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Abstract 

The influences of the polydispersity index (Mw/Mn) on the morphology and deformation 

behavior of high-density polyethylene solids under uniaxial stretching were investigated 

using in situ Raman spectroscopy. An increase in Mw/Mn led to a larger fraction of tie 

molecules connecting several lamellar crystals, whereas no obvious influence on the 

crystalline structures was observed. Although the stress–strain curves essentially 

remained unchanged up to the neck-propagation region irrespective of Mw/Mn, the strain-

hardening modulus was higher for higher Mw/Mn samples. These results indicate that the 

mechanical response of the network structure appears in the strain-hardening region 

because of the tie molecules connecting several lamellar crystals fragmented at the yield 

point. In addition, the molecular orientation of the crystalline chains into the stretching 

direction and the formation of long consecutive trans chains were enhanced for higher 

Mw/Mn samples. 
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1. Introduction 

 Semi-crystalline polymers such as polyethylene (PE) and polypropylene (PP) 

exhibit a spherulitic structure, which is the most typical supermolecular structure of melt-

crystallized structures, where the lamellar crystals consisting of folded molecular chains 

radiate from its center.1,2 Amorphous layers are present in the interlamellar regions in the 

form of ties, loops, cilia, and floating chains.3,4 The tensile properties of these spherulitic 

polymer solids are dominated by various levels of hierarchy in the structure such as the 

crystalline thickness, the structural organization in the residual amorphous region, and 

the gross spherulitic morphology.5-7 These structural variables are controlled by the 

molecular morphology, which depends directly on the molecular constitution (including 

the molecular weight and its polydispersity) as well as on external preparation conditions 

such as the cooling temperature and pressure. These dependences are observed because 

the molecular mobility and self-diffusion coefficient under crystallization are governed 

by the molecular constitution and external conditions.8-10 However, the influence of the 

molecular constitution on the mechanical properties of spherulitic PE and PP has not been 

well investigated as the diversity and independence of the structural variables make it 

difficult to clarify the influences of the molecular weight and its distribution on the tensile 

and deformation behavior.  
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 The present work is restricted to high-density polyethylenes (HDPEs) which are 

some of the most widely used polymers, with the expectation of further expansion of their 

applications in the future. The objective of this study was to explore the influences of the 

molecular weight distribution of HDPE on the stress–strain behavior. The HDPE 

polymers studied were binary blends of two HDPEs with a similar molecular mass and 

different molecular weight distributions in such a manner that the weight-averaged 

molecular weight was fixed as much as possible. In addition, their structural variables 

such as the crystalline and amorphous layer thicknesses, which are core elements of the 

structural morphology in semi-crystalline polymer solids, were fixed.  

Uniaxial deformation behavior of semi-crystalline polymers has been 

extensively studies for elucidating the relationship between the microscopic structure and 

the mechanical properties.1,11-14 Under the uniaxial stretching, the crystalline lamellae are 

fragmented into smaller lamellar blocks or lamellar cluster units followed by the 

reorientation of these blocks in the yielding region.11,12 Thus, the mechanical response in 

the yielding region is mainly dominated by the lamellar crystalline structure. On the other 

hand, beyond the yielding point, the deformation of the crystalline structure is almost 

completed and the highly-oriented fibrillar structure is formed.13,15,16 Therefore, the 
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stretching of tie chains connecting the adjacent lamellar crystals and entangled 

amorphous chains is the dominant deformation process in the strain-hardening region.17,18 

 Spectroscopic techniques are powerful tools that can be used to elucidate the 

microscopic deformation behaviors such as the molecular orientation, molecular 

conformation, and load applied on the molecular chains for various polymeric materials.19 

In situ small-angle X-ray scattering (SAXS) and wide-angle X-ray diffraction (WAXD) 

measurements have been intensively used for investigating microscopic structural 

changes during deformation in semi-crystalline polymers. The orientation behavior of the 

alternate lamellar structure has also been examined using SAXS measurements under 

tension.20-22 WAXD measurements provide information on the crystallinity and 

crystalline form.23-25 Infrared (IR) spectroscopy has been also used to examine the 

microscopic deformation behavior, such as the molecular orientation, in both crystalline 

and amorphous phases.26-29 

Raman spectroscopy is a vibrational spectroscopy approach that has been applied to 

investigate microscopic deformation and structural changes in polymeric materials.19,30,31 

For polyolefins, the molecular orientation of the skeletal chains can be directly detected 

because the C–C stretching modes are strongly Raman active. Moreover, two orientation 

parameters are obtained from the polarized Raman spectra, giving the distribution of the 

molecular orientation.32,33 Raman spectroscopy enables us to quantitatively analyze the 

sample morphology because the intensities of the Raman bands are very sensitive to 
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conformational changes.34-37 In previous works, we developed an in situ Raman 

spectroscopic system and investigated the microscopic deformation behavior under 

uniaxial stretching.38-40 In the present work, we investigated the molecular aspect of the 

tensile properties of HDPE polymers with different molecular weight distributions under 

tension using in situ Raman spectroscopy.  

 

2. Experimental 

2.1 Sample preparation 

Two HDPE samples, HDPE-A (Mw = 1.53 ´ 105, Mw/Mn = 6.3) and HDPE-D (Mw = 

1.68 ´ 105, Mw/Mn = 34.4), supplied by Japan Polychem Corporation were used in this 

study. It was confirmed from IR spectra that the present HDPE samples contain 

essentially no short-chain branches. HDPE samples with similar Mw values were chosen. 

HDPE-A and HDPE-D were blended at 190°C and 50 rpm with weight fractions of 7:3 

and 3:7 to give HDPE-B and HDPE-C, respectively. The characteristics of all of the 

samples are tabulated in Table 1. Note that HDPE-A and HDPE-D were also kneaded 

under the same conditions to exclude the effect of the kneading procedure. Sample sheets 

with 1-mm thickness were prepared using hot pressing at 210°C and 20 MPa for 5 min 

followed by quenching in ice water. The sample sheets were annealed at each temperature 

to tune the crystallinity to ~60%. 
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Table 1. Characteristics of HDPE samples. 

Sample code Mw/105 Mw/Mn w /wt.% Ta/°C cv/vol.% Lp/nm Lc/nm 

HDPE-A 1.53  6.3  0  40 59 19.5 14.6 

HDPE-B 1.56 11.7 30  60 60 19.2 14.5 

HDPE-C 1.63 21.7 70 100 60 19.0 14.3 

HDPE-D 1.68 34.4 100 110 59 19.2 14.6 

w : weight fraction of HDPE-D, Ta: annealing temperature, cv: volumetric crystallinity 

Lp: long period, Lc: thickness of lamellar crystal 

 

2.2 Measurements 

 Tensile tests were performed at a constant strain rate of 0.5 min−1 using a custom-

made tensile machine at room temperature. Dumbbell-shaped specimens with a gauge 

length of 10 mm and width of 4 mm were cut from the sample sheets.  

In situ Raman spectroscopy was performed to examine the real-time changes of 

the Raman spectra during the uniaxial stretching. The details of our in situ Raman 

spectroscopic system are described in previous publications.38-41 Briefly, a custom-made 

small tensile tester with a double-drawing mechanism was installed in the Raman 

spectrometer and the laser light from a diode-pumped solid-state laser (RLK-640-200, 

LASOS, Jena, Germany) was used as the excitation light. The power and wavelength 

were 639.7 nm and 200 mW, respectively. The excitation light was monochromated with 

a laser line filter and irradiated the central portion of the specimen. Note that a double-
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notch-shaped specimen (2-mm gauge length and 4-mm width) was used in this study; 

because of the small gauge length, the necking deformation always occurred at the center 

of the specimen. Thus, the laser light was irradiated the necked portion after yielding. The 

elongation speed and temperature were set to 1 mm min−1 and 20°C, respectively. The 

backward-scattered light was collected with a pair of convex lenses, and the Rayleigh 

scattered light was removed with a Raman long-pass filter. A charge-coupled device 

camera with a monochromator (PIXIS100 and SpectraPro 2300i, Princeton Instruments, 

Trenton, NJ) was used as the detector. To evaluate the molecular orientation, the 

polarization direction of the incident light was controlled by inserting a half-wavelength 

plate, and the scattered light was polarized with a wire-grid polarizer. The polarized 

Raman spectra were obtained in the zz, zy, and yy geometries, where z and y represent the 

polarization direction parallel and perpendicular to the stretching direction, respectively, 

and the first and second characters represent the polarization directions of the analyzer 

and polarizer, respectively. Polarization dependences of the spectrometer and the optics 

were corrected by using a polarization scrambler (DEQ-25, SIGMAKOKI Co., Ltd., 

Tokyo, Japan) and carbon tetrachloride, respectively. 

Note that all of the mechanical tests including in situ Raman spectroscopy were 

performed at least 5 times for obtaining the standard deviations for all of the data. 

 

3. Characterization 

3.1 Molecular weight 

High-temperature gel permeation chromatography (HT-GPC) was performed at 

140°C using a Viscotek Triple Detector HT-GPC (Model-SG system, Malvern 

Instruments, Worcestershire, UK). o-dichlorobenzene with 0.05% butylated 
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hydroxytoluene as the anti-oxidant was used as the solvent. The HDPE samples were 

dissolved at a concentration of 1.0 mg ml−1. A polystyrene (PS) standard sample was used 

for the column calibration. The molecular weights in terms of PS were converted to terms 

of PE using a calibration coefficient obtained from the GPC traces of PE standard samples 

(Polymer Laboratories Ltd., Mw: 800, 1214, 2306, 13600, 32100, and 119600, Mw/Mn ~ 

1.1).  

 

3.2 Structural characteristics 

The volumetric crystallinity of each sample was estimated from the density 

determined using the Archimedes method, where the crystalline and amorphous densities 

were assumed to be rc = 1003 kg m−3 and ra = 855 kg m−3, respectively.42 

SAXS measurements were performed using a Nano-Viewer (Rigaku, Japan) with 

CuKa radiation (40 kV and 30 mA). Two-dimensional (2D) scattering patterns were 

obtained using an imaging plate with an exposure time of 30 min. The characteristic sizes 

of the lamellar structure (long period Lp and lamellar thickness Lc) were estimated from 

the normalized linear correlation function g(r), which was calculated from the Fourier 

transform of the one-dimensional (1D) radial intensity distribution I(q).43 As shown in 

Table 1, Lp and Lc remained the same irrespective of Mw/Mn, indicating that the lamellar 

structures were essentially unaffected by Mw/Mn.  

 

3.3 Probability of forming tie molecules 

Tie molecules bridge the adjacent lamellar crystals in the amorphous layer 

between the lamellar crystals.4 According to Huang and Brown44, the probability that a 
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single molecular chain forms a tie molecule connecting n layers of the lamellar crystals 

is 

  
(1) 

where L(n) is the minimum length required to form a tie molecule connecting n layers of 

the lamellar crystals represented using the crystalline (Lc) and amorphous (La) 

thicknesses: 

 (2) 
Here, r is the end-to-end distance of the random coil in the melt and b = 3/(2 2) is written 

as its root mean square value ( ). The value of  is represented by 

, 
(3) 

where CN is the characteristic ratio, a is the bond length, M is the molecular weight of the 

polymer chain, and M0 is the molar mass of the chain unit. For PE,  was calculated using 

the values of CN = 8.0, a = 0.154 [nm], and M0 = 14.45 For a polymer, the molecular weight 

distribution should also be considered to calculate the tie-molecule fraction. Thus, the tie-

molecule fraction as the probability of connecting n lamellae (Ft(n)) can be evaluated by 

averaging with the molecular weight distribution as  

  
(4) 

In this work, the number-averaged molecular weight distribution function fn(M) obtained 

from the GPC measurements was used.  

 

3.4 Molecular orientation and conformation 

 In situ polarized Raman spectra for HDPE-D at e = 7 are presented in Figure 

1(a). The intensity of the Raman band at 1130 cm−1 assigned to the crystalline C–C 

f t(n) =

R 1
L(n) r2 exp(��r2)dr

3
R 1

0 r2 exp(��r2)dr
,
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symmetric stretching mode shows a strong dependence on the polarization direction, 

indicating that the crystalline chains were highly oriented in the stretching direction (z-

direction). Each Raman spectrum was fitted with a sum of Voigt functions using the 

nonlinear Levenberg–Marquardt method to determine the peak area, as shown in Figure 

1(b). The fitting error of the peak area was less than ±2.0%. 

 
Figure 1. (a) Polarized Raman spectra of HDPE_D at e = 7 and (b) non-polarized Raman 

spectrum of unstretched HDPE_D (circles). The red line represents the fitting curve from 

a sum of Voigt functions (blue lines). 

 

The intensities of the Raman bands at 1130 cm−1 at various polarization 

geometries can be described by the following equations32,33,46-48: 

 
(5) 

 
(6) 

 
(7) 

where Iij denotes the peak intensity for each polarization direction, and a and b are 

associated with the principal elements of the Raman tensor of the Raman bands at 1130 
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cm−1 for PE. The orientation parameters  and  are defined by the following 

equations31: 

 
(8) 

 
(9) 

where q denotes the angle between the chain axis and stretching direction. Because 

Equations (5)–(7) include 4 unknown parameters ( , , a and b), an auxiliary 

equation is required to calculate the values of orientation parameters. Recently, Richard-

Lacroix and Pellerin proposed a new accurate method for calculating the values of 

orientation parameter , namely most probable distribution (MPD) method, which is 

based on the most probable molecular orientation function.48,49 Based on this method,  

in Equations (5)–(7) is replaced by the most probable value ( ) related to  through 

the following equations (that consider maximization of the information entropy of the 

orientation distribution), so that Equations (5)–(7) are numerically solved for the three 

parameters, , a, and b. 

 (10) 

 (11) 

Equations (10) and (11) are used for the positive and negative , respectively.  

 The Raman bands at 1063 and 1130 cm−1 are assigned to the C–C stretching 

modes of the long consecutive trans chains (10 or more consecutive trans bonds), and the 

mass fraction of the long consecutive trans chains for an undrawn specimen is described 

by36,50 

 
(12) 
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where I1130, I1298, and I1305 are the peak intensities of the Raman bands at 1130, 1298, and 

1305 cm−1, respectively. The constant 0.89 was determined by Strobl and Hagedorn from 

the ratio of I1130 and I1298+I1305 for the highly-extended PE samples.50 Although the 

fraction of the long consecutive trans chains can be obtained from the Raman bands at 

1063 and 1130 cm−1, the error in the intensity of the 1063 cm−1 band is appreciably larger 

than that of the 1130 cm−1 band because of the overlap by the amorphous band at 1080 

cm−1. 

Because the sum of the peak intensities I1298 and I1305 is independent of the 

temperature50, the sum is used as an internal reference. From the intensity of the 1418 

cm−1 band assigned to the CH2 bending mode in the orthorhombic crystal, the 

orthorhombic crystallinity can be written as50 

 
(13) 

Here, I1418 is the peak intensity of the 1418 cm−1 band.  

For the drawn specimens, the intensities of the Raman bands whose Raman 

tensor belongs to the Ag symmetric group are strongly affected by the molecular 

orientation. Lagaron et al. proposed that the correction factor for the molecular orientation 

depends only on the symmetric group51. The Raman tensor symmetry of the Raman bands 

at 1063 and 1130 cm−1 are B2g+B3g and Ag52,53, respectively, and both of the bands are 

assigned to the long consecutive trans chains. Thus, the deviation of the ratio between 

these two band intensities from that of the undrawn specimen can be attributed to the 

effect of the molecular orientation: 

 
(14) 

�c =
I1418

0.46(I1298 + I1305)
.
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Here, C(e) is the correction factor of the molecular orientation. The strain dependence of 

the correction factor C(e) is shown in Figure S1 in the Supporting Information. If we 

assume that the Raman tensor of the 1305 cm−1 band has the B2g+B3g symmetry as same 

as the band at 1298 cm−1 (reported by Lagaron et al.)51, the fraction of the long 

consecutive trans chains of the drawn specimens can be calculated using the following 

equation with the correction factor: 

 
(15) 

Moreover, the orthorhombic crystallinity of the drawn specimens can be represented by 

modifying Equation (13) as follows because the Raman tensor of 1418 cm−1 has the same 

Ag symmetry as that of the 1130 cm−1 band: 

 
(16) 

We confirmed that the corrected values given by Equations (15)–(16) are essentially 

unaffected by the angle between the polarization direction of the incident light and the 

stretching direction (see Figure S2 in the Supporting Information), suggesting that the 

present correction method eliminates any effects of the molecular orientation. 

Raman spectra in the low-frequency ranges from −20 to −3.2 cm−1 and 3.2 to 100 

cm−1 were measured using a double monochromator (Ramanor U1000, Jobin Yvon, 

Longjumeau, France). An Ar+ ion laser (wavenumber = 488 nm, power = 50 mW) was 

used as the incident beam, and the backscattered geometry was employed. The Raman 

intensity was measured at 25°C with an exposure time of 2 s every 0.2 cm−1. For semi-

crystalline polymers, Raman bands assigned to the longitudinal acoustic mode (LAM) 

are observed in the low-frequency region (5–100 cm−1), and the peak position of the LAM 

�t,drawn = C(")
I1130

0.89(I1298 + I1305)
.
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band q is related to the length of the straight-chain segment (SCS) LSCS, reflecting the 

lamellar thickness54-57: 

 
(17) 

where LSCS is the length of the SCSs, c is the speed of light, Ec is the crystalline modulus, 

and rc is the crystalline density. For PE, Lscs was calculated using the values of Ec = 

2.9×109 Pa58 and rc = 1003 kg m−3. The dynamical susceptibility was determined by 

correcting the Bose–Einstein factor using the following equation59: 

 (18) 

where I(n) is the experimental Raman intensity, n(n) = [exp(hcn /kT)−1] −1 is the Bose–

Einstein factor, ni is the frequency of incident laser light, K is the instrumental factor, T 

is temperature, and c is the light speed. Note that the Raman shift was calibrated by fitting 

the central Rayleigh scattering peak to a Gaussian curve. 

4. Results and discussion 

Figure 2 presents the GPC curves for the HDPE samples. The values of Mw and 

Mw/Mn determined from these GPC curves are presented in Table 1. The peak positions 

of the GPC curves remained almost constant as the Mw values were fixed to be 

approximately 1.6´104. Their width obviously expanded with increasing HDPE-D 

content, as the standard deviation of the molecular weight distribution is given by 

. Thus, this set HDPE samples was suitable to examine the influence 

of the molecular distribution index Mw/Mn.  
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Figure 2. GPC curves of all the samples. 

 

Figure 3(a) presents the Raman spectra in the lower-frequency regions for all the 

samples. A single low-frequency Raman band assigned to the LAM-1 of PE is observed 

at approximately 18 cm−1 for each sample. Although two LAM-1 bands are observed for 

HDPEs with a bimodal molecular weight distribution because of the bimodal distribution 

of the lamellar crystalline thickness60, a single unimodal LAM-1 band was observed for 

the present HDPEs. This result suggests that the molecular chains were well mixed and 

that lamellar crystals with a unimodal distribution of thickness were formed. The length 

of the SCS, LSCS, and the full width at half maximum (FWHM) of the SCS estimated from 

the spectra using Equation (17) are shown in Figure 3(b). The LSCS and FWHM remained 

almost constant irrespective of Mw/Mn. Because the HDPE samples essentially had the 

same Lp and Lc, as shown in Table 1, it can be concluded that the lamellar morphology 

was not affected by Mw/Mn. Considering that all the samples had a similar Mw, the 

independence of Mw/Mn on the crystalline structure suggests that Mw is the core element 

of the morphology formation of the alternative lamellar structure and that the influence 

of the polydispersity is confined to the structural organization in the amorphous region.  
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Figure 3. (a) Low-frequency Raman spectra of HDPE samples and (b) LSCS and FWHM 

of LSCS as a function of Mw/Mn. 

 

Figure 4 shows the fractions of tie molecules connecting two, three, and four 

lamellar crystals, which were estimated from the GPC curves using Equation (4). The 

fraction of the tie molecules connecting two lamellar crystals is practically independent 

of Mw/Mn, whereas those of the tie molecules connecting three or four lamellar crystals 

show appreciable increases with increasing Mw/Mn. These results suggest that the 

presence of higher-molecular-weight components results in an increase in the fraction of 

tie molecules connecting several lamellar crystals. 
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Figure 4. Mw/Mn dependence of the fractions of the tie molecules connecting two (blue), 

three (green), and four (red) lamellar crystals. 

 

The stress–strain curves of all the HDPE samples are compared in Figure 5. The 

stress–strain curves of spherulitic HDPE samples are stepwise and can be divided into 

four zones.1,61 In the initial strain region, the stress is almost proportional to the applied 

strain followed by the appearance of a maximum point on the nominal stress–strain curve. 

This maximum point, i.e., the yield point, is associated with the onset of temporal plastic 

deformation. Beyond the yield point, a concave contraction suddenly initiates on the 

specimen and coalesces into a well-defined neck, where the onset of permanent plastic 

deformation occurs.62-64 The nominal stress remains constant until the necking boundaries 

propagate throughout the entire length of the specimen. During the necking process, a 

macroscopic morphological transformation from isotropic spherulitic to anisotropic fibril 

structures occurs accompanied by the fragmentation and/or rearrangement of parts of the 

stacked crystalline lamellae.1,12,62,65 The extension ratio in the neck-propagation region is 

generally defined as the natural draw ratio lND.66,67 After necking, an upsweep in the 
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stress–strain curve, termed strain hardening, occurs, and the stress continues to increase 

up to the break point. 

As shown in Figure 5, although the stress–strain curves of the HDPE samples 

were essentially identical in the elastic, yielding, and neck-propagation regions, the slope 

of the strain-hardening region obviously increased with increasing Mw/Mn. Considering 

that the lamellar crystalline morphology was unchanged for these HDPEs (see Figure 3), 

the Mw/Mn dependence of Gp is due to the amorphous morphology. The Gp is plotted 

against the fractions of the tie molecules connecting two, three or four lamellae in Figure 

6. Although Gp was independent of the fraction of the tie molecules connecting two 

lamellar crystals, Gp increased with increasing the fractions of the tie molecules 

connecting three or more lamellae.  

 

Figure 5. Stress–strain curves for all the samples at a strain rate of 0.5 min-1 and 25°C. 

All data of stress–strain curves are shown in Figure S3. 
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Figure 6. Fractions of tie molecules connecting two (blue), three (green), and four (red) 

lamellar crystals plotted against the strain-hardening modulus. 

 

According to Haward–Thackray theory68,69, the true stress is proportional to the 

Gaussian strain l2-l-1, where l denotes the draw ratio, in the strain-hardening region, 

with the slope corresponding to the strain-hardening modulus Gp, which is related to the 

mechanical response of the deformed network structure. Considering that the tensile 

properties in the strain-hardening region are associated with the tensile deformation of 

the anisotropic fibrillar materials, Gp was precisely estimated from the reduced stress–

strain curves in Figure 7(a) using the Gaussian strain normalized by the natural draw 

ratio lND69-71: 

 
(19) 

where the intercept C corresponds to the necking stress. Gp can be assumed to be 

proportional to the network density n as Gp = n kB T, where kB and T denote the 

Boltzmann’s constant and temperature, respectively.69,70 The conventional slope of the 
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strain-hardening region in the stress–strain curves (Figure 5) showed a negative 

dependence on temperature; however, the proportionality of the slope Gp with 

temperature was confirmed for various PE and PP materials.70 

The network density determined from the experimental Gp is plotted against 

Mw/Mn in Figure 7(b). The network density linearly increased with increasing Mw/Mn, 

indicating that the HDPE samples with higher Mw/Mn had a stronger network structure. 

Considering that the lamellar crystalline morphology was unchanged for these HDPEs 

(see Figure 3), the amorphous morphology appears to mainly affect the network density. 

According to the results shown in Figure 7(b), tie molecules connecting three or more 

lamellar crystals mainly contributed to the strength of the network structure because the 

fraction of tie molecules connecting several lamellae increased with an increasing Mw/Mn 

(see Figure 6). Although the crystalline morphology of the present samples is essentially 

the same, the intercepts in Figure 7(a) slightly increases with Mw/Mn, suggesting 

enhancement of molecular orientation into the stretching direction. 

 
Figure 7. (a) The true stress plotted against the gaussian strain normalized by natural 

draw ratio for HDPEs and (b) polydispersity index dependence of the network density. 

All data of true stress–gaussian strain curves are shown in Figure S4. 
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According to Nitta-Takayanagi12,65,72, the deformation units that govern the 

yielding behavior are not individual lamellar crystals but lamellar clusters composed of a 

few stacked lamellae. Considering that a molecule with an unperturbed dimension in the 

melt does not change in the solid state upon rapid crystallization73, the exclusion process 

of chain ends causes the tie molecules to bind several stacked lamellae and produces units 

with a single Gaussian chain size including many intertwining chains. When the cubic 

units thus solidified develop into the lamellar clusters forming spherulites, some extended 

tie molecules extending beyond the Gaussian chain size connect the adjacent lamellar 

clusters, leading to a network structure. The intercluster links (ICLs) are randomly and 

homogeneously dispersed in the spherulitic matrix and the network structure is embedded 

in the spherulites in the undeformed state.12,65 Then, the ICLs support the external force, 

and their tractive forces act on the lamellar cluster surface, leading to fragmentation of 

the lamellar clusters into cluster units at the yield point and their rotation toward the 

stretching direction. The rearrangement of cluster units connected with ICLs gives the 

texture of necking. It follows that a combination of the ordering process of the ICLs (an 

attractive effect) and the exclusion process between the bulky cluster units (a repulsive 

effect) leads to a large-scale morphological transformation from an isotropic spherulitic 

structure to an ordered necked structure.64,74 This view has been accepted and supported 

indirectly by mechanical data12,65 as well as neutron scattering data73,75. The direct 

evidence of the existence of ICL networks in melt-crystallized PE spherulites was first 

demonstrated in an electron microscopy study performed by Keith-Padden et al.76,77 The 

stress–strain curves of these samples in the elastic, yielding, and neck-propagation 

regions were almost identical for all the HDPE samples. This result was likely observed 

because these HDPEs with similar Mw have a similar cluster unit size. In addition, the 
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strain-hardening can be considered to result from a mechanical response of networks 

composed of bulky cluster-unit junctions. 

Although the Haward–Thackray67 model has been applied to deduce the network 

characteristics for semi-crystalline polymers,69,70,78 it is reported that this model can only 

be applied to the tensile deformation in the smaller to moderate strain region.11 According 

to Tang et al,20 the fibrillar structure is composed of the microfibrils and the slippage of 

these microfibrils is the dominant process of the deformation of the fibrillar structure. It 

follows that the discrepancy from the Haward–Thackray model in the strain-hardening 

region can be ascribed to the formation of the fibrillar structure composed of microfibrils. 

Therefore, the interfibrillar tie chains connecting the adjacent microfibrils can be 

explained to act as the stress transmitters in the strain-hardening region.13,15,79,80 It is thus 

plausible that the increase of the fraction of the tie molecules connecting several lamellae 

leads to a larger number of the interfibrillar tie chains, resulting in higher strain-hardening 

modulus.  

The strain dependences of the orientation parameter  for HDPEs along with 

their stress–strain curves are shown in Figure 8, and the corresponding data of  

(related to  through Equations (10) and (11)) are shown in Figure S5 in Supporting 

Information. In the elastic region, orientation parameter remained practically zero, 

indicating random orientation. This random orientation in the elastic region for semi-

crystalline polymers has been shown with IR and WAXD measurements.22,27 Beyond the 

first yield (maximum) point,  began to increase, suggesting the onset of the molecular 

orientation. Moreover, Mw/Mn dependence of the orientation parameter appeared beyond 

the second yielding (concave) point: the HDPEs with higher Mw/Mn showed higher values 

of the orientation parameter. In the strain-hardening region,  gradually increased with 
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increasing strain before reaching constant values. Although the overall behaviors of the 

orientation parameter were quite similar to each other, a Mw/Mn dependence was clearly 

observed in the yielding and the strain-hardening region, with higher Mw/Mn samples 

exhibiting higher values of the orientation parameters. 

The orientation parameter  at e = 7 is plotted against Mw/Mn in Figure 9. The 

value of  linearly increased with increasing Mw/Mn. Considering that the yielding 

behavior of semi-crystalline polymers can be interpreted as the reorientation of the 

lamellar cluster units67, the molecular orientation of the crystalline chains is strongly 

affected by the amounts of ICLs acting as stress transmitters between the lamellar 

clusters12,65. Because ICLs are formed by the high-molecular-weight molecular chains, 

for which the size of the Gaussian chain is larger than that of some lamellar crystals12,65, 

the increase in Mw/Mn leads to increasing amounts of ICLs, resulting in enhancement of 

the molecular orientation.  

hP2i

hP2i
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Figure 8. Strain dependences of the orientation parameters and stress–strain curves for 

(a) HDPE-A, (b) HDPE-B, (c) HDPE-C, and (d) HDPE-D. Strain dependences of  

are shown in Figure S5. 
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Figure 9. Mw/Mn dependence of the orientation parameter  at e = 1.6 and 7.0. 

 

Figure 10 presents the stress–strain curve and the strain dependences of the mass 

fraction of the long consecutive trans chains and the orthorhombic crystallinity for 

HDPEs. The orthorhombic crystallinity remained almost constant, whereas the mass 

fraction of the long consecutive trans chains appreciably increased up to the first yield 

point for all the HDPEs. The increase in the mass fraction of the long consecutive trans 

chains indicates that the amorphous chains in the interlamellar layer are stretched within 

cluster units and that transformation from gauche to trans conformers is promoted. These 

findings are consistent with previous theoretical and experimental results indicating that 

the applied stress is mainly concentrated in the interlamellar amorphous phase in the 

elastic region.45,81-83 Beyond the yielding region, the orthorhombic crystallinity 

decreased significantly to approximately 20% for all the HDPEs, whereas the fraction of 

the trans chains only slightly decreased in the yielding region. Note that the values of 

crystallinities obtained from WAXD patterns of the drawn specimens elongated up to e = 

7.0 were similar to those for the undrawn specimen, as shown in Table S1 in the 
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Supporting Information. Similar structural changes under yielding have been reported in 

a Raman spectroscopic study on linear low-density PEs: the all-trans fraction increased 

with increasing strain, whereas the orthorhombic crystallinity drastically decreased 

beyond the yielding region.51,84 Because the orthorhombic crystallinity obtained from 

Raman spectra is very sensitive to the perfection of crystalline regularity compared to 

those from WAXD and differential scanning calorimetry,50 the drop of the orthorhombic 

crystallinity observed for the present samples suggests that distortion in the regularity of 

the orthorhombic crystalline structure occurs without conformational changes. According 

to the recent NMR and WAXD experiments, the distortion of the crystalline regularity is 

caused by the rotation of the molecular chain segments in the lamellar crystals under 

elongation.14,85,86 Such crystalline distortion leads to the lowering of lattice symmetry of 

the orthorhombic crystalline cell with maintaining its lattice constants.14 Thus, the 

decrease of the orthorhombic crystallinity in Figure 10 can be interpreted as strain-

induced disordering of the crystalline structure without affecting the trans conformation. 

In the strain-hardening region, the orthorhombic crystallinity gradually increased with 

increasing strain and reached an asymptotic value, suggesting that the orthorhombic 

crystalline structure gradually recovers from the disordered states. However, the fraction 

of the long consecutive trans chains increased beyond the yielding region, and HDPE 

samples with higher Mw/Mn contained slightly higher fractions of long consecutive trans 

chains, as shown in Figure 11. These results suggest that the molecular chains in the 

amorphous phase are highly extended for HDPE samples with higher Mw/Mn, with the 

conversion from gauche to trans conformation under tension enhanced for higher Mw/Mn. 

Moreover, small-angle neutron scattering data84 suggest that the longer molecular chains 

are more highly stretched in the uniaxial deformation of HDPE. Consequently, it is likely 
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that the higher fractions of long consecutive trans chains for HDPEs with higher Mw/Mn 

result from the elongation of the high-molecular-weight chains. This conclusion is 

consistent with the present results that the increase in the fraction of tie molecules 

connecting several lamellae due to the high-molecular-weight component leads to a 

stronger network structure. 

 
Figure 10. Strain dependences of the orthorhombic crystallinity and mass fraction of the 

long consecutive trans chains and stress–strain curves for (a) HDPE-A, (b) HDPE-B, (c) 

HDPE-C, and (d) HDPE-D. 
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Figure 11. Mw/Mn dependence of the mass fraction of the long consecutive trans chains 

ct at e = 7. 

 

Schematic illustrations of the deformation of the HDPE are presented in Figure 

12. Note that the lamellae oriented in the stretching direction were omitted to emphasize 

the effect of the polydispersity index. The size of the cluster units, which is determined 

by the averaged end-to-end distance of the chains, can be assumed to be almost constant 

because of the similar Mw. It follows that higher Mw/Mn samples contain larger fractions 

of tie molecules connecting several lamellae in the interlamellar amorphous layers within 

the lamellar cluster units. Beyond the yielding point, the several stacked lamellae forming 

spherulites are fragmented into the isometric several stacked lamellae as mobile units 

(namely, lamellar cluster units)12,65,67 accompanied by disordering of the orthorhombic 

crystalline chains during the yielding deformation. The molecular orientation of the 

crystalline chains is suppressed by the excluded volume effects of the rigid and bulky 

lamellar cluster units, resulting in the oblique molecular orientation in the yielding region. 

The deformation mechanism under yielding is not affected by Mw/Mn because the 
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amorphous network of the tie molecules remains confined in the amorphous layers within 

the lamellar cluster units and is inactive. In the necking region beyond yielding, 

rearrangement of the cluster units in such a way that the crystalline chain axis orients in 

the stretching direction was observed for the HDPEs, with enhancement of the orientation 

for HDPEs with higher Mw/Mn. The enhancement of the orientation was induced by the 

increase in the number of intercluster links acting as stress transmitters between cluster 

units. Moreover, for HDPE samples with higher Mw/Mn, the fraction of long consecutive 

trans chains increases because the interlamellar tie molecules incorporated in the dense 

network are highly stretched under elongation. In the strain-hardening region, the lamellar 

cluster units are uniaxially deformed in the stretching direction, and the interlamellar 

amorphous chains become active. In particular, tie molecules connecting several lamellae 

are highly stretched and act as stress transmitters in the strain-hardening region. Thus, the 

fraction of tie molecules connecting several lamellae increases within the same-size 

lamellar cluster units with increasing Mw/Mn for a fixed Mw, resulting in a larger Gp.  
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Figure 12. Deformation mechanism for uniaxial deformation of HDPE under uniaxial 

stretching process. The lamellae oriented perpendicular to the stretching direction before 

stretching are depicted.  

 

5. Conclusions 

The influences of Mw/Mn on the microscopic structure and deformation behaviors of 

HDPE under uniaxial stretching were investigated by simultaneously performing tensile 

tests and Raman spectroscopy for a set of HDPEs with fixed Mw and a wide range of 

Mw/Mn. Whereas lamellar crystalline morphology was essentially unaffected by Mw/Mn, 

the fraction of tie molecules connecting several lamellae increased with increasing Mw/Mn. 

Because the tie molecules are contained in the lamellar cluster unit in the elastic and 

yielding region, the Mw/Mn dependence is obvious only in the strain-hardening region as 

the increase of the network density. The increase of the tie molecules connecting several 
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lamellae leads to the enhancement of the molecular orientation because these tie 

molecules act as the intercluster links. Our experimental results provide new microscopic 

insights into the influences of Mw/Mn on the supermolecular structure and uniaxial 

deformation behavior of PE.  
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