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The increasing utilization of polyethylene (PE) pipes in diverse industries has driven a focused exploration into
the properties and behaviors of PE materials. In response to this heightened interest, this study aims to inves-
tigate the impact of different carbon black (CB) incorporation methods on the properties of PE100 polyethylene,
particularly its resistance to slow crack growth (SCG). Two distinct methods, direct incorporation and utilization
of a commercial masterbatch, were employed to introduce CB into the PE100 matrix. Results revealed that direct
incorporation led to superior dispersion of CB, thereby enhancing the mechanical properties of the resultant
compound. Furthermore, SCG resistance exhibited improvement when CB was directly incorporated, contrasting
with a degradation in SCG resistance observed when a CB masterbatch was used compared to neat PE.
Comprehensive rheological and thermal analyses were conducted to elucidate these findings. The study con-
cludes that the presence of low molecular weight substances and inadequate CB dispersion within the CB

masterbatch significantly contributed to the deteriorated SCG resistance observed in PE100 material.

1. Introduction

Polymer-based pipes have gained preference over metal-dependent
alternatives due to their numerous advantages, including adequate
strength, corrosion resistance, extended cycle life, lightweight con-
struction, and flexibility [1-4]. Among the polymers commonly
employed in the pipe industry, polyethylene (PE), polypropylene (PP),
and polyvinyl chloride (PVC) take the lead. PE, in particular, stands out
for its exceptional properties, such as chemical resistance, high strength,
suitable flexibility, stress tolerance, and leak-free performance, making
it the top choice for irrigation pipes [5-8]. Within the range of PE var-
iants, including low-density polyethylene (LDPE), linear low-density
polyethylene (LLDPE), medium-density polyethylene (MDPE), and
high-density polyethylene (HDPE). HDPE has emerged as the most
widely utilized due to its superior crystallinity [9,10]. HDPE’s structure
is characterized by long linear chains with short branches, resulting in
the highest crystallinity percentage among the various PE types [11]. It
is well-established in the literature that higher crystallinity leads to
enhanced mechanical properties in the polymer matrix, such as strength
and Young’s modulus [12,13].

However, one notable drawback of PE-based pipes, including HDPE,
is their susceptibility to Ultraviolet (UV) radiation [14]. UV radiation
can induce depolymerization reactions within the PE matrix, leading to
a reduction in the molecular weight of the polymeric chains [15]. To
mitigate this issue, CB is introduced to the HDPE matrix [16]. Never-
theless, the addition of carbon black can impact the final properties of
the resulting pipe [17]. Typically, the inclusion of fillers in a polymer
matrix reduces the crystallinity due to interface interactions between the
polymer chains and the filler surface. In the case of PE chains absorbing
onto the CB surface, the mobility of the PE chains becomes limited,
resulting in decreased polymer crystallinity [18]. This reduction in
crystallinity subsequently leads to a decline in the mechanical properties
of the final product. Conversely, incorporating a filler with high me-
chanical strength into the polymeric matrix can enhance the overall
mechanical characteristics of the composite [19]. Thus, a trade-off in the
final mechanical behavior of the composite depends on the type and
quantity of the filler used, as well as the state of its dispersion within the
matrix [20]. The optimal carbon black content in the resultant com-
pound, incorporated into an HDPE matrix, typically falls within the
range of 2 % to 2.5 wt%. However, it is imperative to acknowledge that

* Corresponding author at: Polymer Engineering Faculty, Sahand University of Technology, Sahand New Town, Tabriz, Iran

E-mail address: salami@sut.ac.ir (M.S. Hosseini).

https://doi.org/10.1016/j.mtcomm.2024.108981

Received 10 February 2024; Received in revised form 5 April 2024; Accepted 19 April 2024

Available online 22 April 2024
2352-4928/© 2024 Published by Elsevier Ltd.


mailto:salami@sut.ac.ir
www.sciencedirect.com/science/journal/23524928
https://www.elsevier.com/locate/mtcomm
https://doi.org/10.1016/j.mtcomm.2024.108981
https://doi.org/10.1016/j.mtcomm.2024.108981
https://doi.org/10.1016/j.mtcomm.2024.108981

S.-M. Alavifar et al.

the utilization of such substantial CB content can exert noteworthy in-
fluences on the rheological and mechanical characteristics of the pipe
material [21,22]. One crucial property that significantly influences the
long-term performance and practical lifespan of a pipe is its resistance to
SCG [23]. SCG transpires as a consequence of prolonged exposure to
low-intensity stresses, particularly when influenced by an active chem-
ical agent, such as detergents. This phenomenon frequently culminates
in the occurrence of brittle fractures. This process is triggered by the
creation of voids, which can arise from macroscopic defects or the
presence of impurities within the material mass (such as crazes and
defects in the crystalline part) [24]. These imperfections and irregular-
ities give rise to localized stress concentration. The process of SCG en-
compasses the stages of initiation, propagation, and eventual growth of
crazes, wherein the advancement of these crazes’ hinges upon the
interlacing and mobility of the polymer chains. Consequently, a higher
degree of chain entanglement and reduced polymer chain mobility
contribute to increased SCG resistance [23,25].

Extensive research has been conducted on SCG in PE-based pipes in
recent years. Favier et al. investigated slow crack propagation in PE
under controlled stress intensity fatigue [26], while Haager et al.
examined SCG behavior in PE following stepwise isothermal crystalli-
zation [27]. Additionally, Nie et al. developed an HDPE pipe with high
SCG resistance using rotation extrusion [28], and Carlos et al. studied
the effect of comonomer type on the SCG behavior of PE resins [29].
Some studies have predicted PE resin SCG resistance using the
strain-hardening modulus method [30]. Deveci et al. performed both
cracked round bar (CRB) and strain hardening (SH) test to study the
correlation of molecular structural parameters on the SCG of PE and
showed that slow crack growth resistance was better captured by SH test
in comparison to CRB test [48].

However, there are limited studies that have specifically investigated
the effect of carbon black on the SCG resistance of PE-based pipes. In an
interesting study, Gholami et al. explored the correlation between the
isothermal crystallization properties and SCG resistance of PE pipe
materials manufactured using a CB masterbatch. The findings revealed
that the addition of carbon black to the PE matrix decreased the SCG
resistance due to CB aggregation, which acted as stress concentration
regions [31].

Nevertheless, an alternative approach to manufacturing HDPE pipes
involves the use of black PE granules instead of a master batch (MB)
[32]. This method offers the potential for achieving better dispersion of
CB within the final composite. Consequently, it becomes necessary to
investigate the influence of using black PE granules on the SCG resis-
tance of the resulting composite. In this study, we aim to investigate the
effect of CB dispersion in the HDPE matrix on SCG resistance by pre-
paring three samples. The first sample consists of pure PE granules
without any carbon black (NT-PE), the second sample includes PE
granules with carbon black masterbatch (MB-PE), and the third sample
incorporates black PE granules (BK-PE). The dumbbell-shaped samples
are produced using an internal mixer and a hot press. Subsequently, we
will analyze the dispersion of CB in the final composite, examine the
crystalline behavior, assess the mechanical and rheological properties,
and evaluate the SCG resistance of the resulting compounds.

By systematically studying the impact of carbon black dispersion on
SCG resistance, this research aims to provide valuable insights into the
design and optimization of PE-based pipes. The findings will contribute
to the development of improved pipe manufacturing techniques,
enhancing the durability and long-term performance of PE pipes in
various applications. Additionally, this study will advance the under-
standing of the relationship between filler dispersion, crystalline
behavior, and mechanical properties in polymer composites, shedding
light on the fundamental aspects of composite material design and
performance.

Overall, this research presents a comprehensive investigation of the
influence of CB incorporation on the SCG resistance of HDPE-based
pipes. The outcomes will serve as a valuable resource for researchers,
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pipe production companies, and industry professionals involved in the
design, development, and application of polymer-based pipes.

2. Materials and methods
2.1. Materials and sample preparation

2.1.1. Materials

High-density polyethylene, HDPE, (HD-EX3-100) with MFI of
0.22 g/10 min (190°C, 5 kg) and 2.6 g/10 min (190 °C, 21.6 kg) was
obtained from Maroon Petrochemical Co. A carbon black masterbatch
comprising HDPE with a CB content of 40 % (Kimcol 5851) was pur-
chased from Kimia Javid Sepahan Co. and employed as the source of CB.
Moreover, black HDPE (HD-EX3-100B, by Maroon Petrochemical Co.)
with the same properties as HDPE containing 2.25 %=+0.25 % of carbon
black was utilized. Octylphenoxypolyethoxyethanol (Igepal CO-630,
Sigma-Aldrich Co.) was used as received as the nonionic surfactant in
the SCG test.

2.1.2. Samples preparation

All samples including neat PE (NT), black PE (BK) and PE/CB-
Masterbatch (MB) underwent a controlled mixing process for 6 mi-
nutes at 210 °C in an internal mixer and speed of 60 rpm (Brabender
W50EHT, Germany). Resulting compounds were transferred into the
appropriate dumbbell shape mold, as ISO 16770 proposed, in a hot press
(Brabender Polystat 200 T, Germany) and compressed at 210 °C and
100 bar for 2 minutes, following 4 minutes of cooling. Notches and
perforations were made for the purpose of investigating creep behavior
according to ISO 16770 (Fig. 1). Equally rigorous procedures were
applied for the preparation of the strain hardening (SH) test specimens
in obedience of ISO 18488. The molten compounds were compression
molded to form sheets with thickness of 0.3 mm, and were cut using a
punch knife into proper dumbbell shape according to ISO 18488 stan-
dard. This methodical approach guaranteed precision in both testing and
specimen preparation.

2.2. Microscopical observations

The evaluation of the filler distribution within samples, namely MB-
PE and BK-PE, was performed employing AHP Plastic Makina Dispersion
Tester, a specialized optical microscope equipped with an image
analyzing software. In accordance with the ISO 18553, minute sections
were judiciously extracted from the samples and meticulously clamped
between two glass slides and the assembly was subjected to controlled
thermal exposure surpassing the sample’s melting point (180 °C) for a
duration of 10 min within a controlled-temperature oven. Subsequent
microscopic examinations discerned the intricate dissemination pattern
of diminutive filler particles, thereby affording valuable insights into the
dispersion characteristics of the samples. To examine the fracture
interface of the samples, a Field-Emission Scanning Electron Microscopy
(TESCAN MIRA3 FE-SEM, Czech Republic) was utilized.

2.3. Thermal analysis

To evaluate the crystallinity and thermal properties, a differential
scanning calorimetry (DSC) apparatus, NETZSCH DSC 200 F3 Naia
manufactured by Netzsch, Germany, was employed. DSC test was con-
ducted in three stages: heating, cooling, and reheating, covering a
temperature range from 25 °C to 250 °C and vice versa, under a nitrogen
atmosphere with a heating and cooling rate of 10 °C/min. The primary
heating stage aimed to eliminate the sample’s thermal history, followed
by the subsequent cooling and secondary heating stages.

2.4. Strain hardening test

In an endeavor to meticulously investigate and draw comparisons
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Fig. 1. Overview of a) designed device and b) the creep test sample.

among the mechanical attributes exhibited by the specimens, a Zwick/
Roell Z010 tensile testing apparatus, manufactured by Zwick/Roell, was
enlisted. The conducted tensile assessments were carried out with an
applied strain rate fixed at 20 mm/min, all conducted at ambient tem-
perature (23 °C) in accordance with ISO 18488 guidelines. Ensuring the
integrity of the collected data, each specimen underwent three separate
test iterations, with the resulting values then subjected to meticulous
averaging procedures.

2.5. Rheological measurements

Rheological analysis was carried out utilizing a dynamic rheometer
(Anton Paar MCR301) equipped with a parallel plate featuring a 25 mm
diameter and the uniform gap of 1 mm. Dynamic frequency sweep ex-
periments were conducted with precision over the angular frequency
range of 0.01-628 rad/s. All tests were conducted under controlled
thermal conditions at a temperature of 190 °C a. The 1.0 % strain
amplitude was chosen after a strain sweep test, aiming to constrain the
material’s response within the linear viscoelastic region.

2.6. Creep Test

To assist the evaluation of the slow crack growth resistance of the
specimens, a creep testing apparatus adhering to the ISO 16770 standard
(as depicted in Fig. 1) was employed. Furthermore, in order to expedite
the propagation of cracks and the onset of failure mechanisms, the
dumbbell-shaped specimens were completely immersed in the 2 wt%
aqueous solution of Igepal CO-630, replicating an aggressive environ-
mental condition stipulated by ISO 16770 during the testing procedure.
The test was carried out at room temperature (25 °C) with a dead load
stress of 9 MPa.

2.7. Data accuracy checking

To ensure the precision and reliability of data and enable rigorous
comparisons among three distinct sample types, a one-sided analysis of
variance (ANOVA) was conducted. The utilization of ANOVA served the
purpose of validating data comparability across these diverse sample
types. A significance level of 0.05 and a 95 % confidence interval were
employed, with the resultant p-value from this analysis serving as an
indicator of statistical significance. A p-value exceeding 0.05 indicates
that parameter values among the sample types are statistically similar,

whereas a p-value below 0.05 signifies the presence of significant dif-
ferences among them.

3. Result and discussion
3.1. Carbon black dispersion

Prior to examining the SCG proclivities observed in the fabricated
specimens, it is imperative to conduct an assessment of the dispersion of
CB within the HDPE matrix. This assessment applies to both the MB-PE
and BK-PE samples. Fig. 2 shows the result of the CB dispersion evalu-
ation in the HDPE matrix for MB-PE and BK-PE samples. Fig. 2a to b
show the micrograph of MB-PE while Fig. 2c and d represent that for BK-
PE. It can be seen that CB dispersion was visually much better in BK-PE
compare to MB-PE. The result of image analysis and using normal dis-
tribution the particle size distribution for both samples were plotted and
portrayed in Fig. 2e. Carbon black particles have a tendency to aggregate
because of their active surfaces, making it hard to evenly spread them in
a matrix [33]. So, it’s challenging to achieve a good dispersion of CB
when using a masterbatch. However, in the BK-PE sample, a better and
more even dispersion of CB was observed within the HDPE matrix,
resulting in smaller particle sizes. This can be attributed to the better
mixing capabilities in direct incorporation of CB due to the low initial
concentration of CB and absence of wax and similar processing aids used
in incorporation of high CB concentration. As it was reported in Table 1,
the average particle sizes for MB-PE and BK-PE were 16.90 + 12.19 ym
and 7.75 £+ 2.39 um, respectively. The statistical analysis indicated a
significant difference between these two samples, with a p-value of zero
at a significance level of 0.05 (Table 1). Furthermore, in the MB-PE
sample, the distribution of carbon black particles was uneven, suggest-
ing the presence of impurities such as zinc, calcium stearate, and wax
used as processing aids in preparation of CB masterbatch [22,34]. These
impurities could introduce detrimental effects on the mechanical prop-
erties and crystalline behavior of the HDPE which will be discussed in
next sections.

3.2. Crystallinity and thermal properties

Fig. 3 exhibits the Differential Scanning Calorimetry (DSC) thermo-
grams and cumulative heat flow profiles for all samples. The data pre-
sented in Figs. 3a and 3b indicate a substantial reduction in the melting
peak of HDPE upon the introduction of carbon black into its matrix. For
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Fig. 2. Optical microscopic images of MB-PE (a and b), BK-PE (c and d) and CB particle size distributions for MB-PE and BK-PE(e).

Table 1

Average CB particle sizes of the samples.
Property MB-PE BK-PE p-value
CB average diameter(m) 16.90+12.19 7.75+2.39 <0.001

a quantitative evaluation of crystallinity, Table 2 provides the computed
crystallinity values for each sample, including NT-PE, BK-PE, and MB-
PE, yielding values of 53.75+0.78, 51.97+0.31, and 49.76+0.65,
respectively. The calculated p-value of the data showed a statistically
significant difference in the crystallinity of the samples. The integration
of CB into the polymer matrix initiated a sequence of interactions
leading to the adsorption of polymeric chains onto the surface of CB,
thereby instigating a constraining effect on the mobility of the polymer
chains [34]. Consequently, this phenomenon induces a conspicuous
reduction in the polymer’s crystallinity, a phenomenon consistently
corroborated by previous findings [21,35,36]. It is noteworthy that the
outcomes align closely with the anticipated decrease in crystallinity for

a)

both BK-PE and MB-PE samples, thus validating the initial expectations.
However, a closer examination revealed that the BK-PE sample experi-
enced a relatively lesser decrease in crystallinity compared to the MB-PE
sample. As mentioned earlier, carbon black, as a dispersed phase, could
function as a nucleating agent for polymer crystallization [22].
Furthermore, an improved dispersion of CB characterized by smaller
particle dimensions was observed within the BK-PE sample, enhancing
its nucleation potential. Consequently, the BK-PE sample demonstrated
a diminished reduction in crystallinity, attributable to the abundant
presence of nuclei facilitated by the more effective dispersion of CB, in
contrast to MB-PE. This observation is substantiated by the comparison
of crystallization onset. As reported in Table 2, the onset of crystalliza-
tion for BK-PE was recorded at 117.10 °C, surpassing that of MB-PE at
116.55 °C, indicating a slightly higher level of nucleation in the case of
BK-PE owing to the suitable dispersion of CB in PE matrix.

The crystalline characteristics observed within polymers are inher-
ently determined by the structural attributes of polymer chains and their
intermolecular interactions [37]. In light of the fact that the introduction
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Table 2
Thermal properties of the samples.
Property NT-PE MB-PE BK-PE p-
value
Thermal Crystallinity (%) 53.75 49.76 51.97 0.044
properties +0.78 +0.65 +0.31
Melting 137.45 138.01 138.55 0.676
temperature (°C) +0.25 +1.40 +0.05
Crystalline 105.15 106.30 105.81 0.595
temperature (°C) +0.45 +0.08 +0.20
Crystallization 116.15 116.55 117.10 0.019
onset (°C) +0.21 +0.07 +0.14

of CB did not yield any discernible alterations in the chain structure or
crystal type of HDPE, it was reasonable to anticipate that the melting
and crystallization temperatures would remain unaltered, as previously
indicated [21,36]. As depicted in Table 2, the melting and crystallization
temperatures demonstrate minimal discrepancies across the various
sample types. Utilizing analysis of variance with a significance level of
0.05, the computed p-values for melting and crystallization tempera-
tures were found to be 0.676 and 0.595, respectively, both surpassing
the specified significance threshold. Consequently, no statistically sig-
nificant variations in either melting or crystallization temperatures were
discerned among the examined samples. Hence, it could be deduced that
the incorporation of CB into the PE structure did not elicit appreciable
alterations in these thermal properties.

Fig. 3c and d shows the cumulative enthalpy of the samples derived
from DSC thermograms for crystallization and melting, respectively. In
Fig. 3c, the slopes of the cumulative enthalpy of crystallization for MB-
PE and BK-PE were almost the same, indicating comparable crystalli-
zation and melting rates. In contrast, the filler-free NT-PE sample
exhibited a higher slope both in crystallization and melting. Fig. 3c
suggests an increased crystallization rate compared to the filler-
containing samples. It can be concluded that the inclusion of CB parti-
cles within PE would suppress the mobility of PE chains, impending their
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progression towards crystalline structure. As a result, this phenomenon
would engender decelerated crystallization rates, leading to compara-
tively decreased crystallinity when it juxtaposed with NT-PE. The cu-
mulative enthalpy of melting (Fig. 3d) indicates that the NT-PE sample
had a steeper slope compared to the other samples, indicating a higher
melting rate. It can be attributed to the more uniform crystal structure in
the NT-PE sample, facilitating an accelerated melting process compared
to MB-PE and BK-PE.

3.3. Mechanical properties

Fig. 4 shows the stress verses strain curve for all samples and the
resultant mechanical properties including Young’s Modulus, tensile
strength and elongation at break of the samples were summarized in
Table 3. It can be seen from Fig. 4 that all samples tend to reach a certain
yield stress and then fall to a plateau region followed by a strain-
hardening behavior. Comparing the yield stress (ty) and elongation at
break (ep) of the samples, as inferred from the p-values analysis, sug-
gested that the introduction of carbon black (CB) did not impart a sta-
tistically significant effect on both 1y and ep. Conversely, the Young’s
modulus (E) and tensile strength (t,) undergo a notable alteration

following the incorporation of CB into polyethylene (PE), as
Table 3
Mechanical properties of the samples.
Property NT-PE MB-PE BK-PE p-
value
Mechanical Yield stress 21.1 21.3 20.7 0.152
properties (MPa) +0.25 +0.21 +0.33
Young’s 1226 1105 1510 0.001
Modulus (MPa) +44.62 +68.75 +59.16
Ultimate 29.4 27.4 31.2 0.001
strength (MPa) +0.34 +0.54 +0.45
Elongation at 931 934 949 0.902
break (%) +33.51 +43.68 +45.37
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substantiated by the calculated p-values. The Young’s modulus was
measured as 1226 MPa for NT-PE while decreased to 1105 MPa for MB-
PE and increased to 1510 MPa for BK-PE. The same trend was also
observed in the case of tensile strength. The observed decrease in me-
chanical properties of MB-PE can be attributed to the combination of
different factors. These include inadequate dispersion of carbon black
(CB), reduced interaction between CB and PE, and the presence of low
molecular weight impurities such as waxes, processing aids, and lubri-
cants (Scheme 1). It can be postulated that the presence of low molecular
weight impurities could result in reduction of Young’s modulus as
described by the mixture law. Conversely, the BK-PE sample displayed
an opposing trend, with increased tensile strength and Young’s modulus.
This observation can be attributed to the improved dispersion of carbon
black, as depicted in Fig. 2 and visually described in Scheme 1, which
enhances the interaction between CB and PE by increasing the contact
surface area of CB/PE. Additionally, the absence of low molecular
weight components, as CB is directly incorporated at lower concentra-
tions into the PE, results in superior CB dispersion and higher tensile
strength and Young’s modulus.

In the stress-strain curve (Fig. 4), the increasing slope in the post-
yield region indicates strain hardening phenomenon (SH), character-
ized by aligned polymer chains and the formation of new crystals [38,
39]. The strain hardening (SH) modulus was determined for each sam-
ple, resulting in the values of 32.88, 33.23, 29.60 for NT-PE, BK-PE, and
MB-PE, respectively. Notably, the BK-PE sample displayed a substantial
enhancement in SH modulus, underscoring the positive impact of the CB
filler on tensile strength. This effect can be attributed to the effective and
uniform dispersion of CB particles, which significantly restricts chain
mobility within the polymer matrix [18]. The SH modulus of the MB-PE
sample was found to be reduced at 29.60. This decrease could be
ascribed to the interference caused by the presence of small molecules,
which acted as plasticizers and hindered the entry of polymer chains
into crystalline structures. This finding is consistent with the crystal-
linity data presented in Table 2.

Moreover, the BK-PE sample displayed an accelerated initiation of
strain hardening, a phenomenon facilitated by the even dispersion of CB
particles and the alignment of polymer chains. With increased interac-
tion of CB due to the better dispersion, the CB fine particles (or better say
aggregates, could act as physical bonders forming an integrated struc-
ture in BK-PE sample inducing earlier initiation of SH. In contrast, the
MB-PE sample showed a delayed onset of strain hardening, which can be
attributed to hindered chain alignment due to the presence of small
molecules and, as mentioned earlier, inadequate CB dispersion.

Stress concentration
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3.4. Rheological properties

In Fig. 5a, storage modulus (G) and complex viscosity (n*) are
plotted against angular frequency (o) for all three samples. It is evident
that at higher frequencies, G’ and n* converge to almost similar values,
following the same trend across all samples. This outcome was antici-
pated, given that the base matrix of the samples was the same, and it is
widely recognized that the behavior of G* and n* at high frequencies is
primarily determined by the flow-induced molecular orientation of the
matrix [40], However, a slight reduction in G’ at higher frequencies was
observed in the case of MB-PE. This observation can be ascribed to the
presence of lower molecular weight components within the used mas-
terbatch. At midrange and low frequencies, both MB-PE and BK-PE
demonstrated higher G’ values compared to NT-PE, with BK-PE exhib-
iting the highest G'. This can be attributed to the incorporation of carbon
black (CB) into the PE matrix, resulting in increased values for both G’
and n* at midrange and low frequencies, as expected due to the intro-
duction of the elastic component, CB, in this case. As it was discussed
earlier, BK-PE had a better CB dispersion compare to MB-PE sample.
This, in turn, could facilitated the formation of a three-dimensional
network resulting from the CB and PE interaction. This phenomenon
was reflected in the increase of storage modulus at lower frequencies for
BK-PE. In case of MB-PE, due to the inadequate CB dispersion and also
the presence of lower molecular weight components in CB masterbatch,
the elasticity was lower than that for BK-PE at lower frequencies.

Fig. 5b illustrates the van Gurp-Palman plot of the samples, plotting
the phase angle (8) against complex modulus (G*). NT-PE displayed an
inflection from 90° at lower values of G*, indicative of a bimodal mo-
lecular weight distribution, consistent with the characteristics of the PE
grade used (PE100) [41,42]. Upon the introduction of CB into the PE
matrix, an amplified deviation was observed, with BK-PE exhibiting
more pronounced elasticity compared to MB-PE. This can be also
attributed to the superior CB dispersion in BK-PE, as discussed earlier.
The Cole-Cole plots (" vs. 11’) for the samples are presented in Fig. 6. It
was expected that NT-PE, as a single-phase material, would exhibit a
semi-circular shape, however, despite conforming to the semi-circular
trend at higher frequencies (low n° and n’), it deviated by displaying
a tail at lower frequencies (high n”” and n’). This behavior can be due to
the pronounced entanglement of high molecular weight polyethylene
chains in PE100 resins [43]. This interpretation was further corrobo-
rated by the weighted relaxation time spectrum data presented in Fig. 7,
revealing a terminal tail at longer relaxation times (1) for NT-PE due to
the aforementioned entanglements. Additionally, this speculation also
found validation in the slope of G' vs. ® at low frequencies, which was
measured as 0.90, 0.74, and 0.65 for NT-PE, MB-PE, and BK-PE,
respectively (Fig. 5a). These values were notably distinct from the
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Scheme 1. A schematic representation of CB dispersion and interaction in MB-PE and BK-PE.
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expected value of 2 for a typical isotropic polymer melt. Similarly,
Fig. 5a depicted a pronounced deviation from the semi-circular shape for
MB-PE and BK-PE, which could be associated with the incorporation of
CB and the state of CB dispersion within the matrix, as discussed earlier.
Moreover, the weighted relaxation spectrum of MB-PE and BK-PE
exhibited higher values of AH(A) at extended relaxation times (A) and
featured a pronounced terminal tail, signifying the presence of an
additional relaxation mechanism resulting from the interaction of CB
with the PE matrix in MB-PE and BK-PE samples (Fig. 7).

3.5. Slow crack growth (SCG) resistance

Results of the creep test of the samples, € vs. t, are presented in Fig. 8
and final failure time of the samples are reported in Table 4. It was noted
that samples exhibited a power-law behavior in creep test, and the
power-law coefficients for each sample are listed in Table 5. Evidently,
the MB-PE sample displayed the shortest failure time of all samples
about 10 h followed by NT-PE and BK-PE which exhibited failure times
of roughly 18 and 21 h, respectively. Notably, the p-value computed
from the results in Table 4 indicates that it was well below the signifi-
cance level of 0.05 showing a statistically significant difference in the
final failure times. The well-dispersed carbon black in the BK-PE sample
facilitated the enhanced adsorption of PE chains onto the CB particles,
resulting in a delayed disentanglement of PE chains and leading to a
prolonged and additional relaxation process, as depicted in Fig. 4 and
previously reported in [23]. The power-law index of BK-PE (0.5244) in
Table 5, shows that BK-PE has the lowest rate of strain confirming the
previous postulation. Conversely, the MB-PE sample demonstrated the
highest power-law index among the samples, measuring 0.7015, and
failure time of, approximately, 10 h showing a significant reduction in
SCG resistance compare to NT-PE with failure time of about 18 and
power-law index of 0.6793. This observation can be attributed to a dual
causal influence, arising from the dispersion state of filler particles
within the PE matrix and the presence of low molecular weight com-
ponents. In Fig. 2, it is evident that the inadequate dispersion of CB

4.5
—e—NT-PE
—v—MB-PE
—=—BK-PE

0.0 T T T 1 1 1 I
8§ 10 12 14

Time (hour)

16 18 20 2

Fig. 8. Creep test curves (strain vs. time) for NT-PE (@), MB-PE (v), and BK-
PE (HD.
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Table 4
Failure time of prepared samples.
Property NT-PE MB-PE BK-PE p-value
Failure time (h) 17.6+1.7 10.3+1.2 20.6+2.5 0.004
Table 5
Power-law index of creep test results for the samples.
Property NT-PE MB-PE BK-PE p-value
Power-law index 0.7015 0.6793 0.5244 0.004

within the polyethylene matrix, in case of MB-PE, leads to the formation
of CB agglomerates. These agglomerates have the potential to hinder the
adsorption of PE chains onto the CB particle surfaces, thereby impeding
the intermolecular interactions between PE chains and CB particles.
Besides, the low molecular weight components such as wax and lubri-
cants can easily reside between polymer chains in amorphous regions,
facilitating their mobility and leading to a more facile disentanglement.
Consequently, the amorphous regions situated between the crystalline
layers [44], which correspond to the crack propagation path, exhibit
reduced strength, resulting in more effortless crack propagation
compared to other samples.

Previous investigations have already suggested a potential associa-
tion between the slope of the stress-hardening (SH) region in the stress-
strain curve and a material’s resistance to stress corrosion cracking
(SCG) as well as its time to failure in creep testing [45-47]. A steeper
slope within the SH region signifies a heightened resistance to SCG. This
behavior is ascribed to the increased entanglement and enhanced
intermolecular interactions, which in turn result in a more robust
amorphous phase and well-defined crystalline regions. The findings
from this study reveal that the BK-PE sample exhibits the highest SH
slope, whereas MB-PE demonstrates the lowest, with NT-PE falling in
between. Notably, the hierarchy of slope values mirrors the time to
failure observed in the creep test, thus underscoring a discernible cor-
relation between the two phenomena. These results underscore the
significance of the SH region characteristics in bolstering resistance to
stress corrosion cracking during creep testing.

Materials Today Communications 39 (2024) 108981

Fig. 9 illustrates the fracture surface morphology as observed
through field-emission scanning electron microscopy (FE-SEM) for the
tested samples. A distinct contrast in fracture surface characteristics is
evident between BK-PE and the remaining specimens. Specifically, BK-
PE exhibits a notably rougher fracture surface replete with a profusion
of wrinkles, indicative of the presence of numerous sites of deformed
surfaces and shorter fibrils. These observations align with the expected
outcome resulting from the heightened interaction between carbon
black (CB) and polyethylene (PE) in the BK-PE sample. In contrast, both
MB-PE and NT-PE present fracture surfaces that bear striking similar-
ities, characterized by longer and coarser fibrils. The structural resem-
blance between these two specimens implies that, in the case of MB-PE,
CB exhibits a relatively diminished interaction with PE. It is noteworthy
that, despite the presence of CB, the influence of low molecular weight
constituents becomes discernible, as evidenced by the formation of
elongated and coarser fibrils, akin to those observed in NT-PE. Thus, the
FE-SEM images provide the visual evidence that supports the findings
obtained from the creep test.

4. Conclusion

In summary, the present study has unveiled a clear relationship be-
tween the dispersion state of carbon black (CB) and the slow crack
growth (SCG) properties of the tested samples. It is concluded that an
enhanced CB dispersion results in improved SCG resistance, character-
ized by prolonged failure times. It is essential to note that the method of
CB incorporation into polyethylene (PE) exerts a profound influence on
SCG resistance. Direct CB incorporation yielded a notable enhancement
in SCG resistance, whereas the introduction of CB via a concentrated
carrier (masterbatch) was associated with diminished SCG resistance
due to inadequate CB dispersion and the presence of lower molecular
weight components such as lubricants and wax. These conclusions found
substantial support in various test results.

Furthermore, the rheological analyses of the samples illuminated the
underlying mechanisms. CB furthered the development of a network
within the amorphous state, particularly at low shear rates, thereby
fortifying SCG resistance. Nevertheless, the presence of low molecular
weight constituents was shown to have an adverse impact on SCG
resistance. Additionally, the slope of the strain-hardening region in the

Fig. 9. Impact test fracture surface FE-SEM images for (b) NT-PE, (¢) MB-PE, and (d) BK-PE.
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stress-strain curve stood out as a direct indicator of SCG resistance, with
higher slopes indicative of superior SCG resistance.

These findings collectively underscored the multifaceted interplay of
CB dispersion, CB incorporation methods, and rheological properties in
shaping SCG resistance. They provided valuable insights for the design
and development of advanced materials with enhanced resistance to
slow crack growth, thereby fostering improved material durability in
practical applications.
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