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A B S T R A C T   

The creep resistance of polymer determines the dimensional stability of product under stress. The isotactic 
polybutene-1 (iPB) with outstanding high-temperature creep resistance and stress-crack resistance is applied 
widely in the field of hot-water pipes. Although the chain information including weight-average molecular 
weight (Mw) and aggregate structures of isotactic polybutene-1 (iPB) influence the creep resistance, the crucial 
factor affecting the creep behavior greatly is unclear. In this work, a series PB samples with varied Mw, iso-
tacticity and configurational sequence were synthesized and characterized based on Gel Permeation Chroma-
tography (GPC), solvent fractionation and Nuclear Magnetic Resonance Spectroscopy (NMR). The Differential 
Scanning Calorimetry (DSC), Wide-angle X-ray diffraction (WAXD) and Small angle X-ray scattering (SAXS) were 
used to characterize the aggregation structures of PB samples. The stress-strain behaviors and 95 ◦C creep 
deformation of these PB samples were testes by tensile test and Dynamic Mechanical Analysis (DMA), respec-
tively. It was found that these PB samples showed different chain microstructures like 88–99 wt% high isotactic 
PB (HiPB) fractions, 90–97.6 mol% tetra-meso placements (mmmm) in HiPB fraction, and 50 × 104-160 × 104 

Mw. Increasing the molecular weight, isotacticity or configurational sequence mmmm enhanced the creep 
resistance of PB, while mmmm configurational sequence played more important role in creep resistance of PB 
through adjusting the aggregation structure (crystalline domains) of the final product greatly. Exploring the 
influencing factors of creep resistance provided guidance for the synthesis of high-performance PB for high- 
temperature pipe application.   

1. Introduction 

Polymer creep, as time and temperature dependent phenomenon, 
reflects the increase in deformation of a polymer with time extension 
under the action of stress. Due to the viscoelastic nature of polymers, the 
creep phenomenon is unavoidable [1]. This dimensional stability of the 
polymers becomes worse at high temperature and results in irreversible 
damage to the materials. The creep resistance is crucial for 
high-temperature pipe application. Polymer materials like polyethylene 
(PE-RT) [2–4], cross-linked polyethylene (PE-X), random copolymerized 
propylene (PP-R) [5–7] and polybutene-1 (PB) [8–10] are generally 
used for geothermal heating in residences, hotels and other places. 
Among those materials, PB with excellent creep resistance, as well as 
excellent resistance to environmental stress cracking and high temper-
ature shock resistance, attracted much attentions in both industry and 
academics. 

The creep behaviors of polymers might be affected by the molecular 
weight [11–13] and aggregate structure [11,14,15] of the polymer 
products, which might also be influenced by the application conditions 
like applied stress [16,17], temperature [17–20], time, relative humid-
ity [21] and ultraviolet rays [22]. Bhateja [11] and O’Connell [12] 
proposed that increasing molecular weight could improve the creep 
performance of Polyethylene (PE). Handge et al. [13] found that the 
creep resistance of polystyrene-block-poly (methyl methacrylate) 
(PS-b-PMMA) increased gradually with the increase in its molecular 
weight based on the decrease in creep compliance. Ruan [14] and 
Bhattacharyya [15] changed the crystallinity of the polymer by adding 
fillers to the polymer, thus changing the creep performance of the 
polymer. 

PB, as a special polymorphic polyolefin material [23–25], has the 
peculiar crystal-crystal transformation under room temperature [26–32] 
from unstable form II to stable form I. The outstanding creep resistance 
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of PB was attributed to the form I crystals with immobile polymer 
backbone, slowly reoriented ethyl groups without changes of their 
conformational state, high lamellar thickness and high crystallinity 
[33]. Previously, some scholars have reported the influence of the mo-
lecular weight of PB on rheological properties [10,34,35] and crystal-
lization behavior [26,36], and the influence of the aggregate structure 
on mechanical properties [37,38] such as tensile properties, impact 
strength and density. The crucial factor which determines the creep 
behavior of PB is rarely reported. 

In this work, 6 kinds of iPB samples with different molecular weight, 
varied isotacticity and varied configurational sequence were synthe-
sized by using Ziegler-Natta catalyst under various polymerization 
conditions. The isotacticity was characterized with HiPB fraction per-
centage by solvent fractionation method, and the configurational 
sequence was characterized with mmmm concentration from 13C-NMR 
spectra. The effects of molecular weight, isotacticity and configurational 
sequence on the aggregation structures and then high-temperature creep 
resistance of PB (form I) were investigated. This work aims to provide 
theoretical guidance for the production of hot water pipes with excellent 
high-temperature creep properties by exploring the structures of PB 
molecular chains. 

2. Experimental 

2.1. Materials 

The PB samples (PB-1~PB-6) were synthesized by Ziegler-Natta 
catalyst in our laboratory. PB-C were commercial PB product 
(PB4253) for pipe application. Other reagents, such as xylene, n-pentane 
and absolute ethanol, were commercial agents and used without further 
purification. 

2.2. Fractionation of PB 

2 g PB sample was completely dissolved in 200 ml boiling xylene, 
then the PB solution was annealed at − 20 ◦C for 24 h before filtration 
and separation for xylene soluble (xyl-sol) fractions and xylene insoluble 
(xyl-ins) fractions. The xyl-sol fractions were dried in a vacuum at 40 ◦C 
for 24 h and then extracted with boiling n-pentane for another 24 h to 
obtain n-pentane soluble (C5-sol) fractions and n-pentane insoluble (C5- 
ins) fractions. All those fractions including xyl-sol, C5-sol, C5-ins rep-
resenting atactic PB (aPB), medium isotactic PB (MiPB), high isotactic 
polybutene-1 (HiPB) [39], respectively, were vacuum dried at 40 ◦C till 
constant weight were reached. The HiPB percentage was donated as 
isotacticity of PB. 

2.3. Specimens for physical and mechanical tests 

The PB-1 to PB-6 specimens in the form of sheets were prepared by 
compression molding of PB powers at 190 ◦C under 10 MPa for 5 min. 

The commercial PB specimens were prepared by compression 
molding of PB pellets at 190 ◦C under 10 MPa for 5min. 

All above PB sheets were annealed at room temperature for at least 7 
days before testing to complete the transition from form II to form I. 

2.4. Characterizations 

The weight-average molecular weight (Mw) and molecular weight 
distribution (MWD) of PB were tested by Waters GPC 2000 with 1,2,4- 
trichlorobenzene as solvent at 150 ± 0.05 ◦C, and calibrated with 
polystyrene standard samples. The GPC curves was deconvoluted into 
different Flory components by Flory peak fitting. 

The DSC test was carried out with PerkinElmer DSC 8500 under a 
nitrogen atmosphere, which was calibrated with Indium. 5–10 mg 
samples were heated from 30 ◦C to 200 ◦C at the rate of 10 ◦C/min, and 
the heating curves were recorded to calculate the crystallinity (Xc) of PB Ta
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according to formula (1). 

Xc(%)=
ΔHm

ΔH∗
f
× 100% (1) 

ΔHm is the melting enthalpy obtained in DSC test, and ΔHf* is the 
melting enthalpy of complete crystallization of PB (form I, 141 J/g 
[30]). 

Bruker AVANCE III spectrometer was used for 13C-NMR test with 1,2- 
dichlorobenzene-d4 as solvent. The test temperature was 120 ◦C and the 
scanning times were 3000–5000. 

Wide-angle X-ray diffraction (WAXD) measurements were per-

formed using a Xenocs France diffractometer with Cu-Kα radiation (λ =
0.154 nm). The distances between samples to detector was 172 nm and 
the exposure time was 60 s. Two-dimensional images were recorded by a 
Pilatus 300 K detector. The fraction of form I (FI) was calculated by 
formula (2) [40]. 

FI =
I(110)I

I(110)I + 0.67I(200)II
(2) 

The long-period (dac), lamellar thickness (dc) and amorphous thick-
ness (da) of PB samples were measured by Small angle X-ray scattering 
(SAXS) technique (Xeuss of Xenocs, France). The distance between the 

Fig. 1. (a)Percentages of mmmm and HiPB fraction; (b)Tm and Xc; (c)tensile strength; (d)creep deformation (ε) and permanent creep strain (ε∞); (e)elastic creep 
strain (εE) and viscoelastic portion of the strain (εV) of PB samples with similar molecular weight. 
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sample and the detector is 2430 mm, and the X-ray wavelength is 0.154 
nm. The scattering pattern was collected within 120 s, and the back-
ground is corrected and normalized by standard procedures. The fitting 
electron density correlation function K(z) can be derived from the in-
verse Fourier transform of the experimental intensity distribution I(q): 

K(z)=
∫∞

0 I(q)q2 cos(qz)dq
∫∞

0 I(q)q2dq
(3)  

where z represents the position measured along the trajectory perpen-
dicular to the surface of the layered body, and the multiplication of I(q) 
and q2 (Lorentz correction) is performed. The specific structural pa-
rameters dac, dc and da are calculated by correlation function. 

The melt flow rate of the sample was tested according to GB/T-3682- 
2000 at 190 ◦C under 2.16 kg with Melt flow rate meter (CT-7100-MI, 
High Speed Rail Technology Co., Ltd.). 

The stress-strain curves of PB samples were tested with Zwick/Roell 
Z005 BET-TC02.00 (Zwick, Germany) electrical tensile tester at (25 ± 2) 
◦C according to GB/T1040 with a cross-section traction speed of 50 mm/ 
min. 

The thermal creep properties of PB samples were tested by DMA 
(DMA+1000, Metravib, France). The creep time was 4 h, the ambient 
temperature was 95 ◦C, and the test stress was 8 MPa. After reaching the 
set time, the stress was released to 0 MPa and specimen was relaxed for 
10 min. 

The molecular weight between entanglements (Me, kg/mol) and the 
average molecular entanglement density (ve, mol/m3) of PB samples 
were obtained by DMA (DMA Q800, TA, America) at a heating rate of 
1 ◦C/min in the range of 30 ◦C–160 ◦C with a frequency of 1 Hz. The Me 
was obtained based on equation (4), [41–43].  

E = 3ρRT/Me                                                                                  (4) 

Where E (MPa) is the elastic modulus at 145 ◦C in the flat region of the 
DMA curve; ρ (kg/m3) is the density of iPB; R is the gas constant, the 
value is 8.314 J/(K/mol); T (K) is the absolute temperature at 145 ◦C. 
The average molecular entanglement density (ve, mol/m3) is calculated 
by equation (5).  

ve = ρ/Me                                                                                       (5) 

IBM SPSS Statistics 25 was used for data fitting to establish linear 
relationship between creep deformation and variates including config-
urational sequence and Mw. 

3. Results and discussion 

A series of PB samples were synthesized with TiCl4/MgCl2 type 
Ziegler-Natta catalyst in 1 L autoclave under various conditions in our 
laboratory [44–46]. These samples were subjected to structural char-
acterization, thermal creep and tensile tests, and the results were shown 

in Table 1. 

3.1. Influence of PB chain microstructure 

Based on GPC and DMA measurements, PB-1, PB-2 and PB-3 were 
proved to have similar Mw, very close average molecular entanglement 
density (ve) and molecular weight between entanglements (Me) 
(Table 1). The fully isotactic mmmm pentads (mmmm) concentration 
(mol%) and high isotactic PB (HiPB) fraction percentage (wt %) were 
used to indicate the configurational sequence and isotacticity of PB 
samples, respectively. As Fig. 1a and Table 1 shown, the isotacticity of 
PB-3, PB-2, PB-1 increased gradually from 88.3% to 92.7%. While the 
mmmm concentration of PB-3, PB-2, PB-1 increased gradually from 
90.1% to 97.6%. The mmmm concentration and HiPB fraction per-
centage for PB-1 were 97.6% and 92.7%, respectively. The increase in 
mmmm concentration and HiPB fraction of PB chains resulted in obvi-
ously increase in crystallization melting temperature (Tm), crystallinity 
(Xc) (Fig. 1b) and the lamellar thickness (dc). For PB-1 sample, the Tm 
reached as high as 134 ◦C (3 ◦C higher than PB-3), the Xc reached as high 
as 41.8% (5.3% higher than PB-3) (Fig. 1b) and the dc as high as 17.2 nm 
(1.2 nm higher than PB-3) (Table 1). 

The creep tests of PB samples were carried out at 95 ◦C under 8 MPa 
measured by DMA. The classical creep-recovery curve was shown in 
Fig. 2 [47,48], and the creep deformation (ε, %) could be described by 
equation (6):  

ε = εE + εV + ε∞                                                                           (6) 

Where εE (%) is the elastic creep strain, εV (%) is the viscoelastic portion 
of the strain and ε∞ (%) is the permanent creep strain. 

The increase in chain stereoregularity of PB resulted in obviously 
increased tensile strength (Fig. 1c), greatly reduced creep deformation at 
95 ◦C and sharply decreased permanent creep strain (Fig. 1d). Compared 
with PB-3 with mmmm = 90.1%, PB-1 with mmmm = 97.6% had more 
perfect crystals (form I with dc = 17.2 nm) showing the highest crys-
tallinity (41.8%) and the highest Tm (134 ◦C, form I), which acted as the 
rigid physical crosslinking points in the polymer matrix to reduce the 
slip of molecular chains at high temperature, and then contributed to the 
lowest creep deformation at 95 ◦C (6.2%). The glass transition temper-
ature (Tg) of PB was about − 25 ◦C [30], so the crystalline domains and 
amorphous domains in PB were in the crystalline state and the 
high-elastic state at 95 ◦C, respectively. PB-1 with the highest Xc and 
relatively high FI showed the lest profound viscoelastic behavior when 
compared to PP-2 and PB-3, and presented the lowest εV and εE values 
(Fig. 1e). 

3.2. Influence of PB molecular weight 

The PB-3 and PB-4 pair with similar mmmm concentration (mmmm 
= 90%) and varied Mw (57 × 104 vs 70 × 104), and PB-2 and PB-5 pair 
with similar mmmm concentration (mmmm = 92–93%) and varied Mw 
(51 × 104 vs 137 × 104), were selected to study the influences of mo-
lecular weight on creep behavior of PB samples (Fig. 3a). The ve values of 
PB-3, PB-4, PB-2 and PB-5 were 7.68, 12.06, 8.45, 28.06 mol/m3, 
respectively. Based on the Flory peak-spiltting and fitting, the distribu-
tion of fractions with varied molecular weight in each PB sample was 
shown in Fig. 3b. For both PB-3 and PB-4 pair, and PB-2 and PB-5 pair, 
the main fractions showed Mw in the range of 20–100 × 104, and both 
PB-3 and PB-2 had relatively high low-Mw fraction content. While PB-5 
possessed extremely high Mw, and about 30% fractions with Mw in the 
range of 100–200 × 104 and 15% fractions with Mw larger than 200 ×
104. The variation of Mw in PB had little influence on Tm and Xc of PB 
samples indicated those PB samples had similar aggregation structures 
(Table 1, Fig. 3c). The PB-3 and PB-4 with similar crystallinity showed 
few changes in εE and εV values (Fig. 3f), while the increase in Mw of PB- 
4 led to an increase in tensile strength (Fig. 3d) and an obvious decrease 

Fig. 2. Schematic diagram of a creep-recovery test.  
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Fig. 3. (a)Mw and ve; (b)the fraction of Flory split peaks; (c)Tm and Xc; (d)tensile strength; (e)creep deformation and permanent creep strain; (f)elastic creep strain 
(εE) and viscoelastic portion of the strain (εV) of PB with similar mmmm concentration. 
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in creep deformation and permanent creep strain (Fig. 3e) compared to 
PB-3. The PB-5 with ve 28 mol/m3 and Mw 137 × 104 showed tensile 
strength 33 MPa, creep deformation 7.7%. The PB-5 with relatively high 
molecular weight had more internal chain entanglements acting as 
amorphous domains, and inhibited the increase in crystallinity (36.9%). 
Anyway, the PB-5 with relatively high molecular weight showed rather 
high dc and then contributed to the reduced creep deformation. 

3.3. Comparison with the commercial sample PB 

The commercial PB-C showed rather high isotacticity (99%), and 
92.2% mmmm and 77 × 104 Mw. Compared with PB-C, the PB-1 had 
some negative factors, like relatively low Mw (Fig. 4a) and HiPB per-
centage, and also had positive factor like relatively high mmmm 

concentration (Fig. 4b). Therefore PB-1 and PB-C showed different ag-
gregation structures (Fig. 4c) and mechanical behaviors (Fig. 4d and e). 
Interestingly, PB-1 presented much lower creep deformation (ε), per-
manent creep strain (ε∞) (Fig. 4e), as well as much lower εE and εV 
(Fig. 4f). It seemed that the configurational sequence of PB-1 played 
more important role in the creep resistance. 

3.4. Discussion 

Compared with PB-2, PB-1 with 5.9% higher mmmm percentage 
showed 31.1% reduced creep deformation, while PB-5 with 168.6% 
higher Mw showed only 14.4% reduced creep deformation (Fig. 5). At 
the same time, compared with PB-C, although the molecular weight and 
HiPB fractions of PB-1 was much more lower, PB-1 with pretty high 

Fig. 4. (a)Mw and ve; (b)mmmm; (c)Tm and Xc; (d)tensile strength; (e)creep deformation (ε) and ε∞; (f)εE and εV of PB-C and PB-1.  
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mmmm percentage presented better creep resistance. It was deduced 
that the chain configurational sequences in term of mmmm percentage 
had greater effect on creep resistance when compared with molecular 
weight. The isotacticity obtained by the solvent extraction was not a 
good indicator to reflect the creep resistance of PB. 

To further understand the influence of parameters like mmmm per-
centage and Mw on PB creep resistance, mmmm percentage and Mw/ 
10000 were defined as two variates (x1 and x2), and correlations be-
tween creep deformation (y) and the two variates were investigated. 
With the help of IBM SPSS Statistics 25, the values of the two variates 
from PB-1 to PB-6 (Table 1) were used for data fitting to establish linear 
relationship between y and x. Finally, equation (7) was obtained:  

y = 48.829–0.434x1 - 0.003x2 (R2 = 0.970)                                         (7) 

In which, x1 represents mmmm percentage (mol%), x2 represents 
Mw/10000, y represents creep deformation (ε, %). 

Based on the obtained equation (7), it was deemed that x1 with 
higher coefficient 0.434 had greater influence on y when compared to 
that of x2 (0.03). Equation (7) with relatively high linear regression 
coeffficient (R2 = 0.970) verified that the mmmm configurational 
sequence played more significant role on the creep resistance of PB 

when compared with molecular weight. 
As Fig. 6 indicated, the molecular weight and chain microstructures 

influence the creep resistance of PB in different way. Increasing the 
molecular weight of PB led to the increase in the chain entanglements, 
which acted as defects restricted the formation of perfect crystals. 
Anyway, the increase in Mw benefited to the formation of crystals with 
higher dc (PB-5, 19.1 nm). The increase in isotactic stereoregular 
sequence resulted in more perfect crystalline domains with less defects, 
which acted as the rigid crosslinking points and restricted the visco-
elastic deformation of polymers. The PB form I crystals with high Tm, Xc 
and relative large lamellar thickness, more perfect crystal structure, 
presented the outstanding high-temperature creep resistance. 

4. Conclusions 

Both molecular weight and chain microstructures affected the ther-
mal creep resistance of PB. PB with higher molecular weight had more 
larger lamellar thickness and then showed better creep resistance. While 
PB chains with higher mmmm concentration had more perfect chain 
foldings resulting in higher crystallinity and crystalline melting tem-
perature and reduced viscoelastic behavior, and then showed excellent 
high-temperature creep resistance. The linear fitting further indicated 
that the mmmm configurational sequence played more significant role 
on the creep resistance of PB. 
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