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1 | INTRODUCTION

Cebo Ngobese |

Shatish Ramjee | Walter Focke

Abstract

The thermal and rheological behavior of blends of a Fischer-Tropsch (F-T)
wax with linear low-density polyethylene (LLDPE) were investigated by differ-
ential scanning calorimetry and cone-and-plate rheometry. F-T wax is used as
a possible low-cost processing aid alternative for LLDPE masterbatch applica-
tions. The melting- and crystallization thermograms indicated a two-phase
solid-state morphology and full compatibility in the fully molten material.
Both the high-melting and low-melting phase contained co-crystalized wax
and polymer. Rheological data of F-T wax-LLDPE blends over the full compo-
sition range was also obtained. The zero-shear viscosity data was adequately
/4wy “) ’
with @ = 3.4. This implies that the melt viscosity is dominated by the effects of

predicted by the Friedman and Porter mixing rule: n= (wpnll,

polymer chain entanglement and that the main consequence of adding the
wax is to reduce the concentration of the polymer present. The complex viscos-
ity also fitted this model albeit with « = 4.81. All Han plots, that is, plots of the
logarithm of the storage modulus (G') against the logarithm of the loss modu-
lus (G"), were linear. Within the experimental uncertainty, they were essen-
tially unaffected by variations in blend composition, temperature and the
applied angular frequency. Additionally, Cole-Cole plots were also in agree-
ment that wax-LLDPE blends are miscible at melt state. This supports full mis-
cibility of the F-T wax-LLDPE blend system down to temperatures as low
as 120°C.

KEYWORDS
compatibility, polyethylene, wax

molding compounds,*! materials for rapid prototyping
by fused deposition modeling[s] and machinable

Blends of waxes with polyethylene are of interest in
numerous technical applications. They are of interest
in the formulation of phase-change materials for
thermal energy storage,[1"3] investment casting

waxes.'®! Waxes also find extensive application as pro-
cessing additives in polymer compounding applica-
tions. For instance, polyethylene and polypropylene
waxes are used to enhance melt flow and facilitate
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better mixing of fillers and pigments in masterbatch
compounding operations.l”!  However, besides the
already established technical processing aids, the plas-
tics industry is continuously developing new polymeric
materials including additives to deliver similar require-
ments at lower costs. For this purpose, the utilization
of Fischer-Tropsch (F-T) wax as a possible alternative
processing aid is explored. Processing additives based
on waxes have some challenges regarding its compati-
bility with the base polymer matrix. Poor compatibility
makes it difficult to process the polymer-additive mix-
ture using conventional industrial processing tech-
niques such as extrusion and injection molding.[”! F-T
wax, because it is largely constituted of straight chain
alkanes, is likely to show good blending characteristics
with polymers in the polyethylene family.['~!

The thermal and mechanical properties of wax-
polyethylene blends have been studied extensively.!'*
" In particular, Mpanza and Luyt'®! investigated F-T
waxes as additives for increasing the melt flow index
(MFI) of low-density polyethylene (LDPE). However,
the rheological behavior, over the full range of compo-
sitions, has received limited attention.''**3! The appar-
ent viscosity behavior, at both low and at high shear
rates, is of interest for the technical applications men-
tioned above. Apart from providing useful data on the
effects of blend composition, temperature and shear
rate on the apparent viscosity, such studies can also
provide information on the compatibility of the two
components in the molten-liquid state.*~'°! Therefore,
this study considered the rheological characterization
of blends of a F-T wax, specifically designed as a poly-
ethylene processing agent, with a linear low-density
polyethylene (LLDPE). The performance of this sys-
tem, in highly filled calcium carbonate masterbatches,
is reported elsewhere.[!”"1®]

2 | MATERIALS AND METHODS

2.1 | Materials

LLDPE grade HM2420 was supplied by Sasol. The density
of this grade was 924 kg m > and the Melt Index was
20 g 10 min ' @ 190°C 2.16 kg~ '. The number average
molecular weight (M,,) and the weight average molecular
weight (M,,) of the LLDPE were 23 530 and 129 100 Dal-
ton, respectively. The polymer was milled into a powder
(<400 pm) by Dream Weaver. Sasol also provided an
experimental F-T wax in the form of pellets. The number
average (M,,) and weight average (M,,) molar mass of this
wax were 776 and 786 Dalton, respectively.
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2.2 | Sample preparation

Wax-LLDPE blends were prepared by extrusion com-
pounding on a ThermoFischer TSE 24 co-rotating twin-
screw compounder (24 mm &, 30 L/D). The die had a
single exit hole with a diameter of 5.5 mm. The screw
speed was set at 50 rpm. The temperature profile was set
as follows, 60/110/140/170/170/170/170°C. The blend
containing 90 wt% wax was prepared differently as the
low melt viscosity posed processing problems. The mix-
ture was placed in aluminum pans and covered with alu-
minum foil and heated in an oven set at a temperature of
170°C. After 30 min, the fully molten liquid mixture was
vigorously stirred, then left in the oven for an additional
30 min. This was done to ensure that near perfect homog-
enization of the materials via molecular diffusion has
taken place.

2.3 | Sample characterization

2.3.1 | Differential scanning calorimetry
Thermal analysis was performed on a Perkin Elmer DSC
4000 analyzer. The samples (15 + 1 mg) were crimped in
50 pL aluminum pans with pin-hole lids. An inert atmo-
sphere was ensured by using nitrogen gas flowing at a
rate of 20 mL min~'. The thermal history of each sample
was erased by holding it for 5 min at 170°C. For the non-
isothermal crystallization study, the temperature was
cycled between 30 and 170°C at a scan rate of
10°C min~". The second heating and cooling scans were
used to determine the peak melting temperature (Ty,)
and peak crystallization temperature (T¢).

2.3.2 | Rheometry

The samples were subjected to rheological characteriza-
tion on an Anton Paar MCR301 Rheometer fitted with a
cone and plate configuration. Shear experiments were
conducted isothermally at temperatures of 160, 170, and
180°C. After heating to the measurement temperature,
the sample was squeezed down to a gap setting of
0.051 mm. The sample was pre-sheared for 1 min at a
shear rate of 5 s™' followed by 1 min of rest. The viscos-
ity data were collected at applied shear rates varying
from 0.01 to 100 s~ *. The complex viscosity, loss modu-
lus, and storage modulus were determined using fre-
quency sweeps in the oscillatory mode. The applied
frequency was scanned from 100 to 1 rad s~ " at selected
isothermal temperature and fixed strain of 0.05%. The
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complex viscosity was also determined using tempera-
ture sweeps in the oscillatory mode. In these experi-
ments, the temperature was scanned from 180 to 120°C
at a fixed strain of 0.05% and an angular frequency of
10 rad s™*

3 | RESULTS AND DISCUSSIONS

3.1 | Differential scanning calorimetry
wax-LLDPE melting and crystallization
behavior

Figure 1 presents typical differential scanning calorime-
try (DSC) melting and crystallization curves obtained for
the wax-LLDPE blends. The curves are plots of the nor-
malized heat flux versus temperature with the orientation
of the curves such that endothermic processes appeared
up and exothermic processes appeared down. These
results represent the melting and crystallization processes
of the blends obtained from the second and third scans
for the purpose of comparisons. In the pure state, the
wax displays a broad melting curve with a doublet peak
while the LLDPE featured a single, narrower melting
peak. Due to the broad nature and the poor resolution
between the two peaks due to the wax, it was rather diffi-
cult to analyze the melting peaks with increasing LLDPE
concentration. However, it is clear that the original two
wax peaks tend to merge into one single wax peak as the
LLDPE content of the blend is increased.

In order to assess the extent of compatibility, the
melting and crystallization curves are reproduced in
Figure 2. The experimental DSC results are compared to
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the predictions based on mass fraction-weighted combi-
nations of the DSC traces obtained for the neat wax and
LLDPE. Figure 2A shows the results for the blend con-
taining 10 wt% LLDPE. The melting peak, at the highest
temperature, is associated with the LLDPE-rich phase. It
is noteworthy that this peak has shifted to a significantly
lower temperature and that its intensity has increased.
The latter observation indicates that portion of the wax
must have co-crystallized with the LLDPE. Furthermore,
this means that this part of the wax now has a higher
melting point than what it had when present in the neat
wax. This portion probably derived from that part of the
wax responsible for the second wax melting peak. This is
indicated by the fact that the heat flux in in this region
was disproportionally reduced when compared to that of
the lower melting peak of the wax.

In Figure 2B the difference between the melting
curves, measured and calculated for the blend containing
30 wt% LLDPE, is particularly striking. The peak attrib-
uted to the LLDPE-rich phase has shifted to even lower
temperatures but now the intensity is about the same as
would be expected for the neat polymer. However, the
heat flux in the wax-rich regions has increased signifi-
cantly. This suggests that a portion of the LLDPE, which
would normally remain amorphous, co-crystalized with
the wax. This increase in the specific enthalpy is also
reflected in the crystallization exotherms.

Figure 2C,D show the results obtained at higher
LLDPE content. The changes in both of the two melting
endotherms and the two crystallization exotherms
curves are striking. They are consistent with the notion
of co-crystallization having happened in both the wax-
rich phase and the LLDPE-rich phases. Figure 3 plots

Wax (wt-%) 100

------------ = FIGURE 1 Typical
differential scanning calorimetry
(DSC) curves for the wax-linear
low-density polyethylene
(LLDPE) blends. (A) Melting
during heating scans and

(B) crystallization during cooling
scans.
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FIGURE 3 Phase diagram based on the loci of the melting peaks
associated with the wax-rich f-phases and the linear low-density
polyethylene (LLDPE)-rich a-phase driven by composition changes.

the peak temperatures for the wax-rich phases and the
LLDPE-rich phase as they evolve with changes in the
blend composition. These results reveal significant melt-
ing point depression of the LLDPE-rich phase with

with co-crystallization with the LLDPE. Therefore, the
present results confirm previous results that indicate
LLDPE is soluble in molten wax and that it co-crystallizes
with the wax.

3.2 | Shear viscosity

Flow curves, for the different compositions of wax-
LLDPE, were obtained at temperatures of 160, 170, and
180°C in the rotational shear mode. Figure 4 shows the
viscosity (1) versus applied shear rate (y) results obtained
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FIGURE 4 Flow curves of the wax-linear low-density
polyethylene (LLDPE) melt blends at 160°C.
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FIGURE 5 Variation of the scaled zero-shear viscosity with
wax content. Testing different predictive viscosity mixture rules.
The linear and harmonic combining rules were used to fix the #;,
cross parameter values in the Friedman and Porter and Hind
models, respectively.

for selected blends as measured at 160°C. As expected,
the apparent viscosity increases in magnitude with
increase in LLDPE content. At low shear rates the blends
behave like Newtonian fluids. The zero-shear viscosities
(o) correspond to the plateau values observed at low

shear rates, and they are plotted in Figure 5. The flow
curves for the LLDPE-rich blends showed shear-thinning
behavior at higher shear rates. This apparent decrease in
the melt viscosity is caused by progressive disentangle-
ment of the random-coil polymer chains with increase in
the applied shear rate. This explains the observations that
shear-thinning behavior becomes more pronounced with
increase in the LLDPE content. While the wax enhances
molecular chain mobility, ! the viscosity of the blends is
dominated by the amount of LLDPE present.

Numerous mixing rules exist which link the varia-
tion of Newtonian liquid viscosity to the composition of
the fluid. They include the Grunberg and Nissan!®"
model

Inn =w>Inn, +2wwy, Inn,, +wy Inn,, (1)

The Hind et al.””*! model:

n= W;ﬂp + 2WPWWnpw + W\i}nw (2)

And the Lederer® model:

WP ﬁww
Inn, +
M Wp + fw,

lnﬂ :W lnnw (3)

p + AWy

In these equations, w; represents the mass fraction of
component i and the subscripts w and p refer to the wax
and polymer respectively.

The adjustable parameter 7, in the Hind et al.l2!!
and Grunberg and Nissan!?’! models represents an inter-
action viscosity while the constant $ in the Lederer model
introduces a shift in the composition variable. The utility
of these correlative expressions was tested using least
squares regression on the zero shear melt viscosity data.
The results are shown in Figure 5. The Hind model over-
estimates the mixture viscosity whereas the other two
models underestimate it. Even so, the Lederer model pre-
dictions are closest to the actual data.

Sotomayor et al.'? studied blends of high-density
polyethylene with a soft paraffin wax. In effect, they
assumed that the Grunberg and Nissan model applies
with the following combining rule for the logarithm of
the interaction viscosity:

Inn,,, = (lnnp + lnnw) /2 (4)

This assumption reduces the mixing rule to a logarithmic
additivity rule:
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Inn =wyInn, +wylnn, (5)

This expression is the expected composition dependence
for the “ideal molten liquid mixture.” Note that
Equation (5) corresponds to a mass fraction-weighted
geometric mixing rule for the viscosity:

Wp

n="np" ' (6)

Equation (5) can be cast in a form that more clearly
shows the linear dependence of the logarithm of the
blend viscosity on the wax content:

Inn= lnnp+wwln<nw/np) (7)

In Equation (7), Inn, is the intercept at w,, = 0 and
In(n,,/n,) represents the slope of the straight line on the
semi-logarithmic plot of the zero-shear viscosity against
mass fraction wax present in the blend. Sotomayor
et al.l"?! did indeed notice that their data fell more-or-less
on a straight line in their plot. However, they only con-
sidered samples with a wax content up to 50 wt%. The
plots shown in Figure 5 admit a similar linear approxima-
tion in this composition range. However, the zero-shear
viscosity deviates precipitously from this linear trend at
higher wax concentrations. Therefore, Equation (5), or
(7), cannot be used to estimate the viscosity of the wax by
way of extrapolation to 100 wt% wax in the blend when
the only data available contains less than 50 wt% wax.
The F-T wax and the LLDPE share a similar
chemical structure. Although the LLDPE also features
short branches along the chain, the main difference is in
the length of the molecules involved. The melt viscosity
of short-chain oligomers increases linearly with molar
mass. This applies to the wax and therefore it holds that:

Ny = KwMy (8)

where 7, is the Newtonian viscosity of the wax, M,, is the
weight-average molar mass of the wax and K, is a con-
stant that depends on the temperature. Beyond a critical
molar mass, the zero-shear melt viscosity increases with
the 3.4th power of weight-average molar mass due to the
onset of chain entanglement.!**?*! This situation applies
to the LLDPE. Therefore:

np = KpM,, ©)

where 7, is the zero-shear viscosity of the polymer, M,, is
the weight-average molar mass of the LLDPE and K, is a

prROFEssioNALs TECHNOLOGY

temperature-dependent constant. The exponent takes on
a universal value of o = 3.4.

The weight average molar mass of a wax-LLDPE
blend is given by:

M =wpM, +wy,M,, (10)

where w,, and w), represent the weight fractions of wax
and polymer, respectively, in the binary blend and
wy,+w,=1. If a blend of two low molar mass com-
pounds are considered, combination of Equation (10)
with (8) leads to the following mixing rule, which should
apply if one mixes two waxes:

n=Wwpn, +wyn, (11)

If, instead a blend of two polymers are considered, com-
bining Equations (10) and (9) leads to the Friedman and
Porter'?*! mixing rule:

o
= (wpnl ) )

Note that Equation (12) is equivalent to a weighted
power-mean mixing rule of order p = 1/a.

At the critical molar mass (M,), Equations (1) and (2)
predict the same zero-shear viscosity. This condition
links the values of the two viscosity constants:

Ky=K,M*! (13)

It is usually assumed that the critical molar mass is a
fixed quantity. If that is indeed the case, it implies that
the ratio K, /K, is temperature independent. In other
words, apart from a proportionality constant, the temper-
ature dependence of the constants is the same. Therefore,
due to their similar molecular structure, the temperature
dependence of the zero-shear viscosity, as applied to wax-
polymer blends, is removed if scaling with the viscosity of
the neat polymer is done.

Note that the theoretical values for the critical
molar mass of polyethylene is M, = 2900 Dalton.*"
The molar mass of the present LLDPE (M, = 129 100
Dalton) is much higher than that of the wax (M; = 786
Dalton). This means that the critical molar mass of the
blend was exceeded when as little as 1.6 wt% LLDPE
was present in the blend. This is much lower than the
lowest LLDPE content (10 wt%) considered presently.
Therefore, Equation (12) is likely to provide good data
representation for blends forming thermodynamic
solutions even though the exponent applicable to the
neat wax is unity instead of @ = 3.4. Figure 6 shows
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that this was indeed the case. Surprisingly, the fully
predictive Friedman and Porter, Equation (12), pro-
vided the much better data fits. It outperformed the
conventional viscosity mixture models despite the fact
that every single one of the latter models featured an
adjustable parameter.

3.3 | Oscillatory rheology

Figure 7A shows representative plots of the complex vis-
cosity (#*) measured at 160°C for selected wax-LLDPE
blends. The complex viscosity was strongly affected by
the wax content. The frequency dependence was weak

1000 £
Slope =3.4
100
RNy
£ Y1 100
s
= o 160
X
S © 170
0.1 a 180
—Friedman & Porter (1975)
0.01 + vt vt
0.01 1 100
M, [kDa]
FIGURE 6 Zero-shear viscosity versus the calculated average

molecular weight of the blends at various testing temperatures. The
Friedman and Porter®*! model is defined by Equation (12) in
the text.

but showed a slight decline on increasing the angular fre-
quency. Measurements made at different temperatures
gave similar results. Figure 7B shows the effect of blend
composition on the complex viscosity at a fixed angular
frequency of 10 rad s~ *. Again, a very strong dependence
on wax content is observed. The plots against the inverse
of the absolute temperature are straight lines indicating
an Arrhenius-like temperature dependence!*®':

n" =Aexp(E,/RT) (14)

The activation energy was the same for all the composi-
tion and equaled 27.5 + 1.3 kJ mol . It was not possible
to measure the complex viscosity of the neat wax due to a
lack of measurable elastic behavior. Therefore, it was esti-
mated by an extrapolation technique. First it was
assumed that the same activation energy applied and that
the composition dependence of the complex viscosity also
follows the Friedman and Porter mixture rule as defined
by Equation (5). The mixture rule exponent and the pre-
exponential constant for the wax were fixed by least-
squares data regression using the full set shown in
Figure 7B. This resulted in & = 4.81 and A = 2.45 x 10™*
for the two adjustable parameters. From this, the viscos-
ity of the neat wax was calculated as a function of tem-
perature and plotted as a line in Figure 7B.

An excess complex viscosity can be defined as the dif-
ference relative to the complex viscosity of the “ideal
molten liquid mixture.” The expected value for the latter
is defined by Equation (6). From this, the excess complex
viscosity can be calculated from the experimentally mea-
sured values using:

An*=n"—ny"ny? (15)
where the subscripts 1 and 2 refer to the wax and poly-
mer, respectively.

1000 T 5 & . 5000 3
& a , 0 1 Wax (wt-%)
¢ ° o e 1000 ¥ 00000 0000000000 0
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The theoretical expectation, for a system that obeys Figure 8 compares selected experimental data for Ax*
the Friedman and Porter mixing rule, is given by: with the predictions of Equation (16). Reasonable agree-
ment, between the experimental values and predictions

An = {W1 (Tﬁ)l/a W, (ﬂ;)l/ar e (16) ba§ed on the viscosity values of the neatt components, is

evident. In fact, the SD between experimental and pre-

dicted complex viscosity values is 8.1% and the maximum
deviation between measured and predicted viscosity

500 [
L was 16%.
s The viscoelastic properties of polymer melts are best
characterized by the storage and loss moduli. These are
100 + . A
: linked to the components of the complex viscosity via the
G : following relationships!);
&g |
/
S G (@) =on’ (@) (17a)
N
10 " and
[ G'(w) =on'(o) (17b)
1 : : . . \Qc where w is the angular frequency; G’ and G” represent
0 2'0 4'0 6l0 8l0 100 the storage modulus (elastic component) and loss modu-

lus (viscous component) of the polymer blend, respec-
tively, and #' and #” are the real and imaginary
components of the complex viscosity.

Wax [wt-%]

FIGURE 8 Experimental excess complex viscosity data

(symbols) calculated using Equation (13) compared to predictions Figure 9 shows representative log-log plots of the
(lines) based on the Friedman and Porter mixture model (with storage and loss moduli as a function of the angular fre-
a = 4.81) as presented by Equation (15). quency. At the respective measurement temperatures, all
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the blends indicate a more viscous behavior as is indi-
cated by the larger loss modulus. In the case of both mod-
uli, a logarithmic-linear dependence on the angular
frequency is indicated. The slope of the lines of loss mod-
ulus are lower than those of the storage modulus. The
slope of the logarithm of the storage modulus with
respect to the logarithm of the angular frequency is
approximately equal to 5/4. It increases with wax content
reaching a value of ~3/2 at a wax content of 70 wt%. The
corresponding slopes of the logarithm of the loss modu-
lus with respect to the logarithm of the angular frequency
is less affected by composition. It is about 0.85 for the
neat LLDPE and increases to about 0.94 for the blend
with 70 wt% wax.

Rheological investigation of oscillatory shear flow
behavior, obtained on melts, can provide information on
the nature of the liquid phase.!***! A Han plot of log G/
versus log G” can be used to detect liquid-liquid phase
separation in thermoplastic polymer blends. In general,
linear temperature-independent and composition-
independent Han plots are indicative of homogenous
single-phase behavior of liquid melts.!**! Figure 10 shows
such plots for the current wax-LLDPE blends. The

indicated data trends confirm the thermodynamic com-
patibility of the present wax-LLDPE blends in the molten
liquid state at temperatures as low as 120°C.

Cole-Cole plots also provide information on the mis-
cibility of blends in the molten state.**-33! Semi-circular
shapes of plots of the imaginary viscosity (") against the
real viscosity (1) imply miscibility. Figure 11A,B shows
that this was indeed the case for the for all the blends
analyzed for present wax-LLDPE system. This provides
additional evidence for the miscibility of wax and LLDPE
in the fully molten state.*2>!

4 | CONCLUSION

Polyolefins used as base polymer matrix for large volume
plastic applications are often rigid and stiff. This property
makes it difficult to process using conventional processing
techniques. To ensure the necessary flexibility and ade-
quate flow properties during processing, additives such as
polyethylene wax are often added. This study explored F-T
wax-based processing agents in combination with low
molecular weight LLDPE as a low-cost alternative.
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The phase behavior of blends of an experimental F-T
wax and a LLDPE was explored. DSC results showed
LLDPE melting point depression indicating solubility of
the polymer in the molten wax. Furthermore, the DSC
traces for the blends differed substantially from linear
combinations of the parent materials. This supports par-
tial crystallization of the polymer with the wax and also
of the wax with the polymer.

Rheological information on F-T wax polyethylene
blends over the total composition range is lacking, the
following results are obtained to fill that gap. The compo-
sition dependence of the zero-shear viscosity agreed with
the predictions of the Friedman and Porter model for
molten mixtures controlled by polymer chain entangle-
ments. The composition dependence of the complex vis-
cosity followed a similar mixture rule except that the
exponent differed from the one applicable to the zero-
shear viscosity, that is, @ = 4.81 instead of @ = 3.4. The
complex viscosity of all the blends obeyed an Arrhenius-
like temperature dependence with an activation energy
of 27.5 + 1.3 kJ mol . Plots of log G’ versus G” (so-called
Han plots) were linear and essentially independent of
composition, temperature and the applied angular fre-
quency. The Cole-Cole plots also indicated that the wax-
LDPE blends are miscible at melt state. Together, these
confirmed the miscibility of the wax and the LLDPE
down to temperatures as low as 120°C.
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