investigated flank and crater wear of a simple cutting insert by comparing a worn surface 

scanned using interferometry against a reference unworn surface represented by a CAD-model. 

Similarly, Burger et al. [37] used interferometry scan data to build a point cloud, the cloud was then 

reverse engineered into a CAD surface which was fitted against a reference CAD surface of an unworn 

insert. The bounding plane separating the aligned surfaces was used to calculate the removed volume. 

Focus variation 

Recently, focus variation microscopy (FVM) has been used with promising results because of the 

combination of valuable features including capture of true color information, high resolution (down to 

10 nm vertical) and capability to measure rough surfaces [38]. 

An improvement in accuracy compared to previous studies is achieved by measuring the insert surface 

before turning and then comparing with the remeasured surface after. The two collected 3D surfaces 

or point clouds are aligned (registered) followed by calculation of the deviations at each point in the 

worn cloud compared to the unworn counterpart. This procedure is described in articles by Danzl et 

al. [39]–[42] and more details on the registration were described by the same authors in [39]. 

The majority of studies using focus variation for wear volume analysis of cutting inserts have been 

published in the last ten years [14], [42-44], [44-46] due to the increasing commercial availability of 

focus variation microscopes.  
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Sadik [47] applied the technique for quantitative evaluation of flank and crater wear on CBN inserts 

used in hard part turning. The volume of removed material and the crater depth was used to compare 

insert performance. Mainé et al. [42] used the same technique but to evaluate adhesive wear on more 

complex insert with chip breaker geometries. The added material was measured separately in three 

adjacent zones on the rake face.  

More detailed studies exploring how to use focus variation and new types of analysis using wear 

volume parameters were published recently by Boing et al. [44], [48] and Castro et al. [45]. 

Boing et al. [48] described the use of different wear volume parameters such as volume removed, 

volume added, affected tool area and maximum depth of defects as motivation for different wear type 

and mechanisms. The author concluded to state that traditional wear parameters are less sensitive to 

detect small amounts of wear and end of tool life compared to volume measurements which include 

the whole wear region. 

In another article [44] the color map provided by the difference calculation was used to associate the 

volume removed to the dominating wear mechanism.  The location on the rake face is commonly 

associated with certain wear mechanisms as shown in Figure 13.   

 

Figure 13: Location of wear originating from different wear mechanisms (left, SEM) and the associated wear depths as 
measured by focus variation (right) [44]. 
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Research gaps 
Most available studies of crater wear volume either use methods with low resolution or include volume 

from other wear types in volume calculations. The combination of isolated crater wear measurement 

using high resolution techniques requires more investigation.  

The registration process to align acquired 3D surfaces is not well described in current literature. 

Accurate alignment is a crucial step to ensure high accuracy when computing differences between two 

scans of a surface. 

Limitations of this work 
This work has been limited to non-contact measurement techniques and specifically focus variation 

microscopy. The focus is on development of a measurement procedure and not to validate the 

calibration and uncertainty of the measurement technique and equipment.  

The tests performed are for method demonstration purposes only and not for coating performance 

validation. 

Aim 
The aim of this project is to find a new method for measuring crater wear volume which makes coating 

wear evaluation possible before wear has reached the substrate. Focus is on developing a robust 

process with high repeatability. The goal is for the method to be implemented as standard procedure 

for a more detailed evaluation of the flank and crater wear resistance of new TiCN and Al2O3 coatings.    

Objectives 
The first objective is to investigate how three-dimensional crater wear can be measured with high 

precision and repeatability using a focus variation microscope by addressing factors affecting accuracy.   

The second objective is to apply the method and study how novel coatings consisting of Al2O3/TiCN 

affect crater wear. Novel ways of representing three dimensional parameters will be explored.  
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Method development 
Based on the literature review, focus variation was selected as the most suitable technique for crater 

wear volume measurement. The focus variation microscope (Alicona InfiniteFocus G5) uses a 

combination of small depth of field optical lenses and vertical scanning to build a point cloud 

representation of the surface and can cover large sample area by stitching several measurements 

together. 

Factors affecting accuracy & possible improvements 
The first step is to consider the most important factors affecting the accuracy and repeatability when 

measuring the volume removed from an initially unworn surface. 

The most obvious factor is to collect reference surface measurements of all individual samples to 

capture manufacturing variations instead of using an interpolated boundary or CAD-surface for 

comparison. A range of processes during manufacturing affect the surface texture and insert geometry 

such as edge grinding and post-treatments.  

Other important parameters are the resolution (3D cloud point density), quality of measurement (few 

missing points in the dataset) and the processing of collected data. The process step includes alignment 

of the compared surfaces, segmentation (isolation/cut-out) of the crater region and volume difference 

calculation.  

1. Surface preparation: placement of alignment markers 
Alignment of scanned surfaces can be done manually by selecting points on the surfaces that are 

known to be identical before and after turning, or by an automatic process where the software tries 

to minimize the distance between the surfaces by an iterative process.  

Problem: The wear will change the surface and can make it difficult to find similar features for use in 

alignment. The so-called theoretical overlap can be very low for heavily worn samples.  

Solution: Creating reference markers or patterns to use as guiding points was considered to improve 

the manual alignment. Also, to verify the following automatic step by visual inspection. The placement 

of these markers is important and will be investigated experimentally. The best location is outside the 

cutting zone, but too far away has the drawback of requiring a huge measurement area. 

A laser ablation system will be used to produce the markings and is described in the experimental 

setup section. 

Placement of the markers is determined by running initial tests and evaluating the surface wear. Less 

worn areas are best suited for comparison purposes since they stay mostly unaffected. A laser marking 

can be affected by wear of the surface in and around the markings. If the placement is in a region that 

shifts because of plastic deformation, the positioning of the entire insert will be incorrect, even if the 

markings overlap perfectly. The solution in that case is to include regions not affected by wear and 

deformation outside the cutting zone. The measurement region must be expanded to include those 

regions which will increase the scan time significantly. 

It is also important to investigate if the coating performance is affected by the removal of material to 

create the markings.  

2. Scan settings 
There are many settings which affect the accuracy of the measured point cloud. Resolution (point cloud 

density) is determined by the optics and software settings (focus step size etc.) but limited by the size 

of the measurement volume and capture time. Larger volumes require lower resolution to have a 
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manageable point cloud. Capture time increases with increasing point cloud size and requires more 

processing power to handle, both increase the scan time but can be acceptable if time is not a factor.   

Quality can be defined as the ability to capture data and the reliability of captured points. Correct 

exposure is important to focus properly and is affected by light conditions (coaxial, ring light), contrast 

and reflectivity of the surface, and the tilt of measured surface features. The inclination of the surface 

features must be considered since there is a limit of around 80-85 degrees after which no data can be 

collected. If the microscope struggle to find focus in a region, it will be left empty and results in a hole 

in the point cloud. 

Problem: As the wear progress and gradually wear deeper into the coating and substrate, the 

measurement conditions will change.  

Solution: Samples representing the full range of conditions from shallow to deep craters should be 

produced and measured to define optimal scan settings. 

3. Data processing – software limitations 
Measurement and generation of point clouds is possible with high resolution and quality as shown by 

previous studies. However, there are a couple of limitations when processing the captured data in the 

software bundled with the focus variation microscope. Volume measurement in the Alicona software 

(IF measurement suite) has two ways of measuring volume with their own drawbacks:  

First method: Since the crater is the only region of interest in this case, it is important to be able to 

isolate this region. This can be achieved in a volume measurement module by drawing a polygon line 

and segment the region of interest (Figure 14, left). A boundary plane is created over the segmented 

area to represent the unworn surface (Figure 14, right). The main disadvantage is that the real 

reference surface might have had a different shape and a lot of removed material will be unaccounted 

for in the calculation, especially if the removed surface had a non-flat topology.  

 

 

Figure 14: Volume measurement using a module in IF measurement suite.  

Second method: Another way is to compare a measured reference surface to its worn counterpart. 

This is possible but the tool for segmentation is very rough (rectangle shape only, as shown in Figure 

15 and a study by Mainé et al. [42]) and will include flank wear volume if selecting the whole crater 

wear region. 
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Figure 15: Volume measurement using a difference comparison module in IF measurement suite. 

A third problem is when several surfaces are to be compared, the selected area will differ both in size 

and location if the samples are segmented one by one which will affect the resulting volume. How can 

segmentation be done on the same area for all samples? 

Because the point clouds can be exported to a text file (ASCII point cloud .xyz) alternative software can 

be used to circumvent the limitations. An alternative software called CloudCompare 

(www.cloudcompare.org) with the required features for comparison, alignment and volume 

calculations will be used for data processing.  

http://www.cloudcompare.org/
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Experimental setup - Method development 

Inserts – Substrate, Coatings & Edge roundness (ER) 
A method development test was done using the standard grade GC4325 from Sandvik Coromant. The 

insert type is CNMG 120408-PM (rhombohedral shape as in Figure 6) with a cemented carbide 

substrate (WC/Co) and a TiCN/Al2O3 CVD coating (commercial name: Inveio). 

Coating thickness measurements: 

Coating thickness was measured by imaging the cross-section using light optical microscope (LOM) at 

the section of interest.    

 

 
Figure 16: Different positions of cross-section measurements for thickness on insert (left) and the cross-section LOM image 
with thickness measurements for sample GC4325-2 (right).    

The position which is most relevant for crater wear is number 2 on the rake face (Figure 16, left). Three 

measurements were taken on position 2 (Figure 16, right) on three different inserts. The results can 

be seen in Table 1. The mean and standard deviation are included but their usefulness is limited due 

to the measurement uncertainty of roughly ± 0,5 µm using an optical microscope. 

Table 1:  Coating thickness measurements at position 2 for three samples. 

 TiCN (thickness, µm) Al2O3 (thickness, µm) 

Sample 1 2 3 Mean 1 2 3 Mean 

GC4325-1 9,1 9,1 9,1 9,1 (±0,03) 5,2 5,2 5,2 5,2 (±0,03) 

GC4325-2 9,1 9,1 9,3 9,2 (±0,06) 5,1 5,1 5,3 5,2 (±0,09) 

GC4325-3 9,8 9,7 9,7 9,7 (±0,06) 4,9 5,0 5,1 5,0 (±0,08) 

 

Edge roundness measurement 

The cutting edge radius (edge roundness) was measured using a tool developed by Sandvik Coromant 

specifically for this purpose. It uses a combination of CCD camera and pattern projection to capture an 

image which is processed by the built-in computer to calculate the radius. Inserts with similar values 

were selected for comparison in the same group (time-in-cut) to reduce the possible errors regarding 

cutting edge radius (or sharpness). 

Workpiece material 
Ball-bearing steel Ovako 825B is the workpiece material (100CrMo7-3) which is used in the lab test 

method designed to promote crater wear. It contains high amount of abrasive carbides and have a 

hardness of 200 HB (207 HB as measured for this batch) producing a good balance between crater and 

flank wear. The material is delivered as a hot rolled bar in soft annealed condition with the length 800 

mm and 160 mm diameter. Chemical composition can be seen in Table 2 for typical values and from 

chemical analysis certificate specific to the delivered batch.  
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Table 2: Chemical composition of Ovako 825B, typical values (top) and as measured reported in batch certificate (bottom). 

 Element (weight %) 

 C Si Mn P S Cr Mo 

Typical 0.98 0.3 0.7 0.01 0.01 1.8 0.3 

Batch (from analysis) 0.95 0.3 0.7 0.02 0.01 1.7 0.2 

 

Unhardened steel containing high amounts of carbon usually contains 75 – 100% pearlite and excess 

cementite in steels with more than 0,8% C. It is often annealed below the transformation temperature 

at 700°C to spheroidize and agglomerate the cementite for increased toughness. Hardening forms a 

martensitic microstructure with embedded carbides. Since the toughness is low compared to low 

carbon steel the sulphur content should be kept lower to avoid reducing toughness further. The 

workpiece used in this test was delivered in unhardened condition.  

Etching inserts after turning 

Etching is required because of the high amount of workpiece material adhering to the insert surface 

during turning. Some elements may react with the oxygen present in the surrounding air to form oxides 

sticking to the alumina coating. 

Hydrochloric acid (HCl) is commonly used at Sandvik Coromant to etch the inserts used in steel turning 

and will be used for these tests since it effectively dissolves the adhered material. 

Etching was carried out in boiling HCl 5 min at 400°C. Boiling too long will start to dissolve exposed 

areas of substrate and is important to consider when evaluating the results. Deep craters worn into 

the substrate can increase in volume by etching while the chemically inert coatings should not be 

affected according to experiments done previously at Sandvik Coromant.  

Turning tests 
The turning tests were carried out in a CNC turning lathe Swedturn SMT-4. With the recommended 

parameters used in the standard crater wear lab test. Cutting speed: 220 m/min, cutting depth: 0.2 

mm and cutting feed: 0.3 mm/rev. 

A cutting fluid called Blasocut BC 935 SW was used diluted to 6% concentration in water. The fluid is 

applied at a pressure of 7 bar. It is a water-miscible, mineral and ester oil-based fluid free of chlorine 

EP-additives. Cutting fluid is necessary to reduce plastic deformation due to excessive heat and is 

recommended to keep a good balance between crater and flank wear. Higher temperature will 

accelerate crater wear more than flank wear. 

The time-in-cut was 2,4,8,12,18 and 26min for different samples to cover wear from initiation to deep 

craters. Each insert was run for 2 min before changing to the next in the series. This alternation (sample 

A, B, C, C, B, A etc.) is necessary to minimize the influence of hardness variation as the diameter of the 

workpiece is reduced. 

Equipment for analysis 

Scanning electron microscope (SEM) 

The inserts were analyzed in a Hitachi S-4300 scanning electron microscope equipped with energy 

dispersive x-ray spectroscopy (EDS) after etching to investigate if there was any residual workpiece 

material left on the surface. 
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Laser system 

A Preco Mini-FlexPro LB2000 laser processing system with a Coherent Talisker Ultra 355-04 picosecond 

industrial laser source was used to create the reference markings. The laser wavelength was 1064 nm 

with a 19,6 W average power (amplifier stage) 80 % attenuation and an output pulse repetition rate of 

1,25 kHz. In order to vary the marking size, the number of pulses was adjusted between each trial until 

a satisfactory value was found. The Laser spot size was 50 µm at the focal plane. 

Focus variation method - Alicona  

The Alicona InfiniteFocus G5 focus variation microscope (Figure 17) combines optical lenses with low 

depth of field (DoF) and vertical scanning to map a samples surface topography. A 3D point cloud 

(including color information) is built by continuously registering the points in focus at discrete heights 

determined by the vertical resolution. The addition of a horizontally moving sample stage enables 

coverage of a larger area than the lens field of view. The system can be equipped with several 

interchangeable lenses with different focal lengths. Vertical resolution is set by the focal length and 

can be down to 10 nm [40].  

 

Figure 17: Alicona InfiniteFocus G5 [49]. 

Illumination of the sample is possible by two methods: coaxial and ring-light. The first enables low 

exposure time thanks to the high intensity but can cause problematic reflections leading to 

overexposure. Ring-light improves this aspect by shining from the sides that provide less reflections. 

Slope angles up to 87° can be measured which is unique to this method.  

Data processing software – IF measurement suite (Alicona) 
The software included with Alicona InfiniteFocus G5 is called IF Measurement Suite and has a number 

of features for analysis of the captured data. The most relevant is a module which allows the 

comparison of two surfaces. The first step is the alignment of two scans of the same sample (Figure 18, 

top) followed by a distance calculation. The differences are then highlighted on the worn sample as 

deviations from the reference surface (Figure 18, bottom).  
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Figure 18: Alignment of surfaces scanned with focus variation (top) and difference comparison (bottom) [46]. 

Quantitative data and statistics are presented for the difference model such as histograms with 

standard deviation in depth, volume of removed or added material, maximum depth etc. A useful 

option is to set a threshold or tolerance value for what is considered as a defect by the software. When 

setting a threshold value, only the deviations above the threshold are counted towards certain 

statistics, which provides opportunities for presenting the wear data in novel ways.  

Data processing software - Cloud compare 
IF Measurement Suite has an option to export the point cloud data as raw coordinates, which opens 

up possibilities for using alternative software for the data processing.  

CloudCompare [50] open source software was selected for data processing since it fulfilled the 

requirements set for the project: 

• Simultaneous processing of multiple clouds/surfaces  

• Registration (alignment) tools (manual/semi-automatic) 

• Distance computation (calculate deviations) 

• Segmentation (cut out regions, key feature) 

• Volume calculation tool 

 

The volume calculation tool was roughly calibrated with a Vickers indent and similar values to both 

theoretical calculations and Alicona software were obtained. A careful calibration should be performed 

before results are stored in a database for comparative purposes.  

Initial testing procedure 
The first step was to find balanced settings regarding magnification, exposure and test different ways 

of aligning the samples, including using laser to mark the samples.   

1. Turning tests using reference grade steel turning inserts and stop at different time-in-cut to 

produce a variety of wear levels.  
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2. Etch the samples to remove workpiece material. Etching is a requirement for accurate volume 

measurement since the removed coating material is of main interest. Coverage of markings during 

turning can be acceptable if the adhered material can be removed by etching.  

3. Evaluate the wear pattern using LOM (light optical microscope) and select potential laser marking 

spots. 

4. Produce markings using laser.  

5. Repeat turning tests, etching and measure surfaces using FVM (focus variation microscope) from 

different angles to evaluate the visibility of markings and quality of the captured data.  

6. Repeat steps above until a pattern of points, scan angles, resolution etc. has been established for 

different levels of wear. 

7. Process the collected data in CloudCompare from import, alignment to segmentation and volume 

calculation. 

Experimental implementation – case study 
 

Experimental setup 
The next step is to implement and demonstrate the possibilities of the new method to evaluate novel 

coatings in a case study. The ability to resolve difference in performance is important to investigate at 

the different levels of wear during the tool lifetime.  

Coatings (classified) 
Coatings consisting of Al2O3 and TiCN deposited using different parameters were included in the test 

matrix with a typical example shown in Figure 19. Seven coatings were compared named A, B, C, D, E, 

F with the same total thickness but different properties. Detailed descriptions are classified and 

therefore withheld in this report.  

 

Figure 19: Example of the cross-section of a sample used in the case study. The image is for illustration only.  

Turning test – case study 
The cutting parameters are identical to turning test used in method development, see earlier section.  
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Results & discussion - Method development 
 

Etching & Laser marking 
After turning, the inserts were etched to remove the adhered workpiece material. As seen in the FVM 

and LOM images in Figure 20, there are regions with built-up material which are still intact after etching. 

EDS analysis (Figure 21, right) shows the presence of oxygen and alloying elements from the workpiece 

material which indicate oxide/slag formation. 

 

 
Figure 20: Top: appearance of oxide slag formation on the insert. Bottom: Some areas look largely unaffected even after 26 
minutes and make good places for alignment markers. 

Since the oxides cannot be removed using HCl etchant the laser markings should be placed outside 

these areas with slag formation (Figure 21, left).  

 

 

 
Figure 21: FVM measurement, changes on the surface that deviate more than 5 µm from the reference surface. Slag formation 
shown in red as built-up regions (left), EDS element analysis and chemical composition of Ovako 825B (right). 
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Figure 22: Initial laser markings and turning tests. 

Initial trial runs with laser markings are shown in Figure 22. The laser pulse settings had to be adjusted 

for the different alumina coatings used in the implementation tests because of varying laser absorption. 

The trend is not linear with increasing coating thickness which made the prediction of the required 

power complex. Properties such as coating thickness, crystal orientation (texture) and surface 

roughness affect the adsorption and reflective properties of the coating.   

The final pattern after several trials can be seen in Figure 23 which included two additional markings 

on the flank face to support rake face alignment. The pattern did not affect wear resistance of the 

coating, flaking resistance was a concern but no signs of flaking was found on any sample.  

  

  
Figure 23: Final laser marking pattern, unworn sample on the left and worn samples after turning test on the right.  

Markings outside the cutting zone was included to improve alignment for samples with deep craters 

that had a larger rake face area measured (Figure 25, bottom), more details about scan settings are 

shown in the following section.  

The position of the markings shifts slightly between measurements because the fixture used to hold 

the inserts is not built for the type of insert used. However, this should not be an issue, since each 

sample’s markings are only used for alignment to itself. 
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Focus variation scan settings 
A lateral resolution of 2 µm and vertical resolution of 50 nm (20x objective) was set as it gave 

reasonable scanning times of approximately 5 minutes per sample. The resulting point clouds had 

between 30 – 50 million points.  

A sample tilt angle of 15 degrees was used to include part of the flank side which had been prepared 

with laser markings (Figure 24). 

 
 

Figure 24: Scanned tilted surface (left) and illustration of the optical axis in relation to shallow crater wear (right) 

However, the tilt proved problematic with increasing time in cut. At a certain crater depth, the slope 

of the crater wall closest to the flank face exceeded the limits of what could be measured. This resulted 

in missing data for the section shown in red in Figure 25 (top left). Another problem was the increase 

in reflectivity when wear had gone into the substrate compared to the diffuse reflections from TiCN or 

Alumina surfaces.  

To capture the entire crater, the samples with wear deeper that a certain depth threshold (or time-in-

cut) were measure without tilt, lying flat (Figure 25, bottom). The loss of flank face inclusion was 

compensated somewhat by including a larger surface area of the rake face that could support 

alignment.  

 
 

 

 

Figure 25: Illustration of problem with scan angle for deep craters (“shadowing effect”) (top, left) and the solution (top, right). 
Scan with larger rake face area when measured without tilt (bottom). 
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Data processing - Cloud compare 
A step by step routine was determined for the data processing, the steps are shown in Figure 26 and 

described in detail in this chapter. Roughly the steps are: alignment of all unworn reference surfaces, 

alignment of the worn surfaces with their reference, segmentation of the crater wear region based on 

the most worn sample, and finally calculation of the crater wear volume for all samples individually.   

 

Figure 26: Step-by-step routine for data processing. 

Alignment (registration) 
After determining how to prepare and scan the inserts before and after turning, the next step was data 

processing and how to align the point clouds in the most accurate way possible. Since the positioning 

of the insert in the FVM fixture differ slightly for each measurement, all measured surfaces must be 

rotated and/or translated to achieve proper alignment. There are two common methods to perform 

registration of surfaces: Manually selecting points that represent the same positions on the two 

surfaces belong together (called point picking), or by using a fine registration algorithm called iterative 

closest point (ICP).  

Point picking 

Initial alignment by picking pairs of points on the surfaces should be the first step since the automatic 

method requires roughly aligned surfaces to work correctly. The laser markings are good anchors for 

manual point selection and makes identifying corresponding points on both surfaces easier. The 

selection of a reference surface and points pairs are shown in Figure 27. 

 

Figure 27: Manual point picking alignment tool. The red circle shows selection of two corresponding points on the unworn and 
worn surface with a zoomed in view on the right. 
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The 50 µm laser spot size diameter is unnecessarily large and creates large markers. A 50 µm crater 

includes thousands of points whereof only one is used as an alignment point. When using the point 

picking method to align samples, a pattern of smaller markings would make it easier to select the 

corresponding point on both surfaces. Small errors are introduced if the points are not selected 

correctly and lead to a lower RMS distance when aligning the samples which reduces the precision of 

the following step.  

Iterative Closest Point 

The second registration step performs adjustments by a Euclidean transformation process called 

Iterative Closest Point (ICP), which is a common challenge within the field of computer vision to 

minimize the distance between two 3D models [39]. The summed RMS distance of randomly selected 

point pairs are reduced gradually until the error function is minimized and a threshold value of change 

between each iteration is reached. The amount of random points used for calculation in each iteration 

can be chosen and an option exist to set the theoretical overlap of the surfaces. If the wear is extensive, 

the theoretical overlap will be lower and the settings (Figure 28) should be adjusted to accommodate 

this.  

 

Figure 28: ICP settings. 

Important to consider is the fact that a very low RMS distance between points can be achieved with a 

faulty alignment, therefore a subjective inspection of the fit is important. Trusting the RMS value 

blindly can lead to erroneous results.  

An alternative to registering the whole surface at once is to split the point cloud into two sets and align 

the unworn regions which are known to overlap first. The transformation matrix is then copied, and 

the same transformation is applied on the full surface. This method is more complicated but can be 

useful if the surface is heavily worn with very few areas of the two surfaces matching. Dawson and 

Kurfess [36] used a similar approach to align a scanned surface with a CAD-model, shown in Figure 29. 
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Figure 29: Split surface registration followed by application of the transformation matrix to the crater section (white arrow 
represent transformation) [36]. 

Segmentation 
To compare the wear accurately between different samples it is important to select the same area and 

position for all of them. This can be achieved by stacking the surface pairs from all samples and 

performing the segmentation in a single operation, illustrated in Figure 30. The area selected was 

based on the contour of the largest crater from the most worn insert, similar to the strategy used by 

Ávila et al. [34].  

The samples are stacked by aligning the reference surfaces. The precision is less important compared 

to alignment of the reference with its worn counterpart. It is only used to roughly align all samples and 

make sure the segmentation through all samples are in approximately the same region. Since the 

markers differ slightly in both position and size between samples, the insert geometry will be used for 

rough alignment which has a lower accuracy compared to marker alignment.  

Multiple copies of all surfaces can be included to get repeatability statistics, as described in page 36. A 

novel approach compared to previous studies which is enabled by CloudCompare is to segment all 

surfaces in a single step which both save time and ensure the same area and position is cut.   

 
Figure 30: Illustration of the segmentation of crater wear region from the scanned surface, the area to be cut is selected with 
a polyline tool (left). After segmentation the projected area of the isolated crater region is identical for all samples (right). 

Volume calculation 
After isolating the regions of interest, the volume for each crater is calculated in CloudCompare by 

dividing the crater surface into cells and calculating the cell height between worn and unworn samples 

(Figure 31). The cell height is calculated by measuring the average (or max/min) distance between the 

points in the lower and upper surface. The distance is calculated by dividing the data set volume into 

an octree structure to find the closest neighbors. The method is computationally efficient and 

described more in detail in an article by Girardeau-Montaut et al. [51]. 



30 
 

A small cell size will improve the accuracy by capturing smaller variations in the surface, but it also 

places a high demand on the point density. A cell where one of the cells are missing points will be 

skipped completely and lead to lower accuracy in the calculated volume. Points can be missing due to 

measurement error or too small cell size compared to resolution. There are settings for filling in empty 

cells by interpolation etc. but should be used with caution.  

The orientation of the sample can affect the volume since the calculation is made by projecting in z, x 

or y direction of the coordinate system. Since all samples are aligned this might be less of an issue for 

comparison but must be considered when talking about absolute values.   

 

Figure 31: Volume calculation in CloudCompare, cell size is increased for illustration purposes (right). 

The volume calculated is a result of the segmented regions area and position. Accurate comparison of 

crater volume is therefore limited to the samples processed together and should not to be used as 

absolute values to compare different case studies. As new tests are produced they can be imported 

and processed together with old data to enable accurate comparison. 

 
Figure 32: Crater evolution from 10 to 46 min time-in-cut. 

After calculating the crater volume, it is possible to export a new point cloud where the upper surface 

is a flat plane and the lower surface points are projected based on their measured deviation from the 

reference surface. This “flattens out” the crater and can be useful for qualitative evaluation of how 

wear progresses. Figure 32 shows the crater evolution from 10 to 46 min time-in-cut.  
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Repeatability 
Metrology has a set of definitions regarding measurement science such as repeatability, reproducibility, 

robustness, calibration, traceability explained in the work by Tailor [24].  

Repeatability is defined according to Tailor as: “The closeness of agreement measured between 

quantity values obtained under specific conditions that include the same measurement procedure, 

same operators, same measuring system, same operating conditions and same location, and replicate 

measurement on the same or similar objects over a short period of time.” 

Since the first step involves manual alignment it is important to investigate the repeatability and 

robustness of the alignment process. How much does a small misalignment affect the crater volume?  

A starting point was to import multiple copies of the same raw data and perform the alignment steps 

individually for each copy. Because the reference surface is the same, all the worn surfaces were 

aligned against the same surface followed by the simultaneous segmentation described previously. 

The volume, mean and standard deviation was calculated to estimate the repeatability of the 

alignment method.  

Table 3: Volume, mean volume and standard deviation by repeated alignment and calculation of 5 copies of the same data.  

 

Results are shown in Table 3. As expected, the less worn surfaces are more sensitive to shifts in the 

surface alignment. Rough point picking by selecting the apparent middle of the laser marking shows a 

deviation of up to 20% from the mean. The same method for a more worn surface with deep craters 

only deviates 5% from the mean. 

To improve the alignment a more detailed pattern of markings with smaller laser spot size can be 

produced to enable higher precision of point picking alignment. The accuracy is especially important 

when measuring wear inside thin coating layers to ensure the wear is measured in the layer of interest. 
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Results & discussion - Implementation: Case study 
After preparing the samples according to the developed test method, initial turning tests were run 

using the existing test method which is more time efficient. The purpose of these tests was to reduce 

the test matrix and select the most interesting candidates based on performance. The same 

parameters described for the method development turning was used in the initial test run. Testing 

stopped when the apparent area of exposed substrate was 0,2 mm2 as measured by LOM. The variants 

were then ranked according to the time-in-cut, where longer time means better performance, results 

from initial tests can be seen in Figure 33. 

 
Figure 33: Tool life results from initial wear tests, the red line marks the criterion for end of life.  

Based on these results, coating E was selected as it performed best and the coatings with similar 

deposition parameters and performance, D and F, were selected for comparison. Coatings with similar 

performance are interesting to compare since it will test the methods ability to resolve small 

differences in crater wear volume.  

Experimental test matrix 
Since the inserts must be etched to reveal the wear volume which degrade the coating performance, 

separate inserts are needed for each time-in-cut to be measured.  

Table 4: Test matrix for the selected variants.  

  

The stop times were set to 10, 16, 22, 28 and 34min (Table 4) to assess varying levels of wear and 

include craters from initiation of wear in the top layer all the way to deep craters. It also provides an 
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indication on the resolution of the method or ability to differentiate between small amounts of wear.  

Because the performance is different for the three variants the crater depth is different at all stop 

times.  

Crater wear volume & maximum crater depth 
The tests reproduced the tool life from the initial test meaning the new method with laser marked 

samples does not degrade the insert performance. 

The crater volume plot (Figure 34) shows the same trend as the initial tests (Figure 33) where coating 

E had the longest tool life followed by coating F. Notable is the outlier for coating E at 22min which 

was higher than the sample running for 28min. This is expected due to possible variations in the inserts 

and/ or testing conditions (machine, workpiece material…). Since this is for demonstration purposes it 

is less of an issue but for further evaluation several samples should be repeated to get statistically 

significant results. The crater appearance after 34 min for all coatings can be seen in Figure 35. 

 

Figure 34: Crater volume vs time-in-cut. Red circle marks a decrease in volume which can be explained by a variation in 
manufacturing between the sample run 22 min and 28 min with coating E.  

The error bars are set to the standard deviation from repeatability tests and are based on the data 

processing deviation, not sample variations since each data point represents only one sample. Note 

that the standard deviation was only calculated for 16 and 28 min and then interpolated for the other 

points.   

 
Figure 35: Crater appearance after 34 minutes time-in-cut, coating D, F, E from left to right. 
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By looking at the maximum wear depth (Figure 36) of the craters it is possible to determine when the 

wear has entered the different coating layers. This information can be used to calculate the specific 

wear rate for the top layer since it is known when maximum wear depth is still within the top layer.  

 

Figure 36: Crater depth with approximate location of the coating layer interfaces.  

The location of maximum depth within the crater region seems to be a random process. In some 

samples several small but deep craters are formed, and in some there is formation of a larger crater 

with a wide aspect ratio. A reason could be the steep acceleration of wear when the top layer is worn 

through and if it happens simultaneously at several locations there will be several craters. Variations 

in the crystal growth over the surface regarding size and less wear resistant crystal orientations can 

act as initiation sites for crater growth.  

 

Figure 37: Crater depth and volume combined to identify when wear passes through the different coating layers.  
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By combining the maximum wear depth and crater volume plot (Figure 37), the interface between 

coatings and coating/substrate can be marked on the crater volume plot as well. More points are 

necessary to know the exact position, but it is useful to see roughly when the wear breaks through the 

different layers in relation to the crater volume.  

All points below the substrate line are previously unavailable data since the current method of crater 

wear evaluation measures exposed substrate, that is, when the maximum wear depth has penetrated 

the substrate/coating interface.  

This provides a visualization of the slow wear rate in the coatings compared to the accelerating wear 

rate when the maximum wear depth has entered the substrate. There are many uses for crater wear 

volume at the different stages, for example to compare how different substrate materials resist crater 

wear. 

Since the maximum depth is less than or equal to the upper coating thickness for coating E and F, the 

volumetric wear rate for the alumina coating was calculated to 571 µm3/s and 800 µm3/s respectively. 

The wear rate for coating D 2087 µm3/s is from a combined wear rate of the Alumina and TiCN coating. 

In this case, the wear rate is lower for coating E than F even though the coating material is the same. 

Explanations could be found in the different deposition parameters which affect crystal growth 

orientation and thermal conductivity. A detailed analysis of wear mechanisms is outside the scope of 

this project.  

It should be observed that the wear rate in the coatings is measured between two datapoints only. If 

the purpose is to study wear rate of the top surface layer, most samples should be concentrated to 

cutting time intervals in that region. Initial tests should be run to identify when the wear starts and 

when it breaks into the second layer to find the boundaries. 

Filtering by wear depth 
The ability to set a threshold value for what the software registers as defects (deviation from the 

reference surface) can be used to measure wear which is above a set absolute value. Figure 38 shows 

a view of the insert with threshold filtering where green is within the threshold but blue and red 

represent removed or added material.  

 
Figure 38: Threshold view where blue negative deviation below the set value and red is positive or added material. 

This provides opportunities to measure only the volume of the removed substrate without including 

the volume from the removed coating, or to measure projected area of wear below a certain threshold. 

Similar to contour lines on a topographic map (Figure 39). Wang et al. [32] performed analysis of 

contour lines in relation to wear depth to develop predictive formulas for crater wear volume. Accurate 



36 
 

predictive formulas could reduce the need of running tests until end of tool life which is an increasing 

problem with the long lifetime of modern coated inserts.  

 

Figure 39: Topographic contour lines illustrations.  

Setting the threshold at the interface between the alumina and TiCN layers enables a plot of the 

projected area where alumina is completely removed (Figure 40, blue areas). The interface might be 

at different depths depending on the layer thicknesses and should be adjusted to each specific coating.   

 

Figure 40: Area below a set threshold depth vs time-in-cut. A schematic is shown to the right explaining the colors where green 
areas are above and blue is below the chosen threshold depth.    

A plot of crater wear volume vs. projected area at different depths provides information about the 

aspect ratio and topographic crater evolution (Figure 41). Low depth represents initial wear when the 

entire surface of the crater region is worn evenly, which is seen by the steep increase in area coverage 

of the wear below the 3 µm threshold.  
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Figure 41: Projected area of wear below threshold vs crater wear volume for coating D.  

The opposite happens when wear has entered the substrate. Low wear resistance caused by lower 

hardness, higher chemical compatibility with the workpiece material and lower abrasive wear 

resistance compared to the coatings. Wear will accelerate and dig deep and narrow craters instead of 

increasing the width of the crater. Analogous to pit corrosion where a deep pit will promote further 

corrosion by oxygen starvation.  

Additionally, the change in cutting edge geometry adjusts the angle at which chip formation occurs 

and will affect the wear mechanisms and rate. 

Future work 

Laser markings 
A proper fixture with multiples slots could help with faster positioning and allow marking of several 

samples during a single run to save time.  

A mechanical indentation tool could be an alternative to laser marking and would only be affected by 

changes in hardness which is more predictable and easier to compensate for by adjusting the load. A 

tool with multiple indents in a pattern pushed against the insert tip could be an efficient way of marking 

the samples.  

Another possibility is to create markings at an earlier stage in production of research inserts. Small 

indents could be manufactured already at the sintering stage or by some sort of masking during coating 

deposition to remove the need for manual marking as discussed here.  

Transfer and adhesion of material changes depending on the workpiece material used, some inclusion 

elements form oxides easier than others. EDS analysis should be repeated when using a new setup to 

ensure the markings are not placed where they will be covered.  
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FVM setup 
The use of a rotating sample holder is a possible improvement since it reduces the need for different 

tilt angles depending on the crater depth. Shadowing effects would be reduced significantly by rotating 

and stitching measurements from several angles. Dynamic automatic exposure should be explored to 

measure high contrast surfaces. 

A sample holder with multiple insert slots in combination with an automated measurement program 

that could be run unattended is another time saving opportunity and would allow for larger surfaces 

to be scanned without reducing productivity.  

Data processing 
The export procedure from the Alicona software is done individually for each sample and require a lot 

of time and processing power. Batch export in combination with upgraded CPU would decrease hands 

on time significantly. 

CloudCompare has a Command-line interface (CLI) which could be used for unattended operations and 

should be explored to reduce time required to import and process many samples. 

More tests to provide data for statistical learning models to investigate if some parameters correlate 

with tool lifetime better than others.  

Alignment 
Not all markings were used for the manual alignment in this case because of the time required to 

accurately find and select corresponding points in large markings. If smaller markings with more 

distinct features are made, the manual process will be faster, easier and more accurate. 

Volume calculation 
The volume calculation accuracy was roughly validated using a Vickers hardness indent calibration 

plate for both IF-measurement and CloudCompare. A precise method for calibration should be 

investigated for increased precision regarding absolute quantities.  

Repeatability 
Several factors affecting the repeatability will be discussed with suggested improvements for better 

accuracy and repeatability.  

An ISO standard could be developed where regions are specified for specific insert geometries to be 

use as a segmentation frames. This would enable comparison of results from different research groups 

and companies.  

The etching process was carried out simultaneously for all samples to remove workpiece material. HCl 

which was used to dissolve workpiece material also dissolves the cobalt used in the substrate. This can 

introduce changes in the crater depth of heavily worn samples where the substrate is exposed. Future 

work should investigate how strongly the etchant reacts with cobalt and further optimize the etching 

procedure to reduce its effect on the crater depth.  

The Alicona has a built-in function for error estimation which can filter points based on the estimated 

deviation for repeated measurements of the same point [52]. Due to lack of time this repeatability of 

different surfaces was not included but should be examined.  

Workpiece material properties have a large effect on the outcome and many bars are worn out during 

testing. Individual bars can have slight deviations in the chemical composition. The hardness is a 

function of distance from the surface to the center of the bar and will be lower closer to the center. A 
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new bar could be used at the start of each test to ensure all inserts start cutting a workpiece surface 

with similar hardness.  

Case study results  
More tests should be repeated for the short cutting times to determine if the resolution is good enough 

to rank the inserts according to performance.  

Additional measurement technique 
Additional non-destructive measurement techniques which can penetrate adhered workpiece material 

(Figure 42, left) and create a 3D model of the coating surface would remove the need for etching. This 

would enable analysis of a single sample during different cutting intervals. High resolution tomography 

could be an alternative. 

 

Figure 42: Worn cutting insert with adhered workpiece material before (left) and after (right) etching.  

Conclusions 
A new laboratory test method has been developed which enables measurement of crater wear volume 

on cutting tool inserts. The new volume parameters that are available enable more accurate analysis 

of wear regarding how the craters develop. Novel ways of presenting the data have been 

demonstrated which provide ideas of how to continue with further development of crater wear 

analysis.   

The ability to measure wear in the top layer before wear has progressed through the coating enables 

understanding the contribution of each specific coating layer on the flank and crater wear resistance 

when turning steel. Wear rate can now be measured for a single layer compared to a combined wear 

rate for all coating layers previously. This is a valuable tool for development of optimized coatings. 

A disadvantage currently compared to the old measurement method is the time required for 

preparation, measurement and processing of data. This will improve as the steps involved are 

optimized. The new method is more suited for detailed coating evaluation while the old method is a 

faster way to roughly compare performance between inserts.  

Besides the quantitative wear parameters, the view of crater topography and evolution provides 

insights into crater initiation and growth in a way that was previously unavailable.   

Markings prepared on the samples enabled faster and more accurate alignment of the reference and 

worn surface. 

Segmentation of crater regions and processing of all samples in the test series simultaneously is an 

important improvement for accurate comparison.  

The method is not limited to crater wear but could be used to isolate and measure volume (both added 

and removed) of any feature on a surface with high accuracy. 
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