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ABSTRACT

These high density polyethylene samples (HDPE) were subject to a uniaxial tension under the influence of
temperature ranging from 20 to 120°C at a constant stretching speed of 50mn/mn and at various stretching speeds
of 50 to 800mn/mn for a constant temperature of 60°C. The material has shown various mechanical behaviors
resulting in various nominal curbs. The evolution of the mechanical magnitudes has been monitored based on the
two mentioned external influences. We have shown the analogy of the effect of the temperature decrease and the
speed increase. In order to transform the nominal curbs into true curves, we have assumed a relation whose
implementation has given a good compliance with the bibliographical research. By selecting the curve achieved a
60°C for a stretching speed of 50mn/mn with the assumption that the polymer is isotropic, the plain deformation
homogenous perfect plastic and for a triaxibility coefficient £, =1,0877 ; the implementation of Von Mises

relations has allowed us to complete an effective curb. The latter has given a good compliance with the
multiplicative curve, modeled according the G’SELL law.
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1. INTRODUCTION :

Polyethylene (PE) is a semi crystalline thermoplastic of the
polyolefin family. It has a very simple chemical structure [1]
achieved by ethylene polymerization C,H . resulting in
macromolecules composed of the repetition of monomer
motif CH,—-CH,[2. 3]. Its the
international market is considerable due its low cost
manufacture and its physical and mechanical properties along
with various uses in the day life [4]. In 2008; the PE alone,
represented a quarter of the synthetic polymer production
assessed at 245 million tons [2]. The statistics show [5] that
more than 90% of the transport pipelines and gas distribution
newly installed in throughout the world are exclusively made
of Polyethylene (PE) due to its good performances.
According to the methods wused for the ethylene
polymerization, various types of Polyethylene can be
achieved: various chain structures, various physical and
mechanical structures and various solid structures [6] such as:
the high density (HDPE), low density (LDPE), linear low
density (LLDPE), low molecular weight (PEBPM) and ultra
high molecular weight (PEUHPM) polyethylenes. Since it
was discovered in 1953 by the German chemist Karl Ziegler,
high density polyethylene (HDPE) was given a double
attention. Considered as a model for the scientific study of the
semi crystalline polymers and innovating, replacing therefore
certain traditional material such steel, and cast iron in the

consumption in
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advanced applications [2]. Its linear structure with a zigzag
configuration [1, 7], does not include any short ramification

and any very weak long branches, a motif CH, —CH, and

28 g/mol molar mass [7]. It is achieved by low pressure
ethylene polymerization processes, alone or with co
monomers (Philip and Ziegler processes). Its main uses are:
packaging, cable coating, fuel tanks, bullet proof vests, pipe
manufacturing for gas and liquid transportation. Its main
qualities are: low water sensitivity, water steam proof,
excellent electrical properties and even low temperatures
resilience [8]. Its various phases are: orthorhombic,
discovered by BENN in 1939, is the most stable and the most
common; achieved at normal temperature and pressure
conditions 295<T< 373°K, 0<P<2,5 GPa [9, 10,11].
Hexagonal phase is achieved for high pressures and
temperatures above 0,3 GPa and 200°C [12]. It is partially
disordered, intermediate between the orthorhombic phase and
the liquid state [13]. In this grid, the chains are drawn and the
density is too high [14]. The monoclinic phase is achieved
under strong cold deformation or during very low temperature
crystallization [14, 15]. This phase is metastable and shifts
into an orthorhombic just above the PE fusion point at an
ambient pressure [16].

Certain authors [17] were interested in the modification of the
PE crystalline phases under the influence of a high pressure.
The interval was between 0 and 40 GPa for a temperature of
280°C. They have noticed that there are three phases



depending on the pressure increase. One is orthorhombic
thermodynamically stable until around 6 GPa. If exceeded it
reversibly shifts into a metastable monoclinic phase. Another
monoclinic phase transition will occur between 14 and 16
GPa.

It is known that the mechanical tests are indispensable for the
user in order to determine the material characteristics to
optimize its utilization. The tensile is frequently used and
considered to be the simplest test. It consists of testing a
sample and measuring its elongation. A simple curve (stress-
deformation) will be a good base element in order to know the
mechanical behavior of a given material. For polymers, the
mechanical behaviors are related to the experiment external
conditions. The properties are more sensitive than those
metals exposed to external influences such as temperature, the
test duration, the intensity and the loading type, chemical
agents [7,8] and the ultra violate radiation (UV) [7,14,18].
Among the latter, test duration (strain rate or stretching speed)
and temperature are the most influent. The external influences
have also roles in structure and microstructure
macromolecular chains of polymers (damage effect example).
The majority of mechanical structures are subject, not only to
mechanical loads but also to variable thermal solicitations
[19].

This study aims at studying the evolution of the HDPE
mechanical processes subject to the uniaxial tensile under the
effect of a range of temperature and various stretching speeds
and modeling its mechanical behavior at a selected
temperature of 60°C.

2. EXPERIMENTAL STUDY:

The HDPE sample (polymerized according to Philips process)
processed in this study was provided by POLYMED
Company. The experiments were carried out at the Laboratory
of Physics and Mechanics of Materials (LPMM) of Metz
University (France). The material tested was under the form
of various identical samples, plains and homogenous. Its
characteristics are shown in table 01:

Table 01: High density polyethylene characteristics

Physical Magnitude Numerical Value
Sample initial length 1, 95,21 mm
Sample initial thickness ag 13,5 mm
Sample initial width by 3 mm
Glass transition temperature T, -125°C
Melting temperature T, 1344 °C
density p 0,96 g/em’
volume mass my 1 g/em®
Degree of crystallinity 75%,

Our tests were carried out on a ZWICK type tensile machine
equipped with a furnace driven by a testxpert software version
11.01 (V11.01), capable of providing during the test t(s), the
sample  clongation Al (mm) (gages deformation
measurement), its stretching strength F (N) and to transfer the
results to the Excel software. Testxpert is universal testing

36

software used since 1996 on material components and fine
picces. The testxpert utilization range covers the traditional
testing machines of ZWICK range (tensile machines,
compression, flexion and universal machines).

The HDPE underwent various temperatures T (from 20 to
120°C) at a constant stretching speed (50mn/mn) then at
stretching speed range s (from 50 to 800mm/mn) at a constant
temperature (60°C).

3. RESULTS AND OBSERVATIONS:

We have obtained various nominal
deformation) (o, —&,) (figures 01 and 02) shown as
follows:
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Figure 01: HDPE nominal curves (stress- strain) (0, — &)
under temperatures ranging from 20 to 120°C at 50 mm/mn
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Figure 02: HDPE nominal curves (stress- strain) (07, — £, )
under stretching from 50 to 800mm/mn at 60°C

Note that:

The nominal stress o, was calculated according to the

relation (1):
o, = il (D
S,



Where: S,(mm*) = a,, x b, , sample initial section.

The nominal strain &, was calculated according to the
relation (2):

A

£ 2
"= 2

Based on the curves shown hereunder, we note that:

e For each temperature value T (at a constant speed).
or at various speeds for a constant temperature, the
material showed a particular normal curve (stress-

strain) (&, — &€,). particular
mechanical behavior.

e For a same stretching speed. the curve feature
decreases for a temperature elevation T. it otherwise
increases for a speed elevation when the temperature
is taken constant.

resulting in a

e The deformation level at failure &g, changes

with the two parameters T and s: The more the
temperature is high or the speed is low, the more it is
delayed.

e The failure did not occur for certain samples, and
this until the machine furnace length is achieved
(conditioning the experiment); example: curve at T=
40°C for a speed s = 50mn/mn.

4. ANALYSIS AND DISCUSSIONS:

Regardless of the experimental curve achieved. three different
stages are distinguished:

e 1" stage: the curve shows a reversible clastic
deformation caused by the amorphous phase due to
the fact that the module of this stage is largely lower
than the crystalline phase [20, 21]. This slope curve
shows the Young module E(MPa), calculated

based on the relation (3):

E(MPay=22 3)
Ag

Where: Ac(MPa):

deformation variation.

The curve initially linear brings out a certain non
linearity just before the flow point (corresponds to
the maximum) due to viscoelastic effects [20, 22].
The ordinate on axis y represents the stress at the

flow point (tensile strength) o, , (MPa).

stress variation, AEg:

e 2" stage: the nominal stress lowers. It is only a
geometrical effect as we do not take into
consideration the sample section decrease which is
not homogenous. It thins without failure. After
initiation then situation aggravation, this plastic
instability stabilizes then propagates to cover the
entire length. The substance flow occurs at both

ends of the restriction area through preferential
polymer chains orientation.

e 3" stage: We witness a hardening along with a
progressive increase of the flow stress and a final
failure (not performed for all the samples).

5. RESULTS ANALYSIS:

For a further detailed study of the temperature and stretching
speed influence on the HDPE behavior, we looked into the
evolution of mechanical magnitudes shown as follows:

5.1 Magnitudes variation under temperature influence:

While it is possible to determine with good accuracy the
metals eclasticity limit, the plastic substances viscoelastic
behavior often does not allow an accurate assessment of their
elasticity limit [23]. By making grades in the elastic domains
of the achieved curves, the values based on Y axis, which
correspond to the linear section, show approximate values at

the elastic limit @, (MPa) .

The figures (03, 04, and 05) respectively represent the Young
module variations £(MPa). tensile strength & ;.. (MPa)
(MPa) under solicitation of

temperature from 20 to 120°C at a constant stretching speed
of 50mn/mn:

and elastic limit resistance O
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Figure 03: Young module variation under various
temperatures at a constant stretching speed of

50mm/mn
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Figure 04: stress variation at flow limit under various
temperatures at a constant stretching speed of 50mm/mn
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Figure 05: stress variation at elastic limit resistance under
various temperatures at a constant stretching speed of
50mm/mn

5.2 Mechanical magnitudes variation under the effect of
stretching speed:

The figures below (from 06 to 09) represent respectively the
Young module E(MPa), tensile strengtho . (MPa),

elastic limit resistance o, (MPa) and failure deformation

level & gy, under the stretching speed solicitation at a

constant speed of 60°C.
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Figure 06: young module variation under various stretching
speeds at constant temperature 60°C
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Figure 07: Stress variation at elastic limit under various
stretching speeds at constant temperature 60°C
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Figure 08: stress variation at flow limit under various
stretching speeds at constant temperature 60°C
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Figure 09: failure deformation level variation under various
stretching speeds at constant temperature 60°C

According to the figures shown above, we notice that the
mechanical magnitudes decrease for a temperature elevation.
The same magnitudes increase for a stretching speed elevation
(except for the failure deformation level).

6. INTERPRETATION:

Generally speaking the materials have an energy absorption
phenomenon during tensile. The energy absorption capacity
of a body is defined as the energy to be provided to cause its
failure. This energy can be determined by integration from the
area under the corresponding curve (stress-elongation) until
the failure point. Inserted in the normalized section or in the
studied sample volume, it is often defined as the material
toughness [1]. A large area under the curve (stress-
deformation) is equivalent to a high mechanical absorption
capacity, contrary for a narrow area where the mechanical
absorption capacity is low.

The polymers specific capacity is related to the fact that
macromolecules do not always react instantly to a solicitation
application [25]. The various consecutive molecular chains
try to spread the imposed stresses by physically rearranging
until reaching a balance position. If the applied solicitation is
too rapid with respect to the molecules rearranging capacity,
the polymer materials have a rigid and fragile behavior; this is
related to the macromolecules inability to rearrange in an
appropriate lap of time. In the opposite case. if the solicitation
is slow, the same material show a ductile and flexible
behavior due to the sufficient time allowing the molecular



chains to attain a balance position corresponding to the
stresses underwent. [1]. Therefore, the polymers show a
fragile behavior for a low temperature and a ductile behavior
if’ subject to a high temperature. A temperature elevation
break the polymers chain and increase the atoms vibrations
movements, this facilitates the molecular rearrangements
process (the HDPE is a thermoplastic material, the bonds
between the macromolecules are of physical type, the latter
are very sensitive to the heat).

7. PHYSICAL APPROACH OF THE OBTAINED
CURVES:

In order to transform the nominal curves into true ones, we
have the following equations (which are applicable only for a
homogenous deformation).

o, =0,(l+g,) (4

g, =In(l+¢,) (5

In reality, the deformation is heterogeneous during the testing
and occurs in the center of the sample (neck area) that the
deformation is strong. After the reduction appearance, the
deformation and the stress vary from a point to another in a
deformed sample. Certain authors looked into studying the
deformation in this environment [2, 27] in a representative
volume element (V.E.R) with using a metric video piloting
mechanical testing device (video traction) and obtained real
curves (stress-deformation). According to these results, the
volume does not remain constant during the deformation and
there is a competition between the expansion effects and
compaction in the macromolecular chains, which can be
explained by the amorphous phase mobility, influenced itself
by temperature and time.

Based on literature, the true curve (stress-deformation) of a
semi crystalline polymer stretched in its rubber state

environment (Tglasx <]:xperjmenmi(Tmefring ) does not show a
tensile hook [28, 29, 30] (figures10, 11 and 12). The elastic
limit shows a progressive rounded transition [29].
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Figure 10: true stress typical evolution with true
deformation in rubber state environment: (1) for
amorphous polymer, (2) for semi crystalline polymer [28].
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Figure 11: chronic curves (stress — deformation) represent the true
mechanical behaviour (left) and nominal (right) of a semi crystalline
polymer [29]
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Figure 12: True curve (stress — deformation)
for HDPE [30]

Since the outlined equations (4) and (5) are specific to the
homogenous deformation these applications in our case
brought out tensile hooks on the true curves (stress —
deformation); we have assumed that the true curve meets the
following relation:

o, =o,exp(2¢,) (6)

In this paragraph, we have applied this relation for 60°C at a
speed of 50mn/mn (figure 13) and it has given the same
observations shown hereafter for all experimental
temperatures and speeds.

If we do the two true curves superposition g,.,0, , we

notice that:

* Inthe elastic area the two curves are identical.
* In the viscoelastic area: small discrepancy between

the two curves witho, Yo

Vimax *
® In the plastic arca: the discrepancy between the two
curves increases in terms of the true strain. Thus in

the curve O, , we observe that:

> First, there is a low stress variation whereas
the material undergoes a substantial
deformation in the neck area.

» Then. a rapid stress increase along with a
substantial sample deformation.
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Figure 13: Tow true curves (stress — deformation) at T=60°C
and s= 50mm/mn obtained according to tow different formulas

7.1 Relation between 0, and 0, :

o, =o0,exp2s,)=0, [exp(e, W = o, (1+&,)

(7)

=>(1+¢,) :Multiple value to have a true curve O,

without a tensile hook during a semi crystalline polymer
stretching in its rubber state.

7.2 Obtaining true curves:

The figures 14 and 15 represent the true curves obtained from
nominal curves (figures 01 and 02) by applying the relations
(05) and (06):

True stress

o, (MPa)
16) 4

] HDPE 40°C
&= 50mm/mn

60°C

0 02 04 06 08 1 1.2 14
True strain £ = In(1+ £,,)

Figure 14: True curves (stress — deformation) of HDPE
obtained from nominal curves for various temperatures at
50mm/mn
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Figure 15: True curves (stress — deformation) of
HDPE obtained from nominal curves for various
stretching speeds at 60°C

According to the last figures (14 and 15), the shape of the
various curves obtained is identical to the bibliographic
curves shape (figures 11, 12 and 13).

8 VARIOUS BIBLIOGRAPHIC SIMULATIONS:

The polymer ductile solid theology corresponds to an elasto-
visco plastic complex behavior [27]. In literature, various
approaches were proposed to represent such a behavior:
Microscopic [2. 27, 30, 31}, thermodynamic [7, 27].
differential [27, 32] and Macroscopic [2, 27] Approachs.

The macroscopic approach correlates better the experimental
results but it is generally empirical and unidirectional. It is

defined as the relation between the stressOs;.
deformation £;;, true deformation £33 and testing
temperature T:

033 = 033(€33.853.T) (08)

Where the deformation speed £33 is calculated according to
the relation (09):

£,, = lim —= (09)

Ag,, : Variation deformation, ~Af testing time

variation.

It is to be noted that the relation (08) has no sense only if

the terms 0y, . £33, £;; can be defined in a homogenous
way in a given volume element [33] ( at a small local
scale in terms of the reduction dimensions, but
sufficiently high to widely include the microscopic
heterogeneities ).



The macroscopic approach is based on a variables
scparation principle K, F* andG . where : K, : Scale
factor, F' : Term characterizing the stress sensitivity with

respect to the deformation, G : Term characterizing the
stress sensitivity with respect to the deformation speed.

The mechanical behavior laws for a macroscopic
approach can be divided into two major categories:

¢ Multiple type law:
0(£53,€53) = K, .F(£3).G(g5;)  (10)
e Additive law type:

0(&53,85;) = F(&;;) + G(gn) (11)

9 MECHANICAL BEHAVIOR MODELING AT 60°C:

For our case, we have used a G’SELL multiplicative law [34],
specifically for the HDPE which is formulated:

o =K, [l —exp(—w.e,)].exp(hey )en”  (12)
Where:
W Viscoelastic coefficient, /A: Structural hardening

characteristic coefficient, m: Sensitivity coefficient at

deformation speed.

We have applied this relation to the experimental curve 60°C
for a stretching speed S0mn/mn. A preliminary observation
needs to be made regarding the way the behavior law

o =o0(g,g,T) in a uniaxial deformation [35] is obtained
from an experimental law 0y; = 03;(&53,&55,1) in a plain
deformation. This is a common issue encountered in all the
mechanical behavior studies in triaxial stress. Therefore, the
objective is to define the equivalence relations allowing from

the stress states and triaxial deformation [0 ], [£], [€] to
calculate the effective stresses and deformations which follow
the same laws that the material solicits in a uniaxial tensile.

9.1 Stress, deformation, deformation speed equivalents
calculations:
In the isotropic polymer materials [35]: it was demonstrated

that Von Mises relations based on the triaxial stretchers ./,

second variant largely accounted for experimental results
mainly to the moderate deformations (perfect plastic
homogeneous plain deformation). The stresses, deformations

and equivalent deformation speed (O,,.£,.,.£.,) are
calculated according to the following relations:

(13)

41

(14)

“eq

2
= E‘g‘aa

- -

Eeq :“\/_5833

(15)

9.2 Stress, deformation, deformation speed effectives
calculations:

In the various numerical studies on polymers instabilities
[35, 36]: it is shown that the reduction complex geometry
introduces a significant stress state disturbance whereas the
local deformation state is of minor importance:

O’eﬁ ~ FT-.O-eq, geﬁ ~ g[_, ge_ﬂ' z¢c;eq (16)

q°
Where F. is the coefficient of the stress triaxiality. An
accurate expression of this factor is not strictly usable as it
is in principle the stresses state in the reduction depends not
only on its geometry, but also on the material mechanical
properties [36]. /7, may be determined by the Bridgman
model [37] which includes the geometrical parameters of
the reduction area or by the ratio [35]:

ag
F, ==L

a7

O33

O and O ,; respectively represent the effective and axial
stress average values in the given section. In our case, we
have assumed that /. = 1,0877 value, which has given a
good accordance for the curve modeling.

9.3 Determination of modelized curve:

For simulate the experimental curve obtained by uniaxial
tensile, the equation (12) takes the following form:

G5 = Kp[1—exp(—w.g,,)].exp( he ;). ep™ (18)

For constant temperature values and effective deformation,
the sensitivity coefficient at m deformation speed is
classically achieved with the following definition:

(19)

dln o,
m=—_——_°F

ol .

y

We have analyzed for deformation fixed values €. (0.5,0.8,

1.0). the speed influence & e on the stress o,; . Figure 16

shows the variation of In(o,, ) in terms of 1n(;-cﬁ ). We

notice that this variation is linear in the explored speeds field.
The slope of these curves determined by linear decrease
represents the sensitivity coefficient at deformation speed m.
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Figure 16: In( C.p) variation in terms of ln(g:ﬂ_ )

The determined behaviors law parameters values (K, w, H, m)
are collected in table 02. The m sample value is equal to the
average of the obtained calculations »; = m,,,, =0,1664 .

Table02: Determined behaviors law parameters values for
HDPE at T=60°C. s= 50mm/mn

) s K, w H m
O | (mm/mn) | AzPa)
60 50 42 17 | 0,7858 | 0.1664

Figures 17 and 18 respectively represent the modeled
achieved from table 02 parameters, an equivalent curve and
their superpositions with the effective curve.

Effective o, (MPa)and

modelized o, ., (MPa)
HDPE

={ T=60°C

s =50 mm/mn

Effective

o 02 04 08 0s8 1 12 14 16

Effective strain Eop

Figure 17: effective and modelized curves of high density
polyethylene at 60°C

Effective o, (MPa)and
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it
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s =50 mm/mn %,,‘Ef,{f;f:fmg

equivalent

<€ ---- Equivalent

[ 02 04 12 14 16

Enﬁfeclive:n;tra.in éej
Figure 18: effective and equivalent curves of high density
polyethylene at 60°C

We notice from figure 17 that there is a simulation with the
effective curve. However from the curve 18 there is a
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simulation only at the tensile start and end, phases
corresponding to the deformation homogeneity. We can
notice the triaxibility coefficient importance on the curve
modeling.

10. CONCLUSION:

High density polyethylene samples (HDPE) were subject to a
uniaxial tensile under the influence of temperature ranging
from 20 to 120°C for a constant stretching speed 50mn/mn
then to various stretching speed of 50 to 800mm/mn for a
constant temperature of 60°C.

1. By studying these polymer mechanical properties, we
have shown the analogy of the speed increase effect
and temperature decrease which have an identical
effect on the material behavior along with a
theoretical explanation at the macromolecular scale
during the tensile testing.

2. An assumption of a relation between the nominal and
true stresses o, = o, = o,.exp(2.5,) has given

a good accordance with the bibliographic researches
for a semi crystalline polymer at tensile stretching in
its rubber state.

3. Assuming that the polymer is isotropic . the plain
deformation , homogenous, perfect plastic and for
triaxiality coefficient /. =1,0877 . the Von Mises

relations application allowed to obtain an affective
curve at 60°C for s =50mm/mn.

4. A multiplicative modeling according to G’sell law
has given a good compliance with the effective curve
for 60°C.
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