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Abstract

In this paper, two types of carbon black (CB) midmsteeh with different carriers, i.e. HDPE and
LDPE, are used to produce black compounds usingetf*E100 resins with various short chain
branching distributions. Due to difference in ghehain branch (SCB) distribution, the used
polyethylene resins behave differently in microstwe development and long-term creep behavior. The
microstructural analysis using different DSC tecjueis and rheological measurements revealed more
sensitivity of the polyethylene resin with unifomamonomer distribution to the carbon black aggregat
and their polymeric carriers. The Full Notched @r&est (FNCT) was performed to determine the long-
term creep performance of the black compoundss ghiown that the sample having more uniform
comonomer distribution is more resistant compacedther samples. On the other hand, by addition of
carbon black masterbatch, resistance to slow cgaolth in samples decreases since carbon black
aggregates can act as stress concentration spatseirstructure. However, with addition of the
masterbatch with LDPE carrier polymer, the reduttbthis value in samples is lower compared to one
with HDPE carrier. The reason for this observat®rhat long branches of LDPE polymer enter the
structure of lamellae in the PE100 resins, makivegt more coherent and increasing the number of tie
molecules. The samples that are blended with LDBEmer have a rougher surface, which means
linkage between two sides of crack was strongertduggher entanglement density in these samples.
The impact test confirms the same trend as FNQT wéth the sample containing LDPE carrier having

higher impact strength.



I ntroduction

One of the best replacements for steel and conpipés intended for transportation of water and
natural gas is polyethylene pipe, thanks to itsekant versatility, chemical resistance and strengt
Experiments show that these pipes undergo a spdgifd of failure known as slow crack growth
(SCG) which occurs at low stress levels (belowdyisiress) and near room temperatures[1-7]. The
mechanism for this failure includes formation ofzes, their growth and final crack propagation[6,8—
10]. Craze growth strongly depends on chain enénghts in structure which in turn depends on factor
like molecular weight, molecular weight distributiand short chain branches (SCBs) content and their
distribution and a slight change in these parammeten influence long-time performance of pipe

materials significantly[11,12].

Mechanical properties of polyethylene pipes camégatively impacted due to sunlight radiation
since UV radiation can make a drastic change insthecture of the polymers [13-16] and this is an
important problem for these pipes which needs toabdressed. Carbon black (CB) is the most
affordable and effective material that is used ijpepproduction to act as UV-absorbing agent, also
giving most plastic transfer pipes their black ¢ol@arbon black aggregates are usually added to
polyethylene in the form of masterbatch, containitgput 30-40% carbon black with the rest being
polymer carrier. The optimum amount of carbon bliacthe compound is about 2.5 wt. % which means
between 4-6 wt.% of polymer carrier exists in thealf composition of the compound. This is a
considerable amount that can affect mechanicalrthieand rheological properties of pipes as we have
addressed it in our pervious works [13,17]. Besittesamount of carbon black, its distribution i th
polyethylene can also be of importance. Devecl.¢18] have extensively studied this phenomenash an
its effect on mechanical properties of polyethyleiges, without pointing out the long term mechahic

behavior of the samples.

Due to presence of a considerable amount of carrigre compound, it can be said that black pipes

are a blend of neat polyethylene and carbon blacétsier polymer. Chain entanglements might be



increased or decreased by addition of a seconarulyvith a different molecular weight distributitm
neat PE100 resin [19]. Thus, it is reasonable twlewole that by addition of carbon black masterhatch
while carbon black aggregates can act as nucleaites for crystallization and stress concentration

regions, carrier polymer may also affect the penfomce of pipe materials.

We have used isothermal crystallization and rhdocddgneasurements to predict the resistance to
slow crack growth in neat and black PE100 resinzrésence of carbon black masterbatches [13,17,20].
It was observed that Avrami equation parametersictwtare obtained by fitting the isothermal
crystallization data on Avrami equation, can beduss determinative factor for SCG resistance in
polyethylene pipe materials. With increasim¢the Avrami index), the resistance to slow crackwgh
in polyethylene resins is reduced significantly][ZInce this parameter is related to the morphplafy
the crystals in the structure of the polymers. Kmsswamy et al. [12] investigated the longtime
performance of PE pipes, suggesting a schematiehiaded on their findings in mechanical, thermal,
and rheological tests. Also, Sardashti et al. [2llstiggested that the relaxation tighe obtained from
fitting the experimental data on Carreau-Yasuda)(€juation [23,24] is a good determining factor for

the amount of chain entanglements in the struafipmlymer melts.

In this study we investigate the effect of additimintwo different carbon black masterbatches to
PE100 resins with different SCB distributions. Steapare examined using thermal, rheological and
long-term creep tests with the aim of delineating tole of masterbatch carrier and short chaindtran

distribution in resistance to slow crack growth.

Materials and methods

Materials and sample preparation
Three different PE100 pipe grade materials wer@lggbby Iranian petrochemical companies. The
used polyethylene resins are HDPE polymers andugestl using Ziegler-Natta catalysts under the

Hostalen license of LyondellBasell and have a biahadolecular weight distribution. Table 1 shows



some characteristics of the used polyethylene graidiee main difference between three grades i4-the

butene comonomer distribution as we have studienliirprevious work [20]. To make black compound
in laboratory, two different types of carbon blatiasterbatches with different polymer carriers, i.e.
HDPE and LDPE, were used. The masterbatches aredmmercial grades that were provided by Jam

petrochemical company.

Table 2 presents some properties of these masthdsatthe code of masterbatch was used for

identification of black compounds, i.e. B1-100J1ame& the N-100J1 compounded with Bl black

masterbatch.
Table 1.Some characteristics of used PE100 pipegraterials in this study

. MFI (g/10min) MFI (g/10min)
Samples Polymer Type Density (g/crm) 190°C, 5 kg 190°C, 21.6 kg
N-100J1 Bimodal HDPE 0.952 0.22 6.9
N-100J2 Bimodal HDPE 0.950 0.18 6.2
N-100M Bimodal HDPE 0.951 0.21 5.8

Table 2. Properties of used masterbatches
MFI (g/10min) Carbon black o " .
Masterbatch Shape 190°C, 5 Kg content (wt. %) T5% (C) Carrier polymer type

Bl Granule 1.06 39.5 452.4 LDPE
B2 Powder 0.50 39.5 4425 HDPE

* T5% is the temperature in which 5% of the samsplegight is decomposed in TGA test.

Black samples were produced using a lab scalederiew extruder with temperature profile of 190-
200 -195 -190C by blending natural polyethylene with carbon klatasterbatch. These samples have
an overall ~2 wt.% of carbon black and the PE1O6terhatch ratio is 95/5. Dispersion tests were
performed according to ISO 18553 standard [25] thedesults showed that blending and dispersion of

carbon black is acceptable in all samples.



Thermal Analysis

To evaluate carbon black content in masterbatch€\ test was performed by a METTLER
TOLEDO TGA/DSC instrument at nitrogen atmosphe@mfr25 [J. to 600 . Isothermal and non-
isothermal crystallization as well as SSA-DSC weegried out by TA Q100 differential scanning
calorimeter (DSC) to evaluate thermal propertiesarhples. Approximately 5 mg of samples in Al
circular pans were used. For isothermal test, sesnpére heated to 180 °C at 10 °C/min and mairdaine
for 3 min and then cooled first to 140 °C at 10rf@Y, held at 140 °C for 2min, and afterwards rapidl
cooled (at 40 °C/min) to the 121°C and maintainettia temperature for 120min. For isothermal DSC,
the method suggested by Krishnaswamy et al. [12$ waed and crystallization time and the
crystallization rate of samples were evaluated. fEfienal of using 121 °C as isothermal crystatiza
temperature has been discussed in our previous (@tkIn SSA-DSC, test samples were annealed at
different temperatures for 15 minutes and 46 8teps which leads to fractionation of moleculaainok
based on their size and their ability to crystalliSuggested cycles in previous studies [26—30¢ hav
been mostly used for LLDPE which has at least 6et¥nonomer content, while thermal fractionation

is more difficult for HDPE resins due to much loveemonomer.

M echanical tests

Tensile tests were performed at room temperaturey ddounsfield HLOKS universal frame at the
strain rate of 50 mm/min based on ASTM D638 testho after 6 days of aging for samples. Test
samples were cut from compression molded sheetwrding to ASTM-D638 standard. The Charpy
impact tests were carried out according to ASTM(8Q4 and impact test samples were cut from 3mm

thickness sheets. The reported results are avefagdeast 5 measurements.

To evaluate the long-term mechanical performandgbe@famples, a lab scale full notch creep test
(FNCT) machine made based on ISO 16770 [31] wad.uBee samples for the FNCT test were cut
from 6mm thick compression molded sheets. The démoenof samples is>6x90 mm. The FNCT

measurements were carried out at 55°C and 9MPa tmaidering the result of Schilling et al. [32].



The FNCT test is performed using Igepal CO-630wafastant. The reported results are average of at

least 3 measurements.

M or phological observation

Microstructural evaluation was performed by a TeScira lll field emission scanning electron
microscope (FE-SEM). The samples were broken inidignitrogen and the amorphous phase was
removed by an etchant with composition$,:HsPO,: water = 5:2:1 and 1 wt% KMnfD after which,
samples were washed in a solution of diluted suiphacid. HO,:H,SO, (diluted) (HSO;:H,O 2:7).

Afterwards, dried samples were sputter coated aithin gold layer.

Rheological measurements

A rheometric mechanical spectrometer model MCR3®tdn Paar) instrument was utilized in
oscillatory shear measurements. Samples for rhgatxy were prepared from 2 mm thick compression
molded sheets. To study the linear viscoelastiabieh of the samples, in the amplitude of 1%, the

following measurements were conducted:

» Isothermal dynamic frequency sweep test af@90
* Isochronal dynamic temperature sweep test at atamng$requency (10 Hz) and°@min

temperature ramp.

XRD Test
X-Ray Diffraction tests were performed by X'Pert ®RVPD (PANalytical) to study possible

changes induced in the lattice unit cell parameiéldack compounds.

Results and Discussion

Characterization of polyethylene resins and master batches

Based on supplier's information, PE100 samples haigilar molecular weights, but the

comonomer distribution in the samples varies aTlitconfirm this, short chain branches distributias



been investigated by different methods suggestethénliterature. Figure 1 (a) shows viscoelastic
behavior of natural PE100 samples in different detries. Viscosity of samples in whole frequency
range are approximately similar, hence, it candreluded that molecular weight and molecular weight
distribution of the samples are almost identicajuFe 1(b) shows heat flow against time for PE100
samples using isothermal DSC, revealing that itespif the similarities in MW and MWD, PE100
samples show different thermal behaviors. N-10@R dhower motion in its molecular chains compared
to two other samples. It is reasonable to assuatesttort chain branch distribution is a key differe in

three PE100 samples. To further evaluate the loigidn of co-monomers in chains, SSA-DSC is

performed as a fairly fast and accurate technique.
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Figure 1. Characterization of neat PE100 samp&gdmplex viscosity vs. frequency, (b) isotheri&IC
examination, (c) SSA-DSC analysis, and (d) terisis.



Figure 1 (c) shows heat flow vs. temperature cufees?E100 samples obtained from SSA-DSC
test. It can be observed that in N-100J2, low-tawrtpee peaks, which are a sign of co-monomers being
located on longer chains, have a larger area [2ZB827Thus, in this sample, long chains are slower
because of more SCB located on long chains fraclitvere are some studies that use tensile test to
investigate the short-chain branches distributib®,I3]. According to these studies, when SCBs are
located on chains with higher molecular weightisthardening start point occurs at lower strairfy.[
Figure 1 (d) compares tensile test curves for thlesse samples, confirming this observation and the

results of isothermal and SSA-DSC.

Effect of masterbatch on crystalline structure of samples

Results of non-isothermal DSC (graphs not showm) riov polyethylene resins and black
compounds are presented in Table 3. There is #asitrénd in the thermal behavior of all three skesp
in presence of different masterbatches. It canlis=mwed that by adding masterbatches to neat PE100
samples, their crystallization behavior is chandetluction in crystallinity and increasing theirltimg
temperature indicates that the presence of carlzmk laggregates between chains reduces crystallinit
because these can disturb the chain folding andlityol®on the other hand, the increase of the maglti
temperature can be considered from the increagbeofamellas thickness based on Gibbs-Thomson
equation [33-35]. It is observed that B1 mastetbatith LDPE carrier has more effect on crystalimit
suppression of the samples. Thus, the crystallinetsire of the black compounds is affected by two

major factors: (i) carbon black aggregates andy(i of masterbatch carrier polymer.

To investigate the influence of carbon black métthes on molecular motion and chain folding
of samples, isothermal crystallization test wasquared for black compounds as shown in Figure 2.
According to previously reported results [13,17F expected a significant decrease in crystallipatio
time of sample by adding the carbon black masteheat because carbon black aggregates can act as
nuclei for crystallization and accelerate the aliation rate [17]. This trend can be observed in

compounds containing HDPE carrier masterbatch,enhiLDPE containing compounds, the opposite is



true and due to addition of this carbon black nrastieh, crystallization rate has been hindered. The
rationale for this observation is that the mastetbaarrier polymers, as well as carbon black aggjes,
both can have a significant effect on crystallizatrate. In compound containing B2, the carriethef
masterbatch, which is HDPE, is approximately similéh base PE100s, thus carbon black aggregates
are a determining component in crystallization .r@a the other hand, in the samples mixed with B1
masterbatch, the carrier is LDPE with long chaianighing structure which makes chain folding more
difficult [36,37]. In these samples, carbon blatéoaacts as nucleation sites, but the presenc®&H.
chain and its entanglement with the other chainppiess the nucleation effect of carbon aggregates,
hindering the PE100 chain folding and reducing ¢hestallization rate of the samples. Experimental
data were fitted on the Avrami equation and obthice/stallization parameters from this equation are

presented in Table 3. To calculate these parameter®rigin software plugin developed by Lorenze et

al was employed [38].
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Figure 2- Heat flow vs. time curves for PE100 sas@nd their compounds obtained from isothermal RSC



Table 3. Non-isothermal DSC data and Crystallizafiarameters obtained from isothermal DSC test

e : >
Samples TmEe] Te[C]  Xe [%] t12(S) Crystal(lrsz]iar]t_lrf;n rate K |§(\j/;ir?rll ) R

N-100J1 131.1 117.3 57.9 48 0.34 2.88 0.9999
B1-100J1 132.1 1155 52.6 53 0.32 2.90 0.9999
B2-100J1 132.2 116.4 55.0 40 0.35 2.90 0.9999
N-100J2 129.6 115.3 53.0 159 0.11 245 0.9999
B1-100J2 130.6 1155 49.7 191 0.06 2.63 0.9999
B2-100J2 130.7 116.1 52.3 140 0.13 271 0.9999
N-100M 131.6 116.7 61.4 60 0.24 2.80 0.9999
B1-100M 131.8 117.1 57.0 71 0.22 2.83 0.9999
B2-100M 131.8 117.2 59.2 52 0.25 2.90 0.9999

In Table 3, it is observed that N-100J2 is sigaifity more sensitive to the changes in Avrami
index than the other two samples with addition @afstarbatch. In other words, one can say that the
crystallization behavior of the sample having a enamiform SCB distribution on its long chains isrmo
sensitive to addition of masterbatch. For, N-10848 N-100M samples, SCBs might have a non-
uniform distribution, thus chain segments betweeoa short chain branches are relatively larger and
chain folding in these segments will occur mordlgasaking them less sensitive to foreign chaind a

particles. This speculation is shown schematidallyigure 3.
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Figure 3. Suggested schematic model for descrithiaglifference among SCB distribution of samples.




To study the effect of carrier resins on crystallistructure of the samples, the XRD test was
performed on the PE100-J2 samples and the reselts shown in Figure 4. It can be seen that by
addition of the masterbatch with HDPE carrier, ¢hisrno change in characteristic peal&=1.58 and
23.97), while in the LDPE case, the correspondieakp are shifted to the lower angle8%21.45 and
23.81) indicating the increase in the lattice pastars of the polyethylene unit cell. This is in @od
agreement with the fact that lattice parametelsDIPE polymer are larger than HDPE [39—41]. In other
words, it can be concluded that during crystalimatLDPE chains of masterbatch carrier can etiter t
crystals of the main PE100 resin and play a rolerystallization of black compounds and increase th

coherency and entanglement between lamellas.
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Figure 4. XRD patterns for N-100J2 sample andatmpounds.

Rheological behavior and melt miscibility of samples

Rheological measurements, especially in the lingsoelastic region, have been frequently used in
order to assess the microstructure of polymericpéesnincluding the melt composition and miscilgjlit
which considerably influence the flow behavior ohANewtonian polymeric melts [42—44]. All samples

demonstrate the typical behavior of high moleculaight melts with liquid like rheological behaviat



low frequencies region and solid like behavior hkr frequencies, while shear-thinning behavior is
observed in the whole frequency range. Figure 3qdt) show the rheological properties of the neat
PE100 and black samples in presence of two diffenesmisterbatches. It is obvious that by adding
masterbatch to three different PE100 samples thew similar behavior. On the other hand, it can be
seen that complex viscosity and storage modulwl tfie compounds containing B1 masterbatch (with
LDPE carrier polymer) decline in contrast to neahples, mainly because of lower molecular weight of
B1 polymeric carrier as reflected in its higher Msilesented in Table 2. However, the long chain
branches of B1 carrier may increase the entangleaiemce and increase the overall relaxation time.
Contrary to expectation, in the samples using B&tarhatch, which also has higher MFI than the neat
samples as shown in Tables 1 and 2, the compleosity and storage modulus was not decreased,
which is against of the mixing rule prediction. i¢hihe complex viscosity and storage modulus of B2-
100M sample is similar to its neat resin, the NMQO€hose of the B2-100J1 and B2-100J2 are higher
than their base resins, presented in Figure 5n)@), respectively. According to Figure 5 (b) 4oy it
could be observed that the rheological properti@nges in B2-100J2 sample is considerable, pointing
out the good dispersion of carbon black aggregateish can hinder the movement of long chains
molecules with short side chains which can be eddpetween carbon black aggregates [13,17]. Based
on these results, one can conclude that masterisatnbre effective for 100J2 neat resin, suggesiive
the role of short chain branching distribution ateraction with carbon black aggregates. This tasul

in a good agreement with isothermal DSC that N-2@&mple is more sensitive than other samples and
can be considered as verification for the suggestdmatic model shown in Figure 3 for distributidn

SCBs on long chains.
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The experimental data of the 100J2 samples weegl fib the Carreau-Yasuda (CY) equation (Eq.
1) and the obtained zero shear viscosity and agenrglgxation time are presented in Table 4. Relaxat
time (1) can be one of the factors that represent chatiomo molten phase and we can use this factor
to have a better judgement on the long-time pevéorce of pipes; the higher thesalue, the higher the
amount of chain entanglements and hence more apsistagainst SCG [21]. Since all three PE100
samples show similar behavior in all tests by aodiof carbon black masterbatch, only the data\for
100J2 is reported. It can be seen that in Tablel 4or N-100J2 increased by addition of two
masterbatches and it is a reasonable conclusiorcéhiaon black aggregates make the motion of chains
in melt state more difficult. An increase in thiarameter by addition of B1 masterbatch is more

pronounced than the B2 masterbatch.

n' =1 [1+ QAw)* "D (1)

Table 4. Rheological parameters obtained frommfitexperimental data on Carreau-Yasuda equation

Samples no (Pa.s) A(S)

N-100J2 504850 1.98
B1-100J2 482430 3.68
B2-100J2 612140 2.74

Phase separation in polymer blends in melt stade important issue and can have a vital influence
on rheological behavior and mechanical propertfdslends [45-47]. Temperature-sweep rheology tests
were conducted to investigate phase separatioamples. Figure 6 shows the, G" and ta® against
temperature for black 100J2 compounds. In previtudies [48,49], it was observed that change'in G
curve slope is a determinative factor for phaseusgjon. According to these curves, it is cleat thall
samples, G' reduces with increasing temperature, tdufavored chain motion and reduced elastic
behavior of the sample. But in B1-100J2 samplepgr@imately 193C, slope of G' curve changes
considerably, which is thought to be due to combhieiéect of the chain mobility and increased etisti

due to interfacial tension, and this is a behawdesociated with phase separation. Due to phase



separation, the role of interfacial elasticity dbRE domains in HDPE matrix will affect the chain
mobility at higher temperature and hence the storagdulus of B1-100J2 sample is positively deviated
from the expected behavior guided with red lind=igure 6 (a). Interestingly, the t&rcurve of B1-
100J2 sample shows a clear increasing —decreasimg), 50 it can be assumed that the phase separatio
has been started from ~20D and continued to ~ 24C. The increased elasticity at higher temperature

may result in flow instability like sharkskin atghi production rate.
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Figure 6. G', G" and tan vs. temperature curvega@1-100J2 and (b) B2-100J2 samples obtained fro
temperature sweep rheology tests.

L ong-term mechanical performance and impact resistance

To investigate the long-term performance of thepas) the SCG tests were performed on 100J1
and 100J2 sample and the data of these tests egsenped in Figure 7. The 100M sample is excluded
herein because of its similar behavior to 100J1pdamnd also its different source of polymerizatida
expected, it can be seen that creep failure tim&l-dD0J2 with uniform distribution of short chain
branches is considerably higher than other samplesn this figure, it can be inferred that the slow

crack growth resistance of the neat PE100 samplesiuced by addition of carbon black masterbatch.
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Masterbatch presence in structure has a doubdsifaffect on mechanical properties of PE100
samples, both carbon black aggregates and camwilgmpr can influence SCG resistance. It can be
observed from SCG test that carbon black aggregétbeut considering carrier polymer make the neat
resins weaker against SCG. Another interestingtrdsat can be seen is that in the samples compalind
with B1 masterbatch, the reduction of lifetime &1®0 is lower than B2 compounds due to the fadt tha
presence of LDPE chains in the structure of samplagases the entanglements density because of its
long chain branches [50-52]. It is a good confiioratfor isothermal DSC and rheological
measurements that the presence of LDPE chains nth&esesin molecule motion slower. Also, the
activation energy (g of linear low-density polyethylene is around 324&)/mol which is higher than
that of the linear and short chain branched polgette, 27-29 KJ/mol. In other words, a higher tharm
energy or time is needed for fibrillation and grbvatf the crazes in the sample containing chaink wit

long branches.

Thus, motion of the chains in a resin has a direletionship with resistance to slow crack growth
and long-time performance of pipe material can teslipted with the tests that analyze the behavior o

resin’s melt.



To further investigate the effect of carrier polyne® resistance to SCG in PE100 samples, SCG
fracture surface of B1-100J2 and B2-100J2 sampées studied by SEM microscope. Figure 8 (a) is an
overview image of the sample’s fracture surface t@s three distinct zones which is due to differen
stress levels at each area. In Zone |, i.e. tht $trep of fracture process, the ligament areariget,
hence the stress level is lower than other zonésezes and fibrillations are smaller and theazerfis
relatively smoother. Zones Il and Il in which te&ess is higher and fibrillations are larger, t&n
determining zones for investigation of slow cragkwgh [53,54] (zone | shows few details and all
samples have nearly the same topology). Figure )8s¢hematically describes the reason for the

difference in zones' appearances.

‘B

(b)

Zone 1

Zone 11

Zone 1T

Figure 8. (a) SEM image of different zones in fumetsurface in creep test (b) Schematic imageufifying the
reason for the difference in fracture surface ffedent zones



Impact tests were performed on the N-100J2 sampleita black compounds and the results are
presented in Table 5. It can be observed that ¢hé sample has the highest toughness since thece is
carbon black aggregates as stress concentratias aorthe structure of this material. In the B1-1D0
with LDPE chains the reduction of the impact resist is lower than B2-100J2 sample as expected

from SCG test results.

Table 5. Charpy impact resistance of the N-100d@$=ant its black compounds

Samples Toughness (KJ/R)
N-100J2 28.12%= 0.8
B1-100J2 26.17+£1.3
B2-100J2 20.07£0.6

SEM images of fracture surface of N-100J2 samptkitrblack compounds are shown in Figure 9.
Three distinct zones can be considered in fracduréace during Charpy test; (i) notch zone, (iiktfi
step of fracture, and (iii) second step of fractanal the results are in agreement with literatBgs. [
First zone is a notch that has been made by a dade, second zone is first step of fracture, tligc
the most important and determinative zone in impesttfracture surface and third zone includesdke
of fracture process. It is noticed that the radadé charpy is not typical test was used for comupae
evaluation of the samples. Also it is worthy mentthat in the under impact loads, other mechanisms
than in SCG are relevant. By studying the secomezit is possible to obtain some information about
the structure and performance of the materialsaft be seen that in B1-100J2, the second zone has
largest area and also pulled out fibrillations mr@e pronounced in higher magnifications whichlitse
can be the reason for higher toughness of this leacgmpared to B2-100J2. The impact test and SCG

test results are in excellent agreement with edobro



500-pm_

Figure 9. Impact test fracture surface SEM imagegd) N-100J2, (b) B1-100J2, and (c) B2-100J2iffeknt
magnifications.

According to SCG test results, it can be seenthi@tong-time mechanical performance of N-100J2
sample is significantly higher than N-100J1 sampéfference in the distribution of short chain
branches is most probably the reason for this rdiffee in creep test failure time. As mentioned abov

in N-100J1 sample, SCBs are located randomly orecutdr chains and thus the crystallize-able length

of chains increased compared to N-100J2 in whicBsS®cated uniformly and with approximately



equal length (Figure 3). Suggested schematic moddtigure 10 demonstrates the reason of the
difference in resistance to SCG in these two sasn@ace long chains usually make tie molecules tha
are a key factor to resistance to SCG [7,56,5€| difference in SCBs distribution on long chains ha
direct effect on long-term performance which in puevious work is investigated completely[20]. Due
to less participation of chains in crystals in N3dBP, this sample has more tie molecules naturaity a
thus its resistance against SCG is higher than N-1As mentioned earlier in rheological measurement
section, melt relaxation time in the B1-100J2 saniplhigher than N-100J2 sample and it was expected
that the failure time of black sample in the SC& tge higher than the neat PE100 sample, but it is
reverse. To justify this observation, it can be doded that carbon black aggregates can both act as
stress concentration sites and also trap longansha amorphous area, making establishment of tie
molecules more difficult in solid state. Using thi®del, we can justify the reduction in failure &rm

the solid state and the increase of relaxation tingamples in presence of carbon black in metesta
(The same situation may be considered in rubbansheith carbon black, in which the chains can be

trapped in between carbon black aggregates [58,59])



(a) IW

(b)

[N

Figure 10. Schematic representation for invesiggéiffect of SCBs distribution of tie molecules); k&100J1
sample with the chaotic distribution of SCBs andNkL00J2 sample with uniform SCBs distributionlong

chains , (c) Schematic model for studying the eftécarbon black aggregates on preventing longnshta enter
the lamellas.

Conclusion

Based on the results obtained from different teststhis study, carrier polymer of black
masterbatches and carbon black aggregates makgeshanviscosity and chain motion of the PE100
samples. N-100J2 resin with more uniform short chaianch distribution is more affected by carbon

black aggregates and the carrier polymer. The @wmigboth the relaxation time in viscosity testl an



crystallization time in isothermal crystallizatidest is noticeably higher for N-100J2 compared to N
100J1 which is the sample with non-uniform SCB riistion. Compared to pure samples, black
compounds have lower failure time in slow crackwgtodue to presence of carbon black aggregates that
affect sample properties in two different ways:a@}ing as stress concentration areas and (iiepteng

the branched long chains to enter the crystalscapake the tie molecules. In the compounds that use
LDPE carrier masterbatch, SCG test failure timbigher than the samples using HDPE carrier. The
reason of this phenomenon is that the motion ofctiens is more difficult due to long branches of
LDPE carrier and a higher value of activation egefgr branched polyethylene, meaning more

resistance to fibrillation and growth of the crapdsch lead to cracks.

Although results of SCG and impact tests indicdtexibetter performance of masterbatch having
LDPE carrier, the temperature sweep rheologicalsomements pointed out the possibility of the melt
immiscibility at elevated temperature leading tofate instabilities. Therefore both of these issues

should be considered in selection of the right erasttch.
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Highlights

Resin with more uniform SCB distribution is more affected by carbon black aggregates
and the carrier polymer.

Carbon black aggregates act as stress concentration areas and prevent the branched long
chains to enter the crystals and create the tie molecules and consequently decrease the
creep lifetime of the pipe grade PE material.

Because of more contacts between the chains, the changes in both the relaxation time in
viscosity test and crystallization time in isothermal crystalization test in sample with
uniform SCBs distribution is noticeably higher than non-uniform sample.

For resistance to slow crack growth, LDPE carrier is better than HDPE carrier, since
branched structure of the LDPE causes formation of more tie molecules and enhances the
mechanical propertiesrelatively.

In processing temperature range, no immiscibility is observed between PE100 resin and
both HDPE and LDPE carriers.
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