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Abstract : Orientation of crystalline lattice in HDPE film is greatly influenced by contac-
ting materials with polymer melt. The HDPE films prepared by contacting the melt with
PTFE show weaker absorbance ratio Raraem-v/amea-than those films prepared by contacting
stainless steel. The weaker absorbance is attributed not by a degree of crystallinity in the
film but by the fact that in-phase methylene rocking vibration of the film made by contac-
ting PTFE is parallel to the film surface. Absorbance at 1720cm™ as well as 1640cm!
increase linearly with time of corona treatment and the increase rate at 1640cm™ is as high
as that at 1720cm™1. The absorbance ratio Raymea-iarmoagradually decreases with time of
corona treatmeat if the sample used is fast-cooled film on PTFE while slow—cooled film on
PTFE or film on steel shows little change in the absorbance ratio. The result suggests that
cry;tallinity in the surface of fast-cooled film on PTFE increases by corona treatment for a
short time. ’
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Introduction

Low density polyethylene (LDPE) oxidizes
easily and becomes chemically active because
of abundance of tertiary hydrogen or double
bond which is prone to oxidation. Surface
oxidation of LDPE increases the surface energy
and lowers the contact angle. The result brings
good adhesion as well as printability'™,

Surface energy of polyethylene (PE) is in-
creased by chemical, flame, ozone or corona
treatment, but the corona treatment is so sim-
ple and efficient that the method is used most
widely. When LDPE is oxidized for an incre-
ase of surface energy, the treatment accompa-
nies degradation to lose some of mechanical
strength. Corona treatment of PE in nitrogen,
however, enhances surface energy markedly
without oxidation or degradation®.

Since oxidation rate of LDPE by corona
treatment is controlled by square root of treat-
ment time, the reactionis regarded as diffusion—
controlled’. LDPE has about 60% of crystallinity
and diffusion of a gas through a amorphous
region is not prohibited’.

This study tries to show that orientation of
methylene group in the crystal on the surface
region depends markedly on crystallization
condition, and oxidation mechanism on the
surface of high density polyethylene (HDPE)
by corona treatment in air differs greatly from
that of LDPE by the same method.

Crystallization Mechanism of PE on the
Surface

When HDPE is cooled from melt, nuclei
are formed and spherulites grow until they
While spherulites

amorphous material is pushed

contact with each other.
are growing,

away from the spherulites and stays between
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spherulites when crystallization process is
overs. Average size of spherulites depends on
number of nuclei in a given volume of polymer
melt,

Since nuclei can be part of polymer mole-
cules or any other materials which contact with
polymer molecules, number of nuclei on the
surface of a contacting material with the poly-
mer depends on surface energy of the material.

When polymer melt contacts with a material
with high surface energy, a great deal of nuclei
are formed on the contacting surface and sphe-
rulites grow to meet each other on the surface
and no further development at the contact is
expected. The spherulites, however, grow deep
into melt where crystallization process is slow.
The surface crystalline region is called trans-
crytalline!® and the thickness reaches 25-50x!L.

If the polymer melt is quenched, it is expec-
ted that crystallinity is poor specially on the
contacting surface whether the surface energy
of contacting material is high or low®.

Oxidation of PE

Corona discharge in oxygen produces active
particles such as oxygen atoms, excited oxygen
molecules, ozone, ions, electrons, etc!®13, The
active particles react with PE molecules and
oxidize them. Mechanism of oxidation of
organic chemicals has been proposed by Bolland
and Gee!, and that is successfully applied to

polymers!®,

Initiation :RH— B R.4H. Q)

Propagation : R- +Oz—£—’R02' 2
RO, +RH—5_,ROOH+R- (3)
ROOH——*_,R0-+HO-  (4)
RO-+RH— ROH+R-  (5)
HO- +RH—%H,04+R- (6)
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Termination : 2R- —|ROH, RC=0,
ROO- +H-——*¢_,)RCOOH, R-R’ (7)
R. +ROO._ | RCH=CHR’

Initiation rate, #;, is low at room temperature
in a dark place but the rate is enhanced by
heat, ultraviolet light, electrical discharge or
mechanical shear force'®.

Propagation reaction of autooxidation of
hydrocarbons is controlled by radical combination
as well as hydrogen abstraction. Since hydrogen
abstraction rate, ks, is much lower than peroxy
radical formation rate, k3, overall propagation
rate depends on the former'’. Oxidation rate
of polymer molecules is proportional to % in
equation (4)%8,

Decomposition of each hydroperoxide radical
after oxidation induction period produces two

free radicals and accelerates oxidation.

Hydrogen Abstraction Mechanism of HDPE

Oxidation of HDPE in a corona discharge
has a different mechanism from that of LDPE
because there is much less tertiary hydrogen
or double bond which is the main site for
oxidation in LDPE. The main chain is broken
or a hydrogen is abstracted from the molecule
by active particles in the corona discharge to
produce free radicals which immediately react
with oxygen molecules.

Since the polymer has high ecrystallinity,
the active particles hardly move into the bulk
polymer and the reaction occurs mostly on the
polymer surface. HDPE is highly crystalline
material of which molecules have chain folding
structure. The probable site for free radical
production is the segment of chain folding or
a loose chain.

Once hydr;)peroxide is formed on the polymer
surface, the reaction follows propagation and
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termination mechanism proposed on oxidation
of organic chemicals. At the same time free
radical transfer causes C=C formation by
abstracting hydrogen intramolecularly or inter-

molecularly?®,

Reaction Rate

Rate of double bond formation or of oxidation
reaction is obtained from rate of increase on
infrared absorption at 1720cm~! and 1640cm™,
respectively, for carbonyl group and double
bond by infrared spectroscopy.

-According to Lambert-Beer’s law,

A=log(L/I)=edc ®
where A is absorbance or optical density, I,
incident intensity, I, light intensity after
passing the sample, ¢, concentration of chemical
group, &, extinction coefficient, and d, sample
thickness.

If sample thickness and extinction coefficient
are assumed to be constant, absorbance is a
function of the concentration, which is a fun-
ction of treatment time. The absorbance is ex-
pressed as

A=log (I/I)x<k't ()]
where %' is reaction rate.

The absorbance is measured with a multiple
internal reflection (MIR) device. The beam
penetration, P, is expressed as

p=— 4 ___ (10

27 (sin?0 — n?y;) *
where A is wave length of incident light, 6,
incident beam angle, and s, ratio of refrective

index of PE to refrective index of the crystal
used?,

Experimental

Sample

HDPE used is Hizex 2-200] from Mitsui Co.
0. 970g/ml,
molecular weight, 40, 000 and melt index, 5.5,

and has density, weight average
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respectively.

Preparation of Film

HDPE film with thickness of 0.05mm was
formed by using a hot press of which mold
was made of stainless steel with (called film on
steel) or without(called film on PTFE) Teflon-
sheet covering. The polymer was preheated at
160+1°C for five minutes and then pressed
under stress of 32kg/em? for 10 minutes. After
the polymer was pressed under the hot press,
the mold was cooled either by dipping into a
cold water bath (11°C) (called fast-cooled) or
moving into a drv oven with temperatue of
13042°C and keeping there for 15 minutes

(called slow-cooled).

Treatment of HDPE in a Corona Discharge

The power generator is originally built to use
for a neon sign and can generate 15,000 volts
if it is connected to a 100 volt power source.
The stainless steel electrodes are covered by
2mm glass plates and four spacers with thickness
of 5mm were inserted between the electrodes.
Sample of 18x50%0.05 (mm) was put on the
bottom electrode and treated at temperature of
11-14°C.

Infrared Spectrosocopy and MIR Accessary
Infrared spectrometer used is Perkin Elmer
521 with a constant voltage regulator which
fixes the input voltage at 115v. The MIR
attachment is a model No. 186-0382 from
Perkin Elmer and a KRS-5 plate (20X50X2

mm) is used as the reflection crystal.

Results and Discussion

Crystallinity

Figure 1 shows transmission and MIR IR
spectra around 730-720cm™! from the sample
made by the slow cooling method with stainless

steel. The band at 730cm™! is assigned as in-phase
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methylene rocking of PE repeat unit which is
paralled to a-axis of the crystal lattice and the
band at 720cm~! shows up when out-of-phase
methylene rocking is parallel to b-axis in the
lattice®’, as shown in Figure 222. The band at
720cm™! is also assigned as bending vibration of
methylene in an amorphous region because the
band at 720cm™' is the only one remaining
when crystallinity in PE disappears by heat-

ing®,
Transmission MIR
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Figure 1. Infrared absorption of slow-cooled film
nucleated against PTFE in the region 720
cm™l, —730cm™L

Figure 2. Methylene rooking modes of PE at 730cm™*
and 720cm™L

The absorbance
transmission and MIR IR spectra of films made

ratio  Razagem~'/a730emt  for

by different ways are listed in Table L
The film made from polymer melt contacting
with stainless steel (high surface energy) shows
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Table I . Rasn.tars0nt by Transmission and MIR IR Spectroscopy

Contacting material with melt PTFE 1 Steel

Cooling method fast-cooled slow-cooled l fast~cooled slow-cooled
Transmission 0.901+0. 020 0. 852+0. 023 0.941+0.018 0.936+0. 018
MIR 1.23240.036 1.120+0. 024 1. 048+0. 030 1.032+0. 026

lower value of Raz0em=1/a730cm-! than the film
by contacting with PTFE (lower surface ene-
rgy) in MIR IR, but the ratio becomes opposite
in transmission IR. Spherulites formed by using
PTFE must have disc shape and show anisotro-
pic behavior with respect to IR*. Transcrys-
talline structure develops when the polymer
melt crystallizes on a surface with high surface
energy®. Spherulites in the transcrystalline
structure appear long bars with small diameter
and contain random orientation of methylene
group?. The orientation of methylene group
in the film on PTFE favors in-phase methylene
rocking in transmission IR to result lower ratio
does not
mean that the crystallinity is higher than that

Rarzoem=/ a7300m-1, which, however,

of the film on steel.

Figure 1a has a stronger peak at 730 cm™! than
at 720cm™! due to presence of more crystalline
a-axis parallel to the surface of the film than
b-axis. Figure 1b shows the weaker peak at
730cm™! than the one at 720cm™!. The stronger
peak at 720cm~! means that methylene segments
are in amorphous region as well as in crystal-
line state with dipole moment parallel to the
b-axis. The film on steel also shows stronger
absorption in transmission IR and weaker in

MIR IR at 720cm~! than at 730em~! (Table I).

Small difference in the ratios of the fast—
cooled and the slow-cooled films on steel is
expected because of the same effect on IR
absorption by random orientation of methylene
groups in transcrystalline region and small
spherulites. Since the incident beam in MIR
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IR penetrates the film surface by only 2y ac-
cording to equation (10), aggregation of sphe-
rulites on the surface of film on steel would
show the same effect as a transerystalline region
in IR absorption.

The ratio of fast-cooled film on PTFE is
higher than that of slow-cooled film on PTFE
but difference between the ratios of transmission
and MIR IR of the fast-cooled film on PTFE
is larger than that of the slow-cooled film on
PTFE. The probable reason is more presence
of amorphous methylene groups in the fast-
cooled than the slow-cooled, especially on the

film surface.

Corona Treatment

Figure 3 shows a part of transmission IR
spectrum (dotted line) of 5-minute treatment
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l — MIR
2000 1700 1400

wave number (cm™)
Figure 3. Transmission and MIR IR spectra of fast-
cooled film on PTFE, dotted line; trans-
mission IR, solid line; MIR IR.
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and MIR IR spectrum (solid line) of I-minute
treatment in the corona discharge. The 5-minute
treatment shows little change in the IR spectrum
but the I-minute treatment reveals a large
change. It explains that the reaction occurs
exclusively on the surface.

The bands at 1720em™! and 1640cm™! are
assigned as C=0 and C=C,

The base line method® has been applied to

respectively®.

measure the intensities for C=C and C=0
quantitatively. The absorbance vs corona treat-
ment time are shown in Figures 4-7. Figure
4 shows that absorbance at 1720cm~! for C=0
produced on the surface of PTFE film increases

linearly with time of corona treatment.
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Figure 4. Rate of increase of C=0 absorbance by
MIR IR at 1720 cm™! with corona treatment
of film on PTFE. Circle;
angle; slow-cooled.

fast-cooled, tri-

The fast-cooled film shows much higher
oxidation ratio. It is feasible to assume that
crystallization is incomplete when polymer
melt contacting PTFE is quenched, and oxida-
tion occurs easily on the molecular chains which
are in armorphous state.

Formation of C=C group, as shown in Figure
5, increases with time of corona treatment and
the increase rate is larger in the fast-cooled
film than in the slow-cooled. Slow-cooled film

shows positive initial absorbance of C=O or
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Figure 5. Rate of increase of C=C absorbance by

MIR IR at 1640cm™! with corona tratment of
film on PTFE. Circle;fast-cooled, triangle;

slow-cooled.

C=C, which tells that oxidation already occurs
while the specimen is prepared.

Figures 6 and 7 show a linear increase of
the absorbance with time of corona treatment.
The reaction rate is almost the same each cther
and the probable explanation is that there is
little difference on the surface crystallinity of
films of the fast-cooled and slow-cooled if the
contacting material is stainless steel.

The present results show that the intensity
at 1640cm™! is as strong as that at 1720cm™L
It is interesting to note that LDPE has C=C

group as well as tertiary hydrogens on the

! 1 1
50 100 150
Time isec}

1 L
200 250 300

<

Figure 6. Rate of increase of C=O absorbance by
MIR IR 1720cm™! with corona treatment of
film on steel. Circle;fast—cooled, triangle;

slow-cooled.
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Figure 7. Rate of increase of C=C absorbance by
MIR IR at 1640cm™! with corona treatment
of film on steel. Circle; fast-cooled, triangle;
slow-cooled.

chain and the intensity by C=C group changes
little when the polymer is oxidized?®. HDPE,
in this study, seems to have oxidation reaction
mainly at methylene on loose chains or at chain
folding segments to produce C=C group as
much as C=0 group.

Absorbance ratio of Razagen™!/a730em™! aTe plotted
against corona treatment time as shown in
Figures 8 and 9. The fast-cooled film on PTFE
shows a fast decrease in the absorbance (Figure
8) while the slow-cooled film on PTFE does
little change. Since there is a considerable
amount of amorphous region in the fast-cooled

film on PTFE, oxidation occurs exclusively on
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Figare 8. Change in MIR IR absorbance ratio Rampa-v
sxent Of fast-cooled film on PTFE with
time of corona treatment.
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Figure 9. Change in MIR IR absorbance rati® Raroe1;
ameawith time of corona treatment. Circle;
slow-cooled film on PTFE,
cooled film on steel, rectangle; slow-cooled

triangle; fast-

film on steel.

unaligned molecules to give an effect of increase
in crystallinity. The slow-cooled film on PTFE
shows very little change as does the slow-cooled
film on steel (Figure 9). Oxidation might de-
velop in the crystalline region to attack in-
phase and out-of-phase methylene with even
probability. The fast-cooled film on steel shows
some increase in the absorbance ratio with time
of corona treatment as shown in Figure 9. It
may be assumed that the size of spherulites in
this film is much smaller than those in the
slow-cooled. Part of the crystallinity might be
destroyed in corona treatment while loose mo-
lecules, too, are attacked. Change in the absor-
bance ratio in transmission with time of corona
treatment is not detected.

Conclusion

In-phase methylene rocking vibration is pre-
dominant IR absorption mechanism in transmi-
ssion IR spectroscopy of thin HDPE film made
by contacting PTFE or steel. The result sug-
gests that more methylene groups in the film
on PTFE are alligned parallel to a-axis of the
crystal lattice in transmission IR than those

on steel are.

The fast-cooled film on PTFE shows higher
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ratio  Razzoem=t/A730em=! in MIR IR than the
slow-cooled, which probably tells poor crystal-
linity on the film surface. There is little diffe-
rence in the ratios between the fast-cooled and
the slow-cooled films on steel in MIR IR.

The absorbance at 1720cm™ and 1640cm™!
increase linearly with time of corona treatment
in this experiment while oxidation rate of most
polyolefinic materials is controlled by diffusion
mechanism. It seems apparent that HDPE has
high crystallinity and diffusion of reactive
material into the crystalline region is almost
prohibited. It is interesting to note that C=C
formation rate on a HDPE film is as fast as C
=0 formation in corona treatment. Oxidation
and C=C formation on HDPE surface by
corona treatment develops much faster in the
fast-cooled film on PTFE than in any other
films experimented, and that could be a result
of poorer crystallinity on the surface.

The absorbance ratio Ra7sgem-*/a730em-* decre-
ases with time of corona treatment of fast-cooled
PTFE film for a short time. Changes of the
absorbance ratios and the oxidation rates would
be related to degrees of ecrystallinity on the
polymer surface. Crystallinity on the surface
should be further examined by other means to
clarify correlation of the oxidation rate with

surface crystallinity in the future.
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