Experimental Study on the Cutting Forces
in PTFE Orthogonal Cutting
DANIEL VLAD1, CATALIN FETECAU1*, CRISTIAN DOICIN2, LIVIU IULIAN PALADE3
Dunarea de Jos University of Galati, Faculty of Mechanical Engineering, Deparment of Manufacturing Robotics and Welding
Engineering, 111 Domenasca Str., 800201, Galati, Romania
2
University Politehnica of Bucharest, IMST Faculty, 313 Spaliul Independentei, 060042, Bucharest, Romania
3
Université de Lyon, CNRS, Institut Camille Jordan UMR5208, INSA-Lyon, Pôle de Mathématiques, Bât. Léonard de Vinci, 401, 21
Avenue Jean Capelle, F-69621 Villeurbanne, France
1

The study aims at analysing the effect of the glass microfiber content on the variation of the cutting forces in
the orthogonal turning process of two types of polytetrafluoroethylene: PTFE and PTFE S25 (25 [wt%] glass
microfibers) with a polycrystaline diamond (PCD) tool. The influence of the process parametres (cutting
speed and feed rate), as well as that of the geometrical parametres of the cutting part of the tool (rake angle
γ when the clearance angle α and the incidence angle χ are constant) on the two components of the
cutting force (cutting force, Fz, and feed force, Fx). The values of the turning forces were recorded with a
Kistler piezoelectric dynamometer (type 9257B). Experimental results indicated that the value of the cutting
force decreases with the increase of the cutting speed. Moreover, the glass microfiber content influences the
value decrease of the main cutting force component. A statistical mathematical model, determined by linear
regression, was developed to analyze the influence of varying parametres on the cutting force components
(Fz and Fx).
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The mechanical cutting of polymeric materials has been
increasingly used to obtain single or small-scale products,
or certain forms, surfaces and tolerances for parts that
cannot be obtained by pressing, turning or injection [10,
12, 14, 20].
Few research studies are available in the literature
concerning the machining of polymeric materials or their
behaviour under cutting.
Roy and Basu [4] investigate the effects of process
parametres on the main cutting force component, on
roughness, and on the determination of a model by multiple
linear regression for the two elements. One of the authors’
final findings was that the cutting depth is the main
parameter influencing the cutting force components,
followed by the feed rate. Instead, they noticed that the
influence of the cutting speed on the value of the cutting
force is insignificant.
Davim and Mata, [1], used a polycrystaline diamond
(PCD) cutting tool to run turning tests on glass fibre
reinforced plastics (GFRPs), in order to identify the optimal
cutting mode for surfaces that observe ISO 7 and ISO 8.
This optimal cutting mode was determined by linear
regression and the conclusion is that surface roughness
increases with the increase of the feed rate and decreases
with the cutting speed.
The experimental work by Wang and Zhang, [7],
investigates the orthogonal cutting of an carbon fibre
reinforced epoxy resin. One of the conclusions is that the
orientation of the carbon fibres highly influences the value
of the cutting forces (measured with a Kistler piezoelectric
dynamometer, type 9257B), as well as surface roughness.
Davim and Mata, [3] achieved an experimental study
on the cutting process for polyamides PA 6 and PA 66GF30. The aim was to evaluate the influence of glass fiber
reinforcement on chip compression ratio, friction angle,
shear angle, normal stress, and shear stress. Using the

Merchant model of shear angle, the two authors concluded
that the effect of glass fibres in the under prefixed cutting
parametres (cutting velocity and feed rate), glass fibres on
the PA 66-GF30 composite is an increase of the values of
the cutting forces (for friction angle and normal stress),
whereas, for the PA 6 composite, the values of the chip
deformation and the shear stress are higher.
Silva et al., [8], studied the variation of the forces Fx
(axial), F y (radial), and F z (the main cutting force
component) during the micro-turning of the PA 66-GF30
composite, using cutting tools with CVD (diamond coated
carcarbide), K15 (metalic carbide) and PCD (polycrystalline diamond) plates. The machining with the PCD
plate cutting tool resulted in lower numerical values for
the main cutting force component, in comparison with the
values for the turning with the other plates.
Davim et al. [22], investigated the cutting forces involved
in the turning of two polymers (PA 6 and PA 66-GF30) with
two types of plates: polycrystalline diamond (PCD) and
cemented carbide (K 15). The cutting forces were
measured with a Kistler piezoelectric dynamometer, type
9121, and the tubes samples used were 113 mm of
diameter and thickness of wall of 6 mm. The results
indicated that cutting tools with PCD plates lead to the
lowest values of the cutting force and the finest roughness.
In his study, Wyeth [9] examines the validity of existing
cutting theories (Merchant, Lee-Shaffer, and Atkins) using
orthogonal cutting for Nylon 66. The author determined
the cutting forces and compared the values of the shear
angle analytically obtained from theory with experimental
data.
Machining by cutting of turned composites was the
object of study of Mata et al. [11]. The results regarding the
cutting forces, the wear of the cutting tool, the temperature
and quality of the surface after turning were analyzed and
compared in terms of the influence of filling material

* email: catalin.fetecau@ugal.ro; Tel.: 0744276267
326

http://www.revmaterialeplastice.ro

MATERIALE PLASTICE ♦ 50♦ No. 4 ♦ 2013

(carbon fibres). A mathematical model was realized based
on linear regression, which can predict very precisely the
values of the cutting forces for the turning of PEEK
polymeric materials additivated with carbon fibres, with a
correlation ratio between 0.9 and 0.99%.
The present paper will study the influence of the content
of glass microfibres and of the cutting mode parametres,
speed and feed rate, as well as of the angle of the rake tool
on the cutting forces during orthogonal turning of two PTFE
types: unfilled and reinforced with 25% glass microfibres.
The numerical values of the cutting force have been
obtained using a Kistler piezoelectric dynamometer (type
9257B), based on a Taguchi statistical experiment plan,
with three 3-level factors. Experimental data were analyzed
in terms of the signal-to-noise ratio, and the ANOVA
variance analysis method. Consequently, a mathematical
model based on linear regression was performed to
estimate the numerical values of the cutting force and to
study the influence of the cutting speed, the feed rate and
the rake angle on the components of the resulting cutting
force, Fz and Fx.
Experimental part
Materials and experiment methodology
PTFE is a semi-crystalline polymer of the group of
Fluoropolymers (F2-C=C-F2)n, known under the name of
Teflon, with applications in almost all activity domains [11,
13, 17, 19]. It is a thermoplastic material containing carbon
and fluorine atoms, and the atomic bonds are very strong
[13]. Due to its high melt temperature (approximately
327°C), its viscosity is also very high (in the order of 1010
Pa s), which results in parts made of PTFE composites
being prepared by compression molding and free sintering
[15, 17]. In order to enhance properties like wear
resistance, compression resistance, hardness, electric and
thermal conductivity, PTFEs are reinforced with glass or
carbon fibres, graphite, sulphur, molybdenum, bronze,
metal oxides [16, 18, 19]. Glass and carbon fibres are
commonly used fillers for thermoplastics with multiple
applications [10, 11, 14, 16, 18, 22].
Orthogonal cutting experimental tests have been
conducted on two types of PTFE, PTFE (100%

polytetrafluoroethylene), and PTFE S25 (25 [wt%] glass
micro-fibres), in order to determine the values of the cutting
force components.
The mechanical and thermal characteristics of the
materials used are listed in table 1.
The purpose of conducting these tests was to study the
influence of glass micro-fibres addition, of process
parametres (feed rate and cutting speed), and that of the
angle of the rake tool γ on the cutting forces, as well as to
develop a model that can predict, with minimum error, the
value of the forces involved in PTFE orthogonal turning
process.
The experimental work was conducted at the Faculty of
Engineering and Management, “Stefan cel Mare” Technical
University of Suceava, on a universal lathe, type SN 320x750,
without cooling, at ambient temperature (23°C). The bar
samples were 250 mm long, with a ϕ50 mm outer
diameter and a ϕ42 mm inner diameter.
The cutting scheme used in this experiment (free
orthogonal turning), the cutting force components, the
cutting tool and the sample are presented in figure 1. The
cutting force component Fy is zero in orthogonal turning.
The cutting tool has been provided with a PCD plate
with different rake angles (γ = 6°, -6° and 0°), and a constant
clearance angle (α=7°). This way, the width (7 mm) of
the PCD plate is greater than that of the sample (4 mm).
To achieve the study on the variation of the cutting
forces, an experiment plan was devised (table 2), which
included three values for each rake angle, cutting speed
and feed rate, resulting in 27 combinations.
For each of these combinations, three tests have been
carried out, and three values of the cutting forces were
recorded when the orthogonal turning process became
steady, and then their average was calculated.
A Kistler piezoelectric dynamometer (type 9257B)
measured the cutting force components, a 5070 amplifier
and a PC equipped with the Dynoware software achieved
data acquisition at an acquisition frequency of
approximately 3kHz. The general scheme is presented in
figure 2: the main cutting force component Fz (axis Z),
and the force corresponding to the feed rate Fx, measured
transversally, in the sense of the cutting direction (axis X).

Table 1
THE MECHANICAL AND THERMAL
CHARACTERISTICS OF THE
MATERIALS [26]

Fig. 1. Schematic representation of
orthogonal turning process

Table 2
EXPERIMENTAL PLAN
MATERIALE PLASTICE ♦ 50♦ No. 4 ♦ 2013
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Fig. 2. Experimental setup

min, and v=155 m/min. The comparison results of the two
materials regarding the variation of the cutting force Fz
with the feed rate at the three rake angles are presented in
figure 3.
Figure 3 shows that the 25% glass microfibre content
reduces the values of force Fz when compared with those
for the PTFE. The lower hardness and the higher elongation
of glass micro-fibres causes a decrease in resistance of
the sample machined by cutting when compared with not
reinforced PTFE samples, with a higher resistance. It is
also observed that the main cutting force component Fz
increases with the increase of the feed rate and decreases
with the increase of the cutting speed.
Figure 4 is a comparative presentation of the values
recorded for Fx in relation to the feed rate, for the two
materials tested. Increasing the feed rate determines the
increase of the numerical values of the cutting force
component Fx. Glass microfibre reinforcement leads to a
value increase of force Fx for the same cutting mode in
orthogonal turning with different rake angles of the tool.
Higher values are recorded for the PTFE S25 material.

Fig. 3. Comparison of cutting force Fz as a function of feed rate and
cutting speed, for: a.γ=+6°; b. γ=0°; c. γ=-6°.

Dynamometer measurements can be used within ±
5kN, with a sensitivity of approximately -7.5 pC/N for Fx
and Fy, and about -3.7 pC/N for Fz.
Results and discussion
During orthogonal cutting it is assumed that the cutting
is uniform along the rake face [2, 5, 24, 25]. Cutting forces
act only in the directions of the cutting speed and the feed
rate. The third component, Fy, acting in the direction of the
tool, is zero. Same type cutting plates were used, with a
clearance angle α=ct=7°, and the seats of the plates were
cut so as to obtain the three different rake angles (γ=6°/0°/
-6°).
For the study of the influence of the cutting speed on the
cutting force components, the experimental tests were
carried out at three different speeds: v=60m/min, v=95m/
328

Fig. 4. Comparison of cutting force Fx as a function of feed rate and
cutting speed for: a. γ=+6°; b. γ=0°; c. γ=-6°.
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Fig. 5. The comparison of two
materials for cutting force Fz as
a function of rake angle
at different cutting regime

2

A comparison of the results obtained for the main cutting
force component depending on the three rake angles is
shown in figure 5. The numerical values of the cutting
force decrease with the increase of the rake angle. The
explanation is that at a small rake angle (close to zero or
negative), the deformation of the material is higher. Adding
filler material causes a decrease of the cutting force
component Fz, in the same cutting mode, and the lowest
values are obtained for the PTFE S25 sample.
Analysis of variance ANOVA
The ANOVA test was performed to calculate the effects
of all factors and their interactions, as well as to determine
the influence of cutting parameters and their interactions,
in percentages, taking into account freedom degrees and
residues [11, 23]. The analysis was performed using the
Minitab 16 programme.
ANOVA analysis of PTFE
Conducting orthogonal cutting tests on the PTFE sample
as planned resulted in values for the two forces.
The diagrams in figure 6 present the impact of the feed
rate, the cutting speed and the rake angle on the two
cutting force components Fz and Fx, as well as the signal/
noise ratio.
As can be easily noticed, an increase in the feed rate
increases the main cutting force component Fz and the
feed rate component Fx, which is due to the fact there is an
increasing cutting effort which also increases the specific
cutting pressure. When the cutting speed increases, the
forces remain almost constant. When the value of the rake
angle increases, the numerical values of the force
decreases, as confirmed by experimental results (fig. 5).
To obtain an optimal mode, the signal-to-noise ratio is
determined. The Taguchi method allows for the calculation
of the S/N ratio, and the selection of the performance

characteristic between “smaller is better”, “large is better”
or “normal is better” [20, 23]. The S/N ratio is the ratio
between the value wanted and the one unwanted, both
being exit characteristics
(1)

where:
n is the number of measurements;
yi – the measured values for every i test.
This method allows for the selection of the best values
of the cutting forces in the orthogonal cutting of PTFE. In
the case under analysis, the value wanted is the smallest.
The “smaller is better” criterion was selected to
calculate the average of the responses for the S/N ratio,
both for Fz and for Fx. In order to find the minimal value of
the cutting force, the level of the factors must be selected
so as their effect is the minimization of the force. In the
case of the PTFE sample under analysis, it has been
established that the minimal value is reached when the
factors are: minimal feed rate (level 1, f=0.08 mm/rot),
rake angle (level 3, +6°), and maximal cutting speed (level
3, 155 m/min). These values are valid for both force
components.
To obtain the statistical significance of process variables
and their interactions on the cutting forces in PTFE
orthogonal turning, the ANOVA procedure was applied.
Table 3 shows the significant effect that the feed rate
and the rake angle have on the main cutting force
component Fz for P values smaller than 5%. The last column
represents the percentage contribution of each factor in
the total variance indicating its influence on each term of
the model. The cutting speed, as well as the interactions
between, on the one hand, the feed rate and the rake angle,
and, on the other hand, between the feed rate and the
cutting speed have a less than 2% contribution to the force
Fz even if the P-value is smaller than 5%.

Table 3
ANOVA ANALYSIS OF Fz, FOR
PTFE MATERIAL
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http://www.revmaterialeplastice.ro

329

Fig. 6. The main effects plot of
parameters on cutting force
components, to PTFE material:
a. Fz ; b. Fx

Table 4
ANOVA ANALYSIS OF Fx,
FOR PTFE MATERIAL

The statistical model of the main cutting force
component Fz, based on the ANOVA linear regression, is
[N]

(2)

Taking into account contributions larger than 2%, the
model for Fz is
[N]

(3)

For this model, the correlation coefficient, R2, is 96.96%,
and the corelation coefficient adjusted with the freedom
degrees is 96.24%.
To establish a linear regression model also for the feed
component of the cutting force Fx, the ANOVA procedure
was applied (table 4).
The linear regression model for the cutting force
component Fx was devised considering the effects of the
feed rate and the rake angle and their interaction. The
contribution of the cutting speed is under 2% and has not
been included in the model
[N]

(4)

For this model, the corelation coefficent, R2 (used to
stablished the quality of the model) is 97.35%, and the
corelation coefficient adjusted with the freedom degrees
is 96.86%.

Differences between measured and estimated values
of the cutting force components were analysed by means
of the residue charts in figure 7, the residue representing
the difference between experimental values and values
estimated by the model at each stage of the experiment.
The confidence interval is 95% and the level of significance
is 5%. The charts show that there is a normal distribution of
the residues and P-values are 0.228 for Fz and 0.478 for Fx,
both higher than 5%.
The relative error of the two models of cutting forces
was calculated using the relation
(5)

where:
ε is the relative error;
Valexp –experimental value of the cutting force;
Valmod –calulated value of the cutting force through linear
regression model.
For the PTFE sample, the maximal relative errors
registered for the two models were between 0.4142 and
10.81% for Fz, and between 0.088 and 14.6 for Fx..
ANOVA analysis for PTFE S25
Following the orthogonal cutting of PTFE S25, the values
of the two cutting force components have been obtained,
and the S/N ratio has been calculated.

Fig. 7. Normal probability plot of
residuals for cutting force
components: a. Fz; b. Fx
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Fig. 8. The main effects plot for
Fz and Fx, to PTFE S25 material

Table 5
ANOVA ANALYSIS FOR Fz, TO
PTFE S25 MATERIAL

Table 6
ANOVA ANALYSIS FOR Fx, TO PTFE
S25 MATERIAL

Table 7
RELATIONS BETWEEN THE TWO
COMPONENTS OF CUTTING FORCE

The charts in figure 8 present the influence of the three
parameters on the two cutting force components. The
increasing influence of the feed rate and the decreasing
one of the rake angle are easily noticeable. A minimal
reduction, almost insignificant, is represented by the effect
of the cutting speed on the two forces, Fz and Fx.
The optimization criterion chosen was also “smaller is
better”. and the average of the response parameters for
the S/N ratio was calculated. It is observed that the
minimum is reached when the factors are as follows:
minimal feed rate (level 1, f = 0.08 mm/rev), rake angle
(level 3, +6°), and maximal cutting speed (level 3, 155 m/
min). These values apply to both forces, Fz and Fx.
ANOVA analysis to PTFE S25 material is given in table 5
Looking at table 5, a value of P less than 5% was
recovered from the three parameters of the process and
the interaction between the speed and the feed. These
interaction are incorporated into the regression model
which is written as
[N] (6)
Taking into account the same observation concerning
the elimination of the factors with a lower than 2%
contribution, the model for Fz is
[N] (7)
MATERIALE PLASTICE ♦ 50♦ No. 4 ♦ 2013

For this model, the corelation coefficent, R2 (used to
establish the quality of the model) is 98.19%, and the
corelation coefficient adjusted with the freedom degrees
is 97.87%.
The linear regression model for the cutting force Fx during
the orthogonal turning of PTFE S25 considered the effects
of the feed rate and the rake angle, as well as their
interaction, both with a smaller than 5% value; the effect
of the cutting speed, with a contribution of 0.54% to Fx (see
Table 6), being eliminated. The model for the Fx component
is determined by the relation
[N} (8)
For this model, the corelation coefficent, R2 (used to
establish the quality of the model) is 98.26%, and the
corelation coefficient adjusted with the freedom degrees
is 97.94%.
As in the case of PTFE S25, figure 9 shows a normal
distribution of the residues for the two cutting forces, the
P-values being 0.474 for Fz, and 0.389 for Fx. Both values
are higher than the 5% level of significance.
The relative error of the two models of cutting forces for
the PTFE S25 sample was determined using equation (4).
Errors reported for the two models are in the range 0.37 ÷
14.7% for model Fz, and 0.22 ÷ 9.23% for model Fx.
Following the analysis of experimental results, relations
of dependence between the two components of the

http://www.revmaterialeplastice.ro
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Fig. 9. The residual graphs of
cutting forces model: a. Fz; b. Fx

cutting force Fz and Fx for each sample tested have been
established. It is known from the literature [21] that the
dependence between the cutting force components in
metal turning is in the form of
Fx=(0,15 ,,, 0,3)·Fz

[N]

(9)

Consequently, for each of the two PTFE samples,
relations between the two components of the cutting force
were determined (table 7).
Conclusions
The present experimental investigations shows the
influence of the glass micro-fibre filler and parameters
such as, feed rate, cutting speed and rake angle on the
cutting force components, Fz and Fx, during the orthogonal
turning process of the two PTFEs, also developing a
mathematical model based on linear regression for each
material. This study aims to complement the knowledge
about the behavior of polytetrafluoroethylene (PTFE) during
orthogonal turning. The two components of the cutting
force have been analyzed using the signal-to-noise (S/N)
ratio and the analysis of variance (ANOVA). Based on
orthogonal turning tests, some conclusions can be drawn:
-the Fz and Fx cutting forces are significantly influenced
by the feed rate (as resulted from the statistic data
recorded), the latter’s increase causing the increase of the
two components during orthogonal turning of PTFE based
materials;
-the cutting speed has a smaller than 2% contribution to
the values of the cutting forces Fz and Fx, in both cases.
Given that the maximal value of the forces is 30N, it can be
concluded that the cutting speed does not influence the
cutting forces during the turning of the two PTFEs;
-the numerical values of the cutting force components
Fz and Fx decrease with the increase of the rake angle in
both cases;
-the minimal value of the main cutting force component,
Fz, is recorded in a mode where the feed rate is minimal,
the cutting speed is maximal, and the rake angle γ is -6°
(f=0,08 mm/rev and ν =155 m/min) for each of the two
materials, which is also confirmed by the signal-to-noise
ratio;
-the glass micro-fibres reinforced in the PTFE determine
the decrease of the values for the Fz component of the
cutting force, in all modes tested. The fact that the glass
micro-fibres have low hardness and high elongation
determines a decrease in the resistance of the material
machined by turning, in comparison with the nonreinforced PTFE material;
-the reinforcement with glass fibers determines the
increase of the numerical values for the feed rate cutting
force component Fx;
-statistical results show that the factor significantly
influencing the main cutting force component Fz is the
332

feed rate (between 82.45% for the PTFE, and 86.17% for
the PTFE S25);
-the factor significantly influencing the feed rate
component of the cutting force Fx is the rake angle, for
both materials (minimum 70.95% for the PTFE, and
maximum 73.46% for the PTFE S25);
-the models obtained by linear regression for the two
cutting force components can predict, with slight errors,
values of the cutting forces in the orthogonal turning of the
two PTFEs.
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