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Abstract
Environmental stress cracking is a serious problem for polyethylene because it can cause failure without any visible warning 
due to the slow crack growth accelerated by aggressive agents. Tie molecules and entanglements are the main macromolecu-
lar characteristic increasing environmental stress cracking resistance, thus in this work mechanical and thermal properties 
governed by those macromolecular characteristics are determined by performing simple tests executable in the industrial 
laboratories for quality control on recycled high-density polyethylene. The mutual relation between the determined properties 
confirms their dependence on the investigated macromolecular characteristics and allows to predict in a comparative way 
the expected environmental stress cracking. The mechanical properties related to the environmental stress cracking resist-
ance are the strain hardening modulus and the natural draw ratio. The strain hardening modulus is an intrinsic property that 
measure the disentanglement capability of the inter-lamellar links and the natural draw ratio is a highly sensitive parameter 
to the macromolecular network strength via the intercrystalline tie molecules. Since the measurement of these properties 
according to the standard ISO 18,488 requires a temperature chamber not often available in the industrial laboratories, the 
tensile test was performed also at room temperature and displacement rate 0.5 mm/min; a proportionality between the data 
obtained at different test condition emerged. The thermal property related to the environmental stress cracking resistance is 
the stepwise isothermal segregation ratio that state the chain fraction that generates a high rate of tie molecules responsible 
of environmental stress cracking resistance.

Keywords Environmental stress cracking · Recycled high density polyethylene · Tie molecules · Strain hardening 
modulus · Natural draw ratio · Stepwise isothermal segregation ratio

Introduction

The present research comes from a real business need of 
a company that produces recycled plastic compounds. It 
focuses on a specific class of recycled high-density poly-
ethylene (R-HDPE) that is designed to be processed by 
extrusion, for example in producing pipes, covers for elec-
tric cables, etc. Since for some of these applications the 
expected service life can exceed the 50 years, maintaining 
product integrity is of fundamental importance. This could 

be translated in terms of material properties in environmen-
tal stress cracking resistance (ESCR).

The purpose of this work is to verify the mutual cor-
relation between properties indirectly related to ESCR by 
performing short-term tests in order to develop a simple 
experimental procedure, which can be performed in indus-
trial quality control laboratories to determine the expected 
ESCR in a comparative way. This procedure can be used in 
industrial quality control to verify that the expected ESCR of 
each batch produced exceeds the required target previously 
set by ESCR tests. To compare the data obtained by test-
ing the recycled HDPEs in question, other materials whose 
ESCR was known a priori as higher and lower respectively, 
were tested: virgin HDPE and recycled HDPE with very 
low macromolecular weight. As last, the influence of recy-
cled LDPE on virgin HDPE has been evaluated since the 
expected ESCR of LDPE is higher than that of HDPE [1]

 * Anna Gobetti 
 a.gobetti@unibs.it

 Giorgio Ramorino 
 giorgio.ramorino@unibs.it

1 Department of Mechanical and Industrial Engineering, 
University of Brescia, Via Branze, 38, 25123 Brescia, Italy

/ Published online: 31 October 2020

http://orcid.org/0000-0002-7305-6887
http://crossmark.crossref.org/dialog/?doi=10.1007/s10965-020-02332-w&domain=pdf


Journal of Polymer Research (2020) 27: 353 

1 3

Environmental stress cracking of polyethylene in differ-
ent applications can result in catastrophic failure without 
any visible warning. ESC occurs at relatively low levels of 
stress, normally used as service loads. Under the effect of 
environmental conditions, slow crack growth can be substan-
tially accelerate creating dangerous situations. Even a poly-
ethylene with excellent short-term mechanical strength can 
have poor long-term performance because of ESC. Although 
ESC results from the interaction of the polymer with certain 
chemicals, it is not a chemical reaction between the polymer 
and the active environment, but it occurs as the accelerated 
process of stress cracking (SC). SC process is governed from 
the slow crack growth (SCG) that is the most common long-
term failure process in polyethylene (PE). Under relatively 
low applied stress level, and after a certain period of time, 
PE suffers a specific brittle failure which starts with a craze 
formation, subsequent propagation and final material failure. 
The craze is formed by a series of small cavities that can be 
transformed into a fibrillar shape. Brown et al. [2] summa-
rized the SCG dependence on crazing develops in different 
sub steps, starting up with craze generation, and a subse-
quent localized plastic deformation zone around the crack. 
The fibrils within the craze are highly oriented and stretched 
towards the applied load, their failure leading to the macro-
scopic crack initiation [3, 4]. From the microstructural point 
of view a relationship between mechanical properties and 
the intercrystalline links exists. These links are placed in the 
amorphous regions and they can be either tight folds, loops, 
loose chain ends (cilia), fully amorphous chains, tie chains 
or chains connecting via permanently entangled loops to the 
adjacent crystal, the latter being referred to as trapped entan-
glements. The most important intercrystalline links are tie 
molecules and chain entanglements that connect two adja-
cent crystal lamellae. Both links favour the transmission of 
the load between crystals, improving the resistance to SCG 
[5–9]. Therefore, a high ESCR is related principally to high 
molecular weight and secondly it is associated with high 
presence short chain branching that inhibits the crystalliza-
tion promoting the formation of intercrystalline links. ESCR 
is also improved with increased blending, co-polymerisation, 
molecular chain length, as well as molecular orientation, 
with ESCR increased along the orientation.

For practical reasons, it is not possible to test PE for 
years before use. Therefore, it is important to under-
stand the connections between short-term and long-term 
mechanical properties. The most used experimental 
method to determine the materials ESCR in terms of time 
to failure can be divided in constant strain tests, such as 
the Bell Telephone test [10] and the bent strip test [11], 
and constant stress tests, such as the full-notch creep test. 
While these methods provide a comparative material rank-
ing, they are inherently geometry dependent and do not 
distinguish between time taken for crack initiation and 

propagation, furthermore they do not provide any infor-
mation to the mechanisms affecting the fracture rate of 
the material. A fracture mechanics approach aims to over-
come these limitations and provide information based on 
crack growth rates. In addition, this method also allows for 
investigation into the fracture mechanisms by examination 
of the fracture surfaces. Kamalundin et al. in their works 
[12] [13] studied a fracture mechanic method of wide 
applicability, providing insight into failure mechanisms 
and permitting component life prediction. The fracture 
mechanic approach has little applicability in the industrial 
laboratories for quality control because from one side it 
requires a specific tool which allows to apply a constant 
load on a specimen immersed in the aggressive agent; 
form the other side it requires competences in calculations 
of the several fracture mechanics parameters.

Usually, the analyses of the macromolecular structure in 
relation to ESCR are aimed at the development of the best 
formulation for specific classes of polymers, and they cannot 
assume the character of quality control test that is required 
for the recycled materials due to their great variability of 
composition and their applications. The experimental tests 
carried out in this work for the determination of properties 
related to ESCR have been defined on the basis of the rela-
tionship between macromolecular characteristics and slow-
crack growth resistance [14,15–17].The determined proper-
ties are mainly mechanical and thermal, each of which aims 
to define different aspects of the macromolecular structure 
in relation to the ESC; they are mainly the presence of inter-
crystalline tie molecules, short chain branching and entan-
glements [18–22]. The first mechanical parameter correlated 
to the ESCR is the strain hardening modulus (< Gp >) [7] 
[23–26]. The strain hardening modulus as an intrinsic prop-
erty that measure the disentanglement capability of the tie 
molecules orientating itself in the direction of the stretching 
and resisting the mechanical stress; data treatment employs 
the Neo-Hookean constitutive model [23]. The natural draw 
ratio (NDR) is the second parameter correlated to the ESCR. 
It is defined as the draw ratio (λ = l/l0) at the onset of the 
strain hardening and literature studies proved to be NDR 
highly correlated to the macromolecular network strength 
via the intercrystalline tie molecules [7, 24, 27–29]. Since 
the determination of the strain hardening modulus and the 
natural draw ratio according to the standard ISO 18,488 
requires a dynamometer equipped of thermal chamber and 
optical extensometer, not often available in the industrial 
laboratories for quality control, those mechanical properties 
were determined also by performing a tensile test without 
those equipment. A proportionality between the data deter-
mined under different test conditions emerged, so that for 
the purpose of this work the tensile test at room temperature 
and low displacement rate can replace that performed at high 
temperature.
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The thermal behaviour, related to semi-crystalline micro-
structure and chain topology was investigated by a differen-
tial scanning calorimetry (DSC) employing a stepwise iso-
thermal segregation (SIS) method. Thermal behaviour has 
been analysed with the aim to separate the chain fraction 
that generates a high rate of tie molecules and short second-
ary branching from that fraction characterized by a higher 
degree of order [24] [28]. A mutual correlation between 
these properties indirectly related to ESCR is verified.

Experimental

Materials

R‑HDPE

The polymers of this study consist in 8 different recycled 
HDPE (R-HDPE) characterized by a different recipe func-
tion of the availability of the secondary raw material. The 
class of R-HDPE described above consists in compounding 
different types of secondary-raw material classified accord-
ing to their melt index, function of the production process 
with which they were obtained in their first production 
process. These production processes are mainly: injection 
moulding (components with high melt flow index), extrusion 

process (typically pipes with low melt flow index), and blow 
moulding (detergent containers, etc.). Table 1 shows the per-
centage by weight of each type of secondary-raw material 
used in the recipe of the tested R-HDPEs and the percentage 
of masterbatches added; they are classified in colour master-
batch (black) and additive masterbatch used as anti-oxidant/
polymer stabilizer and anti-moisture. A further subdivision 
is made in the case of different melt flow index value for 
different silos in the same production batch (sample 2–3 and 
4–5). A co-rotating bi-screw extruder provided by ICMA 
San Giorgio located at Valsir recycling has compounded the 
tested R-HDPEs.

VRGIN PE100 and blend

Tested PE100 is provided by Sabic Vestolen and its commer-
cial name is 6060R. This virgin HDPE has been chosen as 
reference material with the best ESCR. Since it is expected 
that LDPE has higher ESCR than HDPE [1], the influence of 
recycled LDPE (R-LDPE) on virgin HDPE has been evalu-
ated by testing the blend HDPE PE100 + 5%wt R-LDPE.

Secondary raw material

Secondary-raw material from injection moulding is charac-
terized by low macromolecular weight so a sample named 

Table 1  Recipe, density, Melt Volume Rate MVR and Melt Flow Rate MFR of tested materials

Sample Secondary raw materials first pro-
duction process

Other Density [g/cm3] MVR 
 [cm3/10 min]

injection 
moulding
[%wt]

extrusion
[%wt]

blow 
moulding 
[%wt]

R-HDPE 1 0 51 48 0.5% black masterbatch
0.25% anti-moisture masterbatch
0.25% anti-oxidant masterbatch

0,96 ± 0,01 0,84  ± 0,03

R-HDPE 2 10 39 50 0.5% black masterbatch
0.25% anti-moisture masterbatch
0.25% anti-oxidant masterbatch

0,96 ± 0,01 0,77  ± 0,02
R-HDPE 3 0,96 ± 0,01 0,96  ± 0,03

R-HDPE 4 25 28.5 45 1% black masterbatch
0.25% anti-moisture masterbatch
0.25% anti-oxidant masterbatch

0,96 ± 0,01 0,77  ± 0,01
R-HDPE 5 0,96 ± 0,01 0,84  ± 0,01

R-HDPE 6 10 48.5 40 1% black masterbatch
0.25% anti-moisture masterbatch
0.25% anti-oxidant masterbatch

0,96 ± 0,01 0,78  ± 0,01

R-HDPE 7 50 40 9 0.5% black masterbatch
0.25% anti-moisture masterbatch
0.25% anti-oxidant masterbatch

0,95 ± 0,01 1,97  ± 0,03

R-HDPE 8 15 60 21 0.5% black masterbatch
0.25% anti-moisture masterbatch
0.25% anti-oxidant masterbatch 3%wt LDPE

0,95 ± 0,01 0,75  ± 0,02

R-HDPE IM 100 0 0 0 0,95 ± 0,01 4,16  ± 0,01
PE 100 n/a n/a n/a n/a 0,95 ± 0,01 0,43  ± 0,02
PE100 + 5% R-LDPE n/a n/a n/a 5%wt R-LDPE 0,96 ± 0,01 0,42  ± 0,01
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R-HDPE IM (recycled HDPE obtained by Injection Mould-
ing) has been individually tested as reference material with 
the lowest ESCR. The recipe of this material is unknown, 
so it has been fully characterized in retrospect according to 
the Standard UNI 10,667.

Physical and rheological properties

The density ρ, was measured by a density scale provided 
by Radwag, model AS 220/C/2 exploiting the principle 
of Archimedes. The employed auxiliary liquid is Ethanol 
96%V/V (density 0.805–0.812 kg/m3).

Melt flow index was determined by a melt indexer pro-
vided by Zwick Roell, model BMF-001 at 190 °C under 
5 kg load according to the standard method ISO1133. Both 
measurements were repeated 3 times for each material.

Thermal behaviour

Thermal behaviour of the materials was investigated by a 
Netzsch DSC 200 f3 Maia using samples of 18 mg. Each 
material was tested at least twice. Crystallization has been 
analysed employing the stepwise isothermal segregation 
(SIS) method [24]: after melting at 210 °C for 10 min, the 
material is rapidly cooled down to 120 °C for isothermal 
crystallization for 4 h. This rapid cooling is performed at 
30 °C/min (using liquid nitrogen) to have a balance between 
rapid cooling and to minimize the delay to achieve thermal 
equilibrium. After that, the material is cooled down to room 
temperature (20 °C) at cooling rate of 10 °C/min in order to 
crystallize the remaining crystallizable part. The melting is 
subsequently recorded by heating at 10 °C/min. SIS ratio is 
the weight fraction of the crystal population that shows low 
temperature melting peak. The SIS ratio is automatically 
calculated by the DSC software as a partial area (expressed 
as a percentage) subtended to the low temperature peak. The 
division in partial areas corresponds at the minimum value 

of the thermogram between the two melting peaks. The crys-
tallinity percentage is calculated according to Eq. 1. In other 
words, SIS ratio is the crystalline phase fraction that crystal-
lizes at low temperature. Thermal behaviour results after SIS 
treatment are given in Table 2 Thermal Behaviour results. 

Where:
ΔHc =293.6 J/g enthalpy of fusion for a 100% PE crystal-

line standard [8];
ΔH = Area under the melting peak.

Mechanical characterization

Specimens for mechanical tests are obtained by injection 
moulding on a press provided by Plastic Metal S.p.a. model 
“Unyka 65” and subsequently they are cut in the required 
shape. The injection moulding parameters are: molten tem-
perature in the nozzle 200 °C; injection speed 90%, back-
pressure 25 bar and cooling time 27 s. At least 3 specimens 
were tested at different tensile test conditions.

Tensile test at 80 °C

Tensile Test at 80 °C is performed to assess the strain hard-
ening modulus according to the standard ISO 18,488:2015 
on a dynamometer provided by Instron model 8801 with 
a temperature chamber. The test is performed at displace-
ment rate of 20 mm/min, the specimen thickness is 2 mm; 
each material has been tested 3 times. Before the tensile test, 
the specimens have been annealed by conditioning them for 
1 h at 120 °C. Strain hardening modulus < Gp > and Natural 
draw ratio NDR values obtained from tensile test at 80 °C 
are given in Table 3 Mechanical properties.

(1)%cristallinity =
𝚫H

𝚫Hc

100

Table 2  Thermal Behaviour 
results

Sample Low temperature 
melting peak [°C]

High temperature 
melting peak [°C]

Crystallinity [%] SIS ratio [%]

R-HDPE 1 124,5  ± 1,1 139,2  ± 1,3 56,3  ± 1,7 27,8  ± 2,3
R-HDPE 2 124,3  ± 1,3 139,0  ± 0,5 65,8  ± 2,7 30,0  ± 0,2
R-HDPE 3 124,8  ± 1,1 139,0  ± 0,2 58,6  ± 2,8 30,3  ± 0,4
R-HDPE 4 123,5  ± 0,1 137,7  ± 0,6 62,9  ± 2,9 29,9  ± 2,1
R-HDPE 5 124,4  ± 0,7 139,8  ± 0,7 63,5  ± 0,1 33,8  ± 0,6
R-HDPE 6 125,6  ± 1,1 140,2  ± 2,9 61,9  ± 0,2 30,1  ± 2,1
R-HDPE 7 123,4  ± 0,7 137,8  ± 0,7 59,8  ± 3,0 34,9  ± 3,1
R-HDPE 8 123,9  ± 0,6 136,1  ± 0,6 52,5  ± 3,2 51,7  ± 2,3
R-HDPE IM 123,6  ± 0,2 139,4  ± 0,1 56,0  ± 1,8 23,8  ± 2,2
PE 100 127,1  ± 1,1 140,6  ± 0,1 59,3  ± 1,1 36,0  ± 2,3
PE100 + R-LDPE 125,9  ± 1,3 139,0  ± 1,7 60,7  ± 2,4 40,7  ± 0,8
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Tensile test at room temperature

Tensile test at room temperature is performed on a Zwick 
Roell dynamometer, model Z005 to determine the natural 
Draw Ratio (NDR) and the strain hardening modulus by 
employing more common equipment (no temperature cham-
ber needed). Specimens are cut according to the standard 
ISO 527–2 (specimen type 1BA). Before performing the 
tensile test, samples have been stabilized for 16 h in a ther-
mostatic cell at 23° C. The test is performed at displacement 
rate of 0.5 mm/min, each material has been tested 3 times. 
Strain hardening modulus < Gp > and Natural draw ratio 
NDR values obtained from tensile test at room temperature 
are given in Table 3 Mechanical properties.

Tensile test treatment data

Tensile test provides the nominal stress (defined as the ratio 
between the applied force and the initial cross section) func-
tion of the draw ratio (defined as the ratio between the actual 
length and the initial length).

During the tensile test the formation of neck occurs, and 
it implies a reduction of the initial cross section, in this way 
the nominal stress decreases but it is intuitive to figure out 
that the true stress defined as the ratio between the applied 
force and the actual area, increases. In the light of this, it is 
necessary to determine the true stress �t defined as the ration 
between the applied force and the actual cross section.

Under the hypothesis that the deformation takes places 
at constant volume and the formation of micro-voids is neg-
ligible, the true stress can be expressed as shown in Eq. 2:

where:

(2)�t =
F

A
=

�F

A
0

��n

F = applied force;
A = actual cross section;
A0 = initial cross section;
� =draw ratio;
σn = nominal stress.
After the formation of the neck the cold drawing occurs, 

and the reduced cross section extends along the entire speci-
men length. Once the material is stretched to its maximum 
extension the strain hardening occurs.

The nominal stress-draw ratio curve allows to determine the 
NDR value as the draw ratio at the onset of the strain harden-
ing because the slope change is more pronounced that in the 
true stress draw ratio curve.

The strain hardening modulus is defined as the slope of the 
true stress-draw ratio curve in the range 8 < �<12.

The definition of strain hardening modulus requires that 
high draw ratio values are experimentally available, and those 
are not reachable performing the tensile test at room tempera-
ture. To circumvent this difficulty, a Neo-Hookean constitutive 
model is assumed to fit the data to obtain the strain hardening 
modulus (Gp) as shown in Eq. 3:

where.
C = mathematical parameter of the constitutive model 

describing the yield stress σy;
Gp = slope of the linear regression of the curves �T vs 

(

�
2 −

1

�

)

 in correspondence of the linear section.
The relation between < Gp > as the slope of the true stress 

strain curves and Gp as the slope of the curves determined by 
the Neo-Hookean model is < Gp>≅ 20Gp.

(3)�t = Gp

(

�
2
−

1

�

)

+ C

Table 3  Mechanical properties Sample NDR 80 °C [-]  < Gp > 80 °C [MPa] NDR 23 °C [-]  < Gp > 23 °C 
[MPa]

HDPE 1 6,9  ± 0,1 12,4  ± 0,8 4,4  ± 0,1 55,9  ± 1,6
HDPE 2 6,4  ± 0,3 15,0  ± 0,3 4,2  ± 0,1 64,1  ± 1,0
HDPE 3 6,8  ± 0,1 14,7  ± 0,1 4,2  ± 0,2 64,4  ± 1,4
HDPE 4 6,5  ± 0,2 16,6  ± 0,4 4,1  ± 0,2 69,8  ± 1,8
HDPE 5 6,7  ± 0,1 14,4  ± 0,1 4,1  ± 0,1 62,3  ± 1,3
HDPE 6 6,7  ± 0,1 15,5  ± 0,4 4,2  ± 0,1 66,6  ± 0,9
HDPE 7 6,6  ± 0,2 13,2  ± 0,2 4,1  ± 0,2 59,5  ± 1,4
HDPE 8 5,5  ± 0,1 16,9  ± 0,4 3,6  ± 0,1 70,9  ± 0,2
HDPE IM 7,2  ± 0,1 11,0  ± 0,3 4,8  ± 0,1 48,0  ± 1,4
PE 100 6,2  ± 0,1 16,4  ± 0,8 3,8  ± 0,1 69,6  ± 2,1
PE100 + R-LDPE 6,3  ± 0,2 16,0  ± 0,2 3,9  ± 0,2 65,1  ± 2,8
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ESCR test

The performed environmental stress cracking test is the Bell 
Telephone test by the standard ASTM D 1693. ESCR test is 
performed at different temperature and stress cracking agent 
concentration: condition B (10% Igepal-90% distilled water 
as stress cracking agent at temperature of 50 °C), Condition 
C (100% Igepal as stress cracking agent at 100 °C). The 
tested materials have been obtained via injection moulding 
as described in paragraph 1.4.

Results and discussion

Stepwise Isothermal segregation treatment SIS

As shown by Cazenave et al., crystallinity and the amount 
of short chain branching affect ESCR [17, 21, 22, 24], but 
the percentage of crystallinity is affected in turn by the 
process parameters adopted in production phase (first of 
all the cooling rate). So that, it is useful to measure the 
“ease of crystallization”. This is possible by measuring the 
stepwise crystallization segregation (SIS) [24]. Stepwise 
Isothermal Segregation (SIS) is measured by differential 
scanning calorimetry (DSC) with the purpose to deter-
mine the polymer chain fraction that generates high rate of 
tie molecules. The isothermal treatment is performed for 
long time at low undercooling in order to crystallize the 
chains species that have the best crystallization capabili-
ties, namely short and medium length chains with very 
few or without co-units. These chains species are able to 

form thick crystals in the so-called Regime II, accord-
ing to Hoffmann designation [30], which involves a high 
rate of rectangular chain folding and few intercrystalline 
tie chains. The slow cooling is carried out for crystaliz-
ing the remaining crystallisable part of the material that 
was unable to crystallize during the isothermal treatment, 
due to kinetic factors in relation to chain architecture. 
These chains species should consist of either co-unit rich 
chains or very long chain with or without co-units. They 
are likely to form thinner crystals than the previous ones 
as a result of the lower temperature at which crystalliza-
tion completion should obey Hoffmann’s growth Regime 
III, which means predominant random chain folding with 
loose loops and profuse intercrystalline tie chains [30]. 
The heating scan recorded after cooling down to room 
temperature reveals the melting of the two crystal pop-
ulations, as judged by the occurrence of high tempera-
ture and low temperature melting peaks (see Fig. 1). The 
results given in Table 2 show that the lowest SIS ratio is 
that of R-HDPE IM as expected because this material has 
the lowest macromolecular weight. The highest is that of 
R-HDPE 8 due to the presence of 3%wt of LDPE that 
reduce the crystallization capability of the macromolecular 
structure promoting the formation of tie molecules and 
short chain branching. The compounds R-HDPE from 1 
to 7 have a SIS ratio higher than that of R-HDPE IM and 
lower than that of PE 100. The effect of 5%wt of R-LDPE 
in PE100 is here appreciable. The presence of R-LDPE 
increases the SIS ratio of PE100 of about 5 percentage 
points because it makes the macromolecular structure less 
prone to crystallize.

Fig. 1  DSC trace of R-HDPE 2 
heating scan after SIS treatment
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Strain hardening modulus < Gp > 

The strain hardening modulus according to many literature 
works [24, 25, 31] is defined as a measure of the disentangle-
ment capability of the polymer’s tie molecules governing the 
creep resistance of fibrils, and it is a good measure for the 
intrinsic material resistance to SCG [17]. The strain harden-
ing modulus is calculated as the slope of the true stress strain 
curve above a draw ratio of 8 but not more than 12.

Figure  2 shows the true stress function of the Neo-
Hookean strain of 4 representative materials tested at 
80 °C. Those curves allow to determine Gp and C (or else 
σy) according to the Neo-Hookean constitutive model as 
the slope and intercept respectively of the linear regression 
in the range 8 < λ < 12. The values of λ = 8 and λ = 12 are 
pointed out by the vertical dotted lines.

Once Gp and C are determined, the true stress-draw ratio 
curves derived from the Neo-Hookean constitutive model 
are compared to the experimental ones showed in Fig. 3 as 
dotted lines. It can be noted that the true stress-draw ratio 
curves derived from the model perfectly overlap the real 
ones at high draw ratio.

Figure 3 shows the true stress-draw ratio curves obtained 
from tensile test at 80 °C. The material HDPE IM has the 
lowest < Gp > as expected. In the strain-hardening phase, the 
fully extended amorphous phase becomes the rigid load-
bearing element while crystalline lamellae break apart and 
unfold to accommodate the change in strain; the load-bear-
ing elements of the amorphous phase are both tie-molecules 
and entanglements. HDPE-IM, due to its lowest macromo-
lecular weight (determined considering the melt index MI 
as general predictor of polymer’s average molecular weight 
and distribution), has few tie molecules and entanglement, 
and this is shown also in its low strain hardening modulus. 
The compounds R-HDPE from 1 to 7 have about the same 
strain-hardening modulus, so that it could be assumed they 
have about the same macromolecular structure in term of tie-
molecules and entanglements. R-HDPE 8 is the compound 
with highest < Gp > due to the presence of 3% by weight 
of LDPE is its recipe. The presence of LDPE affects the 
macromolecular structure promoting the formation of tie-
molecules and entanglements increasing the strain harden-
ing modulus. This effect of LDPE is not valuable in virgin 
PE100. PE100 has about the same < Gp > as R-HDPE 8 and 
the presence of 5% by weight of R-LDPE reduces its < Gp > .

Since the thermal chamber of dynamometer is not usually 
available in quality control laboratories, the tensile test has 
been performed also at room temperature. The tensile test 
at room temperature is performed at strain rate of 0.5 mm/
min mainly for two reasons. The first one is because the 
strain hardening modulus should be measured above a draw 
ratio of 8, and since this draw ratio value is almost unachiev-
able at room temperature, a low displacement rate allows 
the material to reorganize during the stretch increasing the 
maximum strain. The second reason is due to the nature of 
the fracture: ESC triggers a brittle fracture and PE undergoes 
a brittle fracture when low stress value over a long period 
of time is applied.

Figure  4 shows the true stress function of the Neo-
Hookean strain for 4 representative materials tested at room 
temperature. These curves allow to determine Gp and C as 
the slope and the intercept respectively of the linear regres-
sion of the linear section of the curves at high draw ratio.

Figure  5 shows the true stress- draw ratio curves 
obtained from experimental data and from the Neo-
Hookean constitutive model (as dotted lines) once deter-
mined Gp and C as shown in Fig. 4. Thanks to the use 
of the Neo-Hookean constitutive model it is possible to 
define analytically the true stress-draw ratio curves in 
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Fig. 2  True stress vs Neo-Hookean strain of the 4 representative sam-
ples tested at 80 °C and 20 mm/min to compare the strain hardening 
modulus as the slope of the Neo-Hookean constitutive model
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the range 8 < λ < 12 to determine the strain hardening 
modulus < Gp > . The same considerations made for the 
tensile test at 80° C can also be made for the tensile test 
performed at room temperature.

By relating the strain hardening modulus determined 
at different conditions, it is possible to note a pro-
portionality. As shown in Fig.  6 the strain hardening 
modulus determined at room temperature < Gp > 23  °C 
increases with increasing of the strain hardening modu-
lus determined at 80 °C < Gp > 80 °C. For the purpose of 
this work, the emerged proportionality allows to deter-
mine < Gp > through a tensile test at room temperature.

Natural Draw Ratio NDR

The natural draw ratio (NDR) is the spontaneous strain 
that plastics develop when stretched above the yield-
ing point. Its physical origin is generally ascribed to the 
extensibility of the macromolecular network [7, 24, 29]. 
According to the Peterlin’s model of fibrillar transition 
[27], links between crystals are the main responsible in 
the limitation of lamellae fragmentation, and therefore in 
the NDR extension. According to the standard ISO 18,488, 
NDR is defined as draw ratio after necking at the onset of 
the strain hardening. Figure 7 shows nominal stress func-
tion of draw ratio, NDR is highlighted by the dotted lines. 
It is possible to note that the material R-HDPE IM shows 
the highest NDR due to its macromolecular structure more 
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Fig. 4  True stress vs Neo-Hookean strain of the 4 representative 
samples tested at room temperature and 0.5 mm/min to compare the 
strain hardening modulus as the slope of the Neo-Hookean constitu-
tive model

0

100

200

300

400

500

600

0 1 2 3 4 5 6 7 8 9 10 11 12 13

σ T
[M

Pa
]

λ[-]
R-HDPE 2 R-HDPE 8 R-HDPE IM PE100
R-HDPE 2' R-HDPE 8' R-HDPE IM' PE100'

Fig. 5  True stress draw ratio curve of 4 representative samples tested 
at room temperature and 0.5 mm/min. The continuous line indicates 
the experimental data, the dotted line indicates the Neo-Hookean con-
stitutive model

5

10

15

20

25

40 50 60 70 80

<G
p>

 80
°C

[M
Pa

] 

<Gp> 23°C [MPa]
R-HDPE 1 R-HDPE 2 R-HDPE 3 R-HDPE 4
R-HDPE 5 R-HDPE 6 R-HDPE 7 R-HDPE 8
R-HDPE IM PE 100 PE100+R-LDPE

Fig. 6  Strain hardening modulus determined at 80  °C and 20  mm/
min vs strain hardening modulus determined at room temperature and 
0.5 mm/min

0

2

4

6

8

10

12

14

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

σ n
[M

Pa
]

λ [-]
R-HDPE2 R-HDPE 8 R-HDPE IM PE100

Fig. 7  Nominal stress- draw ratio curve of the 4 representative sam-
ples tested at 80 °C and 20 mm/min and their natural draw ratio indi-
cated by the dotted lines

   353  Page 8 of 13



Journal of Polymer Research (2020) 27: 353

1 3

prone to unfold the lamellae compared to the other mate-
rials. R-HDPE 8 shows the lowest NDR value due to the 
presence of 3%wt of LDPE that inhibits the phenomenon 
of necking (no curve drop occurs beyond the yielding) and 
promote the formation of tie-molecules between crystals 
obstructing the lamellae fragmentation. For what concern 
PE100, the effect of R-LDPE is not appreciable and the 
NDR value remains a bit higher than that of R-HDPE 8.

Figure  8 shows the nominal stress vs draw ratio 
obtained by performing the tensile test at room tempera-
ture; the dotted lines correspond to the NDR values. As 
for < Gp > also for the NDR the same considerations made 
for the tensile test performed at 80 °C can be made for the 
test performed at room temperature.

As with the strain hardening modulus, the data of natu-
ral draw ratio obtained from tensile test at 80 °C and at 
room temperature show a proportionality that is displayed 
in Fig. 9. Literature affirms that the natural draw ratio is 
not significantly influenced by the strain rate [24], so that 
the difference between NDR values determined at differ-
ent test conditions can be mainly imputed to temperature. 
Experimental data shows that as the test temperature 
increases, NDR increases. This behaviour can be explained 
by the influence of the temperature on the macromolecular 
mobility. High temperature reduces the polymer resistance 
to an imposed deformation and increases its extensibility. 
It should be pointed out that the use of an optical exten-
someter would improve the accuracy of the NDR determi-
nation. The optical extensometer is not usually available in 
the industrial laboratories for quality control, so the draw 
ratio data are derived from the dynamometer crossbar dis-
placement with the awareness that this inaccuracy will not 
affect the results for the comparative assessment.

ESCR

The environmental stress cracking resistance of HDPE IM 
is 73 h for test condition C and 330 h for test condition B 
while all the other materials have passed the 1000 h test. 
The low ESCR of HDPE IM confirms the results provided 
by the other tests. Fig 10 shows a comparison between 
the fracture surface of R-HDPE IM tested according to 
Condition B and Condition C respectively. Condition B 
allows to see the formation of the fibrils obstructing the 
propagation of the crack while the samples tested accord-
ing to Condition C shows a sharp fracture and no fibrils 
can be observed.
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Fig. 8  Nominal stress- draw ratio curve of the 4 representative sam-
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draw ratio indicated by the dotted lines
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Fig. 10  on the left crack propagation in HDPE IM tested according 
to Condition B. On the right complete failure of HDPE IM tested 
according to Condition C.
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Mutual correlation between mechanical and thermal 
properties indirectly related to ESCR

In many literature works, it has been shown that the main 
features of the macromolecular architecture influencing 
environmental stress cracking resistance are: macromolecu-
lar weight, crystallinity rate and short chain branching [3, 
9, 18–22, 24, 30, 32, 33]. The higher the molecular weight, 
the greater the quantity of long chains. Intuitively, it can be 
understood that the greater the average length of the chain, 
the greater the concentration of intercrystalline entangle-
ments and tie molecules.

Figure 11 shows the strain hardening modulus < Gp > and 
natural draw ratio (NDR) obtained from tensile test at room 
temperature and 0.5 mm/min as a function of Stepwise Iso-
thermal Segregation (SIS) Ratio in order to highlight the 
mutual correspondence between the main parameters related 
to the effectiveness of the tie molecules against ESC. As 
first, it can be noticed that the trend of these data is spec-
ular with respect to the abscissa axis: increasing the SIS 
ratio, < Gp > increases while NDR decreases, so that NDR 
decreases with increasing < Gp > . This result confirms the 
mutual relation between properties indirectly related to 
ESCR through their macromolecular entanglement network.

Fig. 11  Strain hardening 
modulus < Gp > and natural 
draw ratio NDR obtained from 
tensile test at room temperature 
and 0.5 mm/min vs Stepwise 
Isothermal Segregation (SIS) 
Ratio
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High SIS ratio means high polymer chain fraction whose 
macromolecular structure is prone to form thin crystals in 
the Regime III, according to Hoffmann designation [30] 
which involves in a low rate of rectangular chain folding and 
numerous intercrystalline tie chains promoted by the high 
short chain branching concentration. Thin crystals linked 
by a high rate of tie molecules are less prone to unfold com-
pared to thick crystals weakly linked each other (Hoffmann’s 
Regime II).

The results of the tensile test (NDR and < Gp >) confirm 
that the materials with a mechanical behaviour attributable 
to a high presence of intercrystalline links as general trend 
are those that, by the SIS analysis, have shown to have a 
macromolecular structure more prone to form intercrystal-
line entanglements and tie molecules.

NDR is related to the extensibility of polymer network. 
According to the Peterlin’s model of fibrillar transition 
[27], intercrystalline links are the main responsible in the 
limitation of lamellae fragmentation, and therefore in the 
NDR extension. As the intercrystalline links increases the 
fragmentation of the lamellae is reduced, therefore the 
onset of strain hardening shifts at lower deformations, i.e. 
NDR decreases. When the strain hardening occurs, and the 
amorphous phase becomes the rigid load-bearing element, 
thin crystals strongly tied by entanglement and tie mole-
cules (Hoffmann’s Regime III) are more effective than the 
chain fraction that crystallize in Regime II. In other words, 
high < Gp > means a greater capacity of the amorphous 
phase to bear the load, which results into a high presence of 
intercrystalline links.

In particular, based on the data obtained from R-HDPE 
IM, as the SIS ratio and the strain hardening modu-
lus < Gp > decrease, and the NDR increases, there will be 
a low ESCR.

It is possible to evaluate the mutual relation between 
SIS ratio, < Gp > and NDR: R-HDPE 8 has the highest SIS 
ratio, < Gp > and the lowest NDR, probably due to the pres-
ence of 3%wt of LDPE. While SIS ratio is much higher than 
that of other materials, < Gp > and NDR are only slightly 
higher and lower respectively.

PE100 and PE100 + R-LDPE have the highest SIS 
ratio after that of R-HDPE 8, but the influence of 5%wt 
of R-LDPE is conflicting: it increases the SIS ratio but it 
slightly increases also the NDR and it reduces < Gp > . This 
is probably because SIS ratio provides information on the 
conformation of the polymer chains and therefore on the 
ease with which they can crystallize forming a high rate of 
intercrystalline links, not on the actual rate of intercrystal-
line links. The actual rate of intercrystalline links could be 
affected by the production process parameters (i.e. cooling 
conditions), so it is better represented by < Gp > and NDR 
which indeed presented a consistent behaviour. It can be 
said that the presence of LDPE generates a macromolecular 

conformation prone to the formation of intercrystalline links 
(it increases SIS ratio) but it is not certain that they are actu-
ally formed.

The data of R-HDPE from 1 to 7 are placed between 
PE100 and R-HDPE IM as expected because the recycled 
compounds will have lower macromolecular weight than vir-
gin PE100, as each time the material is processed its mac-
romolecular weight decreases. On the other side those data 
are higher than that of secondary raw material from injection 
moulding (R-HDPE IM) that is the only material that cracks 
before 1000 h test. From these experimental data it is pos-
sible to define the R-HDPE 1 sample as a threshold value 
for this specific R-HDPE class beyond which it is possible 
to state that the ESCR exceeds 1000 h of testing.

Conclusion

In this work thermal and mechanical properties related to 
the tie molecules concentration, as macromolecular char-
acteristic linked to ESCR, are determined and their mutual 
relation is verified. In order to assess a simple experimental 
procedure executable as quality control check to determine 
comparatively the expected ESCR of recycled HDPE from 
different production lots, strain hardening modulus and natu-
ral draw ratio could be determined by tensile test at room 
temperature instead of 80 °C due to the data proportionality 
shown in Fig. 6 and Fig. 9.

The evaluated properties are: SIS ratio as polymer frac-
tion more prone to form thin crystals linked each other by 
numerous tie molecules, strain hardening modulus as intrin-
sic property that measure the disentanglement capability of 
the inter-lamellar links, and the natural draw ratio as a highly 
sensitive parameter to the macromolecular network strength 
via the intercrystalline tie molecules.

Figure 11 shows the mutual relationship between these 
properties: as SIS ratio increases, NDR decreases because 
increasing the polymer chain fraction which by conforma-
tion is more prone to form intercrystalline tie molecules 
results in low polymer network extensibility as the lamellae 
fragmentation is limited right by the intercrystalline tie mol-
ecules; on the other hand as SIS increases, < Gp > increases 
because the more the polymer network consists of random 
chain folding with loose loops and profuse intercrystalline 
tie chains, the lower the polymer network disentanglement 
capability.

In particular, based on the data obtained from R-HDPE 
IM (material with lowest macromolecular weight), as the SIS 
ratio and the strain hardening modulus < Gp > decrease, and 
the NDR increases, there will be a low ESCR. The mutual 
relation between the determined properties confirmed their 
dependence on the investigated macromolecular charac-
teristics. This allows the development of an experimental 
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procedure that can be performed in industrial laboratories 
for quality control to verify in a comparative way that the 
expected ESCR of different production batches exceeds the 
required target previously set by an ESCR test.
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