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In situ Raman spectroscopy is applied for polyethylene solid under various environments to elucidate the morphologi-
cal and conformational changes. The trans conformation retains up to higher temperature for high-density polyeth-
ylene, reflecting higher stability of the orthorhombic crystals composed of stacked trans chains. It is suggested that the 
conversion of the non-crystalline trans chains to the crystalline phase is the microscopic origin of thermal history in the 
crystallinity, whereas the transformation between the trans and gauche conformers is practically in thermal equilibri-
um. Microscopic and dynamic mechanism of deformation during uniaxial stretching is investigated for the molecular 
orientation and the microscopic load sharing on the crystalline and amorphous chains. Lower crystallinity results in 
smoother and higher orientation toward the stretching direction, as well as higher load on the amorphous chains, dur-
ing tensile elongation.  

 
P. Introduction 

 
Polymeric materials have been used as one of the major three materials along with metals and inorganic com-

pounds. Excellent properties of polymers such as lightweight, flexibility, unrusting, sanitary and high designability 
encourage replacement from other materials. Then, more than RST million metric tons of plastics are produced in UTPV 
[P], and it has been estimated that V.R billion metric tons of plastics have ever been produced [U]. Polyethylene (PE) 
and polypropylene are the major two polymers occupying approximately ST% of the total production of plastics [P].  

High-density polyethylene (HDPE) is composed of long CHU main chains attached without or with only a small 
amount of pendant short CHU branches. Introduction of short and/or long branched chains, which leads to lower crys-
tallinity and density, gives medium-density and low-density polyethylene (MDPE and LDPE) as softer PE [R]. Owing 
to its variation of the thermal and mechanical properties maintaining its chemical characteristics, PE has been used in 
variety of applications such as bottles, pipes and bags.  

Thermoplastic polymer products are commonly formed via solidification from the melt state. During solidifica-
tion, polymer chains are folded to form its crystalline structure, though appreciable portion of polymer chains remains 
in the amorphous region, because of entanglement of polymer chains. Consequently, lamellar structure of the crystal-
line and amorphous layers is spontaneously formed in semi-crystalline polymer solids. The radiating growth of lamel-
lar crystal results in a spherulite with a diameter of several micrometers. It has been demonstrated that these supermo-
lecular structures composed of the crystalline and amorphous chains are responsible for the mechanical properties of 
semi-crystalline polymers, such as Young's modulus, yield stress, strength, toughness, failure and fracture [R]. Thus, 
the microscopic nature and the mechanism of formation has been investigated intensively [_, S].  

Vibrational spectroscopy [a] has been used to characterize polymeric materials. Infrared absorption spectroscopy 
(IR) has been commonly used for investigating the microscopic structure in polymers. Raman spectroscopy, which is 
called as a complementary method of IR, is advantageous for polymeric systems. Vibrations of the skeletal C-C bonds 
in the main chains are strongly Raman active, while IR is sensitive to pendant polar groups. Raman spectroscopy can 
be directly applied for thick polymer molds, whereas IR measurements are restricted to the surface or thin films (typi-
cally less than PTT µm thickness). Both of these two spectroscopic methods are used to determine the molecular orien-
tation of the crystalline and amorphous chains which strongly affect the physical properties of polymeric materials [c]. 
While IR gives the orientation function as the averaged value, polarized Raman spectroscopy enable us to visualize the 
distribution of molecular orientation [V]. While the orientation behavior can be also detected by X-ray diffraction and 
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birefringence measurements, nevertheless, these vibrational spectroscopies are suitable for investigating microscopic 
environment of polymer chains such as microscopic load sharing and conformation of the molecular chains.  It should 
be emphasized that in situ measurements are crucially important for polymeric materials, because the internal structure 
of polymeric materials dynamically changes in accordance with the temporal changes of the external field owing to 
their elastic nature. For example, supermolecular structure undergoes appreciable structural relaxation after the remov-
al of the applied external stress.  

In this work, the application of in situ Raman spectroscopy on PE under various conditions is described with the 
analyses and interpretations for the spectral changes. It is demonstrated that in situ Raman spectroscopy is a powerful 
tool to elucidate the microscopic mechanism of polymer chains under various environments. 
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U. Experimental 
 

U.P Sample preparation and characterization 
The PE pellets supplied by Tosoh Corporation (Tokyo, Japan) were compression molded to form an isotropic 

sheet with a thickness of approximately P mm by the following procedure. The pellets were melted and compressed in 
a hot press at UPT°C and UT MPa for S min followed by quenching in an iced water. The test specimens were cut out 
from the sample sheet. Square (U mm×U mm) and double-notched (the width of _ mm and gauge length of U mm) 
specimens were used for heating/cooling and uniaxial stretching experiments, respectively. 

Differential scanning calorimetry (DSC) measurements were conducted under a nitrogen atmosphere at a heat-
ing/cooling rate of ±U °C/min with a PerkinElmer Diamond DSC. The volumetric crystallinity (cv) was determined by 
the Archimedes method by assuming the density of the crystalline and amorphous phases (rc =PTTT, ra=VSS [kg/mR] 
[k]).  
 

U.U In situ Raman spectroscopy 
A diode-pumped solid-state laser (RLK-a_T-UTT, LASOS) at a wavelength of a_T nm and a power of UTT mW 

was used as the excitation light. The laser light was irradiated on the central portion of the test specimen. A small 
tensile tester and a hot stage (F-VU, Mettler Toledo) was installed for in situ measurements under uniaxial stretching 
and heating/cooling process, respectively. It is noteworthy that the tensile tester is equipped with a double drawing 
mechanism to maintain the center of the specimen at the same position. The scattered light was collimated by a pair of 
convex lenses into a monochromator attached to a charge-coupled device (CCD) camera (SpectraPro URTTi and PIXIS 
PTT, Princeton instruments). A laser-line filter (LDTP-a_T/V-PU.S, Semrock) was inserted to purify the excitation light, 
and a long-pass filter (BLPTP-aRSR-ST, Semrock) was used to block the Rayleigh scattering from the sample. For 
polarized Raman spectroscopy, a half-wavelength plate and a wire-grid polarizing plate were inserted for the polarizer 
and the analyzer, respectively. Each Raman spectra was accumulated for PT times with an exposure time of P s. 
 

 

Fig. H Optical setup for in situ Raman spectroscopy during tensile test. The sample geometry of the test specimen for tensile 
tests is also shown.  
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U.R Raman spectral analysis 
 

U.R.P Morphology 
The assignments for the Raman bands of PE are shown in Tables P. The fraction of the trans sequence and amor-

phous chains are described as [PT-PR] 

                                                                       (1) 

                                                                          (2) 

The orthorhombic crystallinity is given as [11] 

                                                                   (3) 

where A=0.46 is an experimental constant. Note that the sum of the intensities of 1298 and 1305 cm-1 is known to be 
independent of temperature so that the sum of the intensities of these two bands can be used as an internal standard 
[11]. For PE, it has been reported that the trans conformers are located not only in the crystalline region but also in the 
amorphous region. The trans chains in the amorphous region are usually interpreted as the intermediate component, 
which has been detected by NMR [14-16] and Raman [17] spectroscopies. Since the crystalline phase is solely com-
prised with trans chains, the fraction of the non-crystalline consecutive trans (NCCT) chains are given by [12] 

                                                                             (4) 

According to the calculation for the assignments for the C–C stretching modes for PE, the Raman bands at 1063 and 
1130 cm-1 are attributed to the long trans sequences with more than 11 trans bonds  [10, 18]. Thus, the fraction of long 
trans sequence is determined as  

                                                                       (5) 

where A'=0.80 is an experimentally-determined constant [19].  
 
Table 1 Assignments for Raman bands of PE [10, 20-23] 

Peak position /cm-1 Vibrational mode a) Phase 

1063 nas (C-C) Long trans sequence (n>11) 

1080 n (C-C) Amorphous 

1130 ns (C-C) Long trans sequence (n>11) 

1298 t (CH2) Trans sequence 

1305 t (CH2) Amorphous 

1418 d (CH2) + w (CH2) Crystalline (orthorhombic) 

1440 d (CH2) Amorphous trans 

1460 d (CH2) Amorphous 

a) n: stretching, nas: anti-symmetric stretching, ns: symmetric stretching, t: twisting, d: bending, w: wagging 
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U.R.U Peak shift 
It has been demonstrated that vibrational modes of polymers show appreciable peak shift under the microscopic 

stress on the molecular chains, because the force constant of the molecular vibration is affected by the applied stress 
owing to anharmonicity of oscillation [U_-Uc]. The C-C stretching modes of PE show red and blue shifts under stretch-
ing and compressive stress, respectively. The peak shift Dn due to stretching is written as 

                                                                    (6) 

where n(e) and n(0) are the peak positions of a Raman band at the strains of e and 0, respectively. It has been demon-
strated that the peak shift is proportional to the applied stress s in the absence of plastic deformation [26, 28].  

                                                                                         (7)  

Here the peak shift coefficient a is constant for each vibrational mode (e.g. a=-S.T and -R.V cm-P/GPa for the PTaR and 
PPRT cm-P bands of PE [Uk], respectively).  
 

U.R.R Molecular orientation 
The orientation distribution function, which is a probability distribution function of polymer chains oriented at an 

Euler angle (q, h, f) is written as [RT, RP] 

           (8)
 

where Zlmn(x) is the generalized Legendre function. Under cylindrical symmetry, eq.(8) can be simplified to a Legendre 
expansion as [32] 

                                                  (9) 

where Pl(x) (l=2,4,6,...) is the l-th Legendre polynomial and q is the polar angle from the stretching direction. The l-th 
moment 〈Pl〉 is written as 

                                                 (10) 

The second moment 〈P2〉, which represents the average polar angle has been commonly used for evaluation of orienta-
tion. For example, random orientation gives 〈P2〉=0, and the complete orientation in parallel and perpendicular to 
stretching direction is represented by 〈P2〉=1 and -0.5, respectively. While infrared (IR) spectroscopy gives only 〈P2〉, 
higher rank parameters are obtained by various spectroscopic techniques; Raman and nuclear magnetic resonance 
(NMR) spectroscopies provide up to l=4 and 8, respectively, and X-ray diffraction gives every 〈Pl〉 in principle [33].  

Polarized Raman spectra can be obtained by controlling the polarization geometry by a pair of polarizers. Rigor-
ous theory has been developed by Bower  [RU, R_], and a simplified and practical model has been developed by Frisk et 
al [RS]. According to the Frisk's depolarized model, the intensity of polarized Raman signal and the orientation param-
eters are related as follows.  

              (11) 

             (12) 
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                  (13) 

where Iij is the intensity of a Raman band with Ag symmetry (the 1130 cm-1 band for PE), and the i and j represent the 
polarization direction (v or h) of the polarizer and analyzer, respectively. The constant a is a function of the principal 
value of the Raman tensor, and the constant b depends on the instruments and sample. For unstretched specimens, we 
can set 〈P2〉=〈P4〉=0. Thus, the polarization ratio is given as

 

                                                                                (14) 

If we assume that the depolarization ratio remains constant during deformation, the value of a is obtained by eqn. (14). 
Then, we can determine the orientation parameters 〈P2〉 and 〈P4〉 at given strains by combining eqns. (11)-(13) [35]. 

The combination of 〈PU〉 and 〈P_〉 enable us to describe the probability distribution of the molecular orientation, 
because contribution by the higher-rank terms can be included by the maximum entropy method [RU, Ra]. The most-
probable orientation distribution function is determined by maximizing the information entropy of the molecular orien-
tation.  

                                                                       (15) 

The most-probable orientation distribution function is written as [8, 36-39] 

                  (16) 

where l2 and l4 are the Lagrange multipliers determined by the following constraints.  

                                                                             (17) 

                                                       (18) 

                                                       (19) 

The most-probable value of 〈P4〉 under a given value of 〈P2〉, which is also determined by the maximum entropy 
method, is approximately represented by [37] 

          (20) 
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             (21) 
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R. Results and discussion 
 

R.P.P In situ Raman spectra during heating 
In situ Raman spectra of HDPE (Mw=P.T´PTS, Mw/Mn=S.k) and LDPE (Mw=a.k´PT_, Mw/Mn=R.V) during heating 

are shown in Fig. U. In the solid phase, Raman spectra of HDPE and LDPE have several sharp peaks assigned to long 
trans sequence mainly residing in the crystalline layer. At the melting point (Tm=PRU°C for HDPE and PT_°C for 
LDPE), these sharp peaks disappear and, three broad amorphous bands are observed in the melt state. It is noteworthy 
that the amorphous Raman bands at PTVT and PRTS cm-P are observed as small and broad peaks next to the crystalline 
counterpart in the solid phase.  

 

Fig. F In situ Raman spectra of (a,c) HDPE and (b,d) LDPE at various temperatures (a,b) shown by the color scale and (c,d) at 
selected temperatures during heating. 
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R.P.U Morphological changes during heating and cooling 
 The mass fractions of various conformers are plotted against temperature in Fig. R. For HDPE, the crystallinity 

gradually decreases with increasing temperature, followed by a sharp decrease at ~PUT°C. It has been demonstrated 
that various motions in the crystalline chains are activated in the a relaxation region; the intercrystalline motions are 
activated above ~aT°C, and the intracrystalline motions are also activated above ~PUT°C [_T]. The fraction of NCCT 
chain shows gradual increase above ~aT°C, whereas the fraction of the trans sequence remains at the same level. Since 
expansion of the interchain distance in orthorhombic PE crystal is observed above ~aT°C [_P, _U], the decrease of 
crystallinity complemented by the increase of NCCT chains is explained that the orthorhombic crystalline regularity is 
lost by the interchain expansion maintaining trans conformation. Similar phenomenon has been reported for n-
paraffins that the orthorhombic crystalline phase is transformed into the quasi hexagonal phase (rotator phase) consist-
ing of the trans sequence owing to thermal expansion of the interchain distance [_R]. The decrease of crystallinity in 
the vicinity of the melting temperature (Tm=PRU°C) is accompanied by a sharp drop of the fraction of the trans se-
quence, suggesting that the conformation is significantly disordered owing to activation of the intracrystalline motions. 
While the crystallinity drops to zero at the melting point, the trans sequences persist even above the melting tempera-
ture for U-R°C.  

As shown in Fig. R(b), the crystallinity of LDPE is markedly smaller than that of HDPE, and it rapidly decreases 
with increasing temperature, indicating poor stability of the crystalline structure. The fraction of trans sequence is also 
appreciably smaller with steeper slope than that of HDPE, suggesting that conformational disorder persists even at 
room temperature. Then, it is suggested that the branched chains of LDPE prefer mixture of trans and gauche con-
formers rather than consecutive trans chains. Considering that the existence of long chain branches hinders the for-
mation of stacked trans sequence (crystallization) and the thickening of lamellar crystal, thin and unstable lamellar 
crystals in LDPE are prone to be melted even at low temperatures.  

While hysteresis is clearly observed for the crystallinity during heating and cooling, it is obscured for the trans se-
quence as shown in Fig. _. These results suggest that the transformation between trans and gauche conformers are 
practically in thermal equilibrium, and the thermal history is originated in nano scale segregation, i.e. morphology, 
and/or intermediate phase.   



9 

 

 

Fig. e Temperature dependence of fractions of various conformers for (a) HDPE and (b) LDPE. 

 

Fig. f Temperature dependence of fraction of conformers during heating (open) and cooling (closed) for HDPE.  
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3.2 Deformation during uniaxial stretching 
 

R.U.P Stress-strain curve 
The stress-strain curves of HDPE (Mw=P.c´PTS, Mw/Mn=PS, cv =T.SV), MDPE (Mw=P.c´PTS, Mw/Mn=PS, cv=T.S_) 

and LDPE (Mw=a.k´PT_, Mw/Mn=R.V, cv=T._S) are shown in Fig. S. At small strains, the stress linearly increases in 
accordance with the Hooke’s law (elastic region). For HDPE and MDPE, the stress shows a maximum at e » T.a (first 
yield point), followed by a drop accompanied by a small shoulder at e » P (second yield point). In the yielding region, 
the lamellar crystals are fragmented into smaller lamellar blocks followed by the reorientation into the stretching direc-
tion, which leads to the catastrophic transition from the spherulitic to the fibrillar structures [__, _S]. Beyond the yield-
ing region, the fibrillar structure composed of the highly-oriented crystals is formed so that the stress resumes increas-
ing in the strain-hardening region. For LDPE whose stress level is appreciably smaller than that of HDPE and MDPE, 
the first yield point is observed as a shoulder at e » T.V, and the second yield point is more pronounced at e » U. 

 

Fig. g Stress-strain curves for HDPE, MDPE and LDPE. 
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R.U.U In situ Raman spectra during tensile test 
In situ polarized Raman spectra of HDPE and LDPE at various strains under uniaxial stretching are shown in Fig. 

a. The Raman spectra show obvious changes during elongation. The intensity of the PPRT cm-P band increases with 
increasing the strain, whereas that of the PTaR cm-P band remains practically at the same level. This is a consequence of 
the molecular orientation of PE chains. The PPRT cm-P band is sensitive to orientation, because its Raman tensor has Ag 
symmetry, whereas the PTaR cm-P (in BUg+BRg symmetry) is practically independent of orientation.  It is noteworthy that 
the PPRT cm-P band is used to determine orientation parameters of PE. Elimination of the P_PV cm-P band at high strains 
is explained by disordering of orthorhombic crystalline lattice [_a, _c].  

 

 

Fig. h In situ Raman spectra of (a,c) HDPE and (b,d) LDPE at various strains (a,b) shown by the color scale and (c,d) at select-
ed strains during uniaxial stretching. 
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R.U.R Orientation of crystalline chains 
The strain dependence of the orientation parameters of trans sequence is shown along with the stress-strain curve 

in Fig. c. In the elastic region, both of 〈PU〉 and 〈P$〉 remains practically zero, indicating that the specimen remains 
unoriented. Beyond the first yield point, 〈PU〉 shows a step-wise increase, whereas 〈P_〉 shows a drop for HDPE. The 
increase of 〈PU〉 is a consequence of molecular orientation toward the stretching direction, which is visualized by the 
orientation distribution function in Fig. V. The drop of 〈P_〉 in the yielding region of HDPE gives tilted orientation at q 
»_T°, as observed in the orientation distribution function (e »U, in Fig. V(a)). The tilted orientation is explained by 
steric hindrance of densely-packed rigid and bulky lamellar cluster units [_V] which are formed by fragmentation of 
lamellar crystals during yielding [_k, ST]. Except for the yielding region of HDPE, the value of 〈P_〉 is practically 
reproduced by the most-probable value (〈P_〉mp) calculated by eqn. (UT), indicating that the molecular orientation of PE 
is essentially represented by simple uniaxial orientation to the stretching direction. These orientation behavior is com-
monly observed for HDPE, while the HDPE with wider molecular weight distribution shows higher orientation [SP]. It 
is interesting to note that biaxial orientation along and perpendicular to the stretching direction is observed for the PE 
gels which is a blend of liquid paraffin and PE resin [SU]. Besides the disappearance of the tilted orientation in the 
yielding region, lower crystallinity gives higher orientation at high strains for MDPE and LDPE, suggesting smooth 
orientation into the stretching direction. Similar orientation behavior is observed for HDPE at elevated temperatures 
[SR].  
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Fig. j Strain dependence of orientation parameters along with the stress-strain curves for HDPE, MDPE and LDPE.   
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Fig. k Most-probable orientation distribution functions at various strains (shown by the color scale) for (a) HDPE, (b) MDPE and 
(c) LDPE. 
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R.U._ Load sharing on crystalline and amorphous chains 
The peak shifts for the crystalline chains during uniaxial stretching are shown along with the stress-strain curve in 

Fig. k. The PTaR cm-P band shows gradual red shift beyond the first yield point, indicating that stretching load is applied 
along the polymer chain. For HDPEs, the PPRT cm-P band shows a blue shift in the yielding region, indicating compres-
sion stress perpendicular to the polymer chain. On the other hand, the peak shift of the PPRT cm-P band for LDPE re-
mains almost constant in the yielding region. Considering that HDPE shows an obvious narrowing in width of the 
specimens (necking) in the yielding region, the compression load applied on the crystalline chains for HDPE is caused 
by the contraction perpendicular to stretching direction (Poisson’s contraction). Both of the PTaR and PPRT cm-P bands 
show red shifts in the strain-hardening region, and the red shift increases with the crystallinity. Because the peak shift 
coefficient is constant for each Raman band, the larger red shift is explained that larger stress is loaded on the crystal-
line chains. The red and blue shifts for the P_PV cm-P band are the consequences of contraction and expansion of the 
interchain distance [_a, _c], respectively. The slight contraction in the yielding region owing to compression stress is 
followed by a pronounced expansion of the crystalline lattice, suggesting distortion of the crystalline structure caused 
by the fragmentation of the lamellar crystals at the yielding region, which is also observed by X-ray diffraction [_P].   

The peak shifts for the amorphous chains are shown in Fig. PT. The amorphous band at P_aT cm-P shows blue shift 
in the yielding region of HDPE, followed by a gradual decrease to zero. The amorphous trans band at P__T cm-P shows 
similar behavior, but slightly lower values. Considering that taut-tie chains, which are the amorphous trans chains 
connecting the adjacent lamellar crystals, act as the stress transmitters of the applied stress on the specimen, the red 
shift of the P__T cm-P band from the P_aT cm-P is explained by preferential stretching load on taut-tie chains. For HDPE, 
both amorphous bands show blue shifts in the yielding region as well as the crystalline bands, suggesting that the com-
pression load owing to the Poisson's contraction is homogeneously applied on the crystalline and amorphous chains.  
On the other hand, for LDPE in Fig. PT(d), the compression stress in the yielding region vanishes and the stretching 
stress on the amorphous chains is markedly enhanced. The larger stress on the amorphous chains is consistent with 
lower stress on the crystalline chains, as observed in Fig. k. It is noteworthy that large peak shift owing to enhanced 
stress on the amorphous chains is also observed for elastomeric materials such as ultra-low density polyethylene [S_]. 
It should be emphasized that vibrational spectroscopy is more sensitive to such dynamical effects on polymer chains 
during deformation than other techniques such as in situ X-ray measurements [SS].  
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Fig. E Strain dependence of the peak shifts of the crystalline chains at HGhe (squares),HHeG (circles) and HfHk (diamonds) cm-H 
along with the stress-strain curves for (a) HDPE, (b) MDPE and (c) LDPE. 
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Fig. HG Strain dependence of the peak shifts of the amorphous chains at HffG (squares) and HfhG (triangles) cm-H along with 
stress-strain curves for (a) HDPE, (b) MDPE and (c) LDPE. 
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_. Concluding remarks 
 

 The present work demonstrated that in situ Raman spectroscopy is a powerful tool to elucidate microscopic struc-
tural changes of polyethylene under various conditions. The morphological changes with temperature such as the slight 
disordering of the orthorhombic crystalline regularity were successfully detected, and these phenomena were explained 
by the conformational changes. The microscopic deformation mechanism such as molecular orientation and load shar-
ing was elucidated. The present method has also been applied for other polymeric systems, such as morphology [Sa, 
Sc] and orientation [SV, Sk] for polypropylene. Considering the flexibility of Raman spectroscopy, the combination 
with Raman microscope and/or the application under extreme conditions (e.g. at high pressures) would provide physi-
cal insights on the fundamental nature of polymeric materials.  
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