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Abstract 

The report aims to investigate the influence of chemical reactions on comb crack formation 

and propagation in coated cemented carbide milling inserts with different compositions. A 

series of novel experimental techniques have been developed and applied to understand 

oxidation and corrosion effects on comb cracks. Furthermore microstructure changes in the 

region of the comb cracks on worn milling inserts were studied by high resolution microscopy. 

It has been observed that the main effect of the oxidation and corrosion on comb cracks is 

connected to an attack of the binder phase, affecting its composition, distribution and 

morphology. Different comb crack types for dry and wet milling have been observed. In the 

presence of cooling media (wet machining) inserts present lateral cracks (fatigue induced) 

connected to the principal comb crack, which form at regions where the binder has been 

strongly corroded. Despite the addition of Cr and (Ta,Nb)C enhance both the oxidation and 

corrosion attack resistance have a minor effect on the formation and propagation of comb 

cracks. Schematic models based on the experimental results and scientific discussions are 

presented to understand the influence of oxidation and corrosion in the formation and 

propagation of comb cracks. 
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1. Introduction  
In the early 20th century the first grade of hard metal, tungsten carbide – cobalt, was 

introduced in Germany. By definition hard metal is a material containing one or several hard 

components i.e. tungsten carbide and a more ductile metallic binder, such as cobalt. Hard 

metals are produced by powder metallurgy techniques including mixing and pressing of 

powders which are sintered at a temperature between 1300-1600° C. The American term 

“cemented carbide” is deduced as the cobalt act as cement between the hard carbide grains 

[1]. 

Cemented carbide tools have a wide range of applications within the area of cutting, such as 

milling. Milling is a common operation for machining of e.g. cast iron motor blocks. It is a 

demanding operation due to intermittent high temperature and stresses, especially when 

cooling media is used. These conditions are causing tool damage and particularly comb cracks. 

The formation of comb cracks is the main reason to tool failure and limiting the tool life time. 

Hence, it is important to understand the formation and propagation of comb cracks to further 

develop and improve the performance and life time of milling tools and to ensure high 

productivity.  

Several investigations have been done regarding comb cracks and crack growth in cemented 

carbides [2–6]. Nevertheless, no reports on the influence of chemical effects such as oxidation 

and corrosion on comb crack formation and propagation can be found in literature. General 

investigations of oxidation and corrosion of cemented carbides can be found [7–11] but not 

linked to formation and propagation of comb cracks. 

This report therefore considers the influence of chemical effects on comb crack formation and 

propagation. In order to investigate the chemical effect the following investigations were 

carried out: oxidation studies due to the contact with air, chemical attack due to presence of 

cooling media and temperature. Furthermore microstructure changes in the region of the comb 

cracks on worn milling inserts were studied by high resolution microscopy.  
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2. Aim of the work 
The report aims to investigate the influence of chemical effects on comb crack formation and 

propagation in coated cemented carbide milling inserts with different compositions. In 

particular these questions are intended to be answered: 

• What is the influence of chemical effect (oxidation, chemical attack, corrosion) during 

the machining process on comb crack formation and propagation? 

• Do the formation and propagation of comb cracks vary with cemented carbide 

composition?  

• How do these effects affect the wear performance of milling inserts? 
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3. Literature review 

3.1 Cemented carbide in milling tools 
Cemented carbide for cutting tools is a composite material with a unique combination of 

properties such as strength (hardness) and toughness. Cemented carbides consist of a hard 

carbide phase and a tougher metal binder phase [1]. WC has a simple hexagonal structure [12] 

while the cobalt phase has a structure of hcp and fcc coexisting in WC-Co cemented carbides 

at room temperature [13, 14]. At higher temperatures (>400 °C) hcp transforms to fcc [12].  

The most important and commercially available tungsten carbide-cobalt cemented carbide 

consists of a carbide phase normally between 70 wt% to 94 wt%. The cobalt content varies 

between 6 wt% and 30 wt% and the average grain size between 1 µm and 3 µm. The small 

grain size improves strength and shock resistance [15]. 

By varying the composition and/or adding different alloying elements the properties of 

cemented carbide can be changed making them suitable for a certain kind of application, i.e. 

by improving resistance to wear, fracture, oxidation and corrosion [15].  

As an example a basic WC-Co cemented carbide substrate is shown in Fig.1. 

 

Figure 1. Typical WC-Co cemented carbide substrate. 
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3.2 Coating 
The wear resistance of cemented carbide tool inserts is normally improved by a thin layer 

coating deposited on the insert substrate. Depending on application the coating is produced 

either by chemical vapor deposition (CVD) or physical vapor deposition (PVD) [16]. 

The CVD coating process is based on chemical reactions of the gaseous deposition 

compounds and the adjacent substrate at high temperature (700-1050°C) and pressure (10-

1000 mbar). Typical CVD materials are TiN, Ti(C,N), Zr(C,N) and Al2O3. Ti(C,N) improves 

the wear resistance and Al2O3 are used as a thermal barrier due to its low thermal conductivity 

[1]. Fig. 2 shows a CVD multilayer coating.  

The PVD coating is based on emitting atomic metal particles which react with a gas (i.e. N) 

and hit the substrate surface to form a hard thin layer. The operation temperature ranges are 

lower compared to the CVD process (400-700°C) as well as the deposition pressure (<10-1 

mbar) [1]. 

 

Figure 2 CVD multilayer coating. 

3.3 Milling metal cutting  
Milling is a metal cutting process used for machining of both groove and flat surfaces. A 

common area of application is face milling of car cylinder blocks. The milling operation is 

based on clamping the work piece, i.e. motor block, on a table that is moving under the 

rotating cutter (Vc [m/min]) and the cutting action is achieved. There are several different 

types of milling cutters depending on application and type of face finishing. The cutter 

includes a number of cutting inserts, teeth, which normally varies from three to over one 

hundred, generating the new surface as each tooth cuts away an arc-shaped segment called 

chip [15]. The feed i.e. thickness created by each tooth, fz, is usually within the range of 0.025 

mm to 0.2 mm per tooth and depending on the entering angel, κr. Also the cutting depth, ap, is 

depending on the angle, see Fig. 3. 
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Figure 3 Schematic of cutting parameters: fz = feed [mm/tooth]; κr = entering angel [°]; ap = cutting 
depth [mm], hex [17]. 

An important parameter to get a productive and effective milling operation is the maximum 

chipping thickness, hex. The chipping thickness depends on the design of the insert. If the 

thickness is to low it may lead to low productivity and if the thickness is too high, the inserts 

may be overloaded leading to tool failure [17]. The hex value varies during each tooth cut 

depending on milling operation method, up or climb milling. During up milling hex starts at 

zero and increases until it breaks contact with the work piece and the chip reaching the fz 

value. Climb milling works in the opposite way and the feed starts at its maximum and 

decreases during the cut [15]. 

Another important factor affecting the tool life time is the intermittent process in each cutting 

edge. This means that each tooth is cutting during less than half of a revolution of the cutting 

cycle. Hence, each tooth is affected by periodic impacts of both stresses and heat during 

contact with the work piece, followed by a period of unloading and cooling. Repeated several 

times a second means that the intermittent cutting process involves both thermal and 

mechanical fatigue [15]. 

3.4 Comb cracks 
Comb cracks are the defined as cracks formed upon mechanical and thermal shock loadings. 

Several cracks on the insert cutting edge are creating a comb-like pattern i.e. comb cracks. 

This is a typical tool wear during milling operations due to the interrupted cutting process and 

a result of mechanical and thermal fatigue [1, 2]. The initiation point of the cracks is on the 

rake face of the tool (see Fig. 4) where the temperature is highest. The temperature variation 

is dependent of cutting parameters, such as feed rate, cutting depth, cutting speed as well as 

work piece material and tool material. Moreover, in presence of cooling media the thermal 

fluctuation will increase. The thermal fluctuation and different thermal expansion coefficient 
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of the coating and the substrate creates thermally induced tensile stresses. Cyclic expansion 

and contraction of the surface layers of the cutting tools during the machining process 

promotes the crack initiation and propagation of principle cracks perpendicular to the rake 

face [15], see Fig. 4. 

 

Figure 4 Schematic graph of comb crack formation [18]. 

3.4.1 Crack growth  
Cracks formed during intermittent machining are oriented approximately parallel or 

perpendicular to the tool surface [2]. The crack propagation starts with the formation of 

continuous crack in the carbide phase through inter- or transcrystalline fracture. The crack 

then gets stuck in Co binder regions [3]. Sigl and Exner [3] also postulated that the crack 

growth then proceeds by growth and coalescence of voids in the binder ligament, with plastic 

deformation of the binder between the voids fracture the binder ligament. The mean depth of 

the plastic zone is always smaller than the mean free path of Co. Contrary to Sigl and Exner, 

Mingard et al. [6] observed plastic deformation in the Co binder ahead of the crack tip over a 

distance several times the Co mean free path. The small degree of plastic deformation seen 

around the crack tip during crack propagation varies due to tension or compression [19]. 

Calculations by Golovchan [20] revealed that the maximum compressive stress is 10 times 

larger than the maximum tensile stress in polycrystalline WC. 

The crack propagation of fine grained WC-6%Co undergoes a transition around 800°C from 

linear elastic fracture to fracture dominated by creep of the carbide skeleton [4]. Regarding 
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medium grain size structure of WC-15%Co the fracture deviates from linear elastic at around 

450°C. The decrease in temperature is due to the decreased resistance to subcritical crack 

growth that occurs with very little accompanying plastic deformation. The crack formation in 

the Co phase region occurs due to the deformation of ligament zone in which the binder phase 

has a decreased yield stress with temperature. In the case of γ-carbide additions the linear 

elastic remains up to 900°C and some subcritical crack growth at temperature of 1000°C [4]. 

Llanes et al. [5] found out that transgranular fracture dominates the path length of the crack 

while in case of smaller length carbide-carbide intergranular fracture dominates, which seems 

to occur on the prismatic {1010} WC planes.  

3.5 Chemical effects on cemented carbides 

3.5.1 Oxidation 
Like many other spontaneous reactions the tendency for a metal to oxidize is determined by 

the free energy change ΔG. The value of ΔG is negative for oxide formation, for this reason 

metals easily oxidize. The standard free energy, ΔG!, considers the free energy released by 

the combination of a fixed amount (1 mol) of the oxidizing agent with the metal. ΔG! is 

related to the standard heat of formation and standard change in entropy [21]: 

∆𝐺! = ∆𝐻! − 𝑇∆𝑆!    (1) 

The standard Gibbs free energy is varying with temperature and type of element. Noble 

metals are easily reduced and having a higher ΔG than the more reactive metals with lower 

ΔG. Even if ΔG is low it may not be a disadvantage. For instance Al and Cr oxidize rapidly 

forming Al!O! and  Cr!O!, these oxide scales act as an effective barrier to further oxidation. 

Depending on temperature the numerical value of Δ𝐺! for oxidation reactions is changing. 

For higher temperatures the value decreases and the oxides become less stable [21]. 

The chemical potential µ determines the change of free energy of a substance in a reaction 

with change in the number of moles according to [21]: 

𝜇! = 𝜇!! + 𝑅𝑇𝑙𝑛𝑃!     (2) 

Temperature, pressure and the number of moles of the other substances are kept constant and 

the free energy change of any reaction is equal to the numerical difference of the chemical 

potential [15]. 
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Regarding oxidation of alloys the solution of solute atoms in solvent metals have to be 

considered. Solute solutions are usually non-ideal and behave as if they contain either more or 

less solute than they do [21]. 

The physicochemical properties of cemented carbides at high temperatures are essential for 

high performance cutting tools – mechanical strength and hardness as well as oxidation 

resistance [7]. It is known that the tool life under dry conditions at temperatures above 550°C 

is influenced by the oxidation resistance of the cemented carbide [22].  

The oxidation kinetics of WC-Co follows a linear law with an exponential increase with 

temperature. Garcia et al. [7] showed that the kinetics follows a linear law during oxidation at 

600°C and a parabolic law at 800°C. Hence the oxidation rate depends on temperature. 

However it seems that the same oxides are present in the oxide scale independent of 

temperature [7]. 

The oxidation of WC proceeds via intermediate reactions producing WO!  compounds. 

Several authors [7, 23, 24, 25] have stated that the main WC oxide follows the reaction of 

carbon to form CO/CO!: 

𝑊𝐶 +   2𝑂! →   𝑊𝑂! + 𝐶𝑂    (3) 

𝑊𝐶 + !
!
𝑂! →   𝑊𝑂!+  𝐶𝑂!     (4) 

The oxide formation depends on Co binder content. Increased Co content leads to reduction of 

the oxidation rate in the temperature range of 650°C and 800°C, which is attributed to larger 

amount of the complex and fast formed oxide CoWO! by different reactions [25]: 

𝐶𝑜 +𝑊𝐶 + 3𝑂! → 𝐶𝑜𝑊𝑂! + 𝐶𝑂!   (5) 

(𝑊𝑂!)! + 𝐶𝑜𝑂!
   →   𝐶𝑜𝑊𝑂!   (6) 

Campo et al. [24] found that if cobalt has an intergranular location and the distance of 

diffusion of Co is short at low temperatures, the formation of the oxide CoWO! takes place 

only between Co and WO!. At higher temperature the distance is longer and the oxide is 

formed regardless if WO!  is present or not. This explains their observations that the 

proportion of WO! is decreasing with increased temperature and formation of CoWO! oxide. 
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The oxide scale formed consists mainly of WO! and CoWO! [7, 23, 25]. Garcia et al. [7] and 

Voitovich et al. [25] also found the presence of cobalt oxide: 

3𝐶𝑜   + 2𝑂! → 𝐶𝑜!𝑂!    (7) 

Garcia et al. [7] suggested a model for the sequence of formation of oxides based on in-situ 

synchrotron measurements during oxidation of cemented carbides, observing that the cobalt 

binder oxidize first as Co3O4 then a oxide scale of CoWO4 forms and finally the WO3 is 

formed, see Fig. 5. 

 

Figure 5. Schematic model showing the sequence of formation of the oxide scale formed during 
oxidation of cemented carbides [7]. 

Generally the oxide scale is full of pores, voids and defects due to the burnout of carbon [7, 

23, 25] and as a result, the oxide scale can continue to grow by promotion of oxygen from the 

atmosphere through the defects of the scale. The oxide layer morphology has a higher 

concentration of WO! near the surface since W ions has a higher outward transportation rate 

compared to Co ions. Near the interface substrate and oxide layer the amount of Co-oxides is 

thereby higher [7]. At a certain temperature the formation of CoWO! is large enough to hinder 

the oxygen supply and impairs the oxidation [8, 24, 25].  
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For temperatures below 650°C the oxidation is dominated by the behavior of the binder due to 

the limitation of WC oxidation since the fraction of WO! is still small. Thus, the oxidation of 

Co based cemented carbides is faster in this temperature range but on the contrary at higher 

temperatures WO! is the main oxidation product [8]. At higher temperatures tungstates e.g. 

CoWO!  with more efficient passivation properties start to form. Since tungstates are 

dependent on Co oxides, cemented carbides with more oxidable Co-binder content have 

higher oxidation resistance. 

The oxidation rate can be changed by additions of alloying elements. The oxidation rate 

decrease with increased Cr content. Regarding the oxidation of the Co-Cr system it seems that 

the initial oxidation layer involves Co-rich oxides. Diffusion of oxygen atoms underneath the 

surface provides the system with a driving force for the Cr atoms to leave their positions. This 

initiates the Cr oxidation process [26]. 

Sanchez et al. [8] investigated the effect of Cr addition on oxidation resistance of cemented 

carbides. They found that adding Cr increases the oxidation resistance, however no Cr-oxides 

were possible to detect by XRD. The reasons they argued were that the Cr may be 

incorporated in the CoWO4 or that the Cr level they used was rather low to form stable Cr-

oxides. Fig. 6 shows the evolution of the specific mass gain with time during isothermal 

heating according to Sanchez et al. which reveals that the oxidation resistance increase with 

increasing chromium content.  

 

Figure 6. Specific mass gain vs. time and temperature during isothermal heating at 850°C for 1 h of 
different cemented carbide alloys [8]. 
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In the presence of (Ta,Nb)C inclusions within the scale cracks have been found which might 

confirm that the crack formation is associated with stresses within the oxide scale [7]. The 

formation of oxides on grain boundaries may lead to compressive stresses and give rise to 

buckling and spallation. By increasing the (Ta,Nb)C content the oxidation resistance will 

increase, and in combination with TiC further enhanced at a temperature of 600°C. When 

raising the temperature the effect of (Ta,Nb)C is small while TiC is effective at both 

temperatures. The oxidation is more dependent on the binder itself rather than added cubic 

carbides. Oxidation kinetics is temperature dependent, the higher temperature the less linear, 

indicating a diffusion-controlled oxidation process [7]. 

Moreover the weight gain depends on composition. (Ta,Nb)C and TiC reduces the weight 

gain resulting in an increased oxidation resistance. The TiC resistance is more distinctive. 

When increasing the temperature (from ~600°C to ~800°C) the oxidation rate follows a 

parabolic law which means that the oxidation temperature control the reaction kinetics. Oxide 

scales on the cemented carbides containing (Ta,Nb)C are composed of spherical grains while 

the TiC scale is composed of a flake-like morphology. Oxide scales formed on cemented 

carbides contain a large number of defects like pores, caverns and cracks which form a sharp 

interface between substrate and oxide scale [7]. 

3.5.2 Corrosion 
In aqueous environments metals corrode by an electrochemical mechanism involving the 

dissolution of metal ions – anodic reaction e.g. [27]: 

𝐶𝑜 → 𝐶𝑜!! + 2𝑒!    (8) 

In the electrolyte excess electrons are generated and either reduces hydrogen ions or create 

hydroxyls by the reduction of dissolved oxygen – cathode reaction [21]: 

2𝐻! + 2𝑒! → 𝐻!    (9) 

𝑂! + 4𝑒! + 2𝐻!𝑂 → 4𝑂𝐻!   (10) 

Thus, the flow of electrons or an electrical current is related to the corrosion rate. Depending 

on segregation, microstructure and stress the metal surface generally consists of both anodic 

and cathodic sites at which the two reactions involving oxidation and reduction occurs, see 

Fig. 7. The two reactions occur at anodic and cathodic sites respectively [21]. 
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Figure 7. Electrochemical dissolution of Co illustrates anodic and cathodic sites on the metal surface 

[21]. 

Since cemented carbide (WC-Co) is a composite material the corrosion rate is enhanced by 

the galvanic coupling between the cathodic WC and the anodic Co binder matrix [9, 10]. Due 

to the higher reduction potential of tungsten compared to cobalt during an aggressive media 

attack, the Co binder will corrode and the carbide remains immune. The first stage of 

corrosion can proceed as follows [28]: 

𝐶𝑜!! + 2𝐻𝑂! → 𝐶𝑜(𝑂𝐻)!   (11) 

At higher potentials the anodic reaction takes place according to the following reaction [27]: 

𝑊𝐶 + 5𝐻!𝑂 →𝑊𝑂! + 𝐶𝑂! + 10𝐻! + 10𝑒!  (12) 

The corrosion resistance strongly depends on the binder composition. Moreover, since the 

carbide dissolves during the sintering process the corrosion properties change. 

Sutthiruangwong et al. [10] have shown that the corrosion resistance increased with decreased 

magnetic saturation (which means increased W alloyed in the cobalt binder phase). When 

lowering the carbon content the amount of dissolved tungsten in the binder will increase 

during the sintering process resulting in decreased magnetic saturation. Cemented carbides 

with low magnetic saturation show lower value of corrosion current density and critical 

current density, see Fig. 8. 
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Figure 8. Electrochemical behavior of WC-10%Co with different magnetic saturation (15.1, 16.8, 
19.2) showing the effect of carbon content and W dissolution in the binder on corrosion 

resistance [10]. 
According to Morral [29], the mixed cobalt and tungsten (due the dissolution of W in the 

binder) can form an anodic oxide film on the surface in oxide film at high temperatures [30]: 

𝐶𝑜 +𝑊 + 4𝐻!𝑂 = 𝐶𝑜𝑊𝑂! + 8𝐻! + 8𝑒!  (13) 

However, Garcia et al. [9] and Sutthiruangwong et al. [11] did not find any formation of the 

tungstate CoWO!. 

Human and Exner [31] stated that the grain size does not influence the corrosion resistance in 

acid solution. Kellner et al. [32] showed that the grain size does affect the corrosion resistance 

in alkaline solution. The dissolved W and C in the binder increased with decreased grain size 

of the hardmetal. In particular higher amount of dissolved W and C in the binder means 

higher content of fcc Co. The formation of the more thermodynamically stable fcc Co as a 

result of decreasing the grain size will increase the corrosion resistance [30, 32], which is also 

confirmed by the corrosion potential of hcp Co (-372 mV) compared to fcc Co (-305 mV) 

[30]. 

The corrosion resistance of cemented carbides can be improved by adding some alloying 

carbides and by lowering the content of binder phase. For instance, Sutthiruangwong et al. 

showed that additions of chromium dissolved in the binder phase significantly reduce the 
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corrosion current density and critical current density. Formation of Co–Cr-oxide layer acts as 

a passive layer protecting the cemented carbide and especially the dissolution of the binder 

[10, 27]. According to Mori et al. additions of TiC and TaC do not improve the corrosion 

resistance in alkaline media. [27] 

Garcia et al. [9] have investigated the oxidation of different graded cemented carbides in a 

corrosive environment (polarization from -600 mV to +1400 mV in 1N H2SO4). At high 

corrosion potentials WO3 is formed by oxidation of W. The oxide formation is present even 

for the nitrided cemented carbide but with different morphology. Moreover, all the Co binder 

is dissolved and sponge like structure of cubic carbides is remaining for both nitrided and 

non-nitrided surfaces. The corrosion of hard metals in aqueous media is progressed mainly by 

dissolution of the binder phase. Also when additives as Ta, Nb and Ti are present the 

corrosion does progress as dissolution of Co [9]. Moreover, Garcia et al. [9] have shown that 

removing Co from the near surface has great impact on the corrosion resistance. Replacing Co 

with Ni also improves the corrosion resistance, but on the other hand the reduced mechanical 

properties of Ni can be a drawback [9]. 

Influence of pH 

Zhang et al. [33] argued that alkali and acidic environments decrease the thermal fatigue 

properties and crack resistance compared to neutral solutions. In their experiments the acid 

attack leaves a skeleton of hard phase and the agglomerates contains a lot of oxygen forming 

the oxide phases WO3 and CoWO4. Localized corrosive attack leads to the formation of stress 

concentration which promotes the crack initiation. Combination of corrosive environment and 

thermal attack would lead to decreased crack resistance. According to Mori et al. [27] HCl is 

more aggressive than H2SO4 to cemented carbides and tungsten precipitates can be formed in 

cemented carbides with high tungsten content in the binder phase, which in turn decreases the 

dissolution rate. 

  



 

15 
 

4. Experimental procedures  
In order to investigate the influence of chemical effects on formation and propagation of 

comb cracks different techniques and experiments were applied and developed. Cemented 

carbide milling inserts from AB Sandvik Coromant with four different compositions were 

investigated, see Table 1. The insert type used was R365-1505ZNE-KM used in face milling 

applications of cast iron. The inserts were produced by state-of-the-art powder metallurgical 

techniques, sintered and subsequently coated with TiN, Al2O3 and (Ti,C)N (SW-coating) 

using the CVD technique. 

Table 1. Compositions of the different samples investigated [wt%]. 

Sample W Co Cr Ta Nb Hardness Hv30  Coating 
S1 Bal. 6 0 0 0 1630 SW 
S2 Bal. 9 0,9 0 0 1630 SW 
S3 Bal. 7,61 0 1,15 0,27 1477 SW 
S4 Bal. 7 0,7 0 0 1580 SW 
 

4.1 Alloying design  
The cemented carbide material characteristics are directly connected to their chemical 

composition and microstructure [34]. By varying additives such as Cr and Ta(Nb) the final 

mechanical properties can be tuned and thereby improved [1, 34, 35]. The different inserts 

investigated had additions of Cr or Ta(Nb)C. These additives characteristics are described in 

following paragraphs. 

4.1.1 Cr 
Chromium is a common alloying element known for improving oxidation and corrosion 

resistance of cemented carbides [7, 8, 13, 35]. Adding chromium is a way to control the 

properties of cemented carbide, since it acts as grain growth inhibitor of WC. Smaller grains 

result in more grain boundaries that prevent dislocation to move and cause plastic deformation 

[13, 35]. The grain growth inhibitor effect is due to slower grain boundary migration, hence 

limited coalescence of WC grains, caused by Cr segregation to the WC grain boundaries [14, 

36]. During the sintering process Cr dissolves in the binder phase due to its low solubility in 

WC. The solubility of carbides in the binder is limited resulting in removal of tungsten in the 

binder. Tungsten has higher solid solution effect than chromium. If large additions of Cr (> 

2vol %) gradual replacement of tough binder by chromium-rich M7C3 brittle carbide takes 

place decreasing the solid solution hardening of the cemented carbides [35]. Furthermore Cr 
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enhances prismatic WC grain growth which is advantageous for Co nucleation resulting in 

more nucleation of fcc regions and hence reduction of Co mean free path [14]. 

4.1.2 (Ta,Nb)C 
The addition of TaC and NbC in the form of a mixed (Ta,Nb)C acts as grain growth inhibitor 

in cemented carbides. Upon sintering TaC and NbC form a carbide solid solution with WC of 

the type (Ta,Nb,W)C at 1450°C. The solubility of Ta and Nb in Co is rather low and 

decreases strongly with decreasing temperature. The presence of (Ta,Nb)C gives good 

diffusion resistance to crater wear during machining of steels with yield long continuous 

chips. Moreover, high temperature properties such as thermal shock resistance are claimed to 

be improved by adding 2-5wt% (Ta,Nb)C to WC-Co [1]. 

4.2 Milling machining test 
Cutting tests were performed on a TQ30 motor block unit of V314 cast iron grade (Heat No. 

HJ2221), see Table 2. Conditions of the cutting tests for both wet and dry machining are 

summarized in Fig. 9, Fig. 10 and Table 3. 

Table 2. Composition of cast iron work piece material [wt%]. 

Heat No. C Si Mn P S Cu Cr 
HJ2221 3,27 1,87 0,73 0,022 0,072 0,299 0,245 
 

 

Figure 9. Schematic of cutting test procedure in dry conditions. 
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Figure 10. Schematic of cutting test procedure in wet conditions. 

Table 3. Cutting conditions for both dry and wet machining [37]. 

Condition Tool diam 
[mm] 

Vc 
[m/min] 

fz 
[mm/tooth] 

ap 
[mm] 

ae	  
[mm]	  

Κ 
[°] 

Machine  

Dry  80 300 0,30 3,0 40 45 Matsuura 
2 

Wet 160 220 0,25 3,0 60+60 45 Matsuura 
2 

 

4.3 Opening of comb cracks 
A new method to analyze the inner region of a comb crack was used. By using a diamond saw 

(ATM Brillant 220) a cut was done on a worn insert presenting comb cracks. The cut was 

done to a distance of 1 mm from the comb crack present at the edge line. Then by pressing the 

two pieces, the cemented carbide fractured into the region of the comb crack. By doing this 

both the fracture surface of the virgin cemented carbide and the inner region of the comb 

crack can be analyzed, see Fig. 11. One comb crack was opened in inserts S2, S1 and S3. The 

opened comb cracks were then analyzed in SEM using EDS. 
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Figure 11. Stereographic image of a prepared insert with a saw cut for opening (A) and schematic of 

how to fracture the insert and open the comb crack (B). 

4.4 Oxidation tests 

4.4.1 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) were performed to compare and determine the degree of 

oxidation and to understand the oxidation behavior of the different cemented carbide 

compositions. Small pieces were cut out from the different inserts with a diamond saw. The 

samples data is shown in Table 4. To get the most accurate values the face in contact with the 

weight table of the TGA had an Al!O! coating to ensure no oxide formation at this face. To 

calculate the total area of the samples to be oxidized the following equation was applied: 

2 𝑥 ∗ 𝑦 + 2 𝑥 ∗ 𝑧 + 𝑦 ∗ 𝑧 = 𝑇𝑜𝑡𝑎𝑙  𝑎𝑟𝑒𝑎  (13) 

Table 4. Dimension of samples before TGA test.  

Sample Dimensions (cm) Total area (cm2) 
 x y z  

S1 0,415 0,364 0,284 0,641216 
S2 0,401 0,334 0,284 0,590492 
S3 0,373 0,320 0,283 0,540398 

 

(A) 

(B) 
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The test was carried out isothermally at 800°C for 180 minutes with a heating rate to 800°C of 

10 °C/min. Synthetic air 20% O!- 80% N! with a flow of 75 ml/min was used in a TGA 

Netzsch STA 409 CD system using a TG type S thermocouple. During the isothermal 

treatment the mass loss was recorded. 

4.4.2 Heat treatment in air 
A heat treatment was performed to produce oxide scales large enough to be characterized by 

XRD. The aim was to detect which oxides are formed depending on composition. An insert of 

each composition was cut in the middle to have a clean surface of the substrate. The samples 

were then organized and placed on a molybdenum net in a crucible made of graphite with a 

Ti(C,N) coating. The form was injected into a basic tube furnace at room temperature in air 

atmosphere and the temperature was raised up to 800°C for 45 minutes. The temperature was 

then held at 800°C for 1 hour. These samples were later analyzed by XRD.  

4.5 Chemical attack 

4.5.1 Immersion test 
To investigate the chemical attack induced by the cooling media within the comb cracks an 

immersion test was developed. The same cooling media used during machining (emulsion of 

9-11% Blasocut BC 25, with pH 9) was used as chemical attack media for the immersion test 

at room temperature. Cracks were generated in unused inserts with a Vickers hardness tester 

FV-300 system. The indentation was done at 250 µm from the edge with an applied force of 

30 kg using a pyramidal diamond indenter. The samples were then immersed into the solution 

for 114 hours. Before further characterization in light optical microscopy, the samples were 

cleaned in ethanol, embedded in resin and mirror polished.  

4.5.2 Quenching test 
To simulate the influence of both heat and cooling media in the comb cracks a quenching test 

was designed. Here the same type of cooling media was used but with a pH of 9.5. Three 

samples of S1 and S2 inserts were prepared with cracks, as in the immersion test. Using a 

basic tube furnace the samples were heated up to 800°C for 45 minutes. One sample of each 

insert was then cooled down to room temperature in air while the rest of the samples were 

quenched in cooling media. To maximize the quenching effect, one sample of each 

composition was quenched two times following the same procedure. Before further 

characterization in light optical microscopy, the samples were cleaned in ethanol, embedded 

in resin and mirror polished. 
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4.6 Microstructure characterization 

4.6.1 Microscopy 
Light optical microscopy (LOM) 

In order to investigate the morphology of the comb cracks in the machined inserts, the 

samples were embedded in resin and polished with diamond suspension of 9 µm and 1 µm.  

Observations of the immersed and quench tested samples was performed in an Olympus 

BX51M. The samples were embedded and the flank face polished in diamond solution. 

Comparisons of the impact of chemical attack, depending on compositions and temperature, 

within the cracks were carried out. 

Scanning electron microscopy (SEM) and energy dispersed X-ray spectrometry (EDS) 

Scanning electron microscopy (SEM). Zeiss Supra 55VP, was used to examine the 

microstructure in the comb crack and the fractured cemented carbide surface. Especially the 

binder morphology was studied by image analysis.  

Element analyses were performed using energy dispersed X-ray spectrometry (EDS) of the 

opened comb cracks and also of comb cracks in inserts which were embedded and polished 

from the flank face.  

The opened comb cracks were mapped using 10 kV accelerating voltage while the conditions 

used in the polished samples was both 2,5 kV, 10 kV and 20 kV. The samples were placed 

horizontally, with an analytical working distance of 8,5 mm with a take-off angle of 35°. 

4.6.2 X-ray diffraction 
X-ray diffraction (XRD) was used to analyze the oxide scale formed after the heat treatment 

at 800°C in air. Diffractograms were obtained using the parameters summarized in Tab. 5. 

Table 5. Parameters used in XRD. 

Diffractometer Bruker D8 Discover 
Radiation CuKα 1.54184 Å (displayed) 
Generator settings 1 mA, 50kV  
Detector  Våntec 500 (2-D) 
Angular range 2θ  15.000° - 129.995° 
Number of frames 8 
Time per frame 60 s 
Generator settings 1 mA, 50kV  
Collimator 0.5 mm 
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5. Results 

5.1 Optical microscopy observations of comb cracks 

5.1.1 Comb cracks in wet milling 

Worn inserts which were tested in milling of cast iron with cooling media were investigated. 

The milling tests were carried out for different periods of time corresponding to different tool 

lives, ranging from 25% to 100% of tool life. In Fig. 12 typical comb cracks formed on the 

edge line of the inserts after the milling test are shown (images were taken with a 

stereographic microscope).  

 

 

 

Figure 12. Machined inserts 100% tool life, formation of typical comb cracks and crater wear; (A) S1, 

(B) S2 and (C) S3.  

The morphology of the cracks varies depending on composition as observed in LOM 

investigations on polished samples. Interestingly the microstructure features in the 

surroundings of the comb cracks present the same characteristics independent of the cemented 

carbide composition, showing microstructure degradation and the presence of work piece 

material inside the crack, Fig. 13.  

(A) 

(B) 

(C) 
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Figure 13. Polished inserts machined to 25% tool life in wet condition (A) S1, (B) S4. Strong 

indication of chemical attack.  

5.1.2 Comb cracks in dry milling 

The formation of comb cracks is influenced by many parameters such as temperature 

variation. In the samples investigated it has been observed that the comb cracks formed in the 

dry milling test are thinner compared to the ones formed during the wet milling test, see Fig. 

11. Another very relevant observation is that the region surrounding the comb cracks does not 

present the same microstructure degradation as for the samples subjected to wet milling, 

compare Fig. 13 and Fig. 14. 

(A) (B) 
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Figure 14. Dry machining (a) S1 (b) S3 both 90% tool life 

5.2 SEM analysis of opened comb cracks 
Fig. 15 shows SEM images of an opened comb crack, the opening resulted in a comb crack 

surface and a fractured cemented carbide surface.  

 

Figure 15. SEM overview image of an opened comb crack, insert S1. 

In Fig. 16 SEM images of the opened crack regions are shown. Similar characteristics are 

observed for all inserts independent of composition. Material adhesion (coming from the work 

piece) is observed on the tip of the insert and inside of the comb crack close to the edge line. 

Below the adhered material a dark region with a different composition compared to the rest of 

the comb crack is observed.  

(A) (B) 
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Figure 16. SEM images of the different comb crack surfaces: S1 (A), S2 (B) and S3 (C). 

(A) 

(B) 

(C) 

Comb crack surface 

Fractured cemented carbide  
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By comparing the different surfaces at higher magnification in the SEM, it can be observed 

that the binder morphology looks different in the region of the comb crack compared to the 

region of the fractured virgin material. The fractured cemented carbide shows a typical 

fracture surface of cemented carbides where the binder ligaments are pulled out leaving clear 

WC facetted surface (Fig. 17). Remarkable differences on the binder morphology are 

observed in the comb crack surfaces, where the binder phase has a different microstructure 

and in some cases the formation of other phases (presumably oxides) is observed. The fracture 

surface of the WC grains looks rather similar in the comb crack region compared to the virgin 

fractured material, (compare Fig. 17 and Fig. 18). In particular for sample S3, the presence of 

small crystals in the region of the binder phase may indicate a strong reaction of the binder 

phase in the inner region of the comb crack (this topic is discussed in the oxidation and 

corrosion chapters). 

   

Figure 17. Cemented carbide fracture (A) S1, (B) S2, (C) S3. 

(A) (B) (C) 

WC 

WC 

WC 
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Figure 18. SEM image of comb crack surfaces, indications of binder oxidation, of sample S1 (A) S2 

(B) and S3 (C). 

5.3 EDS analysis of opened comb cracks 
Element mapping of comb crack surfaces of the different inserts was carried out using 10 kV 

accelerating voltage in EDS mode in SEM. Fig. 19 shows the main elements detected in the 

samples, which are Al, W, Co, O and C. Alumina, as well as oxygen are present in the 

coating, which corresponds to the Al2O3 coating on the top; whereas W and Co are the main 

components of the substrate.  

 

Figure 19. EDS analysis the opened cracks [10kV] S1 (A), S2 (B), S3 (C). 

By mapping the Fe signal in the region of the comb crack surfaces, a strong Fe signal is 

observed near the surface, see Fig. 20. The high Fe content may come from the work piece 

material that welds to the insert during the machining process. Below the Fe-region a carbon-

enriched area is observed in the comb crack inner surface (Fig. 21). A clear explanation for 

this high carbon signal is difficult. On one hand the detection of carbon by EDS is challenging 

(A) (B) (C) 

Attacked 
binder 

WC 
WC 

Attacked 
binder 



 

27 
 

(as well as that of oxygen). However high carbon content may indicate carbon diffusion from 

the adhered work piece material into the comb crack region; or a subproduct of a chemical 

reaction (such as oxidation or corrosion) involving the WC phase. 

 

Figure 20. Detected Fe in the comb crack region by EDS element mapping (A) S1, (B) S2, (C) S3. 

 

Figure 21. Detected C in the comb crack surface by EDS element mapping (A) S1, (B) S2, (C) S3. 

If the oxygen signal is mapped in the region of the welded work piece material, a strong 

oxygen signal is detected. Moreover, it is shown that oxygen is present in the whole comb 

crack surface (Fig. 22). In higher magnification over the interface between the comb crack 

surfaces and the fractured cemented carbide surface the oxygen signal is even clearer, see Fig. 

23. An oxygen signal indicates the presence of oxides formed inside of the comb crack due to 

the interaction with air and cooling media during the machining process. 

(A) (B) (C) 

(A) (B) 
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Figure 22. Mapped oxygen signal of the opened comb cracks (A) S1, (B) S2, (C) S3. 

 

Figure 23. EDS analysis of the crack boarder i.e. cemented carbide fracture over goes into oxidized 

fracture (A) S1, (B) S2, (C) S3. 

5.4 EDS analysis of comb cracks on polished inserts 
Elemental mapping using EDS analysis of comb cracks was carried on polished inserts S1 and 

S4. 

5.4.1 Sample S1 
Fig. 24 shows the elemental mapping of insert S1 carried out at 20kV on the same region as 

shown in Fig. 13. A strong signal of Fe was detected in the inner region of the comb crack 

Fig. 24 (A). As discussed this Fe may come from the work piece material. Also signals of 

oxygen are present in the entire comb crack region Fig. 24 (B). The oxygen signal is found at 

the same positions as the Fe signal.  
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Figure 24. Elemental mapping of comb crack in insert S1. (A) signal of Fe K, (B) signal of O K and 
(C) signal C K. The magnification is the same in all three images and the accelerating voltage used 

was 20 kV.  

EDS point analysis of the adhered material and the region surrounding the adhered material 

(Fig. 25) confirms that the strong Fe signal is adhered material since also other elements 

corresponding to the cast iron composition (Si, Mn and Cr, see Tab. 2) are found (Spectrum 

32, Fig. 26). Moreover Spectrum 33 (Fig. 27) indicates the presence of oxygen in areas where 

the microstructure degradation is observed. This oxygen signal indicates that oxides products 

due to corrosion/oxidation reactions may be present in this area. 

 

Figure 25. Elemental mapping of insert S1 considering two spectrums, Spectrum 32 and Spectrum 33. 
Accelerating voltage used was 20 kV. 
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Figure 26. Elemental signals in Spectrum 23. 

 

Figure 27. Elemental signals in Spectrum 33. 

5.4.2 Sample S4 
Fig. 28 shows the elemental mapping of insert S4 on the same region as that shown in Fig 13 

(B). Again, a strong signal of Fe is shown in the comb crack region (Fig. 28 (A)) as well as 

presence of oxygen in the whole comb crack (Fig. 28 (B)). 



 

31 
 

   

Figure 28. Elemental mapping of comb crack in insert S4. (A) signal of Fe K, (B) signal of O K and 
(C) signal of C K. The magnification is the same in all three images and the accelerating voltage used 

was 20 kV.  

Interestingly, Spectrum 17 (Fig. 29 and Fig. 30) indicates that the layer in between the work 

piece material (Spectrum 31 Fig. 31) and the hard metal can be oxidized work piece material, 

because the signals for Fe, Mn, Cr, Si, C as well as oxygen are found. Furthermore, oxygen is 

present in areas where the binder is attacked corresponding to the regions with the 

characteristic microstructure degradation as shown in Spectrum 21 Fig. 29 and Fig. 32. 

 

Figure 29. Elemental mapping of insert S4 considering three spectrums, Spectrum 17, Spectrum 31 
and Spectrum 21. Accelerating voltage used was 20 kV. 
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Figure 30. Elemental signals in spectrum 17. 

 

Figure 31. Elemental signal in spectrum 31. 

 

Figure 32. Elemental signal in spectrum 21. 
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For both inserts S1 and S4 the carbon signal was mapped and is shown in Fig. 24 (C) and Fig. 

28 (C). Because the carbon signal is less reliable in SEM-EDS, no conclusions can be drawn.  

5.5 Oxidation tests 
TG-analysis and X-ray diffraction was used to measure the oxides formed on samples S1, S2 

and S3 after the oxidation tests. 

5.5.1 TGA 
Results from the TGA analysis (synthetic air, heating rate of 10 °C/min, 800 °C, isothermal 

180 minutes) reveals that the mass loss of all the cemented carbides follows a parabolic law 

(Fig. 34). In presence of Cr (sample S2) the oxidation resistance increases and to a minor 

extent additions of (Ta,Nb)C carbides (sample S3) favors oxidation resistance. On the other 

hand, sample S1 (WC-Co composition) has the highest oxidation rate.  

 

Figure 33. Oxidized samples after heat treatment at 800 °C for 180 min, (A) S1, (B) S2, (C) S3. 

 

(A) 

) 

(B) 

) 

(C) 

) 



 

34 
 

 

Figure 34. Mass loss and temperature vs. time. 

If the specific mass gain α (mg/cm2) vs. time is plotted, the highest oxidation rate is observed 

in sample S3, followed by sample S1. Sample S2 shows the lowest oxidation rate (Fig. 35). 

The reason for this discrepancy in samples S1 and S3 is the different binder content in the 

samples, which is higher for the (Ta,Nb)C containing sample (S3/7.6wt%) compared to the 

WC-Co composition (S1/6wt%). 
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Figure 35. Mass gain and temperature vs time. 

5.5.2 XRD  

XRD investigations of oxide scales, formed during heat treatment at 800°C in air, reveal that 

the main oxides formed in all cemented carbide samples are WO3 and CoWO4. Neither CrOx 

nor (Ta, Nb)Ox were found.  

5.6 Chemical attack 

5.6.1 Immersion test 
Light optical microscopy (LOM) investigations of the samples subjected to immersion tests 

show that no microstructural changes are visible in the region of the induced crack and its 

surroundings for any of the compositions investigated, Fig. 36. The morphology of the cracks 

looks similar to the one in the samples which were not subjected to the immersion test; that is 

a microstructure with clear angular WC-grains and non-attacked binder phase. 
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Figure 36. LOM images of the cracks immersed in cooling media pH 9 for 114h, (A) S1, (B) S2, (C) 

S3. 

5.6.2 Quenching test 
LOM observations of the samples subjected to the quenching test deliver interesting results. 

For example in sample S1 the region around the crack in the quenched sample shows a slight 

attack/degradation of the binder phase in the crack area, and in the sample quenched twice a 

clear scale can be observed in the borders of the crack. This scale can be associated to an 

oxide or corrosion scale (compare images in Fig 37). 

     

Figure 37. Crack appearance in sample S1 heated to 800°C cooled in air (A) compared to quenched 1 

time (B) and 2 times (C) in cooling media of pH 9.5. 

Sample S2 reveals the same result as for sample S1; no attack in the air cooled condition, 

some binder attack after 1 step quenching, and scale formation after two step quenching 

process (Fig. 38). 
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Figure 38. Crack appearance in sample S2 heated to 800 °C air dried (A) compared to quenched 1 

time (B) and 2 times (C) in cooling media of pH 9.5. 
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6. Discussion 
The influence of chemical effects on formation and propagation of comb cracks in different 

cemented carbide milling inserts was investigated. The chemical effect varies in machining 

with or without cooling media. It was intended to separate the oxidation and chemical attack 

effects, even though both processes may take place simultaneously in a wet milling process. 

Nevertheless experiments were designed to simulate the oxidation and chemical attack 

processes, as described in the experimental and results chapters. The challenge is to connect 

the information obtained from these basic experiments with the observations of comb crack 

formation and propagation in real milling applications. All results indicate that oxidation and 

chemical attack strongly influences comb crack formation and propagation in milling inserts. 

This will be discussed in detail in the following paragraphs.  

6.1 Oxidation 
During machining in dry condition the comb crack formation and propagation is connected to 

the oxidation of the binder. If temperature cycles reaching 800 °C can be assumed, then the 

oxide sequence formation inside the crack may follow the sequence observed in [7], where the 

binder oxidizes first forming Co3O4. By continuing the oxidation process the CoWO4 may 

form and finally the WO3. The SEM investigations revealed that the morphology of the binder 

phase was strongly affected in the interior of the comb crack (see Fig. 23). Moreover the 

EDS-SEM analysis revealed high oxygen contents in the inner region of the comb cracks (Fig. 

28). The elemental mapping also showed the presence of an oxide scale of Fe, which may 

form due to the interaction of oxygen with the adhered material. If the crack propagation is 

intergranular then the crack propagation is controlled by the binder properties, so that 

enhanced conditions promoting oxidation (degradation of the mechanical properties of the 

binder) may accelerate the propagation of the crack. Summarizing, by increasing machining 

time the oxides forming an oxide scale consisting of a combination of tungsten oxide and 

cobalt tungsten oxide may grow. If adhered material is present, an oxide layer of Fe forms at 

the interface between the adhered material and the cemented carbide inside of the crack. This 

process is schematized in Fig. 39. 
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Figure 39. Schematic model of comb crack formation and propagation in WC-Co cemented carbide 

influenced by oxidation. 

It is known that additions of Cr will increase the oxidation resistance of cemented carbides. 

The dissolution of Cr in the Co-binder generates a passivation layer that prevents attack of the 

binder phase. This fact was also confirmed by the oxidation experiments in this study (Fig. 

35). Increasing the oxidation resistance may result in the rapid formation of a protective oxide 

scale, with a composition of the CoCrOx or even CrOx type. However previous studies [8] and 

the studies in this work showed that no CrOx are formed (at least not detectable by XRD). In 

the Cr-samples the CoWO4 oxide was detected, so that it can be assumed that the Cr has been 

incorporated to this phase. In the samples investigated the same type of microstructure in the 

comb crack region was observed for samples with and without Cr in the dry milling test. One 

difference was related to the length and thickness of the comb cracks, which was thinner and 

longer for the Cr-containing grade. However this difference in morphology may be attributed 

to other differences in the microstructure since the Cr-containing grades present finer WC 

grains compared to the non-Cr grades, which may imply thinner binder mean free path for 

crack propagation (thinner cracks) but also harder/more brittle substrates (longer cracks). One 

last point, which is outside of the scope of this work is the effect of Cr concerning the 

formation of a (W,Cr)C layer on the surface of the WC grains and its influence on oxide 

formation and crack propagation This layer may influence the intergranular crack propagation. 
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Fig. 40 shows a schematic description of oxide scale formation on Cr-containing grades based 

on the results of this work.  

 

Figure 40. Schematic model of the effect of oxygen on comb crack formation and propagation in WC-

Co-Cr cemented carbide. 

Additions of (Ta,Nb)C (sample S3) improve the oxidation resistance, as shown in the 

thermogravimetric studies (Fig. 35) and in previous studies on influence of cubic carbide 

additions on oxidation resistance of WC-Co grades [7]. The main difference expected is the 

formation of an oxide of the type (Ta,Nb,W)Ox, because of the presence of the cubic carbide 

gamma phase. The solubility of Ta and Nb in Co is rather low, so that no effect on the 

oxidation resistance of the binder is expected (and was not observed). As for Cr, Ta and Nb 

are grain growth inhibitors, so that an effect on the surface of the WC grains is present which 

may affect oxide formation and intergranular crack propagation. A model for oxide formation 

in (Ta,Nb)C containing cemented carbides is presented in Fig. 41. 
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Figure 41. Schematic model of the effect of oxygen on comb crack formation and propagation in WC-

Co-Ta(Nb) cemented carbide. 

6.2 Chemical attack (corrosion type) 
Considering that the chemical attack in wet milling is mainly corrosion, the comb crack 

formation and propagation will be dominated by the attack of the binder. The attack of the 

binder leads to corrosion products and the characteristic microstructure degradation around 

the comb crack area leaving a fragile WC skeleton [10, 11]. The corrosion resistance is 

enhanced by increased dissolution of W in the binder as well as additions of Cr [27]. 

Moreover, by removing Co from the near surface region the corrosion resistance will increase, 

and also by replacing Co with Ni [9]. Thus the chemical attack is strongly dominated by the 

binder composition.  

Interestingly, corrosion products are similar to the main oxidation products, WO3 and CoWO4. 

In the first stage of corrosion, Co ions dissolves in the electrolyte (cooling media) forming the 

precipitates Co(OH)2 [9]. When the machining time is increased the comb crack may grow 

and the corrosion will lead to the corrosion products CoWO4 [30] and WO3 [9, 11] forming an 

oxide scale. Remarkable is the dissolution of the binder, which may decrease the mechanical 

strength of the substrate. This microstructure degradation has been observed in comb cracks 

in inserts machined in wet conditions. Comb cracks in inserts machined in wet condition are 

wider at- and near the edge line (Fig. 42) compared to comb cracks in inserts machined in dry 

conditions (Fig. 43) which may be connected to enhanced binder degradation in wet 
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machining. It can be assumed that the degradation of the microstructure around the comb 

crack – due to the corrosion process – connected to the thermo-mechanical cycling loading 

condition promotes the formation of lateral cracks parallel to the edge line. This is of high 

interest for the design of cutting milling inserts for dry and wet applications. A detailed 

description of the 3D morphology of comb cracks including lateral cracks is found in other 

reports of the working group connected to this thematic [39, 40]. Mikus [38] reported similar 

observations regarding formation of comb cracks during wet and dry milling machining; the 

formation of comb cracks during wet conditions were much wider in comparison with the 

thinner but deeper comb cracks formed during dry conditions. He also found that the 

cemented carbide oxidized in large areas in the comb crack region during wet machining 

while during dry machining the cemented carbide oxidized less. Furthermore he found 

presence of oxidized work piece material. However he did not observe the connection 

between microstructure degradation and formation of lateral comb cracks observed in this 

work; that is that lateral cracks initiate at regions of the comb crack where strong chemical 

attack has taken place (compare Fig. 42 (wet machining) and Fig. 43 (dry machining)). 

 

Figure 42. Polished comb cracks from flank face wet machining (A) S1, (B) S3, both 25% tool life. 

Microstructure degradation 
+ lateral crack  

Microstructure degradation 
+ lateral crack 
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Figure 43. Polished comb cracks from flank face dry machining (A) S1 and (B) S3 both 90% tool life. 

 

Figures 44, 45 and 46 show models for the formation of corrosion products in the comb crack 

regions considering the interaction with the cooling media. In all cases the products of 

reaction are the same, since no differences were found in the experimental results. It is though 

expected that a high-alloyed Co binder may improve the corrosion resistance due to larger 

dissolution of W in it, as reported by Mori et al. [10, 11]. Also additions of Cr can improve 

resistance to oxidation, as well as additions of other cubic carbides such as TiC and TaC [27]. 

However the strong binder attack in the comb crack cannot be avoided by adding these 

elements to the cemented carbide composition. For this reason, the addition of these elements 

has a minor effect on comb crack formation and propagation. 
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Figure 44. Schematic model of the formation and propagation of comb cracks in WC-Co cemented 
carbide influenced by cooling media. 

 

Figure 45. Schematic model of the formation and propagation of comb cracks in WC-Co-Cr cemented 
carbide influenced by cooling media. 
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Figure 46. Schematic model of the formation and propagation of comb cracks in WC-Co-Ta(Nb) 
cemented carbide influenced by cooling media. 
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7. Conclusions 
The influence of chemical effect on comb crack formation and propagation has been 

investigated. The main conclusions of the work can be summarized as follows: 

• It has been observed that the main effect of the oxidation and corrosion on the 

formation and propagation of comb cracks is connected to an attack of the binder 

phase. 

• A difference has been observed on comb crack morphology for dry and wet milling. In 

the presence of cooling media (wet machining) inserts present lateral cracks connected 

to the principal comb crack. This lateral cracks forms at regions of the comb crack 

where the binder has been strongly corroded. On the other hand in inserts in dry 

machining conditions (where no corrosive action is present), no lateral cracks has been 

observed, since the binder regions around the comb crack has not been attacked to 

such a large extent.  

• The addition of Cr and (Ta,Nb)C improves both the oxidation and corrosion attack 

resistance. However the strong binder attack in the comb crack cannot be avoided by 

adding these elements to the cemented carbide composition. For this reason, the 

addition of these elements has a minor effect on comb crack formation and 

propagation. 

• Interestingly, it has been observed that the “chemical attack” experimental method 

developed (high temperature oxidation in air and quenching in cooling media) can 

reproduce the tendencies in the oxidation and corrosion processes inside of the cracks 

and correlate to the observed patterns observed in comb cracks generated in milling 

machining test of cast iron. 

• Considerable contents of cast iron inside of the comb cracks have been observed, 

indicating a strong interaction of the tool with the working piece. Some diffusion of Fe 

into the binder in the inner region of the crack has been observed, as well as the 

formation of Fe-oxide layers. 

• A new method has been applied to observe the “interior” of the cracks by “opening” a 

comb crack. With this method the morphology of the hardmetal inside of the comb 

crack can be directly compared to its counterpart in the virgin material. These 
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investigations have shown that the binder phase has a different morphology in the 

interior of the comb crack compared to the virgin cemented carbide. The formation of 

Co-phases; presumably Co-oxides, Co-Cr-oxides and/or Co-W-oxides, are present in 

the binder region inside of the comb crack.  

• Schematic models are presented to understand the influence of oxidation and corrosion 

in the formation and propagation of comb cracks. 

• The qualitative characterization of the elements inside and in the surroundings of the 

comb crack remains a challenge due to overlapping of signals, in particular the carbon, 

oxygen and chromium signals. Also the presumably oxidized binder observed in SEM 

using EDS in the inner region of the opened comb cracks were not characterized due 

to characterization capabilities. 
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