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A B S T R A C T   

The machining of slots in aeronautical turbine cases and discs is an extremely delicate operation. First, these 
parts require materials with excellent wear, high temperature and corrosion properties, such as the low 
machinability materials of the S group. Secondly, as this is one of the last turning operations, the value of the part 
is already considerable and any machining error can be dramatic. Traditionally, carbide tools have been the 
choice due to their greater safety and precision control. However, ceramic inserts offer unquestionable advan
tages in terms of higher cutting speeds and lower cost per part. Nonetheless, the behaviour of these cutting tools 
has a much narrower application interval (i.e. optimal set of cutting parameters) than carbide inserts. Machine 
workers need reliability. This work analyses the performance of ceramics, specifically, whiskers reinforced 
alumina type ceramics in the machining of grooves on Inconel® 718. Specifically, it analyses the effects of edge 
rounding, wear and other cutting parameters on cutting forces, and proposes a predictive model for grooving 
including the above parameters (rounding, wear and feed) for the first time. The validation results gave relative 
errors of 1.5% in the tangential component, and 4.8% in the feed component. As a result, it can be stated that the 
rounding radius affects more feed components than tangential ones, being, moreover, more critical to wear. 
Furthermore, smaller feeds and bigger cutting edge radii delay the apparition of flank wear.   

1. Introduction 

Turbomachinery components, such as cases or disks, require mate
rials that withstand extreme working conditions. Inconel® 718 is one of 
those nickel-based alloys that maintains its excellent mechanical and 
physical properties at high temperatures making it a feasible material to 
use in those components [1]. However, when machining its thermo- 
mechanical properties pose big issues, making it a low machinability 
material: low material removal rates, extreme tool wear and very high 
cutting forces [2]. Researchers, like Ulutan and Ozel [3] and Del Sol 
et al. [4], affirm that those materials’ properties and the high re
quirements for the final parts make machining operations in those 
components a complex challenge. 

Traditionally, for the machining of these kinds of components 
cemented carbide tools are used because of greater safety and precision 
control. Nonetheless, due to the fact that cemented carbide is considered 
a raw material [5] and to the aim of enhancing productivity, ceramic 
tools are presented as a solution to it by achieving high cutting speeds 
thanks to their good abrasion resistance [6] and hardness [7]. Alumina 

tools with reinforcements, like TiC, TiCN or whiskers of SiC, effectively 
improve the thermal shock resistance [8] and fracture toughness of 
alumina matrix [9], which is brittle and with low tensile strength, 
becoming feasible materials to substitute cemented carbide tools in the 
machining of difficult-to-cut materials [10]. In fact, owing to the fact 
that turning operations are very stable and continuous, ceramic tools 
present a higher material removal ratio and tool life than cemented 
carbide ones [11]. 

In turbine cases and disks, turning represents about 45 % and 60 % 
respectively of total machining operations. These components have big 
diameters which entails the use of great lathe-milling vertical centres. 
However, some of the operations, such as the machining of the grooves 
in aeronautical turbine cases, are an extremely delicate operation (see 
Fig. 1). Therefore, any improvement in machining times or tool’s life is 
of great value for manufacturers. Despite the complexity of machining, 
there is a trend towards high-performance machining in the aeronautical 
industry. 

The machining of the slots is one of the last turning operations, the 
value of the part is already considerable and any machining error can be 
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dramatic. A tool with a rounded cutting edge means that the material to 
be machined is pushed into the chip and onto the machined surface. The 
material pushed by the effect of the rounded cutting edge is called the 
Dead Metal Zone (DMZ). Researchers, such as Agmell et al. [12] and Hu 
et al. [13], define the DMZ as the zone in which the chip appears to be 
stagnant, but, since it does not have zero velocity, it follows that there is 
a separation within the DMZ. 

The size of the cutting edge radius has a great influence on the 
ploughing effect as the larger the radius, the larger the resulting DMZ 
area and thus the ploughing effect affecting the cutting process. None
theless, including a rounded edge helps to strengthen the cutting edge, 
making it more resistant to thermos-mechanical loads [14]. This 
behaviour is corroborated by Bouzakis et al. [15], Zhao et al. [16], Vopat 
et al. [17], and Hariprasad et al. [18], where they achieved longer tool’s 
life by rounding cutting edges (Fig. 2a). Even so, they also concluded 
that, if the rounding is excessive, it is harmful to the tool’s life that could 
break affecting the workpiece (Fig. 2b). That is why in those operations 
the correct preparation of the tool’s cutting edge is key for optimal 
machining: a sharp edge is very fragile to machine difficult-to-cut ma
terials, while an excessively blunt edge is detrimental to the cutting 
force. This is even more relevant when machining with ceramic tools 
because of its brittleness. 

To see the effect of cutting edge preparation on the cutting forces 

during machining, some authors have modelled it from different ap
proaches. In their study, Sela et al. [19] developed a regression model to 
predict cutting forces in an alloy of aeronautical aluminium with the 
tool’s cutting edge radius and the feed used in broaching. After 

Fig. 1. Aeronautical turbine case and a cutting section view.  

Fig. 2. Good cutting edge preparation that led to optimal finishing (a) and excessive rounding that led to tool breakage (b) in the machining of Inconel® 718.  

Table 1 
SiC whiskers reinforced alumina properties.  

Density Hardness Transverse 
Rupture 
Strength 

Thermal 
Expansion 

Thermal 
Conductivity 

3.74 
g⋅cm− 3 

2100 HV 690 MPa 6⋅10-6 ◦C− 1 35 W⋅(m⋅K)-1  

Fig. 3. Profile values obtained with Alicona® Infinite Focus G5 software.  
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obtaining the coefficients, they did another test to validate the model, 
achieving relative errors of less than 3 %. In another study, Uysal and 
Altan [20] analysed the influence of cutting edge radius in the 
machining of copper by modelling the cutting forces and the effect of the 
radius on the ploughing force using a slip-line field model. With it, au
thors concluded that, as the radius of the cutting edge increases, the 
ploughing and thrust effect that was generated increases. Jagadesh and 
Samuel [21] compared forces generated during machining of Ti6Al4V 
with the predicted ones by a FEM model and by a mechanistic model. 

After doing comparisons, they concluded that the mechanistic model 
was more precise than the FEM one. The relative errors were 9.7 % for 
the mechanistic predictions and 11.4 % for FEM predictions. 

In view of the above, it has been found that there are no cutting 
models in the literature that predict the forces with a ceramic tool for 
machining Inconel® 718 taking into account cutting edge radius. 
Therefore, considering the importance during machining of difficult-to- 
cut materials of the cutting edge preparation, the novelty of the work 
here presented is to machine grooves in Inconel® 718 using whiskers 
reinforced alumina tools with different cutting edge preparation to 
analyse its behaviour. For this purpose, section 2 defines the basic pa
rameters in tool geometry affecting metal cutting and chip creation. In 
section 3 the experimental procedure to carry on the tests is explained. 
Section 4 presents and discusses tool wear, chip morphology and cutting 
forces. Furthermore, in section 5 a mechanistic model, which takes into 
account tool wear and cutting edge radius, has been proposed with the 
aim of predicting cutting forces during the machining of this kind of 
critical operation. Finally, section 6 resumes all the conclusions and 
discussions made over the discussion. 

Fig. 4. Alicona® Infinite Focus G5 software method to obtain an average profile.  

Table 2 
Cutting edge parameters for tested tools.  

Tool Parameters proposed in Denkena [22] Equivalent radius 

Sα [µm] Sγ [µm] Δr [µm] φ [◦] req [µm] 

01 16 19 8 − 1.7 14 
02 17 22 9 − 3.3 16 
03 23 28 12 − 3.1 20 
04 32 35 16 − 1.1 27 
05 18 23 9 − 3.2 16 
06 24 25 11 − 0.3 20 
07 29 32 14 − 1.5 24 
08 18 23 10 − 3.2 16 
09 24 25 12 − 1.0 20  

Table 3 
Chemical composition and mechanical properties of tested Inconel® 718.  

Chemical composition [%] 

Cr Fe Nb Mo Ti Si C Other Ni 
19.30 17.20 5.21 3.05 1.00 0.06 0.03 0.95 Balance  

Mechanical Properties 
Hardness Young’s 

Modulus 
Tensile 
strength 

Specific 
heat 

Melting 
temperature 

Thermal 
conductivity 

45 HRC 206 GPa 1730 
MPa 

461 J⋅ 
(kg⋅K) -1 

1600 K 15 W⋅(m⋅◦C) 
-1  

Fig. 5. a) Grooves manufacturing scheme; b) experimental setup.  

Table 4 
Cutting parameters for each tested tool.  

Tool req [µm] vc [µm] ap [µm] f [µm] 

01 14 300  3.18  0.05 
02 16 300  3.18  0.05 
03 20 300  3.18  0.05 
04 27 300  3.18  0.05 
05 16 300  3.18  0.07 
06 20 300  3.18  0.07 
07 24 300  3.18  0.07 
08 16 300  3.18  0.10 
09 20 300  3.18  0.10  
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2. Definition of tool geometry 

The first thing done to carry out this study was the measurement of 
the edges of the cutting tools. Tools were provided by Greenleaf Cor
poration® and the geometry was WG-4125-1A type made up of SiC 
whiskers reinforced alumina with 28 % SiC called WG-300. Its main 
properties are shown in Table 1. These tools have a rake angle of 0◦ and a 
clearance angle of 11◦ (see Fig. 3) left by the tool holder whose ISO 
designation was 415316-125VGS from the same manufacturer as the 
inserts. This manufacturer offers a great variability of cutting edge radii 
between 10 and 30 µm. To measure the cutting edges an Alicona® 
Infinite Focus G5 microscope has been used which defines the cutting 
edge with Denkena parameters. However, the software also approxi
mates the edge to a circle as can be seen in Fig. 3. 

The microscope scans the cutting edge and, from the 3D model 
generated, the software performs a series of slices (50 in this study) 
obtaining a series of profiles (see Fig. 4). These profiles are used to 
produce an average profile in which all the Denkena parameters [22] are 
measured and the equivalent radius is calculated. For the equivalent 
radius, the software uses a minimum square approximation and is the 
parameter used for the cutting forces predictive model presented in 
section 5. The equivalent radius is a parameter that defines in a simple 
way the geometry of the cutting edge between the clearance and rake 

faces. Table 2 shows all cutting edge parameters of tested tools. A total of 
9 cutting edges were used for the tests and each tool was measured three 
times. 

3. Experimental setup 

This section presents the experimental procedure carried out during 
the grooving tests on aged Inconel® 718. Table 3 shows the chemical 
composition and mechanical properties of the alloy. 

Fig. 5a shows the followed procedure for the preparation of slots. The 
initial diameter of the workpiece was 42 mm and the depth of the groove 
was 7.65 mm due to geometry limitations of the tool holder. Between 
each groove, a 1.5 mm separation was established to avoid dynamic 
problems and vibrations and to ensure rigid cutting. Under this 
approach, due to the characteristics of the tool, the tool holder and the 
process itself, these tests can be considered as orthogonal cutting. 

All the tests were carried out in a CMZ TC25BTY turning centre with 
35 kW of spindle power and integral spindle. Cutting forces were 
registered with a triaxial Kistler® 9192A piezoelectric dynamometer 
and an OROS® OR35 real-time multi-analyser with a sample frequency 
of 12,800 samples/s (see Fig. 5b). Moreover, after machining each 
groove a picture of the tool was taken with a PCE-200® microscope to 
analyse wear. The end of the test criteria was to make five grooves, 

Fig. 6. Rake face of each tool after the cutting tests.  
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obtain a flank wear of 0.12 mm or premature breakage of the insert. This 
flank wear limit was chosen because the tolerances of the slots in 
components in the aeronautical sector are very tight and, having a 0.12 
mm flank wear with this tool implies a loss of edge of 23 µm, which 
would leave the slot outside these tolerances. Chip was also collected 
after the first groove of each tool with the aim of verifying chip-tool 
contact interactions. 

Cutting parameters for the tests were a cutting speed of 300 m/min 
and three different feeds: 0.05, 0.07 and 0.10 mm/rev. The depth of cut 
was kept constant and equal to the grooving insert width of 3.18 mm. 
These cutting parameters were set in accordance with the tool manu
facturer’s recommendations. On the one hand, in the case of cutting 
speed, tests have been carried out with the maximum of the range 
proposed by the manufacturer (180–300 m/min). Nevertheless, it was 
noticed that using low speeds could result in tool breakage. When using 
a lower cutting speed, the temperature reached by the material is lower 
and the size of the DMZ is greater increasing cutting forces [23]; as there 
is no softening on the material, the tool breaks. For this reason, the 
cutting speed has been set at 300 m/min in the tests. On the other hand, 
the tool manufacturer recommends using a feed rate between 0.05 and 

0.10 mm/rev. Therefore, in order to test the performance of the different 
cutting edge preparations under different conditions, it has been decided 
to use the three feeds indicated above the minimum of the range, the 
maximum and an intermediate one that is not halfway between the other 
two. Furthermore, during the tests, a synthetic oil solution of 10 % was 
injected at 6 bars as recommended by the manufacturer. Table 4 shows 
the cutting conditions for each of the tools tested. 

4. Results and discussion 

First, tool wear measurements in both rake and clearance faces are 
presented and discussed. Hereafter, chip morphology will be analysed. 
Finally, the cutting forces generated during machining are commented. 

4.1. Tool wear 

This section presents the measurement results of tool wear in both 
rake and clearance faces. To do so, feed influence on the chip-tool 
contact length and flank wear against chip-evacuated volume will be 
studied. All tested tools could make the expected five slots. Fig. 6 shows 
the rake face of each tool after ending all cutting tests. It can be seen 
clearly chip flow marks on the rake face and the crater left by the chip on 
the tools. None of the tools suffered excessive crater wear. Nevertheless, 
due to the tool exit of the slot, it can be observed a small chipping at the 
tool side. That chipping is not harmful to the tools and, thus, it is not a 
problem for machining unless excessive. However, the chipping level is 
acceptable within this margin. 

Fig. 7 shows the flank wear for all tested tools. As can be seen, there is 
a great correlation between flank wear and removed chip volume. 
However, the relation among feed of used radii is not as clear. To clarify 
it, the correlation coefficient for each parameter (feed and equivalent 
radius) and the interaction of feed and equivalent radius with flank wear 
have been calculated. The correlation coefficient of two variables in
dicates its linear dependency and, in this case, specifies that there is no 
correlation between wear and cutting edge radii. Nevertheless, there is a 
weak linear dependence concerning the used feed and the interaction of 
feed and cutting edge radii with flank wear. According to that weak 
dependence, an increment in feed implies an increase in the tool’s flank 
wear. With the cutting edge radii, the opposite is true: bigger radii 
reduce flank wear. Nonetheless, as the dependence is weak, chip evac
uated volume is more dominant. 

4.2. Chip morphology 

Fig. 8 shows the obtained chip after the first machined slot of each 
tested tool. According to the classification of chip morphology of the 
standard ISO 3685:1993, all tools have generated a tubular and long 
chip shape, except for tool 06, which has been tubular and snarled. 
Those morphologies are typical in this type of operation. In grooving, 
breaking the chip is very complicated, and therefore, long chips are 
generated with the risk of becoming entangled in the tool, potentially 
leading to breakage. It must be highlighted that chips generated with a 
feed rate of 0.10 mm/rev had a much higher temperature than the 
others, making their collection difficult without using gloves. 

As chip morphology is related to the way it flows through the rake 
face of the tool, it is possible to understand its behaviour during the 
cutting process. In this case, chips have moved away from the workpiece 
and in the opposite direction to the feed, which has helped to evacuate 
them without damaging the machined surface or being entangled in the 
tool. Additionally, it should be noticed that the diameters of the chips 
with feeds of 0.07 and 0.10 mm/rev (tools 05, 06, 07, 08, and 09) are 
larger than those generated with a feed of 0.05 mm/rev. This smaller 
diameter implies that the force generated at the contact between the 
chip and the rake face imparts a greater curvature to the chip. This is 
explained due to the smaller chip thickness generated under the feed of 
0.05 mm/rev compared to the other two. A large curvature makes the 

Fig. 7. Flank wear against removed chip volume with a feed of 0.05 mm/rev 
(a), 0.07 mm/rev (b) and 0.10 mm/rev (c). 
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chip and the rake face separate earlier, which reduces contact length 
and, thus, wear of the rake face [24]. 

Fig. 9 shows SEM images of the obtained chip in the first groove of 
each tool viewed from the surface in contact with the tool’s rake face. All 
images have something in common: feed marks can be seen. These 
marks are very typical in any turning process due to the friction between 
the chip and the tool’s rake face. 

Moreover, some of the generated chips (tools 01, 03, 04, 07, and 09) 
presented small and sporadic zones of oxidation. The absence of 
oxidation implies that the process was very thermally stable, thanks to 
effective lubrication-cooling in the cutting zone. Therefore, this fact can 
be considered negligible for all the cases analysed. 

Finally, it should be specified that tools with bigger cutting edge radii 
(tools 03, 04, 08, and 09) appeared with drag marks some of them barely 
imperceptible (tool 09). Those marks are due to the ploughing zone in 
which the material of the dead metal zone is dragged along the cutting 
edge. In some cases that material could be attached to the cutting edge 
causing a huge increase in the cutting forces when pulling it out. 
Therefore, as this effect is only perceptible with big a cutting edge 
radius, it can be considered that chips flowed along the tool’s rake face 
with no impediment. 

4.3. Cutting forces 

Fig. 10a shows the cutting forces generated during the machining of 
a slot. As can be seen in the figure, binormal force (Fb) is not relevant 
compared with the other two force components. Hence, it will be 
neglected through this study: the assumption of pure orthogonal cutting 
is valid. Secondly, from each machined groove, it has been obtained the 
initial and final values of the cutting forces. As there are no peaks at the 
entrance or exit of the cutting tool, forces can be easily tracked from 
subsequent passes (see Fig. 10b). The initial values are practically the 
same as the final ones of the previous groove. In this way, and as this 
principle of continuity is fulfilled, the cutting forces can be known at any 

instant of machining regardless of which slot the tool is machining. 
Fig. 11 depicts the tangential forces (Fc) for all tested tools. This force 

component seems not to be affected by the different cutting edge radii. 
As can be seen, all the forces (from the 9 tools) can be grouped in three 
lines corresponding with the three feeds used for the machining tests. It 
is also noted that tool 6 generated a minor tangential force during the 
machining of the first groove. This behaviour was due to a modification 
of the feed used during the first slot to see the influence of changing feed 
in the middle of its lifespan. However, after the second slot tangential 
force for that tool regrouped with the tools that used a feed of 0.07 mm/ 
rev. Overall, the slope for all curves is positive, something logical as 
wear increases, but they were very small. These may be due to the fact of 
using inserts with 0◦ rake angle and so, wear is not greatly affected in 
this force component, but in the feed direction. 

Different behaviour was seen with feed components (Ff) of the 
generated forces. Fig. 12 is separated into three according to the feed 
used to carry out machining tests: Fig. 12a shows tools with 0.05 mm/ 
rev; Fig. 12b with 0.07 mm/rev; and Fig. 12c with 0.10 mm/rev. The 
first thing that can be seen is that the difference in using different cutting 
edge radii is noticeable, especially when machining the first groove. In 
fact, using a radius of 14 µm cutting edge in the machining of the first 
slot with a feed of 0.05 mm/rev can reduce feed force by 30 % compared 
to using a radius of 27 µm. This is in accordance with the studies of Uysal 
and Altan [26], Wyen and Wegener [27], Li and Chang [28], and Liu 
et al. [29] among others, in which they concluded that the ploughing 
effect has more influence on feed components than on tangential. 

To prove the existence of the ploughing effect during the machining 
of slots with SiC whiskers reinforced alumina tools, a quick-stop test has 
been done to see the DMZ and how the chip flows in that zone. For this 
test, a tool with 16 µm of equivalent cutting edge radius was used with a 
feed of 0.05 mm/rev and a cutting speed of 300 m/min. In Fig. 13 the 
chip formation instant is presented, where the DMZ can be seen and the 
two flows of the material: one in the chip flow direction and the other 
one under the cutting tool radius. 

Fig. 8. Morphology and classification of obtained chip in the first groove for each tool according to ISO 3685: 1993 [25].  
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Another thing that can be seen is that in this component, the influ
ence of wear is noticeable from one groove to the next. This influence of 
wear also means that the initial differences by machining with different 
radii tend to become narrower. In view of the slope, it is very likely that 
the influence of the cutting edge radius will disappear in the subsequent 
grooves to be machined, with wear being the predominant factor. This is 

due to the gradual disappearance of the rounding of the cutting edge as 
the tool wear increases, as depicted in Fig. 14 for tool 02 and tool 04. 

Furthermore, it can be seen how the effect of the radius had less 
influence on the feed force as the tool feed rate increased since, as can be 
seen in Fig. 12c with a feed rate of 0.10 mm/rev, there is hardly any 
difference between using one radius or the other. This can be explained 

Fig. 9. SEM images of the chip on the machined surface for each tool.  

Fig. 10. a) Feed, tangential and binormal forces generated during the machining of a slot; b) tangential and feed force during one of the tests made.  
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by the fact that the effect of the ploughing force becomes less important 
at higher feed rates. 

5. Cutting force model including wear and tool preparation 

In view of the direct relationship between cutting edge radii and 
machining parameters with the generated forces during the cutting of 
Inconel® 718 with whiskers reinforced alumina tools in grooving op
erations, it was decided to model the tangential and feed cutting forces 
from the geometrical data of the tools and the machining parameters to 
be used. To analyse the performance of the proposed force model, it has 
been compared with a traditional and commonly used mechanistic 
cutting force model. Thus, the improvements of the proposed model can 
be quantified. 

Table 5 shows the data used to obtain the coefficients for the tradi
tional and the proposed model. Three different levels of wear were used 
for each of the selected tools (also three) that had three different radii. 
As the cutting speed has been equal for all the tests, it will be neglected 
in the obtaining of the coefficients. 

5.1. A mechanistic cutting force model 

The mechanistic model commonly used and cited in the literature is 
the one proposed by Budak et al. [30] and, hence, is the one selected to 
make the comparison. Equation (1) and Equation (2) show that proposal 
with the addition of a wear component. 

Fct = ksct⋅f + kfct + kwct⋅VB (1)  

Fft = ksft⋅f + kfft + kwft⋅VB (2) 

Table 6 shows the obtained six coefficients for the proposed mech
anistic cutting force model. 

Viewing those coefficients it should be noticed that, as it was ex
pected, the weight of flank wear in forces generation is greater in the 
feed component than in the tangential component (kwft > kwct). Another 
important thing is that friction also has more influence on the feed force 
component. 

5.2. Proposing a new cutting force model 

As the commonly used model proposed by Budak, Altintas and 
Armarego, the generation of the cutting forces in this model is also 
divided into two components apart from the wear component; shear and 

friction. The novelty resides in two factors. On the one hand, it has been 
included as a correcting factor to the friction component as a function of 
the cutting edge radii and the used feed. This has been done because it 
has been assumed that, as the ratio between the radii and the feed in
creases, the most affected component should be the friction component 
as the ploughing increases and, therefore, the friction of the chip with 
the tool as it slides along the cutting surface. 

On the other hand, to include the effect of feed on the cutting tem
perature that softens the machined material, a correction of the ksct and 
ksft has been added. To do that, it has been proposed to include a new 
coefficient that depends on a reference feed and the used one. In this 
case, the reference feed has been established in 0.05 mm/rev. Those two 
modifications can be seen in Equation (3) and Equation (4). 

Fcm =

(

kscm1 − kscm2⋅
f − fref

fref

)

⋅f + kfcm⋅
req

f
+ kwcm⋅VB (3)  

Ffm =

(

ksfm1 − ksfm2⋅
f − fref

fref

)

⋅f + kffm⋅
req

f
+ kwfm⋅VB (4) 

Table 7 shows the eight obtained coefficients for the proposed 
mechanistic cutting force model. 

As in the traditional model, the feed component is more affected by 
wear than the tangential component. Similar behaviour happens with 
the friction in which feed cutting force component is more susceptible to 
cutting edge radii. Furthermore, compared to the traditional mecha
nistic model, the weight of wear is almost the same while the friction has 
decreased for the tangential component. 

6. Model validation 

After obtaining the coefficients for both mechanistic force models, 
the validation of each one has been done with all the measured forces 
and wear. Fig. 15 shows the comparison between the real forces and the 
predicted forces and the error for both predictions and both components 
for all tested tools. Notice that the data used for obtaining the co
efficients are not shown in the figure. Fcr and Ffr are the real forces 
measured with the dynamometer for the tangential and the feed force, 
respectively. Fct and Fft are the predicted forces with the commonly used 
mechanistic model. Fcm and Ffm are the predicted forces with the pro
posed mechanistic model. 

It can be seen that errors were reduced by applying the proposed 
model compared with the traditional one for both components of the 

Fig. 11. Tangential force (Fc) for all tested tools.  
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cutting force. In the tangential component, the proposed model has 
offered an average relative error for all the tools of 1.5 % against 1.7 % 
for the traditional model. In addition, for the feed force, the proposed 
one offered a 4.8 % error while the traditional one amounted to 6.8 %. 

Nonetheless, it should be noticed that in some cases (one case for the 
proposed model and four for the traditional one) in both models for the 
feed force, the relative error was greater than 15 %. Therefore, the 
proposed model offers better predictions for both the tangential 

Fig. 12. Feed force (Ff) for all tested tools with a feed of 0.05 mm/rev (a), 0.07 mm/rev (b), and 0.10 mm/rev (c).  
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component and the feed component of the cutting force. 

7. Conclusions 

In the present work, the influence of cutting edge preparation on the 
orthogonal machining of grooves in Inconel® 718 superalloy at high 
speed with whiskers reinforced alumina tools has been analysed. To this 
end, the profiles of nine inserts were measured to determine the di
mensions of the cutting edge finish and then tests were carried out in 
which five grooves were made with each tool. During the tests, the wear 
after each groove and the generated cutting forces were measured and 
chips were collected for analysis. Moreover, a predictive mechanistic 
cutting forces model has been proposed and compared with a traditional 
one. The main conclusions obtained from the research carried out are 
listed below:  

• After machining five slots with all nine tools, none of them reached 
the flank wear limit of 0.12 mm set as the end of the tool’s life. 

Fig. 13. DMZ during the cutting of Inconel® 718 slots.  

Fig. 14. Initial and final tool profile for tool 02 and tool 04.  

Table 5 
Data of the tests used for obtaining the model coefficients.  

Tool f [mm/ 
rev] 

req 

[µm] 
ap 

[mm] 
VB 
[mm] 

Fcr [N] Ffr [N] 

01 0.05 14 3.18  0.000  502.9  295.6  
0.040  556.8  396.7  
0.049  565.2  424.6 

04 0.05 27 3.18  0.000  526.8  415.2  
0.042  566.9  470.1  
0.047  571.1  479.6 

09 0.10 20 3.18  0.000  802.9  402.5  
0.046  872.3  486.8  
0.056  892.0  532.3  

Table 6 
Coefficients for the mechanistic cutting force model.  

Fct Fft 

ksct [N/mm] kfct [N] kwct [N/mm] ksft [N/mm] kfft [N] kwft [N/mm]  

6028.3  208.3  1303.4  1014.4  302.1  2060.9  
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Greater feeds and smaller radii increase the tool’s flank wear. 
However, chip evacuated volume is more important to flank wear.  

• All analysed chip shapes were tubular and long except one that was 
tubular and snarled. The most characteristic feature of the chip was 
the absence of dragged material which has led to the conclusion that 
the chip did not blunt and, thus, they slid along the rake face of the 
tool without sticking.  

• When looking at the behaviour of the cutting force component, it has 
been observed that the equivalent radii of the cutting edge have 
hardly any influence on it. The thickness of the uncut chip was the 
main variable that contributed to changes to this component, as 
there was no variation in the width of the grooves and, therefore, no 
variation in the depth of cut. Flank wear also influenced the 
behaviour of this component, but its effect was not critical.  

• The feed component was strongly influenced by both flank wear and 
the equivalent cutting edge radius of the profile, especially at low 
feeds. In fact, variations of more than 30 % have been observed when 
varying the cutting edge radii from 14 to 27 µm at a feed of 0.05 mm/ 
rev. At higher feeds, the effect of the equivalent cutting edge radius is 
diluted. Moreover, the increase in wear has caused the differences in 
the first groove when using different equivalent radii to become 
narrower.  

• The proposed cutting force model offered an average relative error of 
1.5 % and 4.8 % for tangential and feed force respectively, whereas 
traditional models predictions were higher, 1.7 % and 6.8 %, 
respectively. 
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Table 7 
Coefficients for the proposed cutting force model.  

Fcm Ffm 

kscm1 [N/mm] kscm2 [N/mm] kfcm [N] kwcm [N/mm] ksfm1 [N/mm] ksfm2 [N/mm] kffm [N] kwfm [N/mm]  

9782.3  1770.9  50.6  1302.9  4458.0  1055.4  317.0  2057.8  

Fig. 15. Models validation: real forces and commonly used predictions (a); real forces and proposed model (b); tangential force errors for commonly (c) and 
proposed (d) models; feed force errors for commonly (e) and proposed (f) models. 
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