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ABSTRACT 

Polyamide PA66 has been adopted by a variety of industries, and engineering fields. It is used in 

machinery part production due to its good properties. Machining is the most commonly used processing 

technique when high quality of part dimension and surface is required. There is a lack of knowledge about 

the impact of the tool’s rake angles when turning polyamide PA66, therefore, this study aims to define an 

optimal condition that can provide the highest performance in machining polyamide PA66 at the lowest 

cutting force. The impact of the tool’s side rake angle, back rake angle, and cutting depth on cutting force 

was studied during turning polyamide PA66 with the HSS tool. Three levels were considered for each 

variable and Taguchi's Orthogonal Array (OA) was used to design nine test configurations. The tests were 

performed experimentally on a conventional lathe machine. The resultant cutting force was calculated as 

the response data. The values were converted to signal-to-noise (S/N) ratio to facilitate the analysis using 

the Taguchi method and analysis of variance (ANOVA). Accordingly, the cutting depth showed the 

greatest impact on cutting force (57.12%), followed by the side rake angle (27.9%) and back rake angle 

(8.21%). An optimal condition set to turn polyamide PA66 at the lowest cutting force (Fc) is identified as 1 

mm depth of cut, side rake angle αs = 21°, and back-rake angle αb = 8°. Finally, the optimal condition set 

was evaluated by conformation tests, and the results agreed with the calculations to a large extent. 

Keywords-polyamide PA66; HSS cutting tool; back rake angle; side rake angle; cutting depth; ANOVA; 

cutting force 

I. INTRODUCTION  

Nowadays, plastics have gained interest in manufacturing 
various parts of machines due to their good resistance to wear 
and corrosion, in addition to their low density, coefficient of 
friction, and high productivity [1, 2]. Polyamide PA66, for 
instance, is an important thermoplastic type, which is most 
frequently used in producing power transmission elements (e.g. 
bearings, cams, worm wheels, gears and bearing cages, slide 
bearings, gear box parts, and wheel covers parts) in the 
machinery of different technical sectors including aircraft, 
automobile, and robotics [3, 4], because, compared to other 
polymer kinds and despite the aforementioned physical and 
mechanical properties, it is superior in strength, rigidity, heat 
stability, chemical resistance, while being a strong noise 
dampener and electrical insulator [5]. PA66 was introduced as 
toothbrush filament in 1938 [6]. Polyamides PA66 is one of the 
most well-known plastics. It consists of two monomers of 
dicarboxylic and diamine acids [7]. PA66 is a polycondensation 
product of hexamethylene diammonium and adipate salt. It is 

created by removing water from reaction of several species of 
diamine and diacid [8]. 

Plastics are less frequently machined. However, the 
machining process is advised when the quantity of the 
produced pieces does not warrant the expense of molds [9, 10]. 
Furthermore, machining the plastic materials is recommended 
when high quality components with high surface finish and 
dimensional precision are required [11]. The main aims of the 
modern machining processes are achieving low power 
consumption, machining cost, cutting time, cutting force, and 
stresses with high dimension accuracy, surface quality, tool life, 
and productivity [12, 13].The produced cutting forces that act 
on the cutting tools during the machining are the key 
component of the machining process responses, their amount 
has a decisive effect on energy consumption, vibration creation, 
and the quality of the machined part and cutting tool life [14, 
15]. 

Machining plastic materials needs special processing 
circumstances to provide acceptable product quality and high 
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cutting performance. Therefore, this study investigates the 
effect of tool back rake angle, side rake angle, and cutting depth 
on the magnitude of cutting force as response data when 
turning Polyamide PA66. The aim is defining the most proper 
conditions that ensure lowest cutting force. Three levels are 
considered for each test parameter and the statistical method of 
ANOVA is applied for analyzing the obtained response data.  

II. LITERATURE REVIEW   

Many machining factors, including cutting conditions and 
tool geometry, have been considered by researchers to assist in 
mastering plastic machining, especially polyamide PA66. For 
instance, authors in [16] investigated the machinability of PA66 
polyamide during precision turning at various feed rates. They 
applied four coated tools of Chemical Vapor Deposition (CVD) 
coated carbide, Polycrystalline Diamond (PCD), and ISO grade 
K15 uncoated cemented carbides with and without chip 
breaker. The findings showed that when turning polyamide 
PA66 with the K15-KF carbide tool the highest force was 
recorded, followed by similar results for CVD and PCD, and 
the lowest force was recorded with the K15 carbide. Authors in 
[17] performed an experimental and analytical research to 
examine the surface quality, effective cutting force, and 
specific cutting pressure under the impact of three test variables 
of feed, depth of cut, and cutting speed during machining 
polyamide PA66. The obtained response data were optimized 
with ANOVA. The statistical results indicated that the feed is 
the most affecting factor on surface finish followed by cutting 
speed and cutting depth. The most effective factor on cutting 
force was the cutting depth (d) followed by feed (f) and cutting 
speed (V). For a specified cutting force it was V, f and d, 
respectively.  

Authors in [18] studied experimentally the effect of cutting 
speed, feed rate, depth of cut, and tool nose radius, when 
turning polyamide PA-6. Minitab software was used to compile 
and evaluate the experimental results. Their results show that 
the feed rate is the most effective factor followed by the cutting 
depth and tool nose radius, while cutting speed had very little 
effect on the average surface roughness. Authors in [5] utilized 
uncoated cemented carbide tools with three different tool nose 
angles to study the impact of the cutting-edge angles, including 
angle and nose radius, on the cutting force during turning 
polyamide PA66. The obtained statistical results concluded that 
when the included angle is 35° and the simultaneous cutting-
edge angles are 45°, the lowest cutting force that offers the 
most acceptable turning performance was achieved. 
Additionally, they concluded that the 0.2 mm tool nose radius 
had the least impact on �� . Authors in [19], during turning 
polyamide PA66, discovered that cutting depth and feed rate 
have the greatest impact on cutting force. They concluded that 
as the cutting depth and feed rate rise, the cutting force does as 
well. 

The effects of tool nose radius on tool life, cutting force, 
temperature, and surface quality were studied in [20] during 
precise turning of polyamide. The results showed that the 
cutting force increases with the increase of tool nose radius, 
while the surface roughness increases with the increase of feed 
rate and decrease of the tool nose radius. The researchers 
performed an experimental and analytical investigation to 

indicate the influence of feed rate on each of the chip 
compression ratio, chip deformation, friction angle, shear 
angle, normal stress, and shear stress of polyamide PA66 
during the turning process. They applied uncoated carbide tools 
without a chip breaker. They concluded that the cutting force 
presented high values due to the ductile behavior of PA66 
polyamide, which is soft and adheres to the tool’s rake face. 
Generally, comparable conclusions were reached when the 
Merchant model's findings were contrasted with the 
experimental values [21]. Authors in [22] applied Artificial 
Neural Networks (ANNs) with Improved Harmony Search 
Algorithm (IHSA) to determine the optimal cutting parameter 
set to minimize surface roughness when turning polyamide 
material. They tested the effect of cutting speed, feed rate, 
depth of cut, and tool nose radius and found the values of 65.03 
m/min, 0.049 mm/rev, 1mm, and 0.8mm, respectively, as the 
optimal set.  

The conclusion of the literature review is that the cutting 
tool geometry, especially the side and back rake angles, has 
received less attention in the literature than other aspects of 
machining of the plastic materials despite its importance in 
regulating chip formation and flow to reduce cutting forces. 
Therefore, the current study takes the tool's side and back rake 
angles with infeed amount into account to define their 
effectiveness ratio and their optimal set values that provides the 
lowest cutting force, when turning polyamide PA66. 

III. METHODOLOGY 

A. Materials and Preparation of the Cutting Tools and 
Specimens  

High-Speed Steel (HSS) of 12 mm thickness, grade AISI 
M2, HS 6-5-2 with 62-65 HRC, ςασ selected for preparing 
different cutting tools with the proposed geometries of the 
current study, as shown in Figure 1. The tool angles were 
grounded manually on a tool grinding machine, type Excel, 
CV7, NW9, ISO 9001, with a swiveling vice, type Vertex, that 
moves on multiple axes. All the processed tool angles, 
especially the variables, were checked during and after 
preparation by the optical projector comparator type Mitutoyo 
PH-A14 and angle protractors type Mitutoyo with sequential 
accuracies of 2 minutes and 0.4 minutes to ensure the required 
tool geometries were obtained exactly. 

 

 
Fig. 1.  The prepared nine HSS cutting tools. 

The workpiece material in this study was a polyamide PA66 
bar of 750 mm length and 100 mm diameter, supplied by 
Beijing Feng Teng LTD company, China. The mechanical and 
physical properties of PA66 are presented in Table I. As shown 
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in Figure 2, the planned 27 samples were prepared with the 
dimensions illustrated in Figure 3. Initially, the bar diameter 
was reduced to 95 mm to ensure producing concentric samples 
and to reduce the workpiece chattering during testing. The 
dimensions were checked during and after the sample 
preparation by precise digital Vernier calipers. 

 

 
Fig. 2.  Prepared samples on the Polyamide PA 66 bar. 

  
Fig. 3.  Dimensions of the prepared samples. 

TABLE I.  MAIN CHARACTERISTICS OF PA66 [5] 

Properties Units Tested values 

Density g/cm3 1.14 

Tensile strength MPa 60 

Coefficient of linear expansion 1/ᵒC 78×10-5 

Impact strength J/m2 1400 

Rockwell hardness Kgf / mm2 M70-80 

Water absorption - 0.8% 

 

B. Test Devices  

The tests were performed on a universal lathe machine type 
CU630-3000, serial number 1270 with a 15 hp driving motor. 
A dial gauge was mounted at the back of the cross slide to 
further ensure the compound rest accuracy. The cutting forces 
were measuring by a 3D (x, y, z) dynamometer of 500 kg 
(5000N) capacity and 1 Kgf (10 N) resolution. The device was 
provided by Unitech Scales and Measurements Pvt. Ltd. India. 
It consists of strain gauges as sensing elements connected by a 
Whetstone’s based 350 Ω bridge. The software Tool Viewer 
V2.1was installed on a computer to log the received data from a 
data acquisition system connected to the dynamometer. In order 
to guarantee the correctness of the tests results, the lathe 
machine and all the used equipment in this test rig (Figure 4) 
were subjected to calibration and maintenance. 

 
Fig. 4.  Test devices. 

C. Design of the Experiments  

In the current study, the back (αb) and side (αs) rake angles 
of the cutting tool along with the cutting depth (Figure 5) [23], 
were selected as variables during turning Polyamide PA66. The 
other tool geometries, i.e. nose radius, side and end cutting 
edge angles, cutting speed, and feed rate, were kept constant at 
1 mm, 3°, 12°, 300 rpm, and 0.25 mm/rev, respectively. Three 
levels were proposed for each variable (Table II). 
Consequently, in order to perform the lowest test number for 
investigating the quality properties, the standard Taguchi’s L9 
(3×3) Orthogonal Array (OA) was applied to design 9 
experiment combinations, as shown in Table III. The values of 
all the variables and constant parameters were suggested 
according to the literature and specific test results. The test of 
each designed experiment was repeated at least three times to 
ensure the accuracy of the results. 

 

 
Fig. 5.  Single point cutting tool geometry. 

TABLE II.  PROPOSED PARAMETERS AND THEIR LEVELS 

Factors Unit 
Levels 

1 2 3 

Side rake angle (��) A ° 7 14 21 

Back rake angle (��) B ° 0 4 8 

Cutting depth C mm 1 2 3 

 

D. Analysis of Variance  

Cutting force (Fc) is an essential evaluator for the 
machining performance, therefore it is regarded as the response 
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variable in the current study. After performing the planned 
tests, the Mean Square Deviation (MSD) of the Fc results in 
each trail (Table III), were determined as [19]: 

��� 	 


�
∑ �

��
��
     (1) 

The smaller the Fc value, the lower the power consumption 
and the vibration and the higher the tool life and product quality 
[20]. Accordingly, in order to facilitate the evaluation of the LB 
features of the proposed characters, the basis of "smaller is 
better" (LB) was considered to convert the MSD values to 
signal to noise ratio (S/N) by [24]: 

S/N = 10 � ���
� �����    (2) 

TABLE III.  DESIGNED EXPERIMENTS ACCORDING TO 
TAGUCHI’S L9 OA 

Trail 

No. 

Parameters 

and levels 
Response variable 

A B C 
MSD S/N ratio 

N dB 

1 1 1 1 95.1 -39.6 

2 1 2 2 140 -42.9 

3 1 3 3 154.5 -43.8 

4 2 1 2 129.5 -42.2 

5 2 2 3 132.5 -42.4 

6 2 3 1 80 -38.1 

7 3 1 3 130 -42.3 

8 3 2 1 73.6 -37.3 

9 3 3 2 73 -37.3 

 

The average performance of each specified level of the 
variables is defined by the mean of the S/N ratios of the trails 
that contain the entire level, as presented in Table IV. Also, the 
difference between the highest and lowest average performance 
of each variable was determined to define its rank and 
importance. Based on the results showed in Table IV, the 
ANOVA statistical method was applied to define the individual 
significance of the proposed variables in influencing the 
response data of cutting force as shown in Table V. 

TABLE IV.  AVERAGE PERFORMANCE OF THE VARIABLE 
LEVELS 

Level 
�� (°) �� (°) 

Cutting depth 

(mm) 

A B C 

1 -42.1 -41.4 -38.3 

2 -40.9 -40.9 -40.8 

3 -39.0 -39.7 -42.8 

����  ��!" 2.0 1.7 4.5 

Ranking 2 3 1 

TABLE V.  ANOVA RESULTS 

Source 

Degrees of 

Freedom 

Sum of 

Squares 
Variance 

Variance 

ratio 

Percentage 

contribution 

DοF SS V F-test P % 

A 2 15.0 7.5 4.1 27.9 

B 2 4.4 2.2 1.2 8.2 

C 2 30.7 15.3 8.5 57.1 

Residual 

error 
2 3.6 1.8 1.0 6.8 

Total 8 53.7    

IV. RESULTS  

Figure 6 presents the attributes of the machining force 
components for a test in the first trail when turning a Polyamide 
66 sample. It shows that the tangential force (�#) is the largest, 
and each of the feed (�$) and infeed (��) component values are 

almost a quarter of the Ft value. All the force components 
initiate at point (a), where the cutting edge, as illustrated in 
Figure 7(A), is initially contacting the sample. The forces are 
noticeably rising simultaneously with increasing the 
workpiece/cutting edge contact length to its maximum value at 
point (b) and remains constant till point (c). Therefore, the 
effective values of �# , �$ , and ��  in each test, were calculated as 

their averages in this period. After point (c), the forces start 
dropping inconsistently due to the gradual reduction of the 
contact length. The inconsistent drop is the result of spinning 
instead of cutting the remained weak triangular section layer of 
the material, as illustrated in Figure 7(B). The effective cutting 
force (��) in the current study is calculated as the resultant of 
the effective components of �# , �$ , and ��  by [25]: 

F&='F(
� ) F*

� ) F+
�            (3) 

 

 
Fig. 6.  Cutting force results of a test in the first trail (,-  =7°, ,.  = 0°,  
d =1mm). 

 
(A) 

 
(B) 

Fig. 7.  The cutting pass during the tests. 

 
Fig. 8.  The remained layer of the work material at the sample end (A) 
before and (B) after spinning. 
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The average performance of the S/N of each variable’s level 
is presented in Figure 9. Accordingly, the optimal combination 
of ,-, ,., and the infeed can be defined as the third level of ,- 
(A3 = 21°), third level of ,. (B3 = 8°), and first level of cutting 
depth (C1=1mm), represented as A3B3C1. The significance of 
the proposed factors of cutting depth, side rake angle, and back 
rake angle in addition to their role in turning PA66 with the 
lowest cutting force value are determined by the ANOVA. 
Table V defines the ANOVA results of all the variables. The 
contribution percentage results, shown in Figure 10, illustrate 
that the cutting depth contributes by 57.12% in affecting the 
cutting force and it is the most important factor, followed by 
the side rake angle, which has an effectiveness of 27.9%, and 
the back rake angle which has the least impact of 8.21%. 

 

 
Fig. 9.  Average performance of the variable levels. 

 
Fig. 10.  Contribution percentage of the factors in affecting the ��, besides 
the residual error. 

While the deduced optimal combination set of A3B3C1 did 
not exist in the 9 designed tests in this study, its value in S/N 
ratio was predicted as [19]: 

/01# =T/N + (A3 – T/N) + (B3 – T/N) + (C1 – T/N) (4) 

Accordingly, the calculated response value of the optimal 
set is -35.67 dB (60.76 N), which is smaller than the lowest 
value in Table III. This confirms the validity of the concluded 
optimal condition set. Then, the confidence value of 90% was 
depended to determine the confidence interval (C.I.) of ± 0.97 
dB by [19]: 

2. 4. 	 5'��1, 7�� � �89 :9⁄ �      (5) 

The C.I. value shows that the experimental performance of 
the defined optimal set will be between -34.30 dB (51.88 N) 
and -36.26 dB (65.16 N). Finally, the ��  value of the 
confirmation test of 59 N (-35.41 dB) was obtained. It confirms 

the correctness of the concluded optimal combination set, 
because the deduced experimental ��  value is within the 
confidence limits of the expected value. 

V. DISCUSSION 

The experimental results of this research showed that the 
most effective factor on cutting force is the cutting depth, in 
accordance with the findings in [17, 19, 20]. Authors in [5] 
obtained lowest cutting force at lowest simultaneous cutting-
edge angles of 45° without noticing inconsistent drop in the 
forces at the end of the cutting passes, as was occurred in the 
current study. That can be interpreted due to the fact that the 
large approach angle reduces the amount of remained material 
layer at the end of the passes.  

The optimal set obtained in this study not only facilitates 
the cutting of PA66 with minimal force, but also enables 
machining PA66 with lowest power consumption, machining 
cost, cutting time, cutting stresses and highest part quality, tool 
life, and productivity. The produced cutting forces are an 
essential evaluator for the aforementioned machining 
performances as deduced in [22]. 

VI. CONCLUSION 

This study aimed to find an optimum combination set of 
cutting depth, side rake angle, and back rake angle for turning 
polyamide PA66 at the lowest cutting force (��) value. Three 
levels for each variable were considered. Taguchi’s L9 OA was 
applied to set the experiments. The obtained �� results were 
transferred to signal to noise ratio (S/N) to facilitate analyzing 
by ANOVA and the following were concluded:  

 The cutting depth has the maximum contribution factor of 
57.12% in generating the resultant cutting force. The side 
rake angle has an effect of 27.9%, while the back rake angle 
has the lowest contribution of 8.21%. 

 The optimum condition set of factor combination that 
provides minimal cutting force is the cutting depth of 1 mm, 
side rake angle of 21˚, and back rake angle of 8˚. 

 The experimental confirmation test result of the �� value 
confirmed the correctness of the concluded optimal 
condition and its expected result. 
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NOMENCLATURE 

C.I. Confidence Interval n 
Number of observations of 

the results 

F Variance ratio 7� Error DoF 7� 	 <9 

�$ Feed force = 
From Taguchi's table and 

its always 1 

�� Radial force S/N Signal to noise ratio 

�# Tangential force T Sum of the S/N ratio 

<9 
Degree of freedom of the error 

term 
89 Variance of the error term 
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MSD Mean Square Deviation �  
Resulting value of the 

cutting force 

N 
Total number of trials or 

number of S/N ratio 
,. Back rake angle 

:9 
Effective number of 

replications 
,- Side rack angle 
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