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Objectives. Determination of the influence of molecular weight on the modulus of elasticity, yield,
strength, and retardation processes in polyethylene.

Methods. We used vane samples (thickness: 4 mm; length: 100 mm; width: 10 mm) made by
injection molding at p = 60 MPa, T =210 °C, t = 15 s from the following polyethylenes: HDPE 277-
73 (Stavrolen, Lukoil, Russia); BorSafe HE3490-IM (Borealis, Austria; black); CRP 100 Hostalen
(Basell Polyolefins, Netherlands; black); Stavrolen PE4PP-25B (Stavrolen, Lukoil, Russia; black).
The samples were in accordance with the defined standards for the AL 7000 LA-5 tensile testing
machine. The study of relaxation characteristics was carried out in two modes: relaxation and
retardation.

Results. We obtained stress-strain diagrams at various temperatures under isothermal conditions
(T = const) and determined the influence of polyethylene molecular weights on the modulus of
elasticity, yield, and strength of polyethylenes. We have shown that under isothermal conditions,
when the stress equals the yield strength, the removal of the external action results in a two-
stage response. The first stage is the stress relaxation. The second stage characterizes the elastic
features of the studied materials under the external action &€ = const.

Conclusions. We have established that temperature increase affects the physicomechanical
characteristics of polyethylenes differently, depending on their molecular weights. The experiments
have shown that when the stress exceeds the yield strength, at constant deformation, there is
a complex response of the polyethylenes to external action. This response is characterized by
two stress stages throughout the course of time. The first stage is characterized by asymptotic
decrease in stress down to a constant value; the second stage is characterized by constant stress
throughout the course of time. We have determined relaxation times for the relaxation stage (stage )
and calculated activation energy. We have also established that the activation energy depends
on molecular weights of the polyethylenes. It has been shown that an increase in polyethylene
molecular weight leads to a decrease in relaxation time and activation energy.

Keywords: relaxation, inelasticity, internal friction, modulus of elasticity, yield strength,
polyethylene.
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Ienw. Onpedenerue 8AUSHUSL MONEKYASIPHOU MACCHL NOAUIMUNEHO8 HA MOOYSlb Ynpyaocmu, me-
Kyuecms, NPOUHOCMb U NPOUECCbl pemapoayuu.

Memooust. B rkauecmse o6pasyog ObLau 83simbul LIONAMKU (MOAUUHOU 4 MM, OauHoll 100 mm,
wupuroti 10 mm), nonyuerHHvle MeMOOOM AUMbsL No0 daesrerHuem p = 60 MIla npu T = 210 °C,
T = 15 ¢, u3 noausmuneHa caedyrowux maporx: IN19BII 277-73 (CmaeponeH, Aykoiin, Poccus);
BorSafe HE3490-IM (Borealis, Aecmpusi; uepnuliii); CRP 100 Hostalen (Basell Polyolefins, Hudep-
JlaHObl; uepHblil); Stavrolen PE4PP-25B (CmasposaeH, Aykotin, Poccusi; uepHwlii). Hcnonv3o0eaH-
Hble 06pa3yblL coomeememaeo8aiu cCmaHOapmMHo-onpedesieHHbiM 06pa3yuam O0st UCCAe008GHUSL HA
paspolgHoll mawure AL 7000 LA-5. HcenedogaHue penakCayuoOHHbLX XapaKkmepucmurx npogoou-
Jl0Cb 8 08YX PEIRUMAX: PeNAKCAUUOHHOM U pemapOayUOHHOM.

Pesynomameul. B pesynvmame npogedeHus: IKCNepUMeHMo8 ObLau NOAYUeHbl OUAZPAMMbL HANPSL-
JKeHUe—0edpopMayushr NPU Pa3UUHbIX memnepamypax 8 usomepmuveckux pexumax (T = const) u
onpeodeneHo 8AUSHUE MONeKYAIPHOU MACCbL HA MOOYlb Ynpyaocmu, meKkyuecms U NPouHOCMb
noausmuneHos. IlokaszaHo, Umo npu HaNPSIIXKeHUsX, pasHblx hpedeany meKyuecmu, 8 U3omepmu-
YeCcKUX YCN08USX NPU CHAMUU 8HEeUHe20 dedpopmupyrouiezo gosodeticmaust Habarooaromes. 0ee
cmaoul OMKAUKA CUCmeMmbl NOAUIMUNEeHA Ha 3mo gosdelicmaue. Ilepeblii omkauk — npoyecc
penaxcayuu HONpsiKeHust U 8mopoti OmKAUK — 061acms, XapaKkmepusyrou,as ynpyaue xapakme-
pucmuKu ucciedyemozo mamepuaia npu eHeuHem eozoeticmeuu € = const.

BaxnroueHue. YcmaHo8ieHO, UmMo NosbluLeHUe memnepamypbl HeOOUHAKO80 OmMparkKaemaest Ha
PUBUKO-MEXAHUUECKUX XAPAKMEePUCMUKAX NOAUIMUNLEHO8 PA3AUUHOU MONEKYJASAPHOT MACCHL.
OKcnepumermol NOKA3aNU, UMO NPU HANPSIIKEHUSX 8blule npedesa mekyuecmu npu nNOCMostH-
cmee degpopmayuu Habroo0aemest C/I0AKHASL PeaKyUsl UCCiedyemblx NOAUIMUNEHO8 HA 8HEWHee
gosdelicmeue. 9ma peakyus xapaxmepusyemcs: 08Yymsi 061acmaMuU 30.8UCUMOCNU HANPSIIKEHUTL,
BO3HUKWUX npu decpopmayuu, om epemeru. Ilepeas obrnacme xapaxmepusyemecst ACUMNMomu-
YeCcKUM CHUIKeHUeM HANPSKeHUsi 00 NOCMOSIHHO20 3HAUeHUs, a emopast obaacme — NOCMOSIH-
CMeEOoM HANPSIKEHUsL 80 8pemeHuU. PaccuumaHbl 8pemeHa penakcayuu Oask PeaaxCayuoHHOU
obnacmu (yuacmok I), a markiKe paccuumaHa genuduHa sHepeuu akmusayuu. Ilokasaro, umo
yeenuueHue MONEKYAIPHOU MACCHL NOAUIMUNEHO8 8e0em K CHUIKEHUID 8pEMEHU PENAKCAYUUU U
YMEeHbULEHUIO 9Hep2UU AKMUBAUUU.

Knroueeble cnoea: penaxcayus, Heynpyzocme, sHympeHHee mpeHue, Mo0Yysb Ynpyaocmu,
npedesi meKkyuecmu, NOAUIMUNEH.

Jna yumupoeanus: Anexuna P.A., Jlomosckoil B.A., CumonoB-EmenbsnoB U./1., [llaroxuna C.A. PenakcaunonHsle u
(hU3HMKO-MEXaHUYECKUE XapaKTePUCTUKU TOJIMATUICHOB C PAa3JIMYHON MOJEKYISPHOU Maccol. ToHKue Xumuyeckue mexHoniocuu.
2019;14(6):104-114. https://doi.org/10.32362/2410-6593-2019-14-6-104-114

Introduction

Amorphous-crystalline  polyethylene  (PE),
despite the simple structure of its polymer chain,
is characterized by multiplet relaxation behavior
observed in solid state, from low temperatures and up
to the melting temperature T, [1-3]. This can mostly
be explained by the complex structure of crystalline
polymers and their molecular motion, and this is

why it is also challenging to establish all possible
relaxation transitions in PE and determine their nature.
Consequently, there is still no clear understanding
of relaxation transitions in PE and how they are
influenced by the molecular weight of the polymer.
Research on local dissipative losses by a dynamics
method [4] shows that the PE structure consists of
four structural-kinetic subsystems that respond to
external action quasi-independently; this happens
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when such deformation destabilizes mechanical and
thermodynamic equilibria of all elements of these
structural-kinetic subsystems. Theoretical analysis
of these physicomechanical parameters allows us to
determine the degree of relaxation microheterogeneity
for elements of various structural-kinetic subsystems.

The aim of this work was to determine the
influence of molecular weight on the modulus of
elasticity, yield, strength, and retardation processes
in polyethylene.

Materials and Methods

We used vane samples (thickness: 4 mm;
length: 100 mm; width: 10 mm) made by injection
molding at p = 60 MPa, T = 210 °C, t = 15 s
from the following polyethylenes: HDPE 277-73
(Stavrolen, Lukoil, Russia); BorSafe HE3490-IM
(Borealis, Austria; black); CRP 100 Hostalen (Basell
Polyolefins, Netherlands; black); Stavrolen PE4PP-
25B (Stavrolen, Lukoil, Russia; black). Our samples
were in accordance with the defined standards for the
AL 7000 LA-5 tensile testing machine. The stretching
was performed at the strain rate of V, = 100 mm/min.
According to the preparation method, the sprue was
placed toward the mold in such a way that it was co-
oriented with the polymer molecules. After shrinkage,
all PE samples with different molecular weights kept
their shapes. We did not evaluate the influence of
shrinkage on the macromolecule orientation.

The main physicochemical and physicomechanical
characteristics of polyethylenes used in this study are
shown in Table 1.

We performed the evaluation of relaxation
characteristics in two modes:

1. The relaxation mode:
external action

0 Ho) 0 whent < ¢,
e(t)=¢
0 &g whent > ¢ 1
response
0 when ¢ <1,
o(t) =109 =Egywhent 2>ty and oy <oy , 2)

oo¥(t) whent2>tyand o) <oy <0y

where o is a stress, MPa; € is a strain, %; £ is a modulus
of elasticity, MPa; ¢ is a time, s; #,is a moment of the
external action removal; 6 is the proportionality limit
(the limit of linear elasticity), MPa; o, is the elastic limit,
MPa.

Table 1. Main characteristics of polyethylenes used in the study

Ne BorSafe CRP Stavrolen
n/n PE type HDPE 277-73 | HE3490-IM | 100 Hostalen | PE4PP-25B
1| Molecular weight (MW), g/mol x 10 24 67 74 75
2 | Molecular weight distribution (MWD) Monomodal Bimodal Monomodal
Melt flow index, g per 10 min
3 | at190°Cand 21.6 kef 17-25 6.00 5.50 12-16
at 190 °C and 5.0 kgf — 0.57 0.52 0.51
at 190 °C and 2.16 kgf 5-7 0.40 0.38 _
4 | Melt stretching index, s - 120 215 400
5 | Density at 23 °C, g/em’ 0.957 0.962 0.960 0.952
6 | Tensile yield strength, not below, MPa 25.5 24 - 16.7
7 | Soot content, % - 2 2 2
8 | Melting temperature, °C 125-135 125-135 125-135 125-135
9 | Type of soot distribution - I-1T I-1T I-IT
10 | AH, J/g 157.1 142.6 1324 107.8
11 Degree of crystallinity, a, % 53.6 48.7 45.2 36.8
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2. The retardation mode:
external action

| 0 when ¢ <,
1) = t
O-( ) O-O ( ) - GO When t> to (3)
response
0 when ¢ <t

e(t)=48y =09/ E whent >¢; and o <o, . 4

&l (1) whent >ty and o, <oy <0y

This allowed us to evaluate the dependency of
the modulus of elasticity and the yield strength on

Stress, MPa

135 150
Strain, %

the molecular weight, using stress-strain diagrams.
We were also able to determine creep modes and
elastic aftereffect (retardation) modes. Knowing
these parameters (and how they depend on molecular
weights) allows us to evaluate the functions that
describe the stage of inelastic response to an external
action (equations 1-4), based on isothermal conditions
of the hereditary theory of viscoelasticity.

Results and Discussion

We have obtained stress-strain diagrams at various
temperatures under isothermal conditions (T = const)
and these results are shown in Fig. 1.

Stress, MPa

17.50r---

15.00r--
1250
10.00-

7.500

5000

2,504

135 150
Strain, %

720 E0.0
Strain, %

175 200 225 250
Strain, %

d

Fig. 1. Stress—strain diagrams for BorSafe HE3490-IM (a), CRP 100 Hostalen (b), Stavrolen PE4PP-25B (c)
polyethylenes at the following temperatures, °C:
1-21;2-30; 3—-40; 4—50; for HDPE 277-73 (curve 1) and Stavrolen PE4PP-25B (curve 2) polyethylenes at 100 °C (d).
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We have determined the effect of molecular weight
on the modulus of the elasticity, yield, and strength of
polyethylene (Table 2).

Based on our experimental data, we have obtained
temperature-dependency curves for the modulus of
elasticity and the yield strength (Fig. 2), as well as curves
showing the dependency of these parameters on the
molecular weight (Fig. 3).

The experimental data show that temperature
increase affects the physicomechanical characteristics of
polyethylenes differently, depending on their molecular
weights. In the case of HDPE 277-73, the PE with the lowest
molecular weight (MW = 24x10* g/mol) (Table 1), we observe
a gradual decrease in the modulus of elasticity (Fig. 2a)
and the yield strength (Fig. 2b) upon temperature
increase. In the case of PE with a higher molecular

Table 2. Physicomechanical characteristics of polyethylenes
with different molecular weights (at V,, = 100 mm/min)

&
+ Sj o 3] ﬂ‘?‘ 3
p = = g > =
g . & < = ) k=
5 g X S ) ) ) 3
& — 9 % N 2] k3 5 o
on = = = = = B0
o i, S LL,E B 1Z 17] @ <
Q - = - < Y
= % = — (=] = 5 o =
=] 5 an < 8 5] — O
G g a o = ot = 2] =
o I, 1) .= |2 > s} =) o
2 2 £ < 8 2 < e
2 2 e & £ E 2 =
= i > = = g =
2 g 7 - E Z
g a 5
H
HDPE 277-73
21 88.65 21.71 13.18 21.71 12.35 891.74 12.4 -
30 84.50 20.67 13.83 20.67 12.73 837.26 12.73 -
40 74.36 18.21 14.42 18.21 13.60 742.89 13.6 -
50 59.85 14.67 16.14 14.67 15.47 563.77 15.47 -
BorSafe HE3490-IM
21 87.25 2139 14.65 2138 14.01 731.37 10.99 41.44
30 89.83 22.02 13.62 22.02 13.15 714.99 12.43 36.47
40 7135 17.49 30.00 17.48 2837 169.92 13.78 65.89
50 63.86 15.66 15.97 15.66 15.75 231.77 11.18 105.2
CRP 100 Hostalen
21 92.50 22.63 14.13 22,68 14.06 641.98 1133 30.40
30 83.14 2038 17.63 2038 17.34 166.80 1135 38.90
40 74.66 18.30 25.76 18.27 22.70 224.34 16.06 59.99
50 63.01 15.45 3174 15.44 3038 271.60 15.29 145.84
Stavrolen PE4PP-25B
21 85.14 21.12 16.16 21.11 15.74 511.40 12.21 44.25
30 85.82 21.04 15.61 21.04 15.55 609.46 13.36 45.27
40 70.94 17.39 28.93 17.36 26.49 205.43 13.96 77.00
50 64.30 15.76 32.79 15.76 3147 211.81 13.33 73.10
HDPE 277-73
100 | 1449 | 355 | 5542 | 343 | 3445 | 2881 | 334 | 18233
Stavrolen PE4PP-25B
100 | 3230 | 792 | 13390 | 780 | 3877 | 2517 | 715 | 14013

*F s the maximum stress during the tensile test.
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Fig. 2. Dependency of the modulus of elasticity (a) and the yield strength (b)
for polyethylenes of different molecular weights on temperature.

weight, extreme changes in these parameters occur.
For Stavrolen PE4PP-25B (MW = 75x10* g/mol)
and BorSafe HE3490-IM (MW = 67x10* g/mol)
polyethylenes (Table 1), we see that the parameters
have a maximum at T = 30 °C, followed by a
decrease and stabilization of the modulus of elasticity
after 40 °C (Fig. 2a). Additionally, for the Hostalen
polyethylene (MW = 74x10* g/mol) (Table 1), we
observe an opposite tendency, where the modulus of
elasticity decreases as the temperature increases to
30 °C, and afterwards it stabilizes, following a period
of insignificant growth within the 40-50 °C range. At
the same time, we observe abnormal behavior in the
yield strength for Stavrolen PE4PP-25B and BorSafe
HE3490-IM polyethylenes at T = 30 °C (Fig. 3b).
We have analyzed the inelasticity and stress
relaxation of PEs using the same technique, at

6,< 0 =0, (0,, is the stress equaled the yield
strength, MPa). A temperature of 100 °C was chosen
to speed up the experiment, because the increase in
temperature leads to a decrease in the yield strength.
Study of the dependence of relaxation times on
molecular weight and temperature is a separate task
and may be the object of future research. To perform
these experiments, samples were subjected to a stress of
6 =0, and strain of & = 42% (Stavrolen PE4PP-25B)
and ¢ = 11% (HDPE 277-73) (Fig. 4, stage I); after
that, the external action was removed and the residual
strain mode ¢ _ = const was observed (Fig. 4, stage IT).

The strain that appears in the samples changes
throughout the course of time, meaning that ¢ = f{¢).
Areal in Fig. 5 — the upper part in the figure — describes
the stress relaxation process, and area II describes
the elastic nonrelaxing part of the stress in the PE.
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Fig. 3. Dependency of the modulus of elasticity (a) and the yield strength (b) on the molecular weight,
for polyethylenes of different molecular weights; obtained under isothermal conditions.
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Fig. 4. Strain dependency on time, under isothermal conditions (T = 100 °C),
for PEs with MW = 75x10* g/mol (curve 1) and MW = 24x10* g/mol (curve 2).
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Fig. 5. Stress dependency on time for HDPE 277-73 (a) and Stavrolen PE4PP-25B (b).

Accordingly, for PEs with different molecular weights,
the stress depends on time, which means that the stress
does not change instantly with time, but rather stepwise,
from point A to point B (Fig. 5a and 5b).

We have established that this stress asymptotically
approaches a constant value ¢ = const (Fig. 5a and 5b).
We have shown that when the stress equals the yield
strength in isothermal conditions the removal of the
external action results in a two-stage response. The
first stage is the stress relaxation, and the second stage
characterizes the elastic features of the studied materials
under the external action € = const.

In order to characterize the response of the PE
during relaxation (the first stage response), we can use
the Maxwell model:

de

do o _gde
dt’

dt 7 ©®)
where G is a stress, MPa; ¢ is a strain, %; E is a modulus of
elasticity, MPa; ¢ is the time, s; and 7 is the relaxation time, s.
The solution of this differential equation is the
equation that connects the stress relaxation curve with
relaxation time:

o(t) =0 exp(—éj , (6)

where o(¢) is the stress in the time moment ¢, MPa; and
o, is the stress in the time moment 7 = 0, MPa.

According to this equation, we can determine the
relaxation function normalized to 1 (Fig. 6):

_o®
o) = p—

()

where @(7) is the relaxation function.

Based on the analysis of the time-dependent
relaxation function @(7), the relaxation time t can be
determined using the ¢(#) curve (Fig. 6) according to the
formula:

®)

T=—>

e
where e is the Euler number.

The 1 values depend on the molecular weight of
polyethylene. For HDPE 277-73 (MW = 24x10* g/mol)
T equals 10.1 s, and for Stavrolen PE4PP-25B
(MW = 75x10* g/mol) 1 equals 8.5 s.

The obtained values of relaxation time depend
on the polyethylene molecular weight. In order to
carefully characterize the function T = f{MW), we
have performed similar measurements for intermediate
molecular weights.
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Fig. 6. Dependency of the normalized relaxation function on time,
for PEs with MW = 75x10* g/mol (curve 1) and MW = 24x10* g/mol (curve 2).

Based on the Arrhenius equation for relaxation time

7, =1 expl ; (€))
i

and assuming that 1, = 1x107° s for any polyethylene
[5], we can calculate the activation energy of relaxation
using the following formula:

U =RT, In—L, (10)
“o

where 1, is the relaxation time, s, i.e. the time for
transition of particles from one position to another
with the overcoming of the potential barrier; U is the
activation energy required to overcome the potential
barrier, kJ/mol; 7, is the time of one attempt of a
particle to pass through a barrier, s; R is the universal
gas constant; and 7, is a temperature, K.

For example, for HDPE 277-73 (MW = 24x10* g/mol)
U equals 28.6 kJ/mol, and for Stavrolen PE4PP-25B
(MW = 75x10* g/mol) U equals 28.1 kJ/mol.

Our calculations show that the activation energy
of relaxation does not depend greatly on the molecular
weight. With the increase in the molecular weight of
polyethylene, an insignificant decrease in activation
energy Occurs.

Conclusions

We have established that when the stress
achieves ¢ = o, and g = const, there are two response
mechanisms in PE systems: mechanism I is the stage
of stress relaxation (viscoelastic response); and
mechanism 1II is the stage of elastic response that is
characterized by constant stress o = const. The value
is a function of molecular weight. We have calculated
relaxation times for the relaxation stage (stage I) and
evaluated the activation energy, and established the
connection U = fIMW). We have established that an
increase in the molecular weight of polyethylenes
leads to a decrease in the values of relaxation time
and activation energy.

The experiments have demonstrated that when
the stress exceeds the yield strength, the constant
deformation leads to complex responses of the PE to
such external action. This mode is characterized by
two stress stages developed throughout time. The first
stage is characterized by the asymptotical decrease
in stress to a constant value, and the second stage is
characterized by constant stress throughout time.
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06 aemopax:

Anéxuna Pauca AWOmMoOBHA, MarucTpanT KaQeapbl XUMUH U TEXHOJIOTHH MepepabOTKU MIIaCTMACC U TOJIUMEPHBIX
KOMIIO3UTOB MIHCTUTYTa TOHKUX XUMUUecKux TexHosoruit um. M.B. Jlomonocosa ®I'bOY BO «MHUPDA — Poccuiickuii TexHoo-
ruyeckuit yausepcute™ (119571, Poccusi, Mocksa, nip-t BepHasckoro, a. 86).

Aomoeckoii Buxmop Andpeesuu, 10KTOp (PU3UKO-MATEMATHUECKUX HAyK, TPodeccop Kadeapsbl XUMUU U TEXHOIOTHH
nepepaboTKH MIaCTMACC U MOJIMMEPHBIX KOMIIO3UTOB VHCTHTYyTa TOHKMX XMMHYECKHUX TexHoJoruii nmenn M.B. JlomoHocOBa
OI'BOY BO «MUPDA — Poccuiickuit TexHonorndeckuit yausepcure (119571, Poccus, Mocksa, np-t BepHajckoro, 1. 86);
3aBeIYIOLIHI J1a00paToprueil CTPyKTYpOoOOpa3oBaHusl B JUCIIEPCHBIX cUCTeMaX, MHCTUTYT (GU3NUECKONH XUMHU U JIEKTPOXUMHU
um. A.H. ®pymkuna Poccuiickoii akanemun Hayk (119071, Poceunsi, Mocksa, Jlennnckuii npocnekr, 31, koprr. 4).

Cumonoe-Emenvsanoe Hzopv mumpueeuu, 10KTOp TEXHUUECKUX Hayk, mpodeccop, 3aBenyromuil kadenpoit
XMMHUH U TEXHOJIOTUH IIepepabOTKU IIACTMACC U IOIUMEPHBIX KOMIIO3UTOB IHCTUTYTa TOHKUX XMMUYECKUX TEXHOIOrUi uM. M.B.
Jlomonocosa ®I'bOY BO «MUPDA — Poccuiickuii TexHonoruueckuil yausepeurer» (119571, Poccus, Mocksa, p-T BepHazacko-
rO0, 1. 86).

IITamoxuna Ceemnana AnexcaHOpo8Ha, MIalni HaydHbIH COTPYAHUK JlaGopaTtopuu CTpyKTYypoOOpa3oBaHus B
JTUCTIEPCHBIX cucTeMax, MHCTUTYT pu3ndeckoit XuMuu 1 anekrpoxumun uM. A.H. @pymkuna Poccuiickoii akagemun Hayk (119071,
Poccusi, MockBa, Jleannckwmii ipocriekr, 31, koprr. 4).

Submitted: March 19, 2019, Reviewed: November 19, 2019, Accepted: December 09, 2019.

Translated by R. Trikin

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2019;14(6):104-114
114



