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Abstract−The temperature- and frequency-dependent dynamic-mechanical properties in the temperature regime of

the γ-transition were determined for a number of polyethylenes and ethylene/α-olefin-copolymers differing in their

crystallinity and crystal morphology. The temperature dependence of the γ-transition was found to obey the Arrhenius

law for thermally activated processes. The γ-transition temperature determined at a frequency of 1 Hz and the corres-

ponding activation energy were analyzed as a function of the crystallinity. As an overall trend, both quantities are found

to decrease with decreasing crystallinity, which is explained by the increase in free volume due to the incorporation

of short-chain branches or the thermal pretreatment (e.g., quenching). Taking into account that the crystal morphol-

ogy of polyethylenes can be classified into four different groups, a more detailed picture appears. Within one type of

morphology both quantities, namely the transition temperature and the activation energy, increase with decreasing crys-

tallinity independent of the α-olefin used as the comonomer. These findings can be explained by partial orientations

of the molecule segments in the interlamellar amorphous space in the case of HDPE or by the increased steric hindrance

of the crankshaft motion by the short-chain branches. From the findings of this series of studies, it was concluded that

the glass transition in polyethylene and polyethylene/α-olefin-copolymers is the β- and not the γ-transition.
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INTRODUCTION

Dynamic-mechanical properties are often used to understand solid

state properties in terms of identifying the different molecular relax-

ation processes of a polymer. Among the materials studied, poly-

ethylene and its copolymers with α-olefins have received considerable

attention, because of the complexity and diversity of their relax-

ation processes and their high industrial relevance. In polyethylenes

and ethylene/α-olefin-copolymers, it is common to label the relax-

ation processes which occur with decreasing transition temperature

as the α-, β- and γ-transitions [1]. In the following, only the experi-

mental results concerning the γ-relaxation in polyethylenes obtained

from dynamic-mechanical meas- urements are summarized.

The γ-relaxation in polyethylene homopolymers (linear and

branched) was reported to occur at temperatures of around −120 oC.

This relaxation was accompanied by a decrease in storage modulus

of approximately 30% [2]. Illers [3,4] reported two γ-relaxations

from torsional pendulum measurements at a frequency of 1Hz, one

at about −120 oC, which is typical of linear polyethylenes [3], and

one at about −140 oC (1Hz), which is typical of branched polyeth-

ylenes [4]. The latter was only found in slowly cooled and tempered

samples and often overlapped with the high temperature transition

[4]. Khanna et al. [5] reported higher γ-relaxation temperatures at

1Hz of HDPE (−107 oC) compared to LDPE (−114 oC), which were

independent of the thermal prehistory of the samples. They also

described an increase in the strength of the γ-relaxation characterized

as the maximum in the loss modulus E'' with decreasing crystallin-

ity similar to Illers’s findings [3,4]. The work of Matthews et al. [6]

revealed an influence of the thermal prehistory on the γ-relaxation

temperature for HDPE. For the slowly cooled sample of higher crys-

tallinity, somewhat higher relaxation temperatures (≈−110 oC) were

measured compared to the quenched samples, which relaxed at around

−120 oC.

The temperature dependence of the transition in polyethylene

homopolymers was described by the Arrhenius equation having an

activation energy of about 60 kJ/mol for HDPE (high temperature

process) [3] and of about 29 kJ/mol for branched LDPE (low tem-

perature process) [4]. An activation energy of 38kJ/mol was reported

by Hartwig [2], whereas Stehling and Mandelkern [1] cited values

ranging from 25 to 75 kJ/mol depending on the crystallinity.

Clas et al. [7] showed that for copolymers of ethylene with butene,

octene, and octadecene the transition temperature varied only slightly

with the type of comonomer used. The activation energy was con-

stant within the experimental accuracy with values of about 90 kJ/

mol±20 kJ/mol.

The resumption of the research dealing with the γ-transition started

in the late nineties of the last millennium when new polyolefin prod-

ucts, especially LLDPE, became available by synthetic routes using

metallocene catalysts. Jordens et al. [8] re-examined the influence

of the thermal prehistory on the intensity of the γ-relaxation in tanδ

for a linear metallocene HDPE. Their findings were similar to Illers’s

[3,4] results, in that the intensity increases with decreasing crystal-

linity. Measurements on metallocene LLDPE with different hexane
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contents by Cerrada et al. [9] and by Nitta and Tanaka [10] revealed

a decrease of the relaxation temperature and a decrease of the activa-

tion energy with decreasing crystallinity viz. increasing comonomer

content. Cerrada et al. [9] also reported approximately 5 oC lower

transition temperatures for their slowly cooled sampled compared

to the quenched ones. Shan et al. [11] also examined ethylene/1-

hexene copolymers with different comonomer distributions and found

that the transition temperature at 1Hz at −120 oC was independent

of the hexane content, comonomer distribution and thermal prehis-

tory. Benavente et al. [12] reported similar tendencies in both quan-

tities for metallocene catalyzed LLDPE materials with octadecene

as comonomer.

From the decrease in the relaxation strength with increasing crys-

tallinity, Boyd and Ward [13,14] concluded that the γ-relaxation is

located in the amorphous regime.

The molecular mechanism behind the γ-relaxation is frequently

reported as the so-called crankshaft motion. In this motion (Fig. 1),

neighboring CH2-groups (three to five monomer units [15,16]) rotate

around their common bond axis to relax mechanical stresses (Hartwig

[2], Boyd [17]).

In conclusion, it can be stated that significantly different values

have been reported with respect to the temperature of the γ-transi-

tion and its activation energy.

This paper aims to broaden the experimental data base in the γ-

relaxation regime by carefully performed dynamic-mechanical meas-

urements over a broad range of frequencies. By evaluating the data

measured for a number of commercially available polyethylenes

(HDPE, LDPE) and ethene/α-olefin copolymers (LLDPE), a clari-

fication of the influence of the chemical structure and, thus, of the

crystallinity and morphology on the temperature of the γ-relaxation

as well as on its activation energy is attempted. Besides the effect

of the chemical structure, the influence of the thermal precondition-

ing on the crystallinity and morphology and, consequently, on the

γ-relaxation is investigated. Also an answer to the question of the

nature of the γ-transition will be searched for. As this is closely con-

nected with the nature of the β-transition, a discussion, on which of

these relaxations is the glass transition, will conclude this paper.

EXPERIMENTAL

The α- and β-relaxations were investigated for a number of com-

mercially available polyethylene grades and have been presented

elsewhere [18,19]. For these materials the results in the γ-transition

regime are presented herein. Their physical characteristics are sum-

marized in Table2. The experimental details as well as some molecu-

lar characteristics are described in part I [18] of this series of articles.

RESULTS AND DISCUSSION

The γ-relaxation was observed for all of the samples under inves-

tigation. It can be identified either from the loss modulus or from

the loss factor tanδ. As is well known, the maximum of the loss

modulus occurs at lower temperatures compared to the maximum

of the tanδ. As the measuring temperature is limited to −145 oC,

tanδ was chosen to analyze the γ-relaxation temperature in order to

Table 1. Melting temperatures, densities, and crystallinity for the materials investigated

Name

Quenched samples Slowly-cooled samples

Melting temperature T
m

[oC]

Density

[g/cm³]

Crystallinity x
v

[%]

Melting temperature T
m

[oC]

Density

[g/cm³]

Crystallinity x
v

[%]

HDPE 1 139.6 0.947 70 139.4 0.970 80

HDPE 2 133.2 0.937 61 133.6 0.948 68

HDPE 3 135.0 0.940 63 135.1 0.949 68

HDPE 4 133.9 0.933 58

LLDPE 1 124.1 0.919 48

LLDPE 2 115.3/123.0a 0.915 45

LDPE 1 110.4 0.915 45 110.4 0.919 48

LLDPE 3 115.8 0.913 44

LLDPE 4 112.2 0.910 42

LLDPE 5 106.7 0.904 37

LLDPE 6 101.4 0.898 33

LLDPE 7 100.4 0.898 33 100.9 0.901 35

LLDPE 8 97.8 0.897 32 096.9 0.902 36

LLDPE 9 94.0 0.896 32

LLDPE 10 97.1 0.893 30

LLDPE 11 44.1/63.5a 0.871 13

aTwo discrete melting temperatures were observed

Fig. 1. Crankshaft motion (republished with kind permission of
Hartwig [2]).
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have as wide as possible a temperature window, in which this relax-

ation occurs.

The plot of the loss factor tanδ as a function of the frequency, ν,

at different temperatures, T, (Fig. 2) reveals a damping maximum

attributed to the γ-relaxation in the temperature range displayed. An

increase in temperature results in a shift of the experimental curve

to higher frequencies.

It is also clear from Fig. 2 that the material is thermorheologically

complex, i.e., that a shift along the frequency axis cannot be used

for creating a master curve [20,21]. Considering that any crystalline

material has at least two phases (amorphous and crystalline), this is

not surprising, because these different phase have different temper-

ature dependencies, which were studied in detail for block-copoly-

mers [22-26]. Block-copolymers are a good material to use for com-

parison, as both semi-crystalline polymers and block-copolymers

have two (or more) phases, differing in their physical behavior but

which are, nevertheless, chemically attached to each other.

The frequency sweeps were converted into the temperature depen-

dencies at a fixed frequency (cf. Fig. 3). In this plot, the determina-

tion of the temperature of the damping maximum tanδ(T) is quite

possible. By using the tanδ-maxima at each frequency, the deter-

mination of the activation energy can be achieved via the Arrhe-

nius plot (see Fig. 4).

Fig. 3 shows the γ-transitions of four different samples with crys-

tallinity x
v
 between 13 and 70%. For the quenched HDPE 1 with a

crystallinity of 70%, a maximum in the tanδ of 0.06 is found, while

the quenched LLDPE 11 with a crystallinity of 13% has a maxi-

mum intensity of tanδ=0.045 only. The asymmetry of the damping

peak is probably due to an additional relaxation observed at tem-

peratures slightly below the γ-relaxation, which is attributed to a

mechanism whose origin is somewhat unclear but is assumed to

be similar to that of the γ-relaxation [1,2,27,28].

The dependence of the relaxation intensity on the crystallinity is

in contradiction to the literature. The intensity of the γ-relaxation

expressed by the maximum tanδ increases with increasing crystal-

linity (Fig. 3). However, Khanna et al. [5] reported the opposite ef-

fect. An explanation of this will be given later. The γ-transition tem-

perature Tγ (1Hz), determined from the maxima in Fig. 3, decreases,

as a general trend, with decreasing crystallinity, which is in agree-

ment with the literature [1-14].

As the measurements were performed in the form of isothermal

frequency sweeps, the relaxation temperatures are determined for

each single frequency as shown in Fig. 3 for a frequency of 1Hz.

Plotting the measuring frequency in the Arrhenius diagram as a func-

tion of the reciprocal of the corresponding temperature of the maxi-

mum in tanδ allows for the detailed analysis of the temperature de-

pendence of the γ-relaxation. Fig. 4 gives this plot for six represen-

tative samples. The error in the determination of the temperature of

the maximum is estimated to be ±1K. If the maxima in tanδ as a

function of temperature are very broad and overlap with the addi-

tional process, the analysis is difficult. This happens only at the lowest

frequencies at temperatures below −135 oC (see Fig. 3), which leads

to the larger scattering of the data for LLDPE 5&11 at low frequen-

cies (Fig. 4).

Fig. 4 shows clearly that all of the materials follow the Arrhenius

equation (linear relation in logν (1000/T)) with a sample dependent

activation energy E
a
. Table 2 compiles the characteristic data of the

Fig. 2. tanδ as a function of frequency for quenched LLDPE 8 at
different temperatures in the γ-transition regime.

Fig. 4. Arrhenius-plots of γ-relaxation frequencies of six different
polyethylenes.

Fig. 3. γ-Relaxation as measured in the temperature dependence
of tanδ at a frequency of 1Hz of four different polyethyl-
enes, where the arrows (↑) indicate the temperature of the
maximum, Tγ(1 Hz).
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γ-relaxations of the different samples.

In this table the morphology classification published by Bensason

et al. [29] is added and allows interesting conclusions to be drawn

for the ethylene homopolymers and ethene-/α-olefin-copolymers.

Bensason et al. [29] described four different crystalline morpholo-

gies observed in polyethylene and ethylene/α-olefin-copolymers:

• Type IV: Highly ordered, i.e., crystallinity x>55%, highly lamel-

lar crystallites, found in HDPE.

• Type III: Medium order, 40<x<55%, lamellar crystallites, found

in LLDPE.

• Type II: Low crystallinity, 30<x<40%, mixture of bundle and

lamellar crystallites, found in plastomers.

• Type I: very low crystallinity, x>30%, bundle crystallites, found

in elastomers.

The quenched HDPEs (type IV-morphology) show activation

energies E
a
 of the γ-relaxation between 95 and 120kJ/mol and relax-

ation temperatures at 1Hz of around −110 oC. For LLDPEs with a

type III-morphology, the values are 80 kJ/mol and −115 oC, respec-

tively. The LLDPEs with a higher comonomer content (e.g., plas-

tomers and elastomer grades) are of type II/I-morphology and have

the lowest activation energies of the γ-relaxation of around 50 kJ/

mol and the lowest relaxation temperatures of around −120 oC. The

influence of the cooling conditions (measured for LLDPE 7, LLDPE

8, and LDPE 1) was found to be small. For the short-chain branched

samples, the cooling conditions have little effect on either the crys-

tallinity or the crystal structure.

Table 2 clearly demonstrates that the characteristic parameters

of the γ-relaxation are dependent on the morphology of the poly-

ethylene. Therefore, the results obtained are analyzed in more detail

for linear and short-chain branched samples having different crys-

tal morphologies.

1. HDPE (Morphology Type IV)

Fig. 5 gives the dependence of the γ-relaxation temperature meas-

ured at 1Hz, Tγ (1Hz), on the crystallinity of the HDPE samples.

With the exception of the slowly cooled HDPE 1 and HDPE 3 a

linear decrease of Tγ (1Hz) with increasing crystallinity can be as-

sumed with a slope of −0.8 oC per percent increase in crystallinity.

The data of Jordens et al. [8] indicate a similar trend. Only the highly

crystalline samples of the slowly cooled HDPE 1 and HDPE 3 devi-

ate significantly from this dependence. This finding is surprising,

as the opposite trend would be expected from the literature.

A similar picture is revealed by Fig. 6, where the activation en-

ergy E
a
(γ) is plotted as a function of the crystallinity. In this picture

the results for the two sample conditions, slowly cooled and quenched,

are clearly separated. Again a decrease of the activation energy with

increasing crystallinity can be identified for both sample precondi-

tions. The linear dependence with a slope of −0.9 kJ/mol per per-

cent crystallinity is assumed to be valid for the quenched samples

Table 2. Temperatures Tγ(1 Hz) and activation energies Ea
(γ)

Name
Morphology

type

Quenched samples Slowly-cooled samples

Crystallinity x
v

[%]

E
a
 (γ)

[kJ/mol]

Tγ (1 Hz)

[oC]

Crystallinity x
v

[%]

E
a
 (γ)

[kJ/mol]

Tγ (1 Hz)

[oC]

HDPE 1 IV 70 097 −114 80 095 −106
HDPE 2 IV 61 110 −109 68 118 −116
HDPE 3 IV 63 099 −113 68 110 −112
HDPE 4 IV 58 108 −107
LLDPE 1 III 48 095 −111
LLDPE 2 III 45 072 −117
LDPE 1 III 45 049 −118 48 043 −123
LLDPE 3 III 44 074 −114
LLDPE 4 III 42 106 −113
LLDPE 5 II 37 053 −121
LLDPE 6 II 33 068 −114
LLDPE 7 II 33 048 −119 35 064 −114
LLDPE 8 II 32 046 −121 36 048 −121
LLDPE 9 II 32 082 −114
LLDPE 10 II 30 062 −119
LLDPE 11 I 13 046 −126

Fig. 5. Dependence of the γ-transition temperature Tγ (1Hz) on the
crystallinity for the HDPE-samples (line drawn as a guide
for the eye).
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within the experimental accuracy. The slowly cooled materials ex-

hibit the same slope, but have a higher activation energy (about 20

kJ/mol) at comparable crystallinity.

To explain the findings, the following assumptions are made:

As proposed in the literature [2,15-17], it is assumed that the γ-

relaxation takes place due to the crankshaft motion in the amor-

phous regime and/or in the interfacial region close to the crystal

lamella surfaces. Furthermore, the γ-relaxation will occur only if the

molecular mobility generated by the thermal energy is high enough

and if sufficient intermolecular space (free volume) is accessible

for the rotation of the molecule segments. The crucial assumption

is that the energy barrier for the rotation will decrease, if the rotating

moieties are oriented parallel to the rotation axis. As the crankshaft

motion involves only a few carbon atoms (about 6 to 10), it is rea-

sonable to suppose that the oriented parts of the chains undergo the

movement more easily, as less intermolecular space, i.e., free vol-

ume, is necessary. The latter is equivalent to a lower energy barrier

for the motion, which has to be overcome by thermal activation.

In this context, the decrease of both the relaxation temperature

Tγ (1Hz) and the activation energy Ea
(γ) with increasing crystallin-

ity can be explained as follows. As the crystallinity is quite high,

the interlamellar distances, which determine the width of the amor-

phous regime between the crystal lamellae, are thin for HDPE. The

interlamellar spacing is found to be constant for polyethylenes of

sufficiently high molar mass (M
w
>=100kg) [30,31]. For such mate-

rials, it was shown also that the spacing has a value of about 9 nm

and does not depend on the crystallinity in the range between 20%

and 70% [25]. This distance is equivalent to the end-to-end dis-

tance of an extended chain of 35 monomer units and, thus, is much

larger than that of the 3 to 5 monomer units involved in the crankshaft

motion. Partial orientations in the interlamellar space are generated

during the crystallization process as tensile stresses generated due

to the volume shrinkage may orientate the short polymer segments

in the amorphous regimes. As the interlamellar spacing is quite small,

the oriented segments are not able to relax. If the crystallinity in-

creases, the volume shrinkage and, thus, the internal stress on the

molecules increases leading to a higher number of oriented seg-

ments or to higher degrees of orientations in the individual seg-

ments. Consequently, the energy barrier for the crank-shaft motion

inevitably decreases and this is reflected in the lower activation en-

ergy and lower transition temperature. Therefore, both quantities Tγ

(1Hz) and E
a
(γ) will decrease with increasing crystallinity.

With this picture in mind, an explanation of the influence of the

sample pretreatment is also possible. The slowly cooled samples

have the same activation energy, but higher crystallinity. This implies

that the thermal pretreatment only influences the crystalline regions

but not the local orientation of parts of the chains in the amorphous

regimes.

An explanation for the deviation in the relaxation temperature (see

Fig. 5) of the material with the highest crystallinity (80%, HDPE 1

slowly cooled) is provided by this model, too. The crystallinity of

the slowly cooled HDPE 1 is above the threshold of 70%, and a much

smaller interlamellar spacing of about 4.8 nm was found [8]. Tanem

and Stori [32] reported a thickness of the amorphous layer of only 3.4

nm for a polyethylene, which is comparable to the HDPE 1. Jordens

et al. [8] also reported similar values. If the dimensions of the amor-

phous region come to have the same order of magnitude as those

of the moving chain entities, additional free volume has to be gener-

ated by thermal expansion in order to allow the motion to occur.

This is reflected by the higher value of the transition temperature in

the highly crystalline HDPE.

2. LLDPE and LDPE (Morphology Types I/II, III)

When analyzing the dependence of Tγ (1Hz) (Fig. 7) and Ea
(γ)

(Fig. 8) on crystallinity for LLDPE and LDPE, a more complicated

picture appears. As general trend, an increase of both quantities

with increasing crystallinity is observed. This trend is shown by the

dashed arrows in Fig. 7 and Fig. 8. The insertion of comonomer

into the polyethylene lowers the crystallinity because of the distur-

bance of the regularity of the molecular architecture. The free vol-

ume is also increased due to the additional end groups of the short-

chain branches in the amorphous region. This increase in the free

volume was confirmed by the analysis of the amorphous scatter

background in X-ray measurements of ethene/α-olefin copolymers

having different comonomer contents [30,31]. A larger intermolec-

ular spacing, in general, decreases the energy barrier for the move-

Fig. 6. Dependence of the activation energy of the γ-transition E
a
(γ)

of the HDPE on the crystallinity (the lines are drawn as a
guide for the eye).

Fig. 7. Dependence of the γ-transition temperature on the crystal-
linity for all of the samples investigated.
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ments of the molecular segments and, thus, the relaxation tempera-

ture.

In Figs. 7 and 8, the regimes of different morphology types are

indicated by the dashed lines. The dependencies within one mor-

phology class are similar to those already discussed for HDPE (mor-

phology type IV), namely, an increase of the relaxation temperature

and activation energy with decreasing crystallinity. A change in mor-

phology, e.g., from type IV to III or from type III to II/I, results in a

decrease of the relaxation temperature of about 10K and a decrease

of the activation energy of about 50 kJ/mol.

In the case of the short-chain branched LLDPES and the LDPE,

not only the additional free volume stemming from the end groups

of the branches have to be taken into account but also the influence

of the short-chain branches on the crank-shaft motion. It is reason-

able to suppose that the short chain branches will act as a steric ob-

struction to the crankshaft motion. This hindrance results in a higher

energy barrier to be overcome and, thus, higher relaxation temper-

atures.

CONCLUSIONS

1. γ-Relaxation

The temperature of the γ-relaxation, Tγ (1Hz), and its activation

energy, E
a
(γ), were determined for a number of polyethylenes and

ethene/α-olefin copolymers from dynamic-mechanical measurements

covering a frequency range of more than three orders of magnitude.

Both quantities depend on the crystallinity.

As overall trend, increases of Tγ (1Hz) and Ea
(γ) with increas-

ing crystallinity were found, which is in agreement with previous

reports [1-7,9-14,33]. The span of the activation energies and relax-

ation temperatures is in agreement with the sparse data published

in the literature [34]. The overall trend could be explained by the

additional free volume resulting from the end groups in the amor-

phous region, which lowers the activation energy and, therefore,

the relaxation temperature.

Within one morphology, the opposite dependence was found.

The increase of the relaxation temperature and activation energy

could be explained by the segment orientation in the amorphous

regime caused by the crystallization process in the highly crystal-

line HDPE’s of morphology type IV. For LDPEs and LLDPEs the

steric hindrance of the short-chain branches accounts for the increase

in the activation energy and relaxation temperature.

These findings suggest that within one morphology the influ-

ence of the sterical obstruction stemming from the side chains is

stronger than that resulting from the increase in the free volume.

When polyethylene changes to a less ordered morphology, its free

volume is drastically increased, which leads to a decrease in Tγ of

about 10K and in E
a
(γ) of about 50 kJ/mol.

2. Glass Transition of PE

Having analyzed all of the relaxation phenomena in the polyeth-

ylenes occurring above −150 oC (the α'-relaxation [18], α- and β-

relaxation [19], and γ-relaxation in this work), a final survey of the

nature of the β- and γ-relaxations should be made. Based on the

results discussed above and in [19], as well as in the references men-

tioned therein, it can be concluded that the β-transition and γ-relax-

ation correspond to the glass-transition temperature and a segmen-

tal, secondary relaxation process in the amorphous regime of the

polyethylenes, respectively. This hypothesis is supported by the fol-

lowing facts:

1. The magnitude of the variation of the storage modulus with

temperature is only a factor of 2 in the γ-transition region, while in

the β-regime it may exceed one order of magnitude, depending on

the crystallinity. The linear dependence of the modulus at tempera-

tures above the β-transition allows for the extrapolation to zero crys-

tallinity, from which the entanglement molar mass of polyethylenes

was determined [18].

2. As the glass transition typically involves motions on larger

length scales, high activation energies (200-500kJ/mol) are obtained.

The activation energies of the γ-relaxation were 120kJ/mol and lower,

while for the β-transition values between 200 and 450 kJ/mol were

determined for the polyethylenes under investigation.

The fact that the β-relaxation is not found in HDPE resins is only

a contradiction at a first glance. As pointed out in ref. [19] and in

this work, the spacing between the lamellae in highly crystalline

HDPE attains values ranging from 4nm for a highly crystalline HDPE

up to 9 nm [8,10,30-32,35]. The interlamellar spacing is equivalent

to an extended chain length of about 30-70 monomer units corre-

sponding to the molar mass of less than one entanglement. Mat-

thews et al. [6], as well as Stadler [19], argued that the β-transition

occurs together with the (much stronger) α-relaxation in HDPE,

because this relaxation softens the lamellae in such a way that the

β-relaxation can take place.

These arguments all point towards the β-relaxation as the glass

transition although the γ-transition significantly contributes to the

chain mobility on a small scale.
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