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---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
 
 
Abstract Carbon Fiber Reinforced Polymer (CFRP) composites are widely used in the aerospace field because of 

their outstanding lightweight material characteristics, tensile strength, and stiffness properties. The tools used in com-

posite machining exhibits different cutting performance and machining quality under different cutting conditions. The 

combination of tool material, tool geometry, and cutting conditions strongly influence the tool life and surface quality of 

the machined parts. Edge trimming of CFRP blanks with tungsten carbide two flute end mill cutter was conducted. The 

operation was carried out on a computer numerical control (CNC) router by varying cutting speed, feed speed, and 

depth of cut. Experimental results indicated that the wear of carbide tools is characterized by abrasive wear and round-

ing of the cutting edge. This occurred mainly by hard abrasion of the carbide grains. Tool life was observed to be 

inversely proportional to cutting speed, feed speed, and depth of cut. An expanded tool wear equation with power, 

average temperature, and resultant force as independent variables provided higher tool wear predictive capabilities. 

To check the adequacy of the regression model, validation runs were conducted. The experimental tool wear obtained 

from validation experiments were compared with the tool wear obtained using regression. An approximate average 

error of 5% confirms that the experimental and regression tool wear values are very close. The equations and analysis 

permit trimming of CFRP to be designed such that tool wear is optimized and well forecasted. 

 
 

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

 
 

1. Introduction 

Machining of composite materials, especially during 

secondary stages like edge trimming, drilling, and 

grinding, differs from machining homogenous materi-

als as the properties of composites are heavily reliant 

on fiber type, fiber direction, and matrix present [1]. 

Studies suggest that composite machining involves a 

series of uncontrolled fractures along with very small 

plastic deformation [2, 3]. Consequently, tools used 

for the machining of composites are subjected to con-

tinuous thermal and fatigue stresses and alternating 

cutting forces, which may lead to abrasive tool wear, 

chipping, clogging of the flutes, and chip notching [4, 

5].  

The failure of the tool happens when it fails to produce 

parts with dimensional accuracy and required surface 

finish. This makes tool wear an important benchmark 

in the selection of tool materials. Tool wear is re-

garded as the removal of the material from the surface 

of a tool due to the combined effects of various phys-

ical and chemical processes. The studies in the cal-

culation of tool wear are not conclusive due to the 

complexity of the problem and relatively higher de-

pendence on experiments. Moreover, these tests are 

time-consuming and expensive [6]. 

Tool wear is characterized by the removal of hard par-

ticles from the tool surface due to abrasion, vibration, 

or impact at the workpiece - tool interface [7]. It is a 

gradual process and is the result of the cumulative ef-
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fect of different mechanisms like erosive wear, diffu-

sion wear, corrosive wear, oxidation wear, and frac-

ture. The proportion of these mechanisms on total tool 

wear depends on the cutting forces, feed speed, cut-

ting speed, and temperature [8, 9]. Tool wear can fa-

cilitate delamination and burn, leading to increased 

tool forces and temperature at the machined surface 

[10]. Different authors have concluded that tool wear, 

cutting forces, and cutting temperature are greatly de-

pendent on feed speed, cutting speed, and depth of 

cut [11-16]. 

One of the most common types of tools used in the 

machining of CFRP is tungsten carbide cutters. Tung-

sten carbide tool is conventionally used in the edge 

trimming of CFRP and produces clean cut even at 

higher feed speeds. The wear mechanism in tungsten 

carbide tools while machining CFRP can be best de-

scribed by cobalt extrusion and micro-abrasion [17-

18]. Initially, the cumulative effect of plastic defor-

mation and soft abrasion removes the cobalt from the 

tungsten carbide grains. This, in turn, weakens the 

tungsten carbide bond facilitating the removal of car-

bide grains.  Furthermore, the cutting edge of the tool 

suffers from severe rounding while machining CFRP 

[19]. This is due to the epoxy matrix, which has visco-

elastic properties. Moreover, tool wear has a notable 

effect on surface roughness, temperature, force, and 

power, although their relative dependence varies [20-

22].  

Studies conducted by Davim and Reis [23] concluded 

that surface roughness increases with the feed speed 

and decreases with cutting speed. By using a cutting 

speed of 110 m/min and a feed speed of 0.04 mm/rev, 

they were able to achieve a surface roughness of 1.02 

μm on composites using a cemented carbide end mill. 

However, investigations by Haddad et al. [24] with 

tungsten carbide and diamond coated burr tools on 

CFRP suggest that such a correlation exists only at 

standard cutting conditions. At higher cutting condi-

tions, surface roughness is primarily dependent on 

cutting speed and not on feed speed.  

To study the influence of temperature on cutting con-

ditions, Takeshi and Takayuki [25] used an infra-red 

camera based dynamic temperature response system 

to measure the tool-workpiece temperature in the mill-

ing of CFRP using a cemented carbide end mill cutter. 

They noted that the temperature saturates at higher 

cutting speeds between 100 m/min to 300 m/min. 

Studies with carbide tools at constant speed con-

firmed that an increase in feed speed could lead to an 

increase in cutting temperature [26]. This was con-

firmed by Weinert and Kempmann [27], whereas 

Chen reported the contrary [28]. 

To study the influence of force on cutting conditions, 

Janardhan [29] conducted routing of CFRP with tung-

sten carbide tools of 6.35 mm diameter. He studied 

the normal force, feed force, and axial force along x,y, 

and z directions, respectively, and observed that 

these parameters increase with an increase in cutting 

distance. Using six flute carbide tools on CFRP, 

Slamani [30] observed that when a cutting tool gets 

worn, more force is needed to remove the material. 

He reported that there is an exponential increase in 

cutting forces with an increase in cutting length. 

Koplev et al. [12] suggested that cutting force is pro-

portional to the depth of cut. Ucar and Wang [31] con-

ducted trimming of CFRP using a helical end mill cut-

ter and stated that cutting forces increase with feed 

speed and decrease with cutting speed. The cutting 

force in a coated tool is low compared to an uncoated 

one due to the low coefficient of friction at the tool chip 

interface of a coated tool [32]. It is also noticed that 

the cutting forces developed during the machining of 

CFRP undergoes fluctuation. The anisotropic nature 

of CFRP is the major reason for this nonlinear change 

of cutting force [33]. Studies also revealed that net 

power increases with cutting distance, feed speed, 

and tool wear [29]. 

The existing literature covers both the qualitative and 

quantitative aspects of tool wear and the factors influ-

encing it. However, the studies in the calculation of 

tool wear of tungsten carbide tool in edge trimming of 

CFRP are not conclusive due to the complexity of the 

problem and dependence on experiments. A clear un-

derstanding of the optimum cutting conditions com-

bining tool wear with cutting parameters (feed speed, 

cutting speed, and depth of cut) and response varia-

bles (surface roughness, temperature, force, and 

power) has not yet been developed. The current study 

aims at developing a tool wear equation that would 

reveal the effect of both cutting parameters and re-

sponse variables and how these correlates with tool 

wear. The investigation provides theoretical and 

quantitative guidance to related research works in the 

comparison of the performance of different tools with 

respect to service life and quality of the work piece. 

 

2. Experimental Procedure     

Experimental work was conducted in the Composites 

Lab of Khalifa University, Abu Dhabi. CFRP panels of 

the dimension of 500 mm×500 mm×10 mm and TiN-

coated tungsten carbide tools were used in the study. 
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Fig. 1 and Table 1 show the specimen and 

specifications of the CFRP. The tungsten carbide tool 

and its specifications are shown in Fig. 2 and Table 2, 

respectively. 

 

 

 

Fig. 1. CFRP specimen used in the study 

 

 

Table 1. Specifications of CFRP 

 

Feature  Description 

Material type Carbon fiber fabric / Epoxy 

resin     

Fiber  Carbon 

Matrix Epoxy 

Fabric Balanced weave, Twill 2×2 

Mode of manufacture  Autoclave molding  

Curing temperature  180 °C 

Resin content 42 % 

Glass transition tempera-

ture  

150 °C 

 

 

 

Fig. 2. Tungsten carbide tool used in the research 

 

 

 

 

 

 

 

 

 

 

Table 2. Specifications of tungsten carbide tool 

The CFRP specimens were subjected to edge trimming 

using a three-axis MultiCam CNC Router (Fig. 3). The 

measurements taken during machining include temper-

ature, force, and power (Fig. 4). The temperature of the 

workpiece- tool interface was measured using a Fluke 

Ti400 Infra-red (IR) camera. The camera was set so 

that it gave an instant in-focus image of the cutting re-

gion every three seconds. The IR images thus obtained 

were analyzed using Smart View software. Cutting 

force measurement during the machining operation 

was recorded using a tri-axis piezoelectric dynamome-

ter (Kistler Type 9272). The forces that were studied 

during the trimming operation were the normal force 

along the x-direction (Fx), feed force along the y-direc-

tion (Fy), and axial force along the z-direction (Fz). Root 

Mean Square (RMS) was used to represent force with 

a single value, referred hereby as resultant force. A uni-

versal power cell was used to measure the real power 

given to the spindle motor during machining. The net 

cutting power (P) at the end of each pass was deter-

mined as the difference between the total spindle 

power and the idle power (i.e. spindle turning without 

cutting). 

Fig. 3. CNC router used in the machining operation and the 

cutting set up 

 

 

Feature Description 

Name Tungsten carbide end mill cutter 

Make SGS 

Code SER 03S- 48641 

Diameter 10 mm 

Coating TiN 

Cutting tolerance ± 0.05 mm 

Body Tungsten carbide 

Number of cutting edge 2 

 Length of cutter 75 mm 

Length of cutting edge 22 mm 

Helix angle 30 ̊ 
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Fig. 4. (a) IR image under analysis using Smart view (b) 

Dynamometer setup (c) Power cell set up 

 

A full factorial design, 2n was used in this study as 

shown in Table 3. The cutting parameters comprising 

the three independent variables, namely feed speed, 

cutting speed, and depth of cut, have two levels: high 

(+), low (-). In total, there are eight cutting combina-

tions (Table 4). They are named R1, R2, R3, R4, R5, 

R6, R7, and R8 for simplicity in later discussions [34]. 

The ranges of the cutting parameters were selected 

based on the suggested values provided by the tool 

manufacturer. Emissivity value used for the tool was 

0.29. 

 

Table 3. Milling factors and levels for tungsten carbide tool 

Factors Level Value Level Value 

Cutting 
speed (V) 

+ 6400 rpm - 4000 
rpm 

Feed 
speed (f) 

+ 1000 
mm/min 

- 500 
mm/min 

Depth of 
cut (d) 

+ 5 mm - 2.5 mm 

 

Table 4. Factorial design of experiment for tungsten carbide tools 

Test f V d 

R1 - - - 

R2 - + - 

R3 + - - 

R4 + + - 

R5 - - + 

R6 - + + 

R7 + - + 

R8 + + + 

 

Each combination of feed speed, cutting speed, and 

depth of cut was repeated two times, and the two read-

ings were averaged. The post-process stage of meas-

urement includes the determination of surface rough-

ness, tool wear, and microstructure. The surface rough-

ness of the blanks was measured using surface rough-

ness tester Mitutoyo SJ-301 (Fig. 5). The measure-

ments were conducted on five distinct locations on the 

machined edge, and the two roughness parameters, 

arithmetical mean roughness value (Ra) and mean 

roughness depth (Rz), were measured for each location. 

Measurement of flank wear was conducted after every 

pass using an optical microscope (Fig. 6). To quantify 

tool wear, flank wear was measured. Maximum flank 

wear corresponds to the maximum width of the wear 

land on the clearance face. The flank wear is the aver-

age of the two flank wear readings recorded for each 

flute. Using Sigma Scan pro image analysis software, 

the measurements of tool wear and analysis of image 

was done. The microstructure of the worn tool was an-

alyzed using a scanning electron microscope (FEI- 

Quanta 250 ESEM). 
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Fig. 5. Surface roughness tester 

 

 

Fig. 6. Setup of the optical microscope with the tool holding fix-

ture and the Flank wear at the tool edge 

 

3. Results and Discussions     

3.1 Tool Wear 

Flank wear was studied for approximately 300 µm. The 

variation of flank wear was plotted against cutting 

length for different cutting conditions, as shown in Fig. 

7.  After every 0.5m of trimming distance, the tool was 

removed to inspect the cutter flutes under the optical 

microscope to determine the magnitude of tool wear. 

Based on the tool wear curve, the tool life equation was 

developed using nonlinear regression for a cutting 

length corresponding to 200 µm flank wear as follows.  

T=2.24543 V-0.58473f 
-0.23991

d
-0.56209

                  (1) 

 

Fig. 7. Variation of flank wear against cutting length (a) of R 1, 

2, 3, 4 (b) of R 5, 6, 7, 8 

 

To check the adequacy of the tool life equation, the main 

effect plot and interaction plot was generated using 

Minitab software (Fig. 8). The similarity in the plots of sin-

gle and two-factor interaction confirms that the tool life of 

carbide tools is inversely proportional to feed speed, cut-

ting speed, and depth of cut. Fig. 9 highlights the interac-

tions of different parameters on tool life. It can be noted 

that the products of the depth of cut with feed speed and 

cutting speed are the key interactions.  

From Fig. 9 (a) it can be noted that there is a steep in-

crease in flank wear with the cutting length. This should 

be due to the severe chipping and delamination of the TiN 

coating. It was also noted that as cutting length increased, 

resins and fibers got adhered to the cutting edges. The 

literature proposes that after this abrupt increase in tool 

wear, the wear progresses slowly. This secondary stage 

of wear is attributed to the abrasion of the coating and 

substrate. However, this region is absent in the current 

research as the cutting length is confined to a value cor-

responding to approximately 300 µm flank wear. 
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Fig. 8. Effect of feed speed, cutting speed, length of cut and depth 

of cut on tool life (a) Main effect plot (b) Interaction plot 

 

 

 

Fig. 9. Effect of feed speed, cutting speed, length of cut and depth 

of cut on tool wear (a) Main effect plot (b) Interaction plot 

 

3.2 Tool Wear Mechanism 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. (a), (b) and (c) shows the SEM images of the wear pattern 

of carbide tools under cutting condition R3 at magnifications 160x, 

600x and 10000x respectively 

The wear of carbide tools was attributed to abrasive 

wear and rounding of the cutting edge. Fig. 10 -(a), (b), 

and (c) show the SEM images of the wear pattern of 

carbide tools under cutting condition R3 at magnifica-

tions 160x, 600x, and 10000x respectively.  The SEM 

image (a) and (b) shows the flank wear and degree of 

roundness of the cutting edge. The wear develops by 

the removal of the cobalt binder present between the 

carbide grains followed by the removal of carbide 

grains by fracture initiating crack formation. The SEM 

image (c) shows the voids and intergranular cracks 

formed when carbide grains are removed. The black 

dots in the image are the cobalt binder that was re-

moved during hard abrasion, revealing the carbide 

grain. The high values of cutting forces could be the 

reason for the binder to partially extruded from the tool. 

 

3.3 Surface Roughness 

It can be observed that Ra decreases with an increase in 

cutting speed. This is evident from the Ra - cutting length 

curves (Fig. 11) by comparing the cutting conditions R1 

with R2 and R5 with R6, which demonstrates the effect of 

cutting speed. R1 and R5 are low cutting speed condi-

tions, while R2 and R6 are high-speed ones. The tool, 

when used under the cutting condition R1 and R5, 

showed higher values of Ra relative to R2 and R6, respec-

tively. However, when feed speed is increased, the value 

of Ra also increased. R1 and R5 are low feed conditions, 

while R3 and R7 are high feed ones. The increase in Ra 

with higher feed speed is obvious by comparing R1 with 

R3 and R5 with R7. Hence, it is clear that surface rough-

ness parameters are inversely proportional to cutting 
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speed and directly proportional to feed speed and depth 

of cut. At low cutting speeds, large material removal is 

noticed, leading to higher surface roughness. An increase 

in cutting speed can cause a decrease in chip per tooth 

and less deformed matrix and fibers leading to a lower Ra. 

On the other hand, an increase in feed speed can cause 

increased heat generation, higher chip thickness, and 

chatter leading to incomplete machining of the workpiece 

and consequently higher roughness. This was evident 

during the experiment as visible cracks were present on 

the surface when machined under the cutting conditions 

R3 and R7 [35]. It was also noted that at higher cutting 

lengths, surface roughness showed a steep increase in 

all the cutting conditions. It can be inferred that Rz is more  

sensitive to surface roughness than Ra. The trends dis-

cussed for Ra is also applicable to Rz (Fig. 12). 

 

Fig. 11. Variation of Ra against cutting length (a) of R 1, 2, 3, 4 (b) of 

R 5, 6, 7, 8 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Variation of Rz against cutting length (a) of R 1, 2, 3, 4 (b) of 

R 5, 6, 7, 8      

 

3.4 Temperature 

The average and maximum temperatures of the cutting 

tool were found to be directly proportional to cutting 

length and cutting speed but inversely proportional to 

feed speed. This is confirmed by the SEM images and 

wear measurements, which reveal the deterioration of 

the sharp tip of the tool, facilitating wear and rubbing 

friction, consequently increasing the temperature. Figs. 

13 and 14 explain the variation of average and maxi-

mum temperatures with respect to cutting length.  

A large portion of heat from the tool is lost into the chips. 

The decrease in average and maximum temperature 

with higher feed speed is obvious by comparing R1 with 

R3 and R5 with R7. In the course of thermography, it 

was noted that at high feed conditions like R3 and R7, 

the chip temperature was higher, which justifies the ar-

gument. 

The dependance of feed rate on temperature can be ex-

plained on the basis of material removal rate. Decrease 

in temperature with higher feed speed is due to the high 

material removal rates. It has been shown in recent 
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studies that the heat partition in machining CFRP con-

sists of heat conducted to the tool, heat conducted to 

the workpiece and the remaining heat evacuated by the 

chips. The latter partition is the largest. Therefore, in-

creasing the feed results in increasing the chip thickness 

and thus the heat removed by the chips [37]. 

 

It was observed that both the average and maximum 

temperatures show a steady increase with the cutting 

length. This could be explained based on the SEM im-

ages and the wear measurements, which confirm that 

flank wear of carbide tools is relatively higher compared 

to PCD tools. This will deteriorate the sharp tip of the 

tool, facilitates wear and rubbing friction, subsequently 

increasing the temperature  

 

By comparing the cutting conditions R2 with R6 and R4 

with R8, which explains the effect of depth of cut, it can 

be inferred that average and maximum temperature at 

a depth of cut 2.5 mm is lower than that at a depth of cut 

of 5 mm. This is because when the depth of cut in-

creases, the size of the chip and friction of chip and tool 

increases leading to an increase in temperature. Thus, 

we can conclude that higher values of cutting speed and 

depth of cut and lower value of feed speed lead to higher 

average and maximum temperature. The temperature 

recorded by the IR camera was less than the tempera-

ture required for the failure of the tool through the ther-

mal degradation process, which is approximately 1000 

°C. Hence it is clear that the tool possesses sufficient 

strength at elevated temperatures. Though the average 

and maximum temperature is measured, it is preferred 

to use average temperature for analysis as the maxi-

mum temperature may also include the temperature of 

chips generated [36-37]. 

 

 

 

 

 

 

 

Fig. 13. Variation of average temperature against cutting length (a) of 

R 1, 2, 3, 4 (b) of R 5, 6, 7, 8 

 

Fig. 14. Variation of maximum temperature against cutting length (a) 

of R 1, 2, 3, 4 (b) of R 5, 6, 7,8 

  

3.5 Cutting Forces 

The variation of the normal, feed, and axial forces is 

shown in Fig. 15, 16 and 17 respectively. The normal 

force increases with an increase in cutting length, depth 

of cut, and feed speed and decreases with an increase 

in cutting speed. At low cutting speeds, the tool ploughs 

the workpiece leading to high normal forces, whereas, 

at high cutting speeds, the cutting force becomes 
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steady and subsequently reduces the normal force. It 

was observed that after an initial rise, feed force de-

creased in magnitude and gradually attained constancy. 

This is possibly due to the steady phase of cutting, 

which reduces the feed force. It was also noted that 

feed force is dependent primarily on cutting speed and 

depth of cut and less dependent on feed speed. The 

tools which showed higher feed force was found to 

have high values of flank wear, which makes it a good 

indicator of tool wear. Though very small in magnitude 

relative to normal and feed forces, the carbide tool also 

creates an axial force component (Fz), which increases 

with an increase in feed speed and depth of cut and 

less dependent on cutting speed.  The resultant of the 

three forces (resultant force) is plotted against cutting 

length as in Fig. 18. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15. Variation of normal forces against cutting length (a) of R 1, 

2, 3, 4 (b) of R 5, 6, 7, 8  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 16. Variation of feed forces against cutting length (a) of R 1, 2, 

3, 4 (b) of R 5, 6, 7, 8      

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17. Variation of axial forces against cutting length (a) of R 1, 2, 3, 

4 (b) of R 5, 6, 7, 8    
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Fig. 18. Variation of resultant force against cutting length (a) of R 1, 2, 

3, 4 (b) of R 5, 6, 7, 8     

  

 

3.6 Power 

Power increased with an increase in feed speed and 

depth of cut and was less dependent on cutting speed. 

This is evident from the graph (Fig. 19) as there is only 

a slight increase in power for the cutting conditions R2 

and R6 when compared with R1 and R5, respectively 

(similar feed, depth of cut but different cutting speed 

condition). Furthermore, with an increase in cutting 

length, net power increased in the initial stages and 

gradually attained constancy. This could be explained 

based on the relatively high tool wear in the initial 

passes and the subsequent steady phase of cutting. It 

can also be noted that power is a good indicator of wear 

as the power consumption curve during the machining 

experiments is similar to the wear pattern observed. 

Justifying this, the tool, when operated under cutting 

conditions associated with high power (R8), produced 

maximum flank wear. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 19. Variation of power against cutting length (a) of R 1, 2, 3, 4 (b) 

of R 5, 6, 7, 8      

 

3.7 Correlation with Tool Wear 

To determine the correlation between tool wear and dif-

ferent machining responses, a linear regression was 

conducted to statistically measure the closeness of the 

data to the regression line. Coefficient of determination 

(R2) values were close to one for average temperature, 

resultant force, and power. The close range of values 

in linear regression led to the development of a non-

linear regression model, which is more conclusive. 

A nonlinear regression to establish the relationship be-

tween tool wear and different parameters was per-

formed using Sigma plot software for a better under-

standing of this correlation. The general expression for 

an expanded tool wear regression model is shown be-

low. 

Tw= a Vn f m dq Lg Ah Pi Fj                     (2) 

Where 𝑎  denotes the constant term and 

 𝑛, 𝑚, 𝑔, ℎ, 𝑖 𝑎𝑛𝑑 𝑗  denotes the coefficients of different 

terms in the tool wear equation. This equation can be 

used to establish the relationship between tool wear and 

other parameters. For conducting non-linear regression, 

parameters that showed a high R2 value in linear regres-

sion were taken. This was performed by taking tool wear 

along the x axis and the responses along the y axis. A 
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linear regression was conducted to statistically measure 

the closeness of the data to the regression line. Coeffi-

cient of determination (R2) values was found out for each 

response - tool wear combination.  R2 measures the ad-

equacy of the fitted model. An R2 value close to one sug-

gests that the proposed model demonstrates changes of 

the response data around the mean. From the analysis it 

was confirmed that average temperature, resultant force, 

and power have values of R2 closer to one. Thus, these 

parameters are capable of accurately predicting the tool  

wear. Thus different combinations of power, average 

temperature, and resultant force along with cutting speed, 

feed speed, depth of cut, and cutting length were tried, 

and different models were obtained. 

 

For Tungsten carbide, different combinations of aver-

age temperature (A), resultant force (F), and power (P) 

along with cutting speed (V) , feed speed (f) and cutting 

length(L), depth of cut (d) were tried and different re-

gression models for tool wear ( 𝑇𝑤) were obtained and 

are summarized below.  

a. Tw=4.717f
-0.454

V0.456L0.779d
0.5595

P-0.2446         (3)   

b. Tw=f
-0.5

V0.2873L0.5394d
0.178

A-0.7557            (4)  

c. Tw=f
-0.357

V0.338L0.561d
0.384

P-0.332A
0.92

            (5)  

d. Tw=f
-0.301

V0.526L0.474d
0.432

F0.415A
0.572

P-0.391      (6)  

The correlation coefficient (R), coefficient of determina-

tion (R2), standard error of estimate (SEE), P-value and 

F-value for different models are discussed in Table 5.  

Table 5 Statistical Summary of different tool wear models 

 

 

 

 

R2 and adjust R2 for all the models are between 0.986 

to 0.99 and 0.972 to 0.981, respectively. Thus, the pro-

posed regression models explain approximately 98 % 

variance in tool wear. The low value of SEE cites less 

variation of the regression model from the experimental 

data. All the regression reports have a P-value less 

than 0.0001. This shows that the predictors used in the 

model are significant and can be used to estimate tool 

wear. The F- values are of the range 430 to 511, which 

suggests good prediction.  

 The tool life Eq. (6) with feed speed, cutting speed, 

depth of cut, length of cut, power, average temperature, 

and resultant force showed a very high R, R2 ,and ad-

just R2 values of 0.99, 0.98 ,and 0.979 ,respectively. 

Furthermore, it has a high F-value and relatively small 

T-value. This confirms that after adding power, average 

temperature and resultant force as an independent var-

iable in the tool wear model, the tool life equation is sig-

nificantly improved, and the tool wear prediction ex-

ceeds that of the Taylors model. Altogether, these 

equations permit edge trimming of CFRP to be de-

signed such that tool wear is optimized and well fore-

casted.  

To check the adequacy of the model developed using 

regression with average temperature, power, and re-

sultant force as independent variables, validation tests 

were conducted by trimming CFRP with tungsten car-

bide tools under three sets of cutting conditions. The 

feed speed, cutting speed, and depth of cut in each 

cutting condition are presented in Table 6. The valida-

tion parameters were selected so that they are differ-

ent than the design of experiments (DOE) parameters, 

but yet fall within the range specified in Table 3.  

Table 6 Cutting parameters matrix for validation tests 

Cutting Con-

dition 

Feed speed 

(mm/min) 

Cutting 

Speed (rpm) 

Depth of cut 

(mm) 

1 750 5000 3.75 

2 750 6400 2.5 

3 1000 6400 4 

 

Eq. 

No  

R R2 Adjust 

 R2 

SEE F-valu

e 

P-value 

a 0.987 0.974 0.972 13.1

288 

430.69 <0.0001 

b 0.986 0.972 0.971 13.4

53 

511.74

3 

<0.0001 

c 0.987 0.975 0.973 12.9

16 

445.32

04 

<0.0001 

d 0.99 0.981 0.979 11.3

51 

483.38

7 

<0.0001 
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The experimental tool wear obtained from validation ex-

periments were compared with the tool wear obtained 

using regression with average temperature, power, and 

resultant force as independent variables. To deduce 

the variation of the values so obtained, the mean 

square error and percentage error was calculated for 

each trail. Fig. 20 shows the comparison of experi-

mental and regression tool wear for different runs. An 

approximate average error of 5% confirms that the ex-

perimental and regression tool wear values are very 

close. Thus, the regression model adequacy is vali-

dated. 

Fig. 20. Comparison of experimental and regression tool wear 

 

4. Conclusions 

Experimental studies and further simulations estab-

lished a clear relationship between the cutting parame-

ters (feed speed, cutting speed, and depth of cut) and 

response variables (surface roughness, temperature, 

force, and power). This relationship led to the develop-

ment of a tool life equation for tungsten carbide tools 

with respect to cutting speed, feed speed, and depth of 

cut. Longer tool life was observed at lower values of 

cutting speed, feed speed, and depth of cut. SEM has 

allowed discussing the morphologies of the tool during 

cutting, aiding in developing wear mechanisms. Mathe-

matical modeling of tool wear with a very high degree 

of accuracy has been developed and validated. The 

tool life equation with feed speed, cutting speed, depth 

of cut, length of cut, power, average temperature, and 

resultant force showed a very high R, R2, and adjust R2 

values of 0.99, 0.98, and 0.979, respectively. Further-

more, it has a high F-value and relatively small T-value. 

This confirms that after adding power, average temper-

ature, and resultant force as an independent variable in 

the tool wear model, the tool life equation is significantly 

improved, and the tool wear prediction exceeds that of 

the Taylors model. 

One of the limitations of the study is that it is applicable 

to edge trimming of CFRP using tungsten carbide tools 

only and not for any other tool- composite combination. 

The study can be further extended by modelling the 

temperatures of the tool, workpiece, chip, and heat par-

tition at different cutting feed, speed, and depth of cut. 

Another area of research could be the application of 

neural networks to generate real-time tool wear data. In 

fact, further experimental tests are required by widen-

ing the research envelope by adding factors like vibra-

tion and dust generated during trimming. A comprehen-

sive predictive model includes the material properties, 

cutting parameters, response variables, and tool geom-

etry. Additionally, to enhance the accuracy of the model, 

it is recommended to conduct more trials with different 

combinations of process parameters. 
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Nomenclature 

f       : feed rate    

V      : cutting speed 

L      : cutting length 

d      : depth of cut 

A      : average temperature 

F      : resultant force 

P      : power 

Tw     : tool wear 

R      : Correlation coefficient 

R2     : coefficient of determination 

SEE   : standard error of estimate 
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