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In-situ  Study of Annealing Process of
Polyethylene Cast Film with Row-nucleated
Crystalline Structure by SAXS

R. J. Xu,® X. D. Chen,® Q. Cai,® C. B. Chen,® Y. F. Lin, C. H. Lei, ™ and L. B.
LiP

In-situ annealing process of polyethylene cast film with row-nucleated crystalline structure
was followed using SAXS setup equipped with a temperature-controlling unit. The annealing
temperatures were set at 105 <C, 115 <C and 125 <C, respectively. It was found that after
annealing for 7200 s, the long period, crystalline thickness, the real amorphous layer thickness
and diffuse transition layer thickness were increased, whereas the linear crystallinity didn’t
show pronounced change. Compared with those at 105 <C and 115 <C, annealing at 125 <C
resulted in apparent increase of long period and crystalline thickness, as well as crystalline
thickening rate. During the initial annealing stage, the crystalline thickness was increased
apparently. After annealing for 1800 s, the crystalline thickness versus annealing time curve
showed wave-like shape, due to the occurrence of melting and recrystallization behavior,
which could not be observed during early annealing stage. The initial crystalline thickness
increase was mainly due to the crystallization of some tie chains in the amorphous region, as
well as small transformation of diffuse transition layer into crystalline region. The crystalline
orientation degree based on the width of SAXS patterns was improved apparently when the
annealing temperature was around maximum crystalline temperature. This work clarified the
increase of crystalline thickness induced by annealing for polyethylene film with row-
nucleated crystalline structure.

there are three main consecutive stages: (1) production of the

precursor film with a row-nucleated lamellar morphology, (2)

Based on thermal-induced phase separation mechanism,

annealing of the film to thicken the lamellae, and (3) stretching

high-density-polyethylene (HDPE) microporous membrane has

of the film at low temperature to create voids and then

been successfully fabricated and used in the field of Li-ion

stretching at high temperature to enlarge the pores. 22 After

battery as a separator. ! Due to the usage of solvent such as

these stages, the stretched films are heat-set to improve their

dichloromethane to remove the liquid paraffin to form

dimensional stability.

micropores, this method brings some environmental problems.

It has been reported that microporous membrane cannot be

Compared with this, the melt-stretching method using pure PE

obtained without annealing. It is believed that annealing first

as raw material will show no such problem. During the process,

removes defects in the crystalline structure and then increases

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 00,1-3 | 1
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the lamellae thickness.  The annealing temperature, annealing
time, and tension level are three main annealing technology
parameters. 58 In our previous work®, the influence of annealing
time on the structure and properties of HDPE microporous
membrane was studied. It was found that compared with that
without annealing, the porosity of membrane annealed at
125 <C for 2 h was increased from 43 % to 63 % and the
corresponding Gurley value (characterizing the air permeability
property, the lower the Gurley value is, the better the air
permeability) was decreased from 430 s to 250 s. It can be seen
that annealing shows pronounced influence on the properties of
stretched microporous membrane. However, it is still unclear as
to the mechanism of the microstructural changes during
annealing of HDPE film with row-nucleated crystalline
structure.

For annealing polypropylene film with row-nucleated
crystalline structure, it was found that compared with the
precursor film, the significant change after annealing was the
appearance of a low temperature endotherm plateau (i.e.
annealing peak) in the differential scanning calorimetry (DSC)
curves. 113 As to its origin, most works attributed to the
crystallization of some chains among the amorphous region-
secondary crystallization during annealing. In our recent work
14, pased on the temperature-modulated differential scanning
calorimetry (TMDSC) results and small-angle X-ray scattering
(SAXS) analysis, it was found that except for secondary
crystallization, the melting and recrystallization behavior also
the

occurred during annealing. The annealing induced

difference of lamellae structure: the initial lamellae were
stabilized through melting and recrystallization, at the same
time some weak secondary crystals were formed which could
be stretched to disappear and converted to initial pores.

But in the DSC curves of annealed HDPE film with row-
nucleated crystalline structure, no such endotherm plateau was
observed. It was found that with increasing annealing
temperature, the melting point moved to higher temperature.”°

Based on Thomson equation, the lamellae thickness was

2 | RSC Adyv., 2015, 00, 1-3

deduced to be increased by annealing and at the same time the
crystallinity was improved. Lee 7 attributed the increase of
lamellae thickness to the crystallization of some tie chains-
secondary crystallization. We want to know except for
secondary crystallization, are there any other crystalline
phenomena occurring and contributing to the increase of
crystalline thickness during annealing. In the 1960s, , Peterlin
1518 Statton '° and Sanchez 2%2! et al. have made detailed work
about the influence of annealing process on the crystalline
structure including long period increase'®, recrystallization®®
and crystal thickening ?° for PE single crystal or spherulites. In
recent years, some studies focus on the effect of structure
parameters including molecular weight, branching degree and
cross-linkingon the crystallization process?-?%. But till now,
there are few works to study the annealing process in oriented
PE crystalline structure.

SAXS setup equipped with a temperature-controlling unit
can be used to in-situ follow the crystalline structure change
during thermal treatment of polymers. 26-2° It can directly give
the information of long period and structure periodicity. In this
article, to clarify what have happened during annealing of
HDPE cast film with row-nucleated crystalline structure, in-situ
SAXS setup equipped with a temperature-controlling unit was
used to follow the annealing process at different temperatures.
The crystalline structure change during annealing was

investigated.

EXPERIMENTAL

Material

HDPE resin with a density of 0.955 g/cm® (under ASTM
D 792) and a melt flow rate value of 0.35 g/10min (under
ASTM D 1238 conditions of 190 <€ and 2.16 kg) from
Yanshan petrochemical company, China, was used. The
melting peak point (Tm) and the maximum crystallization
temperature (T¢) obtained from DSC(PerkinElmer DSC 7,

Massachusetts, United States) at a rate of 10 <C/min, were

This journal is © The Royal Society of Chemistry 2015
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130 <C and 114 <C, respectively. The weight-average molecular
weight and polydispersity index, measured using a GPC
(Viscotek model 350) at 135 <C and 1,2,4-trichlorobenzene
(TCB) as a solvent, were about 447 kg/mol and 8.66,

respectively.

Precursor cast film preparation

The precursor film was prepared by cast extrusion through a T-
slot die followed by stretching and thermal-setting. During
extrusion, the uniaxial (machine direction, MD) stretching was
applied to the HDPE melt, which resulted in the oriented
crystalline structures. The die temperature was set at 210 <C
and a draw ratio of 120 was applied. The draw ratio was
determined by the take-up speed, since the extrudate velocity at
the exit of the die was constant. The films were produced at a

chill roll temperature of 90 <C.

Small-angle X-ray scattering

The in-situ annealing process was carried out using
temperature-controlling unit appended in the SAXS setup.?
The SAXS measurements were made using an in-house setup
with a 30 W micro x-ray source (Incoatec, GmbH), providing
highly parallel beam (divergence about 1 mrad) of
monochromatic Cu Ka radiation (41=0.154 nm). The scattering
intensity was collected by a multiwire proportional chamber
detector (Bruker Hi-star) with a resolution of 10241024 pixels
(pixel size of 105 pum). The distance between sample and
detector was 2280 mm. The scattering signals were collected
every 10 s. The annealing temperatures were set at 105 <C,

115 <€ and 125 <C, respectively

Differential scanning calorimetry (DSC)

To characterize the annealing effect, the precursor films were
also annealed at 125 <C in a hot oven for 1800 s, 3600 s and
7200 s, respectively. A TA Instrument temperature modulated
DSC Q2000 (TA, USA) was used for TMDSC studies. The

measurements were performed with a heating rate of 2 <T/min

This journal is © The Royal Society of Chemistry 2012
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having a period of 60 s and amplitude of 0.5 <C. In order to
maximize the signals, a specimen weighting around 8 mg was
used. All the measurements were performed under dry nitrogen

atmosphere.

Results and discussion

In-situ SAXS results during annealing at temperature of 105 T

Figure 1 gives the two-dimensional SAXS pattern, one-
dimensional scattering intensity distribution along the machine
direction as well as corresponding correlation function during
annealing at 105 <C. The scattering intensity was integrated
along the equatorial direction using sector integration. Before
integration, the instrument background was subtracted
considering sample absorption. For comparison, the SAXS
pattern of precursor cast film is also included. For the cast film,
only equational scattering signal appears. The weak meridian
signal comes from the beam stop. This indicates that higher
oriented crystalline structure is formed during cast process.
After annealing, the SAXS pattern shape does not show much
difference. In the one-dimensional scattering intensity
distribution, no multiplication g2 to 1(q) is performed because of
the anisotropic orientation of the lamellae in the samples, where

g is the scattering vector
q=4xzsiné/2 [€))

/. is the X-ray wavelength and 26 is the scattering angle. 303!
The scattering peak moves to lower g value, indicating the
increase of long period, which is estimated from the position of

the intensity maximum according to Bragg’s law

L=2xz/q @

RSC Adv., 2015, 00, 1-3 | 3
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But the scattering curves at different annealing time are very
close. Compared with that of precursor film, the scattering

intensity only shows a little increase.

o
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Figure 1 Two-dimensional SAXS pattern (a), one-dimensional
scattering intensity distribution along the machine direction (b)
and correlation function (c) during annealing at 105<C. The
maximum peak position in (b) indicates the long period (L) of
the lamellar stacks. The long period (L) and the average
amorphous region thickness (La) can be obtained from the

correlation function as shown in the inset of figure 1(c).

The one-dimensional correlation function, K (r), is a powerful

tool in revealing the morphological parameters of the

crystalline-amorphous two-phase systems and is obtained from

4 | RSC Adv., 2015, 00, 1-3

indirect Fourier transformation of the scattering function. As
indicated by the arrows in Figure 1(c), the curve gives various
structural parameters, e.g. the crystalline long period (Lc) and
amorphous region thickness (La), according to the well-known
methodology proposed by Strobl et al.?2. It must be mentioned
that it is impossible to decide whether it is the amorphous or the
crystalline thickness that is read out from the correlation
function without prior knowledge of the crystallinity. In the
present study, the degree of crystallinity is higher than 0.5 (the
crystallinity of cast film is 58.5 % calculated from DSC testing)
ensuring the assignment of the smaller value obtained from the
correlation function to the average thickness of the amorphous
region. The crystalline thickness (Lc) can be obtained with the

relation

Le=L-L, ®

The long period obtained from the correlation function is
identical with that obtained from the intensity distribution data
I(q) using Bragg’s law directly. But in fact, in the semi-
crystalline polymer system, the diffuse transition layer exists
between the crystalline phase and the amorphous phase. So, in

the case of diffuse transition boundaries, L can be expressed as

L=L,+L +2xL, @)

where Lq is the diffuse transition (or interfacial) layer thickness
between the crystalline and the amorphous phase. There are two
general approaches to estimate L4 from SAXS data. One is
using the one-dimensional correlation function (1DCF) based
on a linear profile of electron density33-3¢ and the other is using
a modified Porod’s law. 3738 Compared with the Porod’s

method, the 1DCF result is affected by the intensity profiles,

This journal is © The Royal Society of Chemistry 2015
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extrapolation and the statistical stability of the intensities in the
high-q region. ¥ For the ideal two-phase model with sharp
boundaries at the crystal-amorphous interface, the Porod’s law
can be used to describe the asymptotic behavior of the

background-subtracted SAXS curves at the high-q region®®:

lima*i(a) =K, ®)

Here K is the Porod constant.

Figure 2 gives the plots of Porod’s law and the schematic of fit
line within high g region. With increasing annealing time, the
slope of the fit line within high g region gradually transforms to
positive deviation. In other words, the slope of the fitted line is
a positive number. This change is mainly due to the fluctuations

of electron densities and thermal motion.
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Figure 2 Plots of Porod’s Law (a), the schematic of fit line
within high g region (b) and the plot of Porod’s law after
subtracting the background intensity and the fit line in the high

g region (c)

In order to calculate the diffuse transition layer thickness, the

Porod’s law can be written as®¢:

This journal is © The Royal Society of Chemistry 2012
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im1a) =, 2P, ©
here o is the thickness of the sigmoidal-gradient electron
density transition layer of crystal-amorphous interface and s is
the background intensity resulting from thermal density
fluctuations. After deducting the background intensity, the plot
of Porod’s law appears negative deviation, as shown in Figure
2(c), where the slope of the fitted line is negative. Then, the
thickness can be approximately

diffuse transition layer

calculated as:

Ly=o= «/27[(—k)

™

where k is the slope of Ig* vs. g* at high-q region after
deducting the thermal density fluctuations. When calculating
the slope, the boundaries of the high-q region should be g>1/I,
here | is the minimal thickness of the Lc or the La. 4° So, the
real amorphous region thickness La’ can be calculated as:

L'=L -2xL ®)

Figure 3 gives the long period (L), crystalline thickness
(L¢), real amorphous thickness (La’) and diffuse transition layer
thickness (L4) as well as linear crystallinity during annealing at
105<C. Annealing induces the increase of long period. After
annealing for 7200 s, the long period is increased from 27.5 nm
without annealing to 30.0 nm, by about 9 %. For the precursor
film, the crystalline thickness is 16.1 nm, the real amorphous
thickness is 9.3 nm and the diffuse transition layer thickness is
1.05 nm. After annealing for 100 s, 1800 s, 3600 s and 7200 s,
the crystalline thicknesses are 16.9 nm, 17.5 nm, 17.6 nm and
17.6 nm, respectively. The real amorphous thicknesses are 10.8

nm, 10.5 nm, 10.0 nm, 10.2 nm, and the diffuse transition layer

RSC Adv., 2015, 00, 1-3 | 5
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thicknesses are 0.33 nm, 0.75 nm, 1.07 nm, 1.10 nm,
respectively. It can be seen that after annealing for 7200 s, the
crystalline thickness increase is higher than that of summation
of real amorphous and diffuse transition thicknesses. After
annealing, the increase of long period mainly comes from the
increase of crystalline thickness. This is different from the
results given by Carreau, where the long period and crystalline
thickness of monolayer PE membrane with shish-kebab
structure annealed at 120 <C for 30 min were approximate to
those without annealing. 4* This may be since the high oriented
crystalline shish parts limited the increase of long period during
annealing.In our work, no such shish structure can be observed.
In addition, the diffuse transition layer thickness is decreased
first and enlarged later. At the beginning, the initial transition
layer transforms to the ordered crystalline structure, resulting in
the decrease of Lq4. With annealing, some molecular chains in
the amorphous region are included in the transition layer, due to
the ordered arrangement movement, leading to the increase of
Lq4. But it is apparent that at annealing time of 100 s the initial
decrease of Lq is approximate to the increase of Lc, whereas at
annealing time of 1800 s, the decrease of Lq is not enough to
contribute to the increase of L.. Knowing the average

thicknesses of the amorphous and crystalline layers, the linear

crystallinity (X.(SAXS)) of the system was calculated *?,
X, (SAXS) = L, /Lx100% ©)

Upon annealing at 105<C, the linear crystallinity along the
machine direction remains almost constant, as shown in Figure

3(b).

6 | RSC Adv., 2015, 00, 1-3
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Figure 3 The long period, crystalline thickness, real amorphous
thickness and diffuse transition layer thickness (a) and linear

crystallinity (b) during annealing at 105 <C

In-situ SAXS results at annealing temperature of 115 <C

Figure 4 gives the one-dimensional scattering intensity
distribution along the machine direction and correlation
function during annealing at 115 <C. After annealing, the
scattering curve peak moves to lower g value and with
increasing annealing time, the scattering intensity increases.
After annealing for 7200 s, the intensity is increased from 7 of
precursor film to 11, indicating uniform lamellae arrangement.

Based on the correlation function in Figure 4, the long period,

the crystalline thickness, real amorphous region thickness and

This journal is © The Royal Society of Chemistry 2015
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diffuse transition layer thickness were also calculated and

shown in Figure 5.

N w

Intensity / a.u.
K@)

o

Figure 4 One-dimensional scattering intensity distribution
along the machine direction (a) and correlation function (b)

during annealing at 115 <C
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Figure 5 The long period, crystalline thickness, real amorphous
thickness, diffuse transition layer thickness (a) and linear

crystallinity (b) during annealing at 115 <C

It can be seen that the long period is increased from 27.5
nm to 30.5 nm for film annealed for 7200 s. After annealing for
100 s, 1800 s, 3600 s and 7200 s, the real amorphous
thicknesses are 9.98 nm, 9.88 nm, 9.34 nm, 9.68 nm, and the
diffuse transition layer thicknesses are 0.66 nm, 1.11 nm, 1.53
nm, 1.46 nm, respectively; whereas the corresponding
crystalline thicknesses are 16.6 nm, 17.6 nm, 17.9 nm and 17.9
nm, respectively. The diffuse layer thicknesses at different
annealing time are larger than those at 105 <C. Similar to that at
105 <C, the increase of long period is mainly from the
contribution of crystalline thickness increase. Although the
annealing temperature is approximate to the maximum
crystalline temperature, the long period is increased by only
10.9 % after 2 hours annealing, whereas the long period of PE
spherulites after annealing for 30 min at 115 <C was increased
by 20 %.%° This huge difference is mainly since the oriented
molecule needs more energy to active and rearrange during

annealing. At the same time, the linear crystallinity also does

not change much.

In-situ SAXS results at annealing temperature of 125 <C

Figure 6 gives one-dimensional scattering intensity
distribution along the machine direction and correlation
function during annealing at 125 <C. After annealing, the
scattering curve peak moves to lower g value, at the same time,
the intensity is increased to more than 12. The correlation
function curves move to right with increasing annealing time,

indicating the increase of long period.

RSC Adv., 2015, 00, 1-3 | 7
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Figure 6 One-dimensional scattering intensity distribution
along the machine direction (a) and correlation function (b)

during annealing at 125 <C

Figure 7 gives the long period, crystalline thickness, real
amorphous thickness, diffuse transition layer thickness and
linear crystallinity during annealing at 125 <C. Compared with
that without annealing, the long period is increased from 27.5
nm to 35.1 nm after annealing for 7200 s. At this annealing
temperature, the long period is increased by 27 %. This is
similar to the result given by Fischer et al. 43, where the long
period of PE fibre annealing at 125 <C for 2 hour was increased
by 32 %. The real amorphous thickness and crystalline
thickness are increased from 9.3 nm and 16.1 nm without
annealing to 10.4 nm and 21.0 nm, respectively. It is worth
noting that the diffuse transition layer thickness is increased
from 1.05 nm to 1.84 nm after annealing for 7200 s. Compared
with those annealed at 105 <C and 115 <C, the increase of
crystalline thickness is pronounced. Although the amorphous
thickness is also increased, the long period change is still
mainly from the crystalline thickness. The transition layer
thickness is slightly decreased at initial annealing stage and
then gradually increased. The transformation of transition layer
to crystalline phase induces the decrease of transition layer
thickness. Meanwhile, at this temperature, the molecule chains

within amorphous region show highly ordered rearrangement

8 | RSC Adv., 2015, 00, 1-3

movement ability. The rearrangement speed is higher than the
transformation speed of transition layer to crystalline phase,
leading to the gradual increase of diffuse transition layer
thickness. But the linear crystallinity still keeps constant during

annealing.
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Figure 7 The long period, crystalline thickness, real amorphous
thickness, diffuse transition layer thickness (a) and linear

crystallinity (b) during annealing at 125 <C

Comparison of annealing effect at different temperatures

To compare the annealing effect at different temperatures,
the long period and crystalline thickness are put together in
Figure 8. Compared with that annealed at 105 <C, at annealing

temperature of 115 <C, the long period is increased a little, but

This journal is © The Royal Society of Chemistry 2015
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it is apparent that annealing at 125 <C induces pronounced long
period improvement. Similarly, with increasing annealing
temperature, the crystalline thickness is increased, especially at
125 <. The maximum crystalline temperature and melting
peak point of HDPE materials are 114 <€ and 130 <,
respectively. Here, the results show that annealing around
maximum crystalline temperature does not induce apparent
effect. In addition, it is observed that after annealing for 1800 s,
the crystalline thickness change appears to be wave-like-

increase, decrease and then increase again.
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Figure 8 Comparison of long period (a) and crystalline
thickness (b) at annealing temperatures of 105 <C, 115 <C and

125 C
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During annealing, the crystal thickness increase is known as
crystal thickening. This thickening process can be regarded as a
process of crystal free energy moving to lower state. “® For thin
polymer crystals, a thermodynamic force capable of driving the
thickening phenomenon arises from the unequal free energies
of the fold and lateral surfaces. This process is an irreversible
thermodynamic process that can be described by the nonlinear
differential equation?:
oy _2(1-y¥?

dt 2 y

(10

where y=d:/dro, dro is the final crystal thickness at the end of
annealing, = = kdr? and k is a proportionality constant. The
above equation describes the crystal thickness change from the
value at the beginning of annealing to dro. The temperature
dependence of the thickening rate should enter the theory
through k, or equivalently z. When =z is assumed to be
independent of dr, the above equation can be integrated
analytically, and the crystal thickness dr exhibits a sigmoidal
shape as a function of log(ta/z;). %1621 At the intermediate
values of log (ta/z), the crystal thickness increases
approximately linearly with a higher rate at higher temperatures.
Therefore, in the intermediate range of annealing time ta, the
longitudinal

parameter change during annealing can be

described by the relationship:

d, ~d,(z)+Blog(, /7,

(11

here, B could be approximately regarded as the crystalline

region thickening rate.

The long period, crystalline phase thickness, amorphous

region thickness and diffuse transition layer thickness as a

RSC Adv., 2015, 00, 1-3 | 9
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function of log (t) during annealing are shown in Figure 9 at
three temperatures. The long period is linearly dependent on
the logarithm of annealing time. It starts with a horizontal
section, sometimes improperly called induction period, at 105
and 115 <€, whereas increases direct linearly at 125 <. The
slope of the long period fit lines using equation 11 at
annealing temperatures of 105, 115 and 125 <€ are 1.35, 1.61
and 2.03, respectively. The crystalline phase thickness begins
to increase linearly after annealing for 600 s at 105 <C, 100 s
at 115 <€ and direct linearly increases at 125 <. The slope of
the corresponding fit lines at annealing temperatures of
105 <€, 115 <C, and 125 <C are 0.84, 0.96 and 1.26,
respectively. This induction period also exists in the
amorphous phase. The linear thickening process begins after
100 s at 105 € and 115 <€. The slope of the fit lines at
annealing temperatures of 105 <C, 115 <C, and 125 <C are
0.42, 0.61 and 0.78, respectively. The amorphous region
thickening occurs earlier than crystalline phase at annealing
temperature of 105 <C. This may be since the thermal
expansion in the amorphous region at this temperature is
easier than that of crystalline region. With increasing
annealing temperature to 115 <C, the crystallization ability
becomes strong, resulting in the fast thickening rate of
crystalline region and keeping pace with the increase of
amorphous region. For the diffuse transition layer, its increase
is later than that of long period. The slope of the fit line for
diffusion transition layer versus time curves at annealing
temperatures of 105 <C, 115 <C, and 125 <C are 0.51, 0.87 and
0.99, respectively. The transition layer linear increase is
slower than that of amorphous and crystalline region, since at
initial annealing stage the diffuse transition layer is converted
to crystalline layer, resulting in its thickness decrease. These
results show strong temperature dependence of the thickening
rate within our experimental temperature region. When the
annealing temperature is lower than the maximum crystalline

temperature, the crystalline and amorphous thickening rate are

slow and plenty of time is needed to make the molecules

10 | RSC Adv., 2015, 00, 1-3

active. Similar phenomenon have been observed during

annealing of PE single crystal or the sphaerocrystal.2%:21.44
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Figure 9 Change of long period L (a), crystalline phase
thickness Lc (b), amorphous phase thickness La calculated
from the SAXS data (c) and diffuse transition layer thickness
Ld (d) upon annealing time. The straight lines are least-square

fit of the data using eq. 11.

To explain the crystal thickness fluctuation at later
annealing time in Figure 8, the TMDSC testing was carried
out. Figure 10 gives the TMDSC curves of films unannealed
and annealed at 125 <C for 1800 s, 3600 s and 7200 s,
respectively. In the measurement, the obtained total heat flow,
approximately equivalent to that from a conventional DSC,
can be divided into a (capacity-related) reversible heat flow
and a (kinetic) nonreversible heat flow. “¢ Usually,
crystallization and enthalpy relaxation appear only in the
nonreversible signals, whereas melting occurs in both
reversible and nonreversible signals. For a simultaneous
melting and recrystallization process, an endothermic peak in
the reversing heat flow and an exothermic peak in the
nonreversing heat flow are expected. 64" For precursor cast
film and annealed for 1800 s, only melting curves are seen for

the whole melting curve, reversible and non-reversible parts.

This journal is © The Royal Society of Chemistry 2015
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But after annealing for 3600 s and 7200 s, a weak exothermic
peak appears in the non-reversible part. The existence of
exotherm peak in the nonreversing heat flow curve indicates
the occurrence of melting and recrystallization behavior
during annealing at later time. This behavior explains the
crystalline thickness oscillation and the small increase of
crystalline thickness after annealing from 1800 s to 7200 s in
Figure 8. But during the initial annealing time, this
phenomenon is very weak. At annealing temperatures of 105,
115 and 125 <C, the crystalline thicknesses after annealing for
1800s are increased by 1.4nm, 1.5nm and 4.4nm, respectively,
compared with that without annealing. Then, we want to

know what induces this increase?

At annealing temperature of 105 <C, the diffuse

transition layer thickness after annealing for 100 s is
decreased and transformed into crystalline region, leading to
the increase of crystalline thickness. But after annealing for
1800s, the decrease of diffuse transition layer is not enough to
induce the increase of crystalline thickness. Therefore, there
must be some other phenomena. Barham* et al. confirmed
that the PE crystalline volume expansion was only about 4%.
Based on this, the increase of crystalline thickness induced by

thermal expansion is about 0.65 nm, smaller than the above

crystalline thickness increase induced by annealing.

For polypropylene film with row-nucleated crystalline
structure, it has been accepted that secondary crystals from
some tie chains in the amorphous region were formed during
annealing. 3 In the work about preparation of HDPE
microporous membrane, Lee’ proposed that under high
annealing temperature, involving the segments of loose tie
chains into the crystallites was probably induced. In addition, it
has been found that after annealing, the yield strength in the
stress-strain curve was lowered. ° Based on the relationship
between the mechanical properties and the fraction of tie chains
proposed by Nitta*®, the decrease of yield point mean that some

tie chains disappearred during annealing. Where do these tie

This journal is © The Royal Society of Chemistry 2012
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chains go? They crystallize. Hence, the initial increase of
crystalline thickness is mainly from the crystallization of tie
chains in the amorphous region. Compared with that without
annealing, the crystalline thickness after annealing at 125 <C for
7200 s is increased by 4.9 nm, a little higher than that after
annealing for 1800 s. This indicates that during annealing, the
contribution of crystallization of tie chains to the increase of
crystalline thickness is higher than that from melting and

recrystallization behavior.

(0 hour) e (0.5 hour)

‘opug
“opug

125 130 138 W0 is S0 110 < 120 140 135 150

Temperature / "C

(2 hou rs) exo

nonreversing a

v reversing V reversing
ﬁﬁ ﬁﬁ

W } :

2 4 ;

s g :
' !

1so 110 1IS 120 125 130 135 140 145 150

Temperature / 'C

Temperature /'C

(1 hour) exo

nonreversing

110 115 \}H |;‘; |:FI ]:5 ]-'5\1 \-‘l‘;
Temperature / "C

Figure 10 Temperature-modulated differential scanning
calorimetry scan of film annealed at 125 <C for O h, 0.5 h, 1 h
and 2 h, respectively, average heating rate of 2 <C/min, 60 s

period, amplitude +0.5 C

The above results show that during annealing the linear
crystallinity keeps constant. The increase of long period is
determined by the crystalline phase thickening, so the linear
crystallinity calculated by the SAXS data is kept equalized.
Contrary to this, the calculated crystallinity by DSC testing for
film annealed at 125 <C for 7200 s is about 65.0 %, 6.5 %
larger than that without annealing. Similar results have been
reported in Lee’s work’. In fact, the diffuse transition layer
shows higher order than the real amorphous region. The diffuse

transition layer thickness is about 10% of the long period after

RSC Adv., 2015, 00, 1-3 | 11
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annealing at 125<C. During the DSC testing, the molecules in
diffuse layer also absorb thermal energy. This may be the main
reason for the crystallinity difference calculated by SAXS and
DSC data.

In-situ SAXS results on azimuthal scans at different annealing

temperatures

The azimuthal scans of SAXS patterns (a) and full width at
half maximum (FWHM) change (b) during annealing are
shown in Figure 11. The azimuthal scans were obtained by
integrating in the azimuthal angular range from -45° to 45° as a
function of the azimuthal g. The width of SAXS patterns is
contributed by the orientation of crystalline lamellae and the
lateral size of the lamellae.>® The narrow FWHM corresponds
to high oriented crystalline structure®! or long lateral lamellae
dimension®. During annealing, the lamellae extension along
the lateral direction is limited. The improved orientation during
annealing is the main reason for the width change. Villar® et al
reported that the FHWM turned small due to higher orientation.
Page et al. 5 mentioned that the FHWM of the azimuthal peak
turned wide with the temperature increasing and they attributed
it to the relaxation and disorientation process. From Figure
11(a), we notice that with increasing annealing time, the
intensity increases obviously, indicating the formation of better
order lamellae structure during annealing. The SAXS patterns
still keep the single peak shape, meaning that a shearing or
tilting of the oriented lamellae®%* does not appear after
annealing. The FWHM change during annealing at different
temperatures is shown in Figure 11(b). The FWHM is reduced
first and then oscillating changes appear. The decrease of
FWHM corresponds to the increase of crystalline orientation
degree and the oscillation change is due to the melt-
recrystallization process. At 105 °C, the FWHM is reduced
from 0.139 nm™ to 0.130 nm* after annealing for 3000s, and
then keeps constant around 0.132, whereas the long period
shows wave-like-increase after annealing for 1800 s. But when

the annealing temperature is equal or higher than the maximum

12 | RSC Adv., 2015, 00, 1-3

crystalline temperature, the FWHM oscillating change appears
after 1200 s, shorter than the long period oscillating change
time of 1800 s. After annealing, the FHWM is reduced from
0.139 nm to 0.120 nm* at 115 °C and to 0.126 nm at 125 °C.
Contrary to the lamellae dimension change shown in Figure 8,
the annealing temperature near the maximum crystalline
temperature results in the apparent increase of crystalline
orientation. This difference indicates that the lamellae
thickening and orientation degree improving are two separate
processes. The higher annealing temperature is beneficial for
the lamellae thickening, whereas the annealing temperature

around maximum crystalline temperature is useful for the

orientation improving.
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Figure 11. The azimuthal scans of SAXS patterns (a) and full
width at half maximum (FWHM) change (b) during annealing
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Relationship between the crystal thickening and annealing

temperature

The above results show that lamellae thickening rate
exhibits strong dependence on annealing temperature. From
Figure 1, we notice that the 2-lobe patterns have some teardrop
structure going into the beamstop and the shape of SAXS
patterns shows no change during annealing. This teardrop shape
patterns correspond to a stack of parallel lamellae where there
is a distribution of crystal lamellae and amorphous
thicknesses.>*% Although the annealing process increases the
crystalline and amorphous layer thickness, the polydispersity in
the dimension distribution still exists. Figure 12 gives the
structure change during annealing at different temperatures.
The thickening process can be divided into two regions. Before
1800 s, the long period is apparently improved and determined
by the crystalline phase thickening. Some diffuse transition
layer converts to new crystals, and some molecular chains in
the amorphous region go into the diffuse transition layer or
form some new weak crystals. The obvious increase is observed
at 125 °C, higher than the maximum crystalline temperature.
With increasing annealing time, the thickening rate turns slow
and the wave-like-increase appears. The existence of melting
and recrystallization, proved by TMDSC in Figure 10, after

annealing at 125 °C for 3600 and 7200 s, confirms this wave

change.
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Figure 12 The schematic of lamellae thickening at 105, 115 and
125°C

Conclusions

The annealing process of HDPE film with row-nucleated
crystalline structure at different temperatures was in-situ
followed using SAXS setup equipped with a temperature-
controlling unit. The crystalline phase, amorphous region and
diffuse transition layer thicknesses are all increased and show
linearly dependent on the logarithm of annealing time.
Compared with those at 105 <€ and 115 <C, annealing at
125 <C results in apparent increase of crystalline thickness and
higher crystalline region thickening rate, but the linear
crystallinity does not change much during annealing. The initial
crystalline thickness increase is mainly due to the
crystallization of molecular rearrangement in diffuse transition
layer and amorphous region. At later annealing time, the
crystalline thickness versus time curve shows wave-like shape
due to the melt and recrystallization process. In addition, the
annealing is beneficial for the improvement of crystalline
orientation degree. Contrary to the increase of lamellae
thickness, the annealing temperature around the maximum
crystalline temperature results in apparent increase of the
orientation.
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