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Abstract — The market demand for machining and cutting of various plastics parts is in continuous in-
crease. The aim of this study is to extract prediction laws for surface roughness, cutting forces and tem-
peratures evolution during the machining of two polyethylene pipes grades (HDPE-100) and (HDPE-80).
It was found that feed rate is the most prevailing factor on roughness criteria and that better surfaces are
obtained during the machining of the harder HDPE-80 resin. Also, cutting speed improved surface quality
for speeds up to 200 m.min~' but the rising interface temperature caused surface damage and material
rapid softening. Also, feed exponents, in mathematical models, were found to be 3 to 4 times higher than
those of cutting speed and depth of cut. An increase in the cutting speed led to a gradual reduction for
the 3 cutting forces components (Fr, Fa and Fv) with a dominance of the tangential force (Fv). As ex-
pected, the value of the depth of cut had a large influence on the temperature within the cutting zone.
This temperature is slightly higher during the machining of HDPE-80 compared to that of HDPE-100
most probably because of hardness differences. The analysis of variance (ANOVA) was performed to check
the adequacy of the mathematical models relating cutting parameters with roughness, cutting forces and
global cutting zone temperature.
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1 Introduction

Polymeric parts and fittings are mostly produced by
moulding and extrusion processes, but for small series or
complicated shapes, machining becomes necessary if not
unavoidable. Nowadays, it is established that machining
characteristics of polymers and composites depend pri-
marily on their mechanical, heat transfer and rheological
properties [1]. Their mechanical coupling and/or amor-
phous modulus are significantly different as compared
with all other materials. Consequently, any evaluation
of machining characteristics in the case of polymers and
specifically semi-crystalline ones must consider the par-
ticular properties of the material being used and the se-
lected service environment [2-8]. In general, most of the
data available on tooling and cutting parameters for plas-
tics are built on practical experiences based on machining
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of metallic materials. Since metals are considerably hard
and tough enough compared to plastics, commonly little
modifications are worked out on tooling and equipment to
outfit safely the specific physical characteristics of plas-
tics [2]. Polymers present a complex nonlinear mechanical
behavior which is function of structural morphology and
external applied factors. Basically, polymers are classified
by taking into account three basic characteristics (density,
molecular weight, and molecular weight distribution) that
significantly influence the manufacturing processes and
the end-use properties; this is known as the structure-
property-relationship [1,2,7-9].

The machining of polymeric materials, by chips re-
moval, must take into account manufacturing conditions,
material characteristics, applied stresses and the usage en-
vironment, as well as the interactions between these var-
ious criteria especially in terms of heat generation. Gom-
bette and Ernoult indicated that the voluminal thermal
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Nomenclature
ap depth of cut (mm)
C1,Co constants
e exponential function
f feed rate (mm.rev™')
Fa axial force (N)
Fr radial force (N)
Fv tangential force (N)
Ko fracture toughness (MPa.ml/Q)
R? determination coefficient
Ra arithmetic mean roughness (pm)
Rt total roughness (pum)
Rz mean depth of roughness (pm)
Te tool nozzle radius (mm)
t° temperature in the vicinity
of the cutting zone (°C)
Ty glass transition temperature (K)
Ve cutting speed (m.min~")
r1,x2,x3 power constants related to roughness
y1,Y2,Yys  power constants related to cutting forces
Greek symbols
@ clearance angle (°)
Xr cutting edge angle (°)
~y rake angle (°)
A model accuracy (%)

dilation coefficients of polymers are large compared to
those of metals or of covalent materials which is expected
and might be a handicap to several applications involv-
ing friction and thus heat generation [2]. In addition, they
are also bad heat conductors with low melting points. The
combination of these two characteristics shows that the
heat generated by machining operation remains concen-
trated into the machined zone and leads to important
thermal stresses which instigate thermal risks of degrada-
tion [3,4].

The quality of machined surfaces is influenced by var-
ious parameters, including cutting parameters (cutting
speed: Ve, feed rate: f and depth of cut: ap) [3,4,10]. The
influence of tool design and machining conditions such as
rake angle, tool tip radius, depth of cut and cutting speed
on surface roughness, chip formation, tool wear, gumming
and burning of polymeric materials has been investigated
by several researchers [3,4,11]. It was concluded that rake
angle [3,4] and transverse feed rate [11] are significant pa-
rameters that determine the surface roughness in polymer
machining. In addition to the above processing variables,
the effect of physical and chemical properties of polymeric
materials is much more pronounced during machining op-
erations. Because of their visco-elastic behaviour, it is
complicated to reveal the relationship between machin-
ability and material properties compared to the well-
established behaviour of polycrystalline steels [11].

Xiao and Zhang tried to evaluate the machinability of
typical thermoplastic and thermosetting polymers and to
understand the effect of their viscous properties on surface
integrity, chip formation and machining forces [9]. The in-
teraction between the strain rate and temperature during
machining was particularly studied and it was found that

the viscous deformation of a polymer plays a decisive role
in determining the quality of a machined surface. To min-
imize the surface roughness, for instance, the machining
conditions must be selected in such a way that material
removal should not create visco-plastic brittle cracking or
tearing. The optimal machining condition must be based
on the polymer properties, such as glass transition tem-
perature (Ty), fracture toughness (Krc) and molecular
mobility.

A number of studies on polymer machining [9] ini-
tiated investigations on the relationship of the material
parameters, such as glass transition temperature, melting
temperature, viscous effects and relaxation, with speci-
men surface finish [3,5,6,9-11]. For instance, E. F. Smith
considered the effect of the glass transition temperature
(Tg) on the surface quality of amorphous thermoplastic
specimens subjected to single-point turning, and claimed
that the glass transition temperature of a polymer is the
most important property that governs the surface rough-
ness [5]. If the temperature in the cutting zone exceeds
T, a good surface finish can be achieved and the mate-
rial would be removed in a ductile manner; otherwise, a
coarse surface appears because the material would have
experienced a brittle fracture process increasing surface
roughness. In 1993, Carr and Feger presented an exhaus-
tive study of the effect of material properties on the sur-
face roughness of several polymers with different 7, values
and molecular weights, when subjected to single-point di-
amond machining [6]. They analyzed the relationship be-
tween the minimum polymer roughness and the tool speed
based on the time—temperature superposition principle,
and found that the surface roughness would decrease ini-
tially when the tool speed is increased because of a limited
transition towards a ductile fracture mechanism. A fur-
ther increase in cutting speed leads to a high deformation
rate to which the polymer is unable to react. Thus, mate-
rial flow (chip formation) is interrupted and fracture takes
place [6].

It is always desirable to obtain a continuous chip to
reduce both heat generation and deformation of the work
material during cutting. To accomplish this, it is desir-
able to use tools having a critical rake angle, or larger
rake angle, which produces continuous chips and mini-
mum deformation. Cutting conditions selection is also es-
sential; specifically the tooth cut thickness as determined
by the feed rate. Cutting conditions which maximize the
cut thickness must be selected, in order to decrease the
generated heat because of friction phenomenon [1, 11].
The results quoted by Vickerstaff and Gindy when cut-
ting polycarbonate using HSS tools are representative of
the cutting of most thermoplastics. Results confirmed the
following observations: as the rake angle increases from
negative to positive values, the cutting forces are reduced
and simultaneously the direction of the cutting force com-
ponents changes from downwards to upwards [12].

Among polymers, polyethylene (PE) has been one of
the most extensively studied materials in polymer science,
primarily as a consequence of its structural simplicity and
its wide applicability. In particular, there is considerable
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Table 1. Mechanical properties of commercial HDPE-80 and HDPE-100 pipe resins.

309

Mechanical properties HDPE 80 HDPE 100

Density at +23 °C (kg.m™®) 954 958
Viscosity (cm®.g™!) 320 >360

Yield strength & 23 °C (MPa) 22 23

Yield elongation & 23 °C (%) 8 9

Ultimate elongation (%) >350 >350

Modulus of tensile elasticity at 23 °C (MPa) 850 900
Modulus of bending elasticity, (MPa) 1000 1200

at 0°C 67 63

at 20 °C 61 59

Hardness SHORE D at 40 °C 59 56

at 60 °C 53 54

at 80 °C 49 52

Min. Required Strength, (MPa) 8 >10
Slow Crack Growth resistance >3000 >1000

Rapid Crack Propagation resistance, (bar) >5 >25

interest in the mechanical creep behavior of PE because
of its increasing use in engineering applications such as
pipes for transmission and distribution of water and nat-
ural gas [13,14]. High density polyethylene (HDPE) pipes
have been widely used in recent urban networks for water
conveyance due to their advantages in terms of setting up,
joining, toxicological safety and service lifetime [15-18].
Due to the nature of polymeric materials, polyethylene
with excellent short-term mechanical strength can have
poor long-term performance due to environmental stress
cracking [14-16]. Manufacturing techniques do affect the
mechanical behavior of HDPE in terms of elastic modu-
lus, tensile strength and residual stresses [7,17,19-21].

The objective of this study is to establish prediction
laws for surface roughness, cutting pressures and temper-
atures during the machining of two grades of polyethy-
lene (HDPE-100 and HDPE-80) extruded pipes based
on experimental tests. Firstly, a roughness study is con-
ducted on the machined specimens according to a selected
standard cutting regime. Furthermore, the cutting forces
changes and temperature evolution are investigated. Fi-
nally, an analysis of variance (ANOVA) is performed to
check the adequacy of the mathematical correlation mod-
els.

2 Experimental approach

The material used in this study was extruded by
STPM CHIALI Co. of Sidi Bel-Abbes (Algeria). It was
supplied in the form of pipes which are intended for the
distribution of natural gas. The HDPE resin was obtained
by addition polymerization, whereas the tubes were ob-
tained by co-extrusion. Typical properties of HDPE-100
and HDPE-80 polymers are provided in Table 1 [18]. The
experimental tests following standard orthogonal table L9
(3)® were performed on two HDPE pipes 400 mm length
each [20-22]. The HDPE-100 pipe had an outside diam-
eter of 200 mm whereas the HDPE-80 had an outside

diameter of 125 mm. Pipe manufacturing standards
impose for larger diameter to require resistant resins
(HDPE-100+).

A TOS Trencin lathe (6.6 kW), Type SN40, was used
for the turning operations (Fig. 1). Tests were performed
without any lubrication in order to avoid material dam-
age. Insert cutting tool is made of GC3015 (ISO: K10),
with a nozzle radius r. = 0.8 mm and was manufactured
by Sandvik. Tool holders are codified as CSBPR2525M12
with a common active part tool geometry described by:
Xr = +75°% a = +5°% and v = 7°. A fitted wooden man-
drel was used to support pipe specimens onto the lathe
and to provide adequate system rigidity.

Instantaneous roughness criteria measurements (Ra,
Rt, and Rz) for each cutting condition were obtained with
a Surftest 301 Mitutoyo roughness meter coupled to a pro-
file printer. It consists of a diamond point (probe) with
a b pum radius and moves linearly on the working sur-
face. The length examined is 4.0 mm with a basic span
of 0.8 mm. The measured values of Ra are within the
range 0.05 to 40 pm while for Rt and Rz, they lay be-
tween 0.3 and 160 pum. Roughness measurements were di-
rectly obtained on the same lathe without disassembling
the turned part in order to reduce uncertainties due to
operation resumptions [23].

The measurements were repeated 3 times out of 3 po-
sitions equally set at 120° and the result is an average of
these values for a given machining pass. The cutting forces
in X, Y and Z directions were recorded using a standard
quartz dynamometer (Kistler 9257B) allowing measure-
ments from —5 to 5 kN. A Rayner 31 infrared pyrometer
was used to appraise the temperatures of the chip, part,
and cutting tool. This pyrometer is designed to measure
temperatures within the range from —30 to 1200 °C. The
machining conditions adopted for roughness and cutting
forces experiments are depicted in Tables 2 and 3 respec-
tively. For feed rate, depth of cut and cutting speed, the
following intervals are used [f: 0.14-0.56 mm.rev—!], [ap:
2-3 mm] and [Ve: 34-377 m.min~!] respectively.
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Fig. 1. Experimental setup and measuring devices: (a) cutting forces measurement with piezoelectric dynamometer (Kistler
9257B); (b) charge amplifier and PC with software data acquisition; (c) Rayner 31 infrared pyrometer; (d) surftest 301 Mitutoyo

roughness meter.

Table 2. Obtained roughness criteria as a function of the experimental plan.

Test N° Variables HDPE-80 HDPE-100
Ve, mmin~!  f mmrev ' ap, mm Ra, um Rz pym Rt ym Ra, pm Rz, pm Rt pm
1 34 0.14 2 2.82 3.12 16.39 3.02 4.08 18.44
2 34 0.36 3 8.89 12.5 52.47 11.52 13.63 55.57
3 34 0.56 4 11.88 16.97 84.12 14.56 18.11 85.97
4 188 0.14 3 6.11 2.21 18.13 2.29 3.25 20.25
5 188 0.36 4 6.3 5.22 42.42 5.54 6.16 44.61
6 188 0.56 2 8.45 10.44 69.98 9.42 11.6 72.27
7 377 0.14 4 1.67 1.68 14.95 2.68 2.75 17.14
8 377 0.36 2 4.68 5.28 36.67 5.21 6.37 39.68
9 377 0.56 3 8.49 8.69 44.01 8.57 9.73 47.08
Table 3. Cutting forces components as a function of the experimental plan.
Test N° Variables HDPE-80 HDPE-100
Ve, mmin~!  f, mmrev ! ap,mm Fa, N Fr, N Fy N Fa N Fr,N Fu N
1 34 0.14 2 4.43  10.75  28.75 2.56 4 9.5
2 34 0.36 3 11.39 24.68  74.03 6.74 5.5 23.15
3 34 0.56 4 20.02 443  132.89 12.12 8.5 40.01
4 188 0.14 3 4.13 6.54 25.63 2.48 1.75 5.21
5 188 0.36 4 13.89  30.1 90.31 8.54 3.75  29.43
6 188 0.56 2 11.52 2498  74.93 6.88 3.25 2235
7 377 0.14 4 7.35 15.99  47.96 4.39 3.25 14.3
8 377 0.36 2 8.89  19.29 5787 5.34 3.5 14.05
9 377 0.56 3 17.08 36.81 110.43 10.28 4 34.29

3 Results and discussion
3.1 Roughness evolution

In order to study surface roughness, characterization is
limited to the 3 criteria (Ra, Rz and Rt). Roughness pro-
files obtained for different values of feed rate (Fig. 2) show

a regular periodicity for feed rate above 0.14 mm.rev !,

while for 0.14 mm.rev—!, surface grooves are so small com-
pared to material wrenching; so that profiles lose their
periodicity and become rather random. This is confirmed
from microscopic observations as shown in (Fig. 3). It is
observed that at small feed rates, localized surface tearing
takes place while grooving is quite negligible.

Figures 4-6 illustrate the effects of the cutting regime
(Ve, ap and f) on work-piece roughness. Basically,
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Fig. 2. Examples of roughness profiles obtained from the turn-
ing HDPE-100 (ap = 1 mm and V¢ = 118 m.min™').
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Fig. 3. Surface microscopic observations when turning HDPE-
100 (ap = 1 mm and Ve = 118 m.min™").

/=0.22 mm/rev

increased V. improves the surface quality especially for
speeds up to 200 m.min~! (Fig. 4). Alternatively, an in-
crease of f or ap deteriorates surface quality with f noted
as a determinative factor (Figs. 5 and 6). The generated
surface comprises helical furrows resulting from the tool
shape and the pattern of tool-part movements. Feed rate
effect on surface roughness of high density polyethylene
parts is significant such as in the case of crystalline ma-
terials [23].

In order to comprehend and control HDPE turning,
it is necessary to develop correlations between roughness
criteria and cutting parameters, as it has been done for
other materials [23,24], in the following form:

R=Cy- f™ -ap™ - V" (1)

—&— 80Ra HDPE- —&— 80Rz HDPE-
—&— 80Rt HDPE- - 100Ra HDPE-
—-&--100Rz HDPE- - 100Rt HDPE-
3,56
30
g
2 25
]
g 20
=)
= 15
&
1,0
0,5
0,0 . ‘ :
0 100 200 300 400
Cutting speed (m/min)
Fig. 4. Cutting speed effect on roughness.
—&— Ra HDPE-80 —a— Rz HDPE-80
—&— Rt HDPE-80 ---6--- Ra HDPE-100
----------- A~ Rz HDPE-100 8- Rt HDPE-100
3,0
2,5 3]
5 2,0
2
215
=
g
21,0
&
0,5
0,0 . ‘ ‘
0 1 2 3 4
Depth of cut (mm)

Fig. 5. Depth of cut effect on roughness.

where C4, x1, o and w3 are constants experimentally
assessed. Depending on the sign and the value of each
exponent (x;), the importance of each cutting parame-
ter is deduced which helps understanding the basic ef-
fect that underlines the optimum machining conditions
sought. Using the multifactorial method, constants of the
parametric Equation (1) are determined from statistical
least square analysis. The following correlations are ob-
tained for HDPE-100:

Ra = ¢322. f100 019 y/.~0.21
Rz = ¢t36. f0.96  ,0.03 y/,—0.25

|4 5 —
Rt = 525 093,009 y7,—0.12

(R*=0.94) (2)
(R*=0.97) (3)
(R*=0.94) (4
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—— 80Ra HDPE-
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Fig. 6. Feed rate effect on roughness.

and for HDPE-80:

Ra = e3.37 . fO.Sl . ap0.12 . V070.17 (R2 _ 084) (5)
Rz = 64.65 . f1.18 . ap0.03 X VC—0.30 (R2 — 096) (6)
Rt = e5.29 . f0.98 . ap().lO . VC—0.13 (RQ _ 094) (7)

The parametric models represented by Equations (2)
to (7) give satisfactory correlations based on experimen-
tal results. Results predict roughness criteria obtained by
selected cutting conditions. Feed rate is still the domi-
nant factor on roughness criteria as it has been shown for
other materials [23,24]. Results of roughness experiments
(Figs. 4-6 and Tab. 2) show that improved surfaces are
obtained during the machining of HDPE-80. This is due
to the difference in hardness levels between the two tested
materials. Indeed, in Table 1, the hardness of HDPE-80
between 0 °C and 40 °C is higher than that of HDPE-
100 which allows a better surface finish in the case of
HDPE-80. Similar results are found by Xiao and Zhang
for HDPE and LDPE (low density PE) as surface rough-
ness decreased with the cutting speed and the increase in
shear stress indicates that a greater mechanical strength
usually results in a better surface finish when cutting
very soft polymers having high molecular segments mobil-
ity [9]. Besides that, the rate of increase in shear stress of
the softer LDPE is indeed faster than that of the harder
HDPE, indicating that the effect of the strain rate on the
shear stress depends on the material properties.
Considering the fracture stress and mobility of molec-
ular segments of the two grades of material, the results
seem to imply that a too low mechanical strength of a
soft polymer prevents a good surface finish. This is un-
derstandable if the deformation in the cutting zone is
taken into account. In this case, the cutting forces pro-
duce plastic deformation on both the cutting surface and
its immediate sub-surface, resulting in a rough machin-
ing surface. It should be mentioned that if the T, of a

—&— 100Fr HDPE- —&— 100Fa HDPE-
—&— 100Fv HDPE- -~ 80Fr HDPE-
-~ 80Fa HDPE- @ 80Fv HDPE-
160 B—
140
§ 120 | —
S 100
.%n 80 74.\\
=
) 60 \I\.
40
20
0 = = T ; T é
0 80 160 240 320

Cutting speed (m/min)
Fig. 7. Cutting speed effect on cutting forces.

polymer is far beyond room temperature and the poly-
mer is quite stiff, the surface finish might be improved
when a large long-range mobility of molecular segments
and a low mechanical strength are achieved during poly-
mer processing [6-10,13].

3.2 Cutting forces

Figures 7-9 illustrate cutting forces evolution accord-
ing to the material removal process parameters for the
present machining system. It is realized that an increase
in the cutting speed leads to a gradual decrease of the
3 cutting force components. This is usually due to a tem-
perature rise (more heat is generated) in the cutting zone,
which softens the polymer and thus, requires less dissipa-
tive forces.

It should be noted that the cutting conditions em-
ployed did not favour any material adherence on tool
cutting edge. It is observed that the rate of cutting force
decrease (especially for Fv) slows down beyond a speed
of 200 m.min~!. It is thus concluded that when turning
these two HDPE resins, the tangential force (Fv) becomes
dominant as compared to the other cutting forces com-
ponents. The influence of the feed rate (f) and depth of
cut (ap) is given in Figures 8 and 9 and it is observed
that the cutting forces increase with f and ap since the
sheared PE chip section is proportional to feed rate and
depth of cut.

The same approach used for roughness characteriza-
tion can be extended to develop correlations between cut-
ting forces evolution in HDPE turning as a function of
cutting regime parameters in the following form:

F = 02 . fyl . apy2 VY3 (8)

where C, y1, y2 and y3 are constants experimentally eval-
uated. Likewise, the sign and the value of each exponent
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Fig. 9. Feed rate effect on cutting forces.

(yi) specify the importance of each cutting parameter and
enable understanding the basic effect that underlines the
optimum machining conditions in terms of forces. Using
the multifactorial method, the constants of the paramet-
ric Equation (8) are obtained from statistical least square
analysis [24]. The following correlations are deduced for
HDPE-100:

Fa = e}% . y/¢=0003 70.83 074
Fr = 259 024 p0.38 | 0.36

Fu = 34 Y06 091 0.80

(R*=0.98) (9)
(R*=0.87) (10)
(R*>=0.93) (11)

and for HDPE-&0:

5 —
Fa = ¢! . 0004 081,070
Fr = 3% . /035 p0.87 ,0.64

Fo = b4l =001, 083 0.72

(R*=10.98) (12)
(R =0.95) (13)
(R*=0.98) (14)

The parametric models represented by Equations (9)
to (14) give satisfactory correlations based on experimen-
tal results obtained at the laboratory scale. Feed rate
still is the dominant factor on cutting forces evolution.
On the other hand, the classification of the different (y;)
shows that the greatest influence is kept for the feed rate,
followed by the depth of cut parameter. Cutting speed
gained a relatively small impact in this case.

The cutting forces measured in this study are of the
same order of magnitude as those required for the machin-
ing of polyetheretherketone (PEEK) composite materials
obtained during tests carried out by Mata et al. [25]. In
this study, the specific cutting pressure during machining
of PEEK composites was investigated. Globally, it was
found that, for a given cutting speed, the specific cutting
pressure sharply decreases with increase in feed rate in
the case of PEEK virgin material. On the other hand,
specific cutting pressure is less sensitive to variations of
cutting speed for a given feed rate for PEEK composite
materials.

3.3 Cutting zone temperature evolution

Three sets of unifactorial tests have been developed
to investigate the effects of the 3 cutting parameters on
temperature evolution in the cutting zone. The results
obtained are summarized in Table 4. During machining,
it was noted a flow of hot chip, especially for large values
of cut depths. It is concluded that value of the depth of
cut has a great influence on the cutting temperature. The
amount of heat generated is the result of plastic defor-
mation and friction at the interfaces. Cutting tempera-
ture is slightly higher during the machining of HDPE-80
compared to that of HDPE-100. These values are to be
considered with caution because of the procedure used;
however, they give a worthy indication when comparing
machining of the two polymers. This is again explained
by the difference in hardness between the two materials
(Tab. 1) [5].

Experimental results allowed the determination of
mathematical models, expressing the relationship be-
tween cutting temperature and cutting parameters. The
subsequent correlations are obtained for HDPE-100:

t° =18.76 - ap®3® (R*=0.72) (15)
t°=11.51- V™ (R? =0.94) (16)
t° =30.76 - fO1° (R*=10.97) (17)
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Table 4. Measured temperatures in the cutting zone as a function of regime parameters.

. 1 t, °C 1 t, °C t, °C
Ve, m.min f, mm.rev ap, mm
PE-100 PE-80 PE-100 PE-80 PE-100 PE-80
56 21 22 0.14 21 22 1 21 22
113 24 24 0.22 23 25 2 23 24
223 25 27 0.40 25 27 4 24 27
314 28 29 0.56 28 30 7 43 43
Table 5. ANOVA model results for roughness data of HDPE-80 and HDPE-100.
Response Sum. of square.zs Degre(?s of freedvom Me'an square' Foratio
Regression Residual Regression Residual Regression Residual
Ra 2.2344 0.8723 3 5 0.7448 0.1745 4.27
HDPE-80 Rz 5.0371 0.0807 3 5 1.6790 0.0161 104.01
Rt 3.0965 0.1365 3 5 1.0322 0.0273 37.82
Ra 3.4692 0.1356 3 5 1.1564 0.0271 42.63
HDPE-100 Rz 3.3938 0.0955 3 5 1.1313 0.0191 59.21
Rt 2.7314 0.1204 3 5 0.91046 0.0236 38.61

Table 6. ANOVA model results for cutting force components data of HDPE-80 and HDPE-100.

Sum of squares

Degrees of freedom

Mean square

Response - - - - - - F-ratio
Regression Residual Regression Residual Regression Residual
Fa 2.4592 0.0880 3 5 0.81973 0.0176 46.55
HDPE-80  Fr 1.0632 0.3829 3 5 0.35441 0.07659 4.63
Fv 2.9778 0.4870 3 5 0.9926 0.0974 10.19
Fa 2.3611 0.0961 3 5 0.7870 0.0192 40.93
HDPE-100 Fr 2.5839 0.3608 3 5 0.8613 0.0721 11.93
Fv 2.4432 0.1204 3 5 0.8144 0.0241 33.82

Similarly, correlations obtained for HDPE-80 are as fol-
lows:

t°=19.97 - ap®3!  (R? =0.78) (18)
t° =11.45- V10 (R? =0.99) (19)
t°=133.49 . fO2  (R? =0.97) (20)
The parametric models represented by Equations (15)

to (21) give satisfactory correlations based on experimen-
tal results, except for those involving ap where R? is close
to 80%. This is an interesting indication to define the rel-
ative differences between cutting regime parameters that
influence the mechanical outputs (roughness and forces)
and temperature which describes a complicated localized
thermodynamic system. Analysis of the different models
indicate that the increase of the chip section represented
by the product (f*ap) has the most important influence
on cutting temperature. It is noted that the best correla-
tions are obtained with the feed rate f.

4 Mathematical models adequacy

The analysis of variance (ANOVA) was used to check
the adequacy of developed models for a given confidence

interval. The ANOVA table consists of sum of squares
and degrees of freedom. In order to perform an ANOVA,
the sum of squares is usually completed into contribu-
tions from regression model and residual error. As for
this technique, if the calculated value of F-ratio of model
is more than the standard tabulated value of table (F-
table) for a given confidence interval, then the model is
adequate within the confidence limit [24-26]. The ade-
quacy of developed mathematical models is presented in
Tables 5 and 6. The model accuracy (A) is commonly
given by the following equation:

100 - Yi, expt — Yi d
N= 22 , exp ,pre
2

i=1

(21)

Yi,pred

where y; cxpt is the measured value of response corre-
sponding to ith trial, y; preq is the predicted value of re-
sponse corresponding to i¢th trial and n is the number of
trials. Equations (2) to (21) are used to test the accu-
racy of the models using the experimental data. The pre-
diction errors of these models are illustrated in Table 7
together with determination coefficients. It is concluded
that the correlations are valid and can be used for predic-
tions when turning both HDPE-80 and HDPE-100.
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Table 7. Percent prediction error of the experimental data and R? values of roughness, cutting force components and cutting
zone temperature models of HDPE-80 and HDPE-100.

% Prediction error of the experimental data

R? (%) Values of models

Response —rpegy ODPE-100 ODPE-80  ODPE-100

Ra 2253 9.65 84 94
Rz 8.14 7.91 96 97

Rt 9.01 8.44 94 94

Fa 7.1 6.83 98 98

Fr 13.35 17.12 95 87

Fv 7.78 16.33 98 93

t© (ap) 10.08 12.33 78 72
©(Ve) 1.05 2.25 99 94
©(f) 1.69 1.50 97 97

5

Conclusions

This study allows drawing some conclusions when ma-

chining semi-crystalline PE materials. They are summa-
rized as follow:

(1)

Experimental results show that feed rate is the dom-
inant factor on roughness criteria. As a consequence,
a better finish surface is obtained for HDPE-80 resin
which is harder than that of HDPE-100. As expected,
cutting speed also improves surface quality especially
for speeds up to 200 m.min~! but unfortunately in-
creases interface temperature which causes surface
damage and rapid material softening.

Alternatively, an increase of feed rate or depth of cut
deteriorates polyethylene surface, while the generated
surface comprises helical grooves resulting from the
tool nozzle shape.

An increase in the cutting speed leads to a gradual de-
crease for the 3 components of the cutting forces (F'r,
Fa and Fv) and the tangential force (Fv) becomes
dominant when compared to the other components of
cutting forces. Also, it is observed that cutting forces
increase with f and ap since the sheared chip section
is proportional to feed rate and to depth of cut.

The value of the depth of cut has a great influence
on the cutting temperature which is slightly higher
during the machining of HDPE-80 compared to that
of HDPE-100.

It is possible to model roughness, cutting forces and
cutting zone global temperature as a function of ma-
chining regime parameters and the obtained power
laws are shown to be valid within the testing inter-
vals. The % errors and the statistical determination
coefficients are within acceptable limits for common
quality parameters (Ra, Fv, t°(f)) for both HDPE
resins (for Ra: 8.44% < A < 9.01%, R?> > 94%,
for Fv: 7.78% < A < 16.33%, R? > 93%, for
to(f) : 1.50% < A < 1.69%, R? > 97%). The lower
relative errors and the best correlations are obtained
for the harder polyethylene (HDPE-80).
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