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The influence of highly compressed gases on the melting of polyethylene was investigated for nitrogen,
helium and ethylene. The impact of the particle size of the polymer and the heating rate on the melting
point were also analysed. The melting points were determined with a high pressure differential ther-
mal analysis (HPDTA) apparatus. These measurements were compared with independent measurements,
done by high pressure differential scanning calorimetry (HPDSC), without gas.

From this experimental data it was possible to calculate the concentration of the gas in the molten poly-
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mer phase based on equilibrium thermodynamics. For high density polyethylene (HDPE), a concentration
of nitrogen at the polymer melting point of 10.4-35.7 mL(SATP) g(polymer)~!, in the pressure interval of
65-315 MPa, was calculated.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Differential thermal analysis (DTA) is used in our group to inves-
tigate the melting of polymers. This technique, invented by Sir
Roberts-Austen in 1899 [1], is still one of the most suitable tech-
niques to study thermal phenomena because of the simple design
of the measurement cells and the low costs. This is of great advan-
tage when high pressure processes are to be investigated by way of
high pressure differential thermal analysis (HPDTA), as we do, for
exploring matter surrounded by highly compressed gases.

In various industrial high pressure processes and applications,
the knowledge of the melting behavior of polymers with different
thermal history and under the influence of different gas atmo-
spheres are of great importance. This is especially true in the
case of polymer shaping processes, like injection moulding, film
calandration and fabrication of blow films as well, as for polymer
particle generation techniques like MIPADIS [2], for safety engi-
neering applications, like the evaluation of the thermal stability
of polymer gas tanks and for the prediction of high molecular lay-
ers, that can occur on the walls of reactors during the high pressure
polymerization of ethylene.

The influence of pressure on the melting of pure components has
already been questioned for a long time [3-4]. In case of polymers
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anincrease of pressure leads to an increase of the melting point. This
was reported in the literature for high density polyethylene (HDPE)
[5-16], ultra high molecular weight polyethylene (UHMWPE)[17],
low density polyethylene (LDPE) [10,12] and polypropylene (PP)
[18-20]. If the pressure medium is in contact with the sample,
then not only the gas pressure but also the type of gas can have an
influence on the solid-liquid phase equilibrium, as it was shown for
naphtalene and benzene under pressures of nitrogen [21], methane
[22], carbon dioxide [23], ethylene [24], xenon [25] and helium
[26].

In a preceding work the pressure dependence of the melting
point of various polymers, including homo- and copolymers, was
investigated under nitrogen atmosphere, by HPDTA. It could be
shown, that the melting point always increases with pressure up to
330 MPa. The pressure dependence was found to be in the range of
11-17 K/(100 MPa) [27]. We found that the melting points measured
with the HPDTA, under nitrogen atmosphere, were significantly
lower than those given in the literature, where the pressure trans-
mitting medium was not in direct contact with the sample. For this
reason the polymer was placed in a metal capsule, to ensure that
the polymer phase was not contaminated during the experiment.
This led us to the ascertainment, that the influence of nitrogen on
the melting point, measured with our setup, cannot be neglected
above pressures of 10 MPa. Our working hypothesis was, that the gas
is partially dissolved in the molten polymer and lowers the melting
point of the polymer (colligative effect). To prove this, systematic
measurements of the melting point were performed without gas
and with nitrogen, helium and ethylene on a standard high density
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polyethylene sample. The impact of the particle size of the polymer
and the heating rate were also taken into account.

2. Theoretical background

The binary system under consideration at the melt-freeze equi-
librium point, consists of three different phases. Under the premise,
that no solid solution of the gas A in the polymer B is developed and
that the polymer is not soluble in the gas, we have a system, con-
sisting of a pure gas, that can be supercritical at elevated pressures,
a pure solid polymer phase and a liquid polymer phase, acting as a
solvent for the most volatile component (gas). It is further assumed,
that the molten polymer acting as a solvent for the gas obeys ideal
solution laws (see Fig. 1).

The chemical potential (i) of that part of the component B, that
is in the liquid state, is changed by absorption of some gas (compo-
nent A), lowering the freezing point of the non-volatile component
B. The amount of gas, incorporated into the liquid, increases with
pressure, thus lowering the freezing point more at higher pressures.
Therefore cases can exist, where the melting point can be decreased
with an increase of gas pressure, because in that case the chemical
potential of the liquid is lowered more by the dissolved gas than
increased by pressure [28].

In case of such a binary system, consisting of a gas A, solid B and
liquid B with some absorbed A, the chemical potential of the three
phases are equal at the equilibrium point (triple point). Therefore
an infinitesimal change of the chemical potential can be formulated
as follows:

dup(g) = dus(l) = dug(s) (M

If the liquid can be treated as an ideal diluted solution, then
Raoult’s law is valid and one can write for the chemical potential of
the liquid phase:

dup(1) = dug(1) + d(RTInxg) (2)
For the liquid to solid phase transition of B it follows:
—Sg,m(s)dT + Vg mdp = —Sg, m(1)dT + Vg m(1)dp + d(RTInxg) (3)
With ASm =Sgm(l) =Sgm (5)= AHm/T, AVm=Vgm(l)—Vpm(s) and
dlnx = dx/x (x=xg, fraction of the non-volatile component in the
liquid phase) we get the following function for the change of the

melting point with pressure and composition of the liquid phase
[29]:

AVnT RT? aT aT
dT = THmdp + mdx = <8x>pdx+ (8p>xdp (4)

With the Henry coefficient k=dp/dxa it can be formulated:

dp = kd(1 — x) = —kdx (5)

A(g) /
/,

N

B(1) + A(l)

% B(s) //

The combination of Egs. (4) and (5) leads to Eq. (6):

RT2 TAVi,
T = - Ar P+ AR,

With T=T; and x=1 we get Ipat’ev’s equation [30] for the slope
of the S-L-G curve at the triple point:
dp _ kAHm 7)
dT = Ti(kAVm — RT)
Because k=p/xa Eq. (7) can be transformed to:
p((dp/dT)T{ AV (T, p) — AHK(T, p))
T2(dp/dT)R

dp (6)

xa(p,T)= (8)
If the changes in volume AVE(T, p) and enthalpy of fusion
AH} (T, p) of the pure component at a certain gas pressure p and
fusion temperature Ty are known and we assume that they do not
change for the binary system, then the molar fraction x, of the gas,
dissolved in the liquid part of component B, can be calculated.

3. Experimental
3.1. Materials and samples

In the present investigation a commercially available standard
high density polyethylene sample was used (HMA 014; Exxon
Mobile). If not otherwise noted, this sample was used for the exper-
iments. For the ethene measurements, a low density polyethylene
sample was used (LD 151; Exxon Mobile) in order to be closer to the
process conditions of the high pressure polymerization. The phys-
ical data of these polymers are summarized in Table 1. The given
melting points are peak maximum temperatures.

3.2. Sample preparation

For the DTA measurements, either the granulated polymer (as
pellets) was used as received from the supplier, or the polymer
pellets were ground with a polymer mill, which was cooled by lig-
uid nitrogen, to avoid chain degradation. The milled polymer was
directly filled into the DTA cell as a fixed bed, while pellets were
attached to the thermocouples according to the following proce-
dure. The pellet was quickly brought into contact with the end of
the thermocouple previously heated with the non sooting flame of
aBunsen burner. By this the polymer pellet is partially molten at the
contact boundary between the metal mantle of the thermocouple
and the polymer pellet; after the polymer solidifies again, the pellet
is mounted tight at the top of the thermocouple. This arrangement
ensures a direct contact of the polymer to the location of the tem-
perature sensor, which is located under the inconel mantle at the
top of the thermocouple.

For the DSC measurements 5 mg of the milled polymer was put
into aluminum crucibles, which were then hermetically sealed, to
avoid direct contact with the pressure medium.

Pure gas: /..!A*(g)

Liquid zone (ideal diluted solution):

//// (= 125" (1) + RTInxg

Solid core (pure solid): up (s)

Fig. 1. Three phase S-L-G equilibrium of the binary system of a volatile component A and a non-volatile component B under isochoric conditions (*: pure phase).
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Table 1
Polymer data.

Polymer My (10° gmol ") D=Mw/Mn (-) p(gml™") Tr,01mpa (K) MFI (g/(10 min)) (dTt/dp)y, (K/(100 MPa)) AHg 0.1 mpa (/8)
LDPE

LD 151 1.73 3.71 0.920 388.9 3 15.8 157.0

HDPE

HMA 014 2.12 3.03 0.960 4032 4 16.5 2188

3.3. Apparatus

The HPDTA cell is designed for pressures up to 350 MPa and tem-
peratures up to 573 K. The sample and the reference cell having an
effective volume of 0.7 mL were heated with 2 K/min. The refer-
ence cell was left empty. Nitrogen, helium and ethylene were used
as pressure medium, which were in direct contact with the sample.
A detailed description of the HPDTA can be found elsewhere [27].

The DSC measurements were performed in a power com-
pensated HPDSC, suitable for pressures up to 550MPa and
temperatures up to 300 °C. Details of the construction can be found
elsewhere [31]. The calibration was done as usual [32-34].

3.4. Encoding of the experiments
In the experiments the gas, the heating rate and the particle

shape was systematically varied. For a better identification of the
experiments the following code was used:

A B C

Gas: Heating rates: Polymer particle conditions:
- He(H) - 2K/min (2) - Powder; milled (M)

- N3 (N) - 10K/min (10) - Pellet (P)

- Ethene (E)

- Nogas(.)

For example, an experiment without gas, performed with a
milled sample and at a heating rate of 2 K/min, has the code: 2M.

4. Results and discussion

At first high pressure DTA experiments performed under nitro-
gen atmosphere and high pressure DSC measurements without
gas were compared (see Ref. [27]). The slope of the melting curve
(dT/dp), measured by HPDTA was lower than the slope that was
found by HPDSC, also dT/dp was not constant for the measure-
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Fig. 2. Comparison of the melting points for a milled HDPE sample, heating rate
2 K/min, measured by HPDSC without gas (full diamonds) and by HPDTA under
nitrogen atmosphere (open diamonds).

ments without gas (see Fig. 2). The type of polymer, the sample
preparation and the heating rate were kept constant in both series
of experiments.

The second step of our analysis was devoted to the impact of
other gases dissolved in the liquid polymer, to check whether the
magnitude of the gas effect (i.e. a decrease in the melting point
value) depends on the amount of gas absorbed in the liquid poly-
mer at the onset of the fusion. In other words, the change in the
melting temperature depends on two variables, under the premise
that no solid solutions are formed: (i) the solubility of the gas in
the molten part of the polymer and (ii) the absorption rate of the
gas in question, because one cannot a priori assume that the chosen
heating rate is low enough to ensure equilibrium conditions while
heating. The amount of gas, that is dissolved in the polymer, should
be a function of the strength of the intermolecular forces. In case
of ethene, helium and nitrogen, mainly van der Waals interaction
forces should have the most impact and should increase with the
volume of the particles, as the mobility of the gases in the poly-
mer should decrease with an increase in size of the penetrating gas
molecules.

In Fig. 3, the melting point of a LDPE is shown, as a function
of pressure under nitrogen and ethene atmosphere. The melting
points, measured under ethene atmosphere above pressures of
5 MPa, are much lower than those under nitrogen atmosphere. At
ambient pressure the melting point in ethene and nitrogen atmo-
sphere are equal. With increasing pressure the melting point of the
polymer, under nitrogen gas, steadily increase, while the melting
point with ethene decreases, up to 100 MPa and then increases.
So if one would ensure, that the polymer is in the molten state,
during an ethene polymerization, one is on the safe side, if one is
oriented towards that data, measured under the impact of nitrogen
atmosphere.

To decide, whether the particle shape of the polymer has an
impact on the melting point or not, milled polymer and polymer
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Fig. 3. Comparison of the melting point of an LDPE (LD 151) as a function of pressure
for ethylene (curve at bottom) and nitrogen (curve at top).
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Fig. 4. Influence of the polymer particle size at low heating rate (2 K/min) under
nitrogen. N2M: milled polymer, N2P: polymer pellet.

pellets were compared. In Fig. 4 the results of the melting point
measurements performed with milled and granulated polymer at a
heating rate of 2 K/min are shown. The melting points of the poly-
mer pellets are slightly higher than those, measured for the milled
sample. The slopes of both melting curves are similar. This analysis
was repeated for a higher heating rate of 10 K/min.

In Fig. 5 the melting points at the higher heating rate of 10 K/min
are presented. The melting points determined for the pellets (a) are
up to 4K higher than those of the milled samples (A) and the slope
of the melting curve is not linear for the pellet arrangement. In order
to evaluate the influence of the heating rate, the experiments with
the same sample shape, but different heating rates, were compared.
This is shown in Fig. 6 for the milled HDPE and in Fig. 7 for the
granulated sample.

In case of the milled polymer the heating rate has nearly no
influence on the melting point, the melting points measured at the
higher rates are only two degrees higher, because the measure-
ments at 2K/min are closer to the melting equilibrium (heating
rate: 0 K/min). The influence of the heating rate is much stronger
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Fig. 5. Influence of the polymer shape at high heating rates (10 K/min) under nitro-
gen pressure. N10M: milled poylmer, N10P: polymer pellet.
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Fig. 6. Influence of the heating rate in case of milled polymer under nitrogen pres-
sure. N2M: 2 K/min, N10M: 10 K/min.

when polymer pellets are used. The reason is, that the rate of the
nitrogen adsorption depends on the polymer particle size and the
structure of the polymer matrix. The polymer can be saturated
much faster with gas, if the polymer surface is large, as in case of
small particles.

The experiments show clearly that the melting point is a func-
tion of the gas type, the particle size and the heating rate, which
is coupled with the time that the gas needs to penetrate into the
molten part of the polymer.

In Fig. 8 the melting points measured for helium are shown. In
the pressure range of about 70-100 MPa measurements with differ-
ent particle sizes and heating rates were performed. In that range
no significant differences between the melting points, measured for
different particle sizes and heating rates were found with the gas
helium. Even at a pressure of about 90 MPa the melting points mea-
sured at 10 K/min with the polymer pellet (H10P) and the milled
polymer at a heating rate of 2 K/min (H2M) did not differ. Whereas
with nitrogen, at around 100 MPa (see Fig. 7), a difference in the
melting temperatures of about 6 K was observed. This led us to

460

0 100 200 300
p/MPa

Fig. 7. Influence of the heating rate for polymer pellets under nitrogen pressure.
N2P: 2 K/min, N10P: 10 K/min.
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Fig. 8. Melting points of polyethylene under helium atmosphere at different heating
rates and particle sizes. H10P: 10 K/min, pellet; H2M: 2 K/min, milled polymer; H2P:
2 K/min, pellet; HIOM: 10 K/min, milled polymer.

the assumption, that helium is absorbed faster, because the helium
atom is smaller than the nitrogen molecule and therefore the pen-
etration rate into the molten polymer matrix should be faster. Data
form literature confirm this assumption. For example, it was shown
that the diffusion coefficient of helium in polyethylene terephtalate
(PET) is significantly higher than that of nitrogen [35].

In Fig. 9 the experiments, at a heating rate of 10 K/min, are sum-
marized. The highest melting points were observed without any
gas, while the lowest values were found for the milled polymer
under nitrogen atmosphere. The measurements, done with com-
pressed nitrogen, for the pellet arrangement, agree well with the
data of experiments without gas, up to 150 MPa. Above this pres-
sure more nitrogen is dissolved in the molten polymer, resulting in
a lower melting point. The melting points of the polymer pellets,
measured under helium atmosphere, are slightly lower than the
melting points, that were determined under nitrogen atmosphere,
up to 200 MPa. Above 250 MPa the slope of the melting curve
(dT¢/dp)y, decreases and the fusion points measured in helium are
higher.

Based on Eq. (8), the amount of gas, dissolved in the molten
polymer was estimated. For the nitrogen measurements, that were
performed on the milled polymer, a heating rate of 2 K/min was cho-
sen. We assume here, that this heating rate is low enough to be close
at the melting equilibrium. The calculation was done up to 300 MPa.
Up to this pressure level, the experiments show clearly, that the
melting point is a linear function of pressure for the milled poly-
mer. The data, needed for the pure polymer phase, was extrapolated
from the HPDSC experiments done without gas. The experimental
results, needed for this calculation and the calculated values, are
listed in Table 2.

A. Seeger et al. / Thermochimica Acta 486 (2009) 46-51
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Fig. 9. Comparison of the melting points of HDPE as a function of pressure under
nitrogen, helium and without gas at a heating rate of 10 K/min. N10P: nitrogen, pellet;
_10M: no gas, milled polymer; N10M: nitrogen, milled polymer; H10P: helium, pellet.
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Fig. 10. Amount of nitrogen dissolved in the polymer at the melting point as a func-
tion of pressure for HDPE (HMA 014). A, Equilibrium solubility of nitrogen in LDPE
published by Atkinson at 408 K [36].

In Fig. 10 the calculated solubilities of nitrogen in polyethy-
lene and the corresponding melting temperatures as a function
of pressure are shown. At approximately 300 MPa, 35 mL of nitro-
gen (unit: mL/g, conditions: standard ambient temperature and
pressure (SATP)), was absorbed in the liquid polymer phase. For a
comparison the equilibrium solubility of nitrogen at 408 K in LDPE,
published by Atkinson [36], is also shown. The values are much

Table 2
Solubility of nitrogen in HDPE (HMA 014).
p(MPa) T (K) T#(K) (dT/dP)’ (dT/dP)* AHp (Jmol-1)  AVp' (10m3mol-!) ASy" (Jmol-1K-1) k(Mpa) s (mL(SATP)g(polymer)-1)
(10-7KPa~!) (10-7KPa!)
65 4214 4163 243 1.66 4760 2.51 1.3 5616 10.4
115 4344 4246 243 1.66 5208 2.67 12.0 5581 18.6
215 458.1 4412 243 1.66 4452 2.16 9.72 7514 26.1
315 4816 457.8 243 1.66 4704 2.17 9.77 8125 35.7

" Pure phase.
# Nitrogen charged phase.
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higher than our values for HDPE. The reason for these strong devi-
ations is most likely, that the gas absorption has not reached the
equilibrium during the DTA experiment. Atkinson has published,
that it takes 2 h to reach the absorption equilibrium at a given tem-
perature, but in case of the DTA the time that the gas had to dissolve
in the polymer at the melting point temperature was only some
minutes.

The results show clearly, that the gas has an influence on the
melting process of polyethylene. This is the main reason for the
deviations of our data, measured under compressed nitrogen atmo-
sphere, with data from the literature measured with encapsulated
polyethylene. A detailed comparison of our data to that given in the
literature for pure polyethylene, that was not contacted by com-
pressed gas, can be found elsewhere [27].

The thermal history of the polymer samples often influences the
melting point. This can experimentally demonstrated by a HPDTA
experiment, which includes subsequent melting and cooling cycles;
in this case the melting points detected after the second heating
phase are normally higher (Ostwald-Reifung) and this is indeed true
for the HDPE sample used in this work (see Fig. 2). In that case not
only the thickness of the crystals produce the higher melting point,
but above 300 MPa extended chain crystals are formed from the
melt [37]. Therefore we used the polymer only from the same batch
as received, to ensure comparable thermal history.

The melting behavior is also dependent on the particle size
(Gibbs-Thompson effect). Small particles have a lower melting
point than larger particles, because the surface to volume ratio
is higher for small particles. This effect might be present for the
milled polymer, but is of minor importance, because the amount of
particles in the submicron range should be low. The helium mea-
surements as well do confirm, that the Gibbs-Thompson effect
plays not a major role here and can be neglected, because no signifi-
cantdifference of the melting points between granules and polymer
powder could be detected around 100 MPa in case of helium (Fig. 8).

The question, whether solid solutions are formed or not, cannot
be answered by our measurements. It is known that gases can be
adsorbed at solid surfaces, but the amount of adsorbed gas at solids
is lower than the amount of gas that can be absorbed in liquids,
hence the solubility of the gas in the liquid should have the strongest
influence on the melting point.

5. Conclusion

The melting point of polyethylene is decreased by compressed
gas. The melting point depression increases with increasing solu-
bility of the gas in the molten polymer. Even for antisolvents like
nitrogen and helium the depression cannot be neglected at high
gas pressures. The melting point depression increases with the gas
particle size in the range He <N, <CyHg.
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Appendix A. Nomenclature

(dT¢/dp)y, pressure dependence of the melting point under nitro-
gen (K/(100 MPa))

D polydispersity (D = My /M)

AHg enthalpy of fusion (J/g)

Hm molar enthalpy (Jmol~1)

HDPE  high density polyethylene

HPDSC high pressure differential scanning calorimetry
HPDTA high pressure differential thermal analysis

k Henry coefficient (Pa)

LDPE low density polyethylene

MFI melt flow index at 2.19 kg (g/(10 min))

Mp, number average molecular weight (g mol~1)
Mw weight average molecular weight (gmol~1)
p pressure (Pa)

R gas constant (R=8.314Jmol~1 K1)

s solubility (mL(SATP) g(polymer)~1)

SATP standard ambient temperature and pressure
Sm molar entropy (Jmol~1 K-1)

T temperature (K)

Tr01mpa Melting point at ambient pressure (K)

Vm molar volume (m? mol-1)

X mole fraction

1% chemical potential (Jmol~1)
0 density (g/mL)
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