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Abstract: In this work, the analysis of the cutting speed and feed rate influence on tool wear and 
cutting forces in Ti6Al4V alloy dry machining is presented. The study has been focused on the 
machining in a transient state. The tool wear mechanisms, tool wear intensity and cutting forces 
evolution have been analyzed as a function of the cutting parameters. Experimental results show 
that the main cutting force amplitude exhibits a general trend to increase with both cutting 
parameters. Crater wear was more evident at high cutting speeds, whereas flank wear was present 
on the whole interval of the cutting parameters analyzed. Furthermore, the cutting speed shows a 
slightly higher influence on crater wear and the feed rate shows a higher influence on flank wear. 
Finally, several experimental parametric models have been obtained. These models allow predicting 
the evolution of crater and flank tool wear, as well as the cutting forces, as a function of the cutting 
parameters. Additionally, a model that allows monitoring the tool wear on the machining transient 
state as a function of the main cutting force amplitude has been developed. 

Keywords: titanium alloys; cutting forces; dry machining; tool wear; transient state machining; 
online monitoring 

 

1. Introduction 

Titanium alloys are one of the most used commercial aerospace structural materials. Their high 
strength to weight ratio, corrosion resistance at high temperature, high stiffness, good fracture 
toughness and fatigue resistance make titanium alloys an excellent alternative to steels and 
aluminum alloys in airframe and engine applications [1,2]. Among the different titanium alloys, 
Ti6Al4V (α + β alloy) is widely used for airframe structure manufacturing, such as window frames 
and gas turbine engine components (e.g., blades and discs for the fan and compressor) [3]. Despite 
their good physical–chemical properties, these alloys are classified within materials with low 
machinability [4]. Their low thermal conductivity and high chemical reactivity result in high 
temperatures along the cutting area and fast tool wear, which reduce tool life considerably. In 
addition, their low elasticity modulus, together with serrated chip production, lead to chattering and 
tool vibration, which may adversely affect the surface integrity of the machined parts [5,6]. 

The aforementioned problems are increased when machining is performed under total absence 
of cutting fluids [7]. Until recent years, metalworking fluids (MWFs) have been commonly used to 
reduce friction on the tool–workpiece contact area, as well as to prevent excessive heat generation. 
Notwithstanding, the current trend is to reduce or eliminate the use of these MWFs due to social, 
economic and environmental aspects [8]. Methods based on minimum quantity of lubrication (MQL) 
or minimum quantity of cooling lubrication (MQCL) are good alternatives [9]. However, the best way 
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to totally reduce the negative effects of MWFs is to completely eliminate them from the process (so-
called dry machining). Dry machining reduces environmental pollution and minimizes health risk. 
However, these kinds of processes result in a faster tool wear and surface integrity degradation 
[10,11]. A correct cutting parameters selection is essential to improve the quality of these processes, 
not only from a functional perspective but also from an economic point of view [12,13]. Cutting speed, 
feed rate and cutting depth affect several aspects of the machining process, like the cutting area 
temperature, tool wear, built up edge (BUE) formation, cutting forces and surface quality, among 
others [14].  

Moreover, cutting forces directly influence the surface integrity, system vibration, cutting power 
and tool life [15]. Both static and dynamic cutting force components are affected by cutting 
parameters. Cutting speed seems to be the most influential parameter in the static component. At the 
beginning of machining, cutting speed increments result in cutting force reduction. The low thermal 
conductivity of Ti6Al4V alloy leads to fast temperature increasing on the cutting area and the process 
becomes more adiabatic. As a consequence, the material softens, and it is more easily deformed. 
However, these cutting speed increments give rise to higher tool wear that may result in a cutting 
force increment. Therefore, there is an evolution along the cutting time that can be used to stablish a 
tool life criterion. Increments in cutting depth or feed rate negatively affect the cutting force, 
increasing its value, but it has been determined that their influence is much lower compared with the 
cutting speed influence [16,17]. With regard to the force dynamic component, frequency and 
amplitude are modified by the cutting parameters. Cutting speed increments result in higher 
frequency and lower amplitude, whereas feed rate increments reduce frequency (higher chip 
segment width) and increase force fluctuation. It has been shown that cutting depth is not relevant 
in the frequency analysis. However, significant amplitude increments are observed when cutting 
depth is increased [2,18]. 

Concerning tool wear, high temperatures and stresses close to the cutting area are responsible 
for a fast tool damage. For Ti6Al4V alloy, the main wear mechanisms are adhesion and diffusion, 
followed by coating delamination [18–20]. Both crater and flank wear are present during the 
machining of this alloy. On one hand, the chip sliding along the rake face gives rise to material 
adhesion on the tool. The alloy’s low thermal conductivity quickly increases the temperature on the 
cutting area, resulting in fast chemical reactions that are responsible for the crater wear (diffusion 
from the work part (Ti, Al and V) to the cutting tool (W, Co and C)) [21–23]. On the other hand, flank 
wear is occasioned by the erosion of small fragments from the tool, due to material adhesion and its 
subsequent fracture that finally leads to a coating chipping. Nevertheless, crater wear is more evident 
when high cutting speeds are used, whereas flank wear is present in a wider range, even at low 
cutting speeds. Therefore, flank wear is more critical when considering tool life [24,25]. 

Tool wear and tool life are very important factors to take into account in the production cost and 
the functionality of machined parts. Consequently, the online monitoring of becomes a topic of high 
interest [26]. A large quantity of studies has been developed concerning reliable tool condition 
monitoring systems (TCMS). Several methods are used to predict the cutting tool state, based on 
acoustic emission, tool temperature, cutting forces, vibration, ultrasonic and optical measurements, 
workpiece surface finish quality, etc. [27,28]. Cutting force-based systems allow a quick response in 
real time. In addition, the location and the wear mechanism may affect the dynamic behavior of 
different force signals and therefore, the cutting forces’ dynamic behavior may be correlated to tool 
wear [2,29]. The cutting forces’ steady state analysis may be good enough for stable machining 
processes in which a long continuous or regularly segmented chip is produced [30]. Nevertheless, 
the transition from the transient beginning to the steady state plays a very important role when a 
serrated chip is formed, as in machining of titanium alloys [31,32].  

Due to the large number of variables involved in machining, the development of analytical 
models that explain these alloys’ behavior during the cutting process becomes a very complex task 
[33]. Thus, the use of numerical models (most of them based on finite element methods (FEM)) has 
become a widely used alternative to optimize cutting conditions [3,34]. However, FEM is not yet 
sufficiently accurate and often underestimates or overestimates the experimental results [16,33,35–
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37]. Accordingly, experimental models, in spite of their cost and development time, are effective to 
improve the numerical methods [38,39]. Thus, obtaining experimental parametric models to predict 
the Ti6Al4V alloy behavior during the machining transient state might be of great help to optimize 
the machining process. 

The cutting parameters influence on cutting forces and tool wear during the steady state, during 
dry machining of this alloy, has been extensively studied. In addition, several models, which relate 
the tool wear and cutting forces with the cutting parameters (in the steady state), can be found in the 
literature [14,17,18]. Notwithstanding, there is a lack of research focused on the analysis of the 
transient state and in obtaining models that may relate these output variables with each other and 
with the cutting parameters. The behavior of these variables may differ from that shown in the steady 
state. Hence, these models can provide useful information about the behavior of the alloy in the first 
instants of machining. Therefore, in this work, the analysis of cutting speed and feed rate influence 
on tool wear and cutting forces in Ti6Al4V alloy dry machining, during the transient state, has been 
carried out. More specifically, the tool wear mechanisms, tool wear intensity and cutting forces’ 
evolution have been analyzed as a function of cutting parameters. In addition, several experimental 
parametric models have been obtained. These models allow predicting the crater and flank wear 
evolution, as well as the cutting forces, as a function of the cutting parameters in the transient state 
machining. Finally, a model that allows the tool wear monitoring as a function of the cutting force in 
the early instants of machining has been developed. These models can provide understanding of the 
physical phenomena that occurs in the transient state under the studied conditions and as a result 
also facilitate the comprehension of the obtained experimental results of this work. 

2. Materials and Experimental Procedure  

The experimental procedure was designed to evaluate the cutting parameters’ influence on tool 
wear and cutting forces, during the Ti6Al4V alloy transient state machining. In order to do that, 
several turning tests were carried out. The composition of the tested alloy obtained by arc atomic 
emission spectroscopy (AES), is shown in Table 1. 

Table 1. Machined alloy composition (mass %). 

Alloy C Fe N O Al V Ti 
Ti6Al4V 0.80 0.164 0.05 0.05 5.47 4.09 Rest 

Table 2 shows the cutting parameter values selected to perform the turning tests, based on 
industrial requirements [18,40]. One test was carried out for each cutting parameter combination 
(cutting speed (vc), feed rate (f) and cutting depth (ap)). Fifteen repetitions of each test were performed, 
in order to ensure the repeatability of the experimental results. Therefore, a total of 180 tests were 
carried out. 

Table 2. Tested cutting parameter values. 

f (mm/r) vc (m/min) ap (mm)  
0.05 30 

65 
125 

1 0.10 
0.20 
0.30 

Machining processes are usually oblique cutting processes which involve a large set of 
geometrical parameters, making the processes more difficult to understand. So, in order to simplify 
the analysis, an orthogonal cutting setup has been designed as shown in Figure 1 [2,41]. Thereby, the 
experimental results may be compared with the classic analytical models. This design has been 
explained in a parallel research related to the chip morphology analysis [13].  
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(a) (b) 

Figure 1. (a) Schematic orthogonal cutting; (b) tailor-made test specimen geometry. 

The specimen was designed with a tailored geometry to maintain orthogonal conditions along 
the test and also to achieve different cutting speed and feed rate ranges. Different grooving operations 
were carried out on a bar (L = 170 mm, D = 105 mm) to get a tubular geometry with two crowns, 
corresponding to two previously machined diameters. Each crown was pre-machined to get a wall 
of 1 mm thickness (wall thickness corresponds to cutting depth, ap, which was kept constant). The 
width of each crown was equivalent to the total machining length that corresponds to a certain 
combination of cutting parameters. Additionally, a relief zone was established (eliminating a sector 
of the crowns, (Figure 2a)), to ensure that the spindle had reached a permanent regime [13]. 

The tests were conducted in a turning center, in dry conditions. A combination of coated 
(TiCN/Al2O3) WC-Co inserts (ISO reference TCMT 16T308-F1, Fagersta, Sweden) and a tool holder 
(STGCL 2020K16, Dalseong-gun, Daegu, Korea) was used, providing a cutting setup very close to 
orthogonal conditions (major cutting edge angle, κr = 90°; inclination angle, λ ≈ 0°; rake angle, γ = 
−6°). A new tool was used in each cutting test, in order to maintain the same initial properties. 

The main cutting force (Fc) and feed force components (Ff) were monitored online throughout 
the machining transient state. For this purpose, a piezoelectric sensor dynamometer, 9121 Kistler, 
Jonsered, Sweden (measuring only in two directions), an amplifier and dynamic signal analyzer 
(based on Fast Fourier Transform (FFT)) and a Pulse Labshop data acquisition system were used. The 
sampling frequency was kept at a relatively high level (10 kHz) in order to analyze the transient state. 
Figure 2 shows this experimental setup and an example of the typical cutting forces records as a 
function of cutting time (tc), in the first stage of the machining (quasi-steady state).  

  
(a) (b) 

Figure 2. (a) Cutting force acquisition system; (b) typical signals Fc (tc) and Ff (tc). 
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The dynamic signal components (Fc and Ff) have been represented by minimum, arithmetic 
average and maximum from 15 test repetitions (equivalent to a total machining length of 15 
revolutions) [13].  

Figure 3 shows a typical Fc dynamic signal record as a function of tc, along the machining 
transient state. The signal can be divided in five different zones. Zone 1 corresponds to the period t1 
in which the tool moves through the relief area without cutting; Zone 2 represents a very short period, 
t2, in which Fc oscillates from the first significant changes to a maximum peak due to the first tool 
indentation; Zone 3 displays the period t3 in which the maximum Fc value is reached. In this stage, 
the material starts to slide through on the tool rake face. Zone 4, t4, limits the quasi-steady force 
interval to an instant before the end of the cutting process. Zone 5 represents the final stage of the 
cutting process, t5. Therefore, the total machining time, tc, is represented by the total time consumed 
in the five zones, as shown in Equation (1).  𝑡 𝑡 𝑡 𝑡 𝑡 𝑡  (1) 

In this work, only Zone 4 has been considered to evaluate the cutting forces’ amplitudes, in order 
to eliminate the beginning and ending effects of the process. At the same time, this stage represents 
the cutting force (Fc) during the turning process. This stage is very important for a better 
understanding of the thermomechanical effects and plastic deformation on the cutting area. 

Stereoscopic optical microscopy (SOM) techniques were used to control tool crater and flank 
wear intensity. The parameters used to evaluate tool wear were the flank wear width (VB) as shown 
in Figure 4a, and the crater wear area (KA) as shown in Figure 4b [22,42]. A metallurgical microscope 
(EPIHOT 280 NIKON, Tokio, Japan) was used in order to measure these parameters. All the images 
were obtained using a CF Infinity Optical System, Tokio, Japan (1.5× to 400×) and the measurements 
were carried out using a digital image processing software (Omnimet BUEHLER, Lake Bluff, IL, 
USA). 

  
Figure 3. Different zones along the main cutting force dynamic signal Fc (tc). 
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(a) (b) 

Figure 4. (a) Tool flank wear and (b) crater wear (stereoscopic optical microscopy (SOM) images 30×). 

3. Results and Discussion 

3.1. Dynamic Cutting Forces Amplitude Analysis 

Figure 5 plots Fc and Ff amplitude average values as a function of vc and f. These average values 
have been obtained from 15 repetitions for each combination of cutting parameters (machining length 
equivalent to 15 turns).  

No significant Ff changes have been noted as a function of vc and f, remaining more or less 
constant in a wide range of cutting parameters values. Only for f = 0.05 mm/r, a slightly Ff increase is 
shown. This increment is more noticeable for vc = 30 m/min. This fact may be explained considering 
the lower temperature and material softening values obtained when very low f is used, together with 
higher vibrations levels at low vc.  

The main cutting force, Fc, shows significantly higher values than the feed force, Ff. In addition, 
Fc is more sensitive to cutting parameters changes (both vc and f) than Ff. This is due to the fact that, 
in the first machining instants, the material impact on the rake face becomes more relevant than chip 
friction on the rake and flank faces. Then, Ff (which depends mainly on friction on the flank face 
[2,14]) shows a much lower value than Fc. Therefore, Fc is the dominant force component and as a 
result it has been selected to analyze the tool wear behavior. 

A general trend to decrease Fc with vc is observed. The minimum Fc values are always obtained 
for vc = 125 m/min regardless of f, whereas the maximum Fc is obtained for vc = 30 m/min (for most f), 
reaching differences between 2.5 to 3 times its value. These differences are less noticeable between vc 
= 65 and 30 m/min, even when reaching similar values for f = 0.2 mm/r. Only for f = 0.30 mm/r, Fc 
becomes 2.5 times higher for vc = 30 m/min than with the other vc. 

Regarding f, Fc shows a general trend to increase when f is increased, regardless the cutting speed 
applied. Notwithstanding, its influence seems to be slightly lower than vc. The differences oscillate 
between 1.7 (for vc = 30 m/min) and 2.6 times its value (for vc = 125 m/min). Therefore, combinations 
of low vc and high f results in the highest Fc.  

The low thermal conductivity of this alloy results in fast temperature increasing close to the 
cutting area, as previously mentioned. Consequently, the alloy’s plastic behavior is modified, giving 
rise to a material softening [1,11]. Therefore, the energy needed to deform the material is reduced. 
This fact is enhanced by cutting speed increments. In addition, lower feed rates imply lower chip 
sections and, therefore, lower cutting forces [17,18]. 

It is necessary to point out that the founded trend for the dynamic main force amplitude 
(regarding cutting parameters) is in good agreement with the trend observed in previous research 
for the static component [2,16]. Nevertheless, the absolute values are much higher in the quasi-steady 
state. The material softening grows along the cutting time, until cutting force stabilizes in a lower 
value. 
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(a) (b) 

Figure 5. Fc and Ff amplitude average values as a function of vc and f (a) Fc = (f, vc); (b) Ff = (f, vc). 

3.2. Tool Wear Online Monitoring 

Table 3 shows the SOM images obtained from the tool rake, flank face and tool edge and 
classified as a function of the cutting parameters. These images allow a first qualitative approach to 
the tool wear mechanism and its intensity. The images correspond to the tool after performing a 
machining length equivalent to 15 turns. 

These images show that the crater wear increases with vc. The highest intensity is obtained for vc 
= 125 m/min. This wear on the tool rake face is less evident when low f (0.05–0.10 mm/r) and vc (30 
m/min) are used. Its intensity is enhanced when f is increased. High f and vc give rise to fast 
temperature increment that results in diffusion wear and crater formation [17,23]. Therefore, this 
wear mechanism is increased with vc and f.  

In addition, a secondary adhesion wear phenomenon is observed on the tool rake face, at high 
vc (65–125 m/min) and f (0.20–0.30 mm/r). High f results in high pressures in the cutting area that, 
together with high temperatures at high cutting speed, facilitates the built up layer (BUL) formation, 
due to thermo-mechanical effects.  

Flank wear is present throughout the cutting speed range analyzed, even at low vc (30 m/min). 
Its intensity is increased with vc. This increment is much more evident on the high f range (0.20–0.30 
mm/r). Hence, f increments result in higher flank wear intensity, increasing vc negative effect.  

This wear is also a consequence of thermo-mechanical effects on the cutting area. High pressures 
and temperatures cause material adhesion on the tool edge (built up edge, BUE). This BUE is unstable 
and tend to detach. As a result, the tool breaks and material fragments from the tool are incorporated 
to the chip [1,21]. The BUE formation is clearly observed for high f values (0.20–0.30 mm/r), regardless 
the vc used. For f = 0.10 mm/r, BUE shows lower intensity and it is observed only at low vc. For f = 0.05 
mm/r, BUE is practically not present.  

In addition, an abrasion phenomenon on the flank face is observed. It is present in the whole vc 
range tested and is increased with f. On one hand, this abrasion is a consequence of the friction 
between the chip (when it rolls over itself) and the tool. The chip section is increased with f and, 
consequently, the abrasion area increases. On the other hand, this abrasion is also caused by the 
erosion of small fragments from the tool, due to material adhesion to the tool surface and subsequent 
detachment or fracture [1]. 

Regarding the tool wear intensity, Figure 6 shows the VB and KA mean values evolution as a 
function of the cutting speed and feed rate. A general trend to increase VB with vc and f is observed 
(Figure 6a). The highest values are obtained for vc = 125 m/min, regardless f. Within the lowest f range 
(0.05–0.10 mm/r), for vc = 65 and 125 m/min, feed rate becomes more important than cutting speed. 
However, for lower vc (vc = 30 m/min), f becomes less relevant. Within the intermediate f interval 
(0.10–0.20 mm/r), the highest VB increments are observed for vc = 30 m/min, whereas for 65 and 125 
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m/min these increments are less noticeable. For the highest f range (0.20–0.30 mm/r), f becomes less 
relevant, with vc being the predominant parameter. 

These VB trends are in good agreement with the flank wear behavior previously commented. 
Flank wear is observed in the whole vc range analyzed. Nevertheless, vc seems to have less influence 
on low f values, whereas both cutting parameters (vc and f) have similar influence at high f. Therefore, 
f shows slightly higher influence on flank wear. 

In Figure 6b, KA shows a general trend to increase with vc and f. This increment is lower for vc = 
30 m/min. The highest values are obtained for vc = 125 m/min, closely followed by vc = 65 m/min. The 
differences between these two cutting speed values are more significant within the highest f range 
(0.20–0.30 mm/r), whereas those differences are lower for the lowest f interval (0.05–0.10 mm/r). Even 
for f = 0.10 mm/r, higher KA values are obtained for vc = 65 m/min than for vc = 125 m/min. 

Therefore, cutting speed seems to be more influential on crater wear, within the highest and 
lowest f intervals. Only for the intermediate f range, both parameters obtain similar relevance. As a 
result, vc shows a slightly higher influence on crater wear than f. Its effect is increased by f, reaching 
the worst results when the highest vc and f are combined. All these trends are in good agreement with 
the aforementioned crater wear observations. 

Table 3. SOM images (30×) of the tools used. 
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Figure 6. Tool wear intensity evolution as a function of vc and f. (a) Flank wear (VB); (b) crater wear 
(KA). 

The experimental results obtained for the cutting forces and tool wear, and their evolution with 
the cutting parameters, seem to indicate that it is possible to find a relationship between the dynamic 
main cutting force amplitude and the parameters selected to measure crater and flank wear. This fact 
can be visualized in Figures 7 and 8, where the superimposed experimental results for (Fc, VB) = f(vc, 
f) and (Fc, KA) = f(vc, f), respectively, are shown. 

 

Figure 7. Fc vs. VB, as a function of f and vc. 
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Figure 8. Fc vs. KA, as a function of f and vc. 

3.3. Experimental Parametric Models 

As previously mentioned in the introduction, obtaining mathematical models from 
experimental data that allow predicting machining output variables as a function of cutting 
parameters may be very useful. If these experimental models are obtained for the first machining 
instants (transient state or quasi-steady state), in which the numerical models are usually focused, 
they might help to better understand the physical–chemical phenomenon produced in the cutting 
area. In addition, they can be useful to improve the online monitoring of output variables. 

First of all, several parametric models have been obtained which predict the output variables 
analyzed (Fc, VB and KA) as a function of the cutting parameters studied (cutting speed and feed 
rate). Among the different models tried, a potential model has exhibited the best fit, as shown in 
Equation (2) [13]:  𝑂𝑉 K ∙ 𝑣 ∙ 𝑓  (2) 

In Equation (2), OV is the output variable studied, with the constants being K, x and y. A 
multivariable linear regression has been used to fit the model. Table 4 provides the results for the 
constants of the model, for each output variable (OV), as well as the adjusted determination 
coefficient, R2. The results of the proposed models and the experimental data are contrasted in Figure 
9. 

Table 4. Model coefficients. 

OV K x y R2 
Fc  7746.67 −0.62 0.52 0.82 
VB  0.18 0.19 0.26 0.92 
KB  0.019 0.81 0.72 0.88 

As it can be observed in Table 4, the three parametric models show a reasonable fit. The model 
for Fc shows a negative exponent for x and positive one for y. Therefore, they indicate that Fc decreases 
with vc and increases with f, being in good agreement with the experimental observations. In addition, 
both variables have a very similar weight on the Fc value. Nevertheless, the exponent for vc exhibits 
a slightly higher value and, therefore, vc seems to be slightly predominant. 

Regarding VB, as it can be seen from Figure 9a, both exponents are positive and, as a result, the 
model indicates that flank wear tends to increase with vc and f. In this case, the exponent for f is higher, 
which indicates that f shows a bit higher influence on this parameter and as a consequence, on flank 
wear. In addition, Figure 9b shows that the KA exponents are also both positive, with the values 
obtained being very close to each other, which indicates that crater wear increases with vc and f. 
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However, opposite to what happens with flank wear, vc exhibits a slightly higher influence (higher 
exponent value). It is necessary to highlight that these results are in good agreement with the 
aforementioned experimental observations regarding flank and crater wear. 

In Figure 9c, the Fc model shows a good fit for vc = 30 and 125 m/min. Higher dispersion is found 
only for vc = 30 m/min and f = 0.20 mm/r (Fc is overestimated by 30%). For vc = 65 m/min, the model 
underestimates Fc by 25% throughout the f range. 

With regard to the tool wear parameters, the model exhibits a very good fit for VB throughout 
the whole vc and f tested intervals. In addition, the model for KA (Figure 9b) shows a good fit for vc = 
30 and 125 m/min. Nevertheless, it underestimates the experimental results for vc = 65 m/min, from f 
= 0.10 to 0.30 mm/r. 

In general terms, these models show a reasonable fit. However, these models seem to be less 
accurate for vc = 65 m/min, mainly for Fc and KA. These could be explained taking into account that 
the indirect adhesion wear (built up edge, BUE and built up layer, BUL) is the predominant tool wear 
mechanism in the machining first instants [18,19]. The BUE and BUL formation is in an incipient state 
for vc = 30 m/min, Table 3. Notwithstanding, for vc = 65 m/min, the adhered material is more noticeable 
(more quantity of material can be observed in the rake face and the tool edge), but it is unstable and 
tends to detach from the edge and the rake face. This fact may explain the increment in the cutting 
forces and the underestimation of the tool wear in the model. Finally, the quantity of material adhered 
to the tool is higher for vc = 125 m/min, and the material detaching tends to be less likely. 

As previously commented, the experimental results have shown that it is possible to try a model 
which allows monitoring tool wear through the main cutting force amplitude in the transient state. 
Equations (3) and (4) show the proposed models for VB and KA, respectively. Due to the higher 
influence of f on VB and vc on KA, both cutting parameters have been included in the models. These 
models are a combination of the results obtained in Table 4. 𝑉𝐵 𝐾 ∙ 𝑓 ∙ 𝐹  (3) 𝐾𝐴 K ∙ 𝑣 ∙ 𝐹  (4) 

 
(a) 
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(b) (c) 

Figure 9. Experimental data vs. parametric models, for (a) Fc; (b) VB; and (c) KA. 

In Equations (3) and (4), K, x and y are constants. Table 5 provides the results obtained in the 
regression for these constants.  

Table 5. Model coefficients. 

GP K x y R2 
VB  2.19 0.41 –0.26 0.91 
KA  2.8 × 10−7 1.57 1.22 0.93 

Figures 10 and 11 plot the model results versus the experimental data. Table 5 shows a 
reasonable fit for both models. This fact is also observed in Figures 10 and 11. The exponents for each 
proposed model (Table 5) indicate a crater and flank tool wear increment with the cutting parameters. 
These wear results are in good agreement with the experimental observations. On the other hand, the 
negative exponent for Fc in Equation (3) indicates that VB is increased when Fc decreases. This can be 
explained due to the fact that this exponent includes the vc effect, which tends to reduce Fc. This fact 
is not normal in the steady state. Usually, the increment of the tool wear results in an increment of 
the cutting forces. However, as discussed in the introduction, the Ti6Al4V alloy’s low thermal 
conductivity leads to fast temperature increasing in the cutting area and a material softening as a 
result. This fact results in a reduction of the cutting forces. In the machining first instants, tool wear 
is not enough to compensate this cutting force reduction. Therefore, a reduction of the cutting forces 
and an increment of tool flank wear may be compatible [2,43]. In the steady state, the effect of the tool 
wear is higher and the softening effect in the cutting area and an increment of tool wear results in an 
increment of the cutting forces.  

On the other hand, the positive value for the Fc exponent in Equation (4) indicates that KA tends 
to increase with Fc. This is logical, taking into account that Fc increases with f. 

It is necessary to point out that these models are only valid within the range of the applied 
cutting parameters, the used tool, the applied cutting conditions and for the first instant of machining 
(transient state). The aim of the authors is not to obtain a general model that relates the studied output 
variables as a function of the cutting parameters for the steady state. Notwithstanding, the developed 
models may facilitate the understanding of the physical phenomena that occurs in the transient state 
and, as a result, allow a better comprehension of the experimental results. 
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Figure 10. Experimental data vs. parametric model for VB = f(f, Fc). 

 
Figure 11. Experimental data vs. parametric model for KA = f(vc, Fc). 

4. Conclusions 

In this work, the influence of the cutting speed and feed rate on the cutting forces and tool wear 
in dry machining of Ti6Al4V alloy has been analyzed. The study has been focused on the transient 
state machining, monitoring tool wear through the machining process with different cutting 
parameters and analyzing the cutting forces. 

The main cutting force has shown significantly higher values and more sensitive behavior 
related to the cutting parameters than the feed force. In addition, the main cutting force has exhibited 
a general trend to decrease with the cutting speed and to increase with the feed rate. Therefore, low 
cutting speed and high feed rate combinations have resulted in highest main cutting forces. On one 
hand, increments in cutting speed give rise to fast temperature increasing in the cutting area and a 
material softening as a result. On the other hand, feed rate reductions imply lower chip section and, 
therefore, lower cutting forces. 

The crater wear has shown a general trend to increase with cutting speed and feed rate. Its 
formation has been more noticeable at high cutting speeds. High feed rates and cutting speeds give 
rise to fast temperature increment that results in secondary adhesion wear (built up layer), diffusion 
wear and crater formation, due to thermo-mechanical effects. The crater wear intensity has been 
quantified with the crater wear area. This parameter has shown a general trend to increase with 
cutting speed and feed rate. Notwithstanding, cutting speed has exhibited slightly higher influence 
on this parameter. 

The flank wear was present throughout the cutting speed range analyzed, even at low values. 
Its intensity has shown a general trend to increase with both cutting parameters (cutting speed and 
feed). This wear is also a consequence of thermo-mechanical effects. High pressures and temperatures 
cause material adhesion to the tool edge (built up edge), which is unstable and tends to detach, 



Metals 2019, 9, 1014 14 of 16 

 

resulting in tool breaking. The flank wear width has been the parameter used to evaluate the flank 
wear intensity. This parameter has exhibited a general trend to increase with both cutting parameters. 
However, feed rate has shown a slightly higher influence. 

In addition, an abrasion phenomenon on the flank face has been observed, as a consequence of 
the friction between the chip and the flank face, and the erosion of small fragments from the tool. 

Several experimental parametric models have been obtained to predict the main cutting force, 
the crater wear area and the flank wear width as a function of the cutting parameters. A potential 
model has exhibited a reasonable fit for the three variables studied. 

Finally, a parametric potential model that relates the main cutting forces’ amplitude and the tool 
wear has been developed. This model allows the tool wear monitoring through the main cutting force 
amplitude in the transient state. This model has shown a reasonable correlation with the experimental 
results. It is necessary to highlight that this model is only valid for the transient state, within the range 
of analyzed cutting parameters and under the cutting conditions described in the experimental 
methodology. Its general validity should be tested under different cutting conditions.  
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