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Abstract

A range of formulations – consisting of high-density polyethylene, surface-coated
calcium carbonate, masterbatched carbon black and a stabiliser package – were
compared in terms of their thermal stability through the use of several tech-
niques and measures. Notably, calcium carbonate loadings of up to 60 wt%
were investigated. The formulations were designed to be I- and D-optimal,
based on a quadratic Scheffé polynomial model. Novel and established mea-
sures for the thermal stability of the materials were compared, based on data
generated using techniques for the determination of oxidative induction time
and for studies by time-sweep oscillatory rheometry. For ease of comparison,
all tests were performed in air. Fourier-transform infrared spectroscopy was
performed on the materials subjected to time-sweep oscillatory rheometry, to
ascertain the locality and modes of degradation. Variable effects were found,
depending on the technique used. Broadly, strong primary effects were found:
positive in the cases of the carbon black and stabiliser pack, negative in the
case of calcium carbonate. The latter, however, was offset by the highly syn-
ergistic interaction of calcium carbonate with the stabiliser pack. Time-sweep
oscillatory rheometry was shown to be a promising method, with it yielding
high-quality, comparable results when interpreted using a novel measure.

Keywords: experimental design, high-density polyethylene, highly filled
composites, oxidative induction time, thermal degradation, time-sweep
rheometry

1. Introduction

High-density polyethylene (HDPE) is one of the most common commodity
polymers in the world, with uses spanning from bottles and children’s toys
to pipes and geomembranes [1]. This is due to its unique set of properties,
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including a high strength to weight ratio, excellent chemical resistance, low cost5

and straightforward processing. Contra to this, however, it is subject to creep,
high shrinkage and UV degradation (as a result of remnants of the transition
metals used to catalyse its polymerisation) [2, 3, 4].

Typically, polymers are modified through the addition of additives to reduce
their cost, modify their properties or alter their appearance [5]. The most com-10

mon type is that of fillers. These materials are most frequently used to reduce
the cost of the material and the dependency of the system on the petrochemical
industry. In addition, these materials allow for the alteration of the mechanical
properties of the base polymer (matrix) with increases in stiffness typical, while
their effect on ultimate strength is dependent on their surface chemistry and,15

thereby, their interactions with the matrix, among others. The addition of these
materials may have a myriad of other effects, ranging from changes in appear-
ance to the modification of the magnetic or electrical properties of the material
[6]. Specifically, calcium carbonate (CC) is the most common filler utilised in
polymeric systems. It is readily available in a wide range of grades, particle-size20

distributions and may be compatibilised (frequently through the use of fatty
acids or the grafting of polar organic compounds onto the polymer backbone)
for improved interfacial interactions with the matrix and reduced sensitivity
to moisture [6]. These factors affect its specific behaviour, with smaller parti-
cle sizes and compatibilising surface treatments typically resulting in increased25

mechanical properties, at the cost of toughness [7, 8], for example.
It is notable, however, that HDPE is rarely studied with high loadings of

fillers, with the highest loading of CC encountered in literature being 30 vol%
(54 wt%) in a rheometric study investigating interparticle and particle-matrix
interactions [9]. Indeed, many authors only investigate 30 wt% or less [4, 10,30

11, 12, 13]. On the contrary, high loadings (50 wt%) have shown excellent per-
formance in creep tests [14] – with an approximate 60 % reduction in creep at
high and low applied loads – and UV stabilisation [15].

Rarer still are studies investigating the interactions between high loadings of
fillers and other common additives such as pigments and stabilisers. Pigments,35

such as carbon black (CB), may serve a myriad of purposes – from the obvious
visual alteration to increasing the light stability, stiffness or hardness of the ma-
terial [16, 17, 18]. Stabilisers, in turn, serve to improve the processing stability
of the material, while frequently aiding its light stability – given the identical
degradation mechanisms. As in any system, it is common for these additives to40

interact with one another and the matrix, frequently in surprising ways, with
varying impacts on the different properties of the final materials [8]. Some of
these combinations have been well studied in the literature, particularly that of
CB with various stabilisers. These studies have elucidated, among others, the
effects of the additives and their combinations on the thermal stability of the45

systems [19] and the adsorption mechanics underlying much of the interaction
between CB and stabilisers [20, 21, 22, 23].

The processing stability of highly filled materials is a traditional concern,
given their increased viscosity [24] and the introduction of compounds that may
interfere in the oxidative degradation of the materials, sometimes in unexpected50
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ways. CC, especially of the coated variety, has been found to have minimal detri-
mental (sometimes even positive) effects on the thermal stability of materials
with which it is compounded at lower loadings. In the case of polyethylenes
(PEs), this is due to the function of the calcium stearates that result from the
coating process acting as acid scavengers and catalyst neutralisers [8].55

HDPE falls victim to the typical autoxidation cycle, with energy (thermal
or ultraviolet electromagnetic radiation, typically) driven initiation, followed
by propagation and termination steps. This is covered in great detail in es-
tablished literature, also paying attention to the ways in which primary and
secondary antioxidants [2, 8, 25] and hindered amine light stabilisers (HALS)60

[26] interfere in the propagation steps. Notable, though, is that in PE, partic-
ularly HDPE, crosslinking and long-chain branching (LCB) are the dominant
degradation mechanism, at least in the early stages [24, 25].

Frequently, the stability of a polyolefin is characterised using a standard-
ised oxidative induction time (OIT) test, performed in a differential scanning65

calorimeter (DSC) [27]. Here, the sample is heated to a set temperature un-
der an inert atmosphere. Once the material has stabilised at temperature, the
atmosphere is switched to an oxidising one and the time until exothermic degra-
dation occurs is monitored. While this serves as a straightforward indication of
the oxidative stability of the material, the environment acting to degrade the70

material is a far cry from what would be encountered in typical melt-processing
equipment. Unexpected results may also occur. For example, Irgafos 168 (a
secondary stabiliser) may result in reduced OIT results compared to those of a
virgin system [19]. Similar drawbacks exist for related methods of characterisa-
tion, such as thermogravimetric analysis and the various derivatives of OIT.75

While it cannot equal the mechanical stress placed upon a polymer during
processing, an alternative is the adoption of a technique typically reserved for the
study of viscoelastic properties and gelation in thermosets [28, 29] – time-sweep
rheometry. This technique has been applied to the study of polymer degrada-
tion, albeit quite rarely. When it is applied in the study of this phenomenon,80

it is performed under air or nitrogen, typically using oscillatory rheometry at a
temperature well above the melting point of the polymer [30, 31, 32]. Dordine-
jad et al. [30] found that there was no change in the storage modulus of HDPE
under a nitrogen atmosphere during an oscillatory test, with the tests at up
to 220 °C. The same tests under air, however, produced repeatable, significant85

increases in storage modulus (G’). Steady-shear measurements are also used,
but much less frequently. This is likely due to the reduced amount of data gen-
erated, although high-rate tests would appear to proceed much more quickly
[33].

In the studies where oscillatory rheometry was used, degradation was fre-90

quently assessed through a comparison of the data generated, with no specific
measures introduced for more specific comparison [30, 34]. Typically, the G’ of
the material is the most sensitive indicator, with similar information available
through the study of the loss factor (loss modulus (G”) divided by G’). The
loss factor is frequently expressed as tan δ, or simply δ – where a 45° angle is95

indicative of modulus crossover [35]. Studies by Mariani et al. [36, 37] made
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use of the time derivatives of the complex viscosities of their HDPE systems to
compare the stability of the materials. In their 2002 paper [37], lines tangent
to these derivative curves were used to determine “induction times”. Here, the
“induction time” was the time to the first increase.100

The gel point of a system, frequently used in the study of thermosets and
typically taken as the point at which the storage and loss moduli of the system
are equal (modulus crossover) at a set frequency [28] has also been applied to the
study of thermoplastic polymer degradation [38]. It is interesting to note that
the time to modulus crossover was found in early works to vary quite linearly105

with frequency in the medium-to-high frequency range (1 rad/s to 100 rad/s) on
a lin-log plot, with levelling-off at lower frequencies (0.1 rad/s to 1 rad/s) [28].
This is due to the stronger impact of local behaviour at the higher frequencies,
while macroscopic effects dominate as frequency approaches 0 Hz [39].

A related technique is that of time-resolved mechanical spectroscopy, where110

a sample is exposed to a cyclical variation in frequency as it “mutates” (through
the passage of time, change in temperature, chemical reaction, etc.). This al-
lows for the timely capture of a range of time-series data sets, each at a distinct
frequency, allowing the study of the frequency response of a material in the
vicinity of any one state [40]. While this technique has been used in the charac-115

terisation of polymer degradation [35, 38, 41, 42, 43], such use may have some
drawbacks. Chief among these is the complexity of the measurement and the
generated data. For this method to work correctly, the material must be held
at any one frequency long enough to achieve steady state before the response at
that frequency may be recorded. For example, the data given by Salehiyan et120

al. [41] exemplifies the failure to achieve steady state, particularly in the tran-
sition from high frequency to low. This may be seen by their measured storage
modulus of the material at 0.1 rad/s exceeding that measured at 0.3 rad/s and
1 rad/s for much of the measured time. Measurement at very low frequencies is
complicated by the amount of time required for (even quasi-) steady state to be125

achieved and the measuring time itself. In turn, this results in excessively long
individual frequency sweeps – resulting in reduced time resolution of the final
data. For example, Kruse and Wagner [35] were only able to complete a full
frequency sweep every ∼12.5 min, albeit for a very wide range of frequencies.
Their study, too, showed some signs of insufficient stabilisation before measure-130

ments were taken – interestingly in the case of a stepwise decline in frequency.
In terms of the generated data, isochronous data is not collected, and must thus
be inferred through interpolation and/or fitting. Generally, this is useful – for
example in the study of ultra-unstable materials, where the zero-time response
may be determined through extrapolation [42, 43] – but it is subject to the135

accuracy of the underlying data.
Based on the above, it is clear that insufficient information exists on the per-

formance of HDPE composites highly filled with CC, particularly in terms of
the interactions between various additives in these systems. Further, it is noted
– from literature and experiment – that current characterisation techniques and140

measures do not necessarily yield results suitable for the comparative study of
the effects of certain additives on the thermal stability of the materials, partic-

4



ularly in the presence of Irgafos 168 and/or widely varying loadings of fillers.
These concerns are aimed to be addressed in this paper, through the charac-

terisation of 18 formulations of a HDPE/CC/CB/stabiliser composite system us-145

ing measures based on the results of OIT- and time-sweep-oscillatory-rheometry-
based techniques. For comparison, an unprocessed, unmodified HDPE was also
be characterised. To determine the locality and types of degradation, samples
taken from the centre, circumference and skin of the materials aged using time-
sweep rheometry were compared to unaged samples using Fourier-transform in-150

frared spectroscopy (FTIR). In the process of the study, some differences were
found in the measures based on the results generated by the OIT tests and
those by the rheometric technique. In the development of this technique, a
novel measure for the analysis of degradation was introduced to address an un-
derlying drawback of the rheometric study of gelation. It must be noted, here,155

that ”technique” is used to refer to the technique whereby data were gathered,
while ”measure” refers to the specific method of analysis of said data.

2. Experimental

2.1. Materials

A commercial injection-moulding grade of HDPE (Dow HDPE 25055E) was160

used for this study. This was combined with a natural, ultra-fine surface-coated
CC (Omya Hydrocarb 95 T – OG), a masterbatched CB (Caparol NEFA MB
F 21504 Schwarz – consisting of 28 % Orion Engineered Carbons Printex F 80
in a styrene-ethylene/butylene-styrene (SEBS) copolymer) and a stabiliser pack
consisting of BASF Chimassorb 944 and BASF Irgafos 168. Henceforth, these165

will be referred to as CC, CB and SP (C944 and I168, if discussed separately).
To reduce the number of variables, C944 and I168 were held at a constant ratio
to one another (3:2), with only the total quantity varied.

Processing was performed on a KraussMaffei Berstorff ZE 25-Cl using an
appropriately configured screw (1200 mm, 48 D) with two side feeds. The CB,170

polymer and stabilisers were introduced in the main feed, with CC introduced
through one or both of the side feeds. The melt-temperature profile consisted of
a ramp from 220 °C to 235 °C at the die. From here, the material was pelletised.
To minimise interference with the degradation states of the materials, these
granules were used in the various characterisations.175

The formulations were determined through an I- and D-optimal experimen-
tal design, based on a quadratic Scheffé-polynomial model. The formulations
are given in Table 1. A duplicate centroid was included (10 and 11), as was a
duplicate set where two different feed-points for calcium carbonate were investi-
gated for one formulation (01 and 02) outside of the optimal design parameters.180

This allows the model validity and system behaviour outside of the optimal
experimental space to be verified. An unprocessed, unmodified sample of Dow
HDPE 25055E was included as reference. The slack-variable [44] representation
of the system is given in Figure 1, with HDPE taken as the slack variable.
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Table 1: Experimental design – formulations and feed points

Component (%) CC feed
Formulation HDPE CC CB C944 I168 1 2
Raw 100 0 0 0 0
01 65.90 30 3.60 0.30 0.20 •
02 65.90 30 3.60 0.30 0.20 •
03 99.50 0 0 0.30 0.20
04 100.00 0 0 0 0
05 97.95 0 1.80 0.15 0.10
06 95.90 0 3.60 0.30 0.20
07 96.40 0 3.60 0 0
08 69.75 30 0 0.15 0.10 •
09 67.70 30 1.80 0.30 0.20 •
10 67.95 30 1.80 0.15 0.10 •
11 67.95 30 1.80 0.15 0.10 •
12 68.20 30 1.80 0 0 •
13 66.15 30 3.60 0.15 0.10 •
14 39.50 60 0.00 0.30 0.20 • •
15 40.00 60 0 0 0 • •
16 37.95 60 1.80 0.15 0.10 • •
17 35.90 60 3.60 0.30 0.20 • •
18 36.40 60 3.60 0.00 0.00 • •

2.2. Characterisation185

2.2.1. OIT

OIT tests were performed in a way similar to that prescribed in ASTM D3895
– 19 [45], in a PerkinElmer DSC 4000, making use of open aluminium pans. The
furnace was heated to 200 °C at a rate of 20 °C/min while under 50 ml/min ni-
trogen flow. Once at set-point, the material was allowed to stabilise for 5 min,190

after which the purge gas was changed to air at 50 ml/min. This differs from
the typical oxygen purge, as a way of obtaining direct comparability to the
test conditions at which time-sweep rheometry was performed. Further, it was
found that the onset of degradation occurred too rapidly for ready comparison
under oxygen in many samples, but that the oxidation itself was frequently quite195

gradual. This was resolved through the switch to air. Upon the completion of
the test, tangent lines were programmatically fitted according to the method
suggested in the standard. Random duplication was implemented, until a sat-
isfactory number of duplicates resulted and at least one formulation was tested
in triplicate. This was the case in all characterisation techniques.200

To allow comparison, the OIT tests were performed using granules and fine
powders. This serves to indicate the effect of viscosity/surface area, as the gran-
ules of the highly filled formulations stayed in granular form rather than pooling
upon melting. The granules were powdered after cooling in liquid nitrogen (un-
til the nitrogen stopped boiling vigorously) by grinding in a blade grinder until205
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Figure 1: Slack-variable representation of experimental design. The blue dot is the duplicate
centroid, while the red dot is the feed-varied duplicate set.[Single column, colour]

a sufficient quantity of composite dust was formed. Any larges particles were
removed.

2.2.2. Time-sweep rheometry

The characterisations using time-sweep rheometry were performed on an
Anton Paar Physica MCR 301 with a Peltier hood. Tests were performed using210

50-mm-diameter parallel plates with a 1 mm gap. Oscillatory strain was set to
1.5 %, to ensure that operation occurred in the linear viscoelastic region. The
tests were performed at 200 °C under air. The plates were pre-heated to the set
temperature, after which they were separated and the polymer loaded onto the
staging area. A slight excess of polymer was used. At this point, the Peltier was215

closed. Upon melting (2 min after the material was introduced), the plates were
brought together and the rim completely trimmed. This was left to equilibrate
for a further 3 min, with repeated trimmings of the rim, at which point the test
was started.

A range of oscillation frequencies were trialled, from 0.01 Hz to 100 Hz. Fur-220

ther, strain sweeps were completed at the trial frequencies to verify the range
of the linear viscoelastic region. At this point, it was decided to make use of
a frequency of 10−1.5 Hz (∼0.031 623 Hz) for the comparative characterisation.
The tests were allowed to continue until the torque limit of the machine was
reached or δ fell below 10°, whichever came first.225
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2.2.3. FTIR

Samples were taken from the centre, circumference and skin of the specimens
after their time-sweep rheometry tests for comparison to undegraded samples
(in the form of granules). Here, circumference denotes the area 3 mm inside the
extreme circumference (skin). The samples were taken as soon after the com-230

pletion of the test as possible. These were characterised using a PerkinElmer
Spectrum 100 with the universal attenuated-total-reflectance (UATR) acces-
sory, using a diamond/ZnSe crystal and an accumulation of 16 scans. Care was
taken to ensure that the material was flush with the crystal, and covered it in
its entirety. The data generated were zeroed on the lowest regions in the vicin-235

ity of the carbonyl peak (∼1714 cm−1), with the reference peak (∼730 cm−1)
determined through a search for that with minimum variance between the un-
degraded samples. Based on this data, the carbonyl indexes were calculated for
comparison.

2.3. Fitting240

Models taking the form of quadratic Scheffé polynomials (Equation 1) [44]
were fitted to the generated data using least-squares regression to determine
trends and allow more straightforward interpretation of the data. These models
were fit to two data sets: a cross-validation data set – omitting Formulation 1
and Formulation 2 to check for overfitting effects – and the full data set. The245

models for each type of characterisation were compared using their normalised
mean absolute errors (nMAE, Equation 2) and their adjusted R2 (Equation 5)
values [44] as most readers will be familiar with these and they provide sufficient
information on the quality-of-fit of the models.

ŷ =

p∑
i=1

βixi +

p∑
i=1

p∑
j>i

βijxij (1)

nMAE =

(∑n
i=1 |yi − ŷi|

n

)(
1

maxy −miny

)
(2)

SSE =

n∑
i=1

(yi − ŷi)2 (3)

SST =

n∑
i=1

(yi − ȳ)2 (4)

adj.R2 = 1− SSE(n− 1)

SST(n− p)
(5)

Where ŷi is the predicted value for yi, ȳ is the mean of y, β is a constant, n250

is the number of observations, p is the number of mixture components, SSE is
the standard squared error and SST is the total squared error.
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3. Results and discussion

3.1. OIT

3.1.1. Granules255

Starting with the most common and straightforward of the stability tests
– OIT using granules – it is useful to first investigate an overview of the data
generated and the predictions of the models fitted (Figure 2). The fitted pa-
rameters are provided in the supplementary information, Table S1, along with
those for all of the other models. Linear and special-cubic Scheffé polynomials260

were also fitted to the data in all cases, but were found to provide markedly
inferior fits in the prior case (with a maximum adjusted R2 of 0.737 in the lin-
ear case) or the potential for severe overfitting in the latter case (as verified
by the prediction of extreme values during cross-validation). From this, it is
clear that the additives have a significant and complex impact. Regarding OIT265

making use of granules, the quadratic models allow far better fits. Nonetheless,
perfect fits are not achieved. Most notable is the weakness of fit in cases with
the maximum loading of SP, with over predictions in the case of Formulation 1,
Formulation 2 and Formulation 3 and an under prediction in the case of Formu-
lation 17 (with the maximum loadings of all additives). The latter is particularly270

interesting, considering that the very similar Formulation 16 is overestimated.
Coupled with the cross-validation results – where one may find that overfitting
does not appear to be the case, there is a strong case for unmodeled underlying
complexity (albeit weak). Based on this and a comparison of the quality-of-fit
metrics, the quadratic model fitted to the full data set (adjusted R2 of 0.918,275

nMAE of 0.0395) is taken as the most valid.
Of further interest is the comparison of the data generated for Formulation 3

and Formulation 4. Here, the OIT of Formulation 3 is very similar to that of
Formulation 4, despite Formulation 3 having the maximum SP loading while
Formulation 4 is unstabilised. If, however, one further studies the underlying280

data, it is notable that the most exothermic point in the oxidation of Formu-
lation 3 occurs much later than that of Formulation 4. This may be seen in
Figure 3, where the times to minimum value (most exothermic points in the
degradations, henceforth TMV) for all of the formulations are compared. This
suggests that, while the onsets are similar, Formulation 3 is more stabilised285

than Formulation 4. This would indicate a weakness in the standard way of
analysing data of this sort. The other results based on TMV differ quite sig-
nificantly from those based on the standard method. Particularly, the highly
stabilised materials containing CB at the 0 % and 30 % CC loadings (Formula-
tion 6, Formulation 9) now perform dramatically better in comparison to the290

other materials, even surpassing Formulation 17 (which was the most stable in
the prior measure). Also notable is the performance of Formulation 14 – more
closely matching that of Formulation 17. There is, however, substantial vari-
ance between samples of the same formulation (Formulation 3, Formulation 5,
Formulation 8, Formulations 10/11 and Formulation 16). This does not appear295

to be much more severe than was the case with the standard method, indicating
that the cause is non-ideal mixing of the materials and/or an inherent issue with
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Figure 2: Granular OIT experimental results ( ) with model predictions for the full ( ) and
cross-validation ( ) models. [single column, colour]

the technique. In terms of the fitted models, the model fitted to the full data
set (adjusted R2 of 0.853, nMAE of 0.0724) was found to offer the best match
to the experimental data.300

Finally, the predicted results (Figure 4) may be investigated to gain a better
idea of the inherent trends of the system. From this figure, it is clear that,
broadly, higher loadings of the additives serve to increase the OIT of the system.
In terms of the pure-component effects (therefore in systems only containing
HDPE and the noted additive), CB increases the OIT of the system while CC305

reduces it – although with diminishing returns in either case. In agreement with
the earlier results, SP has little effect. There exists an interesting contrast to
this in the predictions for the TMV model (Figure 5). There, SP plays the role
expected of it, with strong positive pure-component effects that are nearly linear
in nature. The negative pure-component effect of CC is reversed to the point310

of it having a weakly positive effect, while CB maintains its positive primary
effect.

This changes dramatically when considering interactive effects (Figure 6),
most notably through the dependency of SP effectivity on the CC lo§ading,
with high loadings of CC greatly improving the effect of SP addition. A similar,315

albeit much weaker effect exists between CB and SP. Conversely, the CC/CB
interaction is weakly antagonistic.. These figures are used to isolate (and better
study) the interactions between sets of additives, based on the definitions pro-
vided by Brydson [2]. Figures of this type are created by removing the binary
effects between the varied additives and those held constant – thereby isolating320
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Figure 3: Granular TMV experimental results ( ) with model predictions for the full ( ) and
cross-validation ( ) models. [single column, colour]
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Figure 4: Granular OIT model predictions. [2-column, colour]
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Figure 5: Granular TMV model predictions. [2-column, colour]

the interactions between the varied additives. This is particularly necessary as
the fitted constants in Scheffé polynomials are not suitable for intuitive analy-
sis. In these figures, the transparent red plane is indicative of purely additive
effects, with results above it indicative of synergism, while those below it are
indicative of antagonism. Figure 7 mirrors the results suggested by Figure 6,325

although the strengths of the interactions are much more balanced – with the
strongest interaction now the CB/CC antagonism.
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Figure 6: Granular OIT model interactions. [2-column, colour]
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Figure 7: Granular TMV model predictions. [2-column, colour]

3.1.2. Powders

The strange behaviour of Formulation 3 compared to Formulation 4 in the
OIT measure is worsened in the case of the powdered samples, with even earlier330

onset (Figure 8 and Figure 9). This is likely to stem from the increased exposed
surface area – visible through the reduced OIT and TMV values. Otherwise,
notable is the large variance for individual formulations and between identical
formulations, particularly Formulation 1, Formulation 2 and Formulation 10/11.
This is also visible through the quality-of-fit metrics, with the best models –335

fitted on the complete data set – having adjusted R2 values of 0.853 (OIT)
and 0.846 (TMV) and nMAEs of 0.0611 and 0.0814. The data for TMV is
interesting, in that it is very balanced, with fairly clear distinctions between the
different stabiliser levels in the formulations. Despite this, however, there are
numerous cases of strong under-/over-prediction by the models, giving credence340

to the theory of significant unfitted effects.
The model results are very similar to those of the granular samples in the

case of OIT (Figure S1 in supplementary information), albeit with a negative
primary effect for SP and a predicted turning point in the negative effect of CC.
The primary-effect TMV results (Figure S2 in supplementary information) are345

also very similar to those of the granular samples, with only slightly different
curvature. An investigation of the secondary effects (Figure S3 and Figure S4 in
supplementary information) also reveals interesting deviations from the granular
results, with virtually purely additive effects between CB and SP and CB and
CC in the OIT model. At the same time, the TMV model suggests stronger350

synergism between CC and SP and somewhat weaker antagonism between CB
and CC than seen in the granular case. CB and SP are limited to additive
effects in this case too.

3.2. Time-sweep rheometry

In the pursuit of a method suitable for the comparison of materials with355

very different filler loadings – owing to the impact of fillers at higher loadings
on the point of modulus crossover (Figure 10, along with the predictions of
fitted models) – a novel technique was developed. In this technique, the storage
modulus is plotted to time, on a log-log axis. When this is done using the
materials of this study, a series of distinct steps may be seen (Figure 11, lines360
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Figure 8: Powder OIT experimental results ( ) with model predictions for the full ( ) and
cross-validation ( ) models. [single column, colour]
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Figure 9: Powder TMV experimental results ( ) with model predictions for the full ( ) and
cross-validation ( ) models. [single column, colour]
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Figure 10: Rheometric time-sweep modulus cross-over experimental data ( ) with model pre-
dictions for the full ( ) and cross-validation ( ) models. [single column, colour]

and intersection discussed in the next paragraph). First – in the more stable
materials – dead-time (the length of which is also a function of the oxidative
stability of the material, albeit with a stronger dependence on CB and CC).
Thereafter, a turn upward, with a linear rise. This levels off to some extent for
some time, after which another turn upward occurs. This also contains linear365

elements (on the log-log plot), but these may take some time to materialise.
Eventually, this, too, levels off. The systems containing CC at a 30 % loading
and CB exhibited double-plateau behaviour (Figure 12). This was also found
in Formulation 15, but none of the other formulations that contained 60 % CC
exhibited such behaviour.370

If these changes – particularly the final upward turn – are investigated, they
may be seen to offer correlation with the oxidative stability of the material with
minimal dependency on the filler loading. To repeatably determine the time
at which this turn occurs, inspiration was taken from OIT tests. In doing so,
straight lines are fit to the pseudo-linear sections on the log-log plot (Equation 6375

and Equation 7) and their intersection noted (Figure 11 and Figure 12). The
time at which the intersection occurs is taken as the time-measure of the turn.
This is henceforth referred to as the degradation onset time (DOT). The data
generated using this technique may be seen in Figure 13 for comparison to that
in Figure 10. This, clearly, far better represents the stability of the system than380

the point of modulus crossover, also referencing Figure 2, Figure 3, Figure 8
and Figure 9. The fact that Formulation 6 performs best in this measure serves
as confirmation of this, as it is expected to be the most stable formulation –
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Figure 11: Time-dependent storage modulus of Formulation 5 ( ) with tangent lines ( )
and degradation onset time. [single column, colour]
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Figure 12: Time-dependent storage modulus of Formulation 9 ( ) with tangent lines ( )
and degradation onset time. [single column, colour]
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Figure 13: Rheometric time-sweep DOT experimental data ( ) with model predictions for the
full ( ) and cross-validation ( ) models. [single column, colour]

through maximum loadings for SP and CB and no CC.

log10G
′ = m log10 t+ c (6)

G′ = tm · 10c (7)

Where t is the time since the start of the run, m is the slope of the line on the385

log-log plot and c is the intercept on the log-log plot.
The reason for the reduced time to modulus crossover in materials with

higher filler loadings is clear through the investigation of the initial δ data
(Figure 14). These data were taken after 100 s to allow the samples to stabilise
at the oscillation frequency. The storage moduli of the highly filled materials390

are increased, likely through particle effects [14], thereby decreasing the loss
factors.

While some of the quality-of-fit metrics of the fitted models (quadratic, full
set) are not exceptional, with adjusted R2 values of 0.817 (DOT) and 0.824
(modulus crossover), the nMAEs of 0.0735 and 0.0783 are more acceptable.395

When this is coupled with the broad dispersion of results throughout the mea-
surement area, high confidence in the predictions may be had.

The DOT model (Figure 15) shows the initially negative primary effect of
CC, eventually turning to a positive primary effect at a ∼45 % loading. Fur-
ther, the strong and very strong positive primary effects of CB and SP may400

also be seen. It is interesting to note that this is the one case where the most
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Figure 14: Initial δ values for the different calcium carbonate loadings (0 % ( ), 30 % ( ) and
60 % ( )) of the formulations. [single column, colour]

stable combination is not that of maximum CB, CC and SP loadings (Formu-
lation 17), but rather maximum CB and SP loadings, coupled with no CC (as
shown experimentally with Formulation 6).

The secondary interactions of this model may again be studied on their own405

(Figure 16). Here, the strong antagonism between CB and CC is again clear,
but there are no strong synergisms to counteract its effect. The very weak
antagonism between CC and SP is a major departure from the behaviour of the
system in the OIT studies, while the CB/SP interaction is among the strongest
of its estimations in the prior measures.410

The model of the modulus-crossover time (Figure 17) very clearly tells a
story of negative primary effect of CC at high loadings, despite its positive
primary effect at lower loadings. Indeed, said negative primary effect dwarfs all
of the other effects, even combined. Adding further doubt to the utility of a
measure of this sort to the determination of the thermal stabilities of a range415

of materials is the fairly strong negative primary effect of SP. This is offset by
a nearly linear positive primary effect in the case of CB.

Making a return to the secondary interactions (Figure 18) is the CC/SP
synergism. Conversely, the ever-present CB/CC antagonism again makes an
appearance, as does the weak CB/SP synergism.420

3.3. Oxidative stability

Clearly, based on the results of the OIT and time-sweep tests, the results
of one test do not necessarily reflect on another, and must, therefore, be taken
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Figure 15: Rheometric DOT model predictions. [2-column, colour]
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Figure 16: Rheometric DOT model predictions – secondary effects. [2-column, colour]
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Figure 17: Rheometric modulus cross-over model predictions. [2-column, colour]
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Figure 18: Rheometric modulus cross-over model predictions – secondary effects. [2-column,
colour]
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Figure 19: Comparison of the rankings (cross-over time ( ), DOT ( ), granular OIT ( ),
granular TMV ( ), powder OIT ( ) and powder TMV ( )) of the materials in the different
tests and measures. [single column, colour]

in context. An investigation of the rankings of the formulations in each mate-
rial confirms this (Figure 19). If, dropping the modulus cross-over results, the425

rankings are added, clarity is gained (Figure 20). Four of the most-stabilised
materials occupy the top four positions while five of the unstabilised materials
occupy the bottom five positions. Not all is so clear, however. Formulation 1
and Formulation 2 under-perform to a degree, given their maximum stabilised
loadings and, yet, middling performance. The variance between the rankings of430

Formulation 10 and Formulation 11 is more indicative on the sensitivity of this
method than experimental variance, given the similarity of their results in the
tests.

Nonetheless, some general observations may be made through inference from
the combination of the various models. The SP, likely with I168 dominating,435

performs its role well, albeit with curious results in the OIT measurements. In
all other measures, however, it performs as expected. Similarly, the CB mas-
terbatch showed positive primary effects in all cases. CC, conversely, exhibited
negative primary effects, albeit with strong turning points in some cases. The
antagonism between CB and CC is present in all cases, although its strength440

varies. Similarly, CB and SP exhibit additive effects (in two cases) or, typically,
interact synergistically. The extremely strong synergism between CC and SP is
present in all but one of the measures, with additive effects in that (DOT).

Literature would suggest mixed interactions between CC and SP, with (os-
tensibly) un-coated CC having been found to exhibit antagonistic interactions445
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Figure 20: Comparison of the summed rankings of the materials (modulus cross-over omitted).
[single column]

with HALS [46, 47], while secondary antioxidants based on phosphite chemistry
exhibit synergistic complexing with calcium (in the form of calcium stearate)[48].
The antagonistic interactions between HALS and CC were ascribed to adsorp-
tive effects – instead of complexation – in the mechanistic work by Hu, XU and
Zhang [46] in isooctane. Conversely, HALS have been shown to exhibit synergis-450

tic effects with calcium stearate in the presence of phenolic antioxidants (which
may be found at low loadings in commercial HDPE), through the suppression of
the oxidation of the phenol to an active quinone [49]. It must be noted, however,
that there exists a substantial body of evidence in the literature that the testing
temperatures involved in OIT are too high for the effects of HALS to be seen to455

a significant extent, despite its tremendous long-term impact on the stability of
materials in which it has been used at lower temperatures [18]. Significant inter-
action of the CC itself (excluding calcium-coating compounds) with C944 or I168
is doubtful, as compatibilised CC has been shown to function optimally with
complete surface coverage by the compatibiliser [50]. A more likely explanation460

is that of synergism between the coating and the SP, with any mobile coating
acting as an acid scavenger and catalyst neutraliser [8]. Further, synergisms
were found between I168-containing stabiliser packages and calcium stearate,
with these ascribed to the above and the formation of phosphite/calcium com-
plexes – resulting in more effective hydroperoxide decomposition and, thereby,465

the inhibition of carbonyl formation [48]. This may be aided by the effective
increase in the concentration of the SP in the polymer, given the displacement
of polymer by CC. Another possibility is that of rheological interference. This
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is noted due to the lack of pooling in the more highly filled granular materials
– with these materials remaining in their granular form throughout the tests –470

giving rise to variable surface areas for diffusion and reaction. This may give
frivolous results at CC loadings higher than ∼30 % in the OIT tests. While this
was sought to be remedied by the use of the powdered samples, a lack of fusion
between the particles could clearly be seen in the most viscous of the materials
(Formulation 14 and Formulation 15).475

There also exists historic precedent for synergism between CB and SP, with
Peña et al. [19] having found individual and overall synergisms between CB
(furnace, two types: clean and high O/S), C944 and I168 in the OIT testing of
LDPEs at 200 °C. As mentioned in the introduction, these authors found I168
to have a weakly negative primary effect, while they found CBs had a weakly480

positive primary effect. C944 was found to have a slightly more positive effect.
While it has been found that HALS may be adsorbed by CB, with the strength
of this activity based on the surface groups and topography of the CB and the
structure and functional groups of the HALS [22], this does not explain the
synergy between the compounds – indeed to the contrary. This effect, however,485

is likely to be somewhat suppressed in this case, as the CB used possesses a
basic surface chemistry (with a pH of 9.0). Peña et al. [20, 19] reasoned that a
more acidic CB would adsorb HALS more strongly than a less acidic CB, owing
to acid-base interactions and hydrogen bonding with carboxylic and phenolic
groups, while other groups are limited to hydrogen bonding. This, however,490

is countered by the less-hindered nature of C944 compared to that of other
polymeric HALS and the presence of secondary amines in its side groups, found
by Peña et al. [22] to encourage adsorption. Adsorption does not appear to
present a problem in the case of I168, as it exhibits minimal adsorption on a
basic (with a pH of 7.4) carbon black in medium-density polyethylene and on495

a variety of CBs in n-heptane [51, 21]. This has been suggested to be due to
severe steric hindrance – owing to the central location of the phosphite group
(which typically promotes adsorption) in the molecule [21].

The improvements brought about by the addition of CB likely stem from a
combination of the reduced viscosity of the system – owing to the introduction500

of SEBS – and the thermally stabilising nature of certain carbon blacks. The
latter was ascribed to the presence of oxygen groups on the surface of the CB
that serve to decompose hydroperoxides and the radical trap/chain breaking be-
haviour of the CB [19, 52]. The prior is based on the shear/viscosity-dependency
of HDPE degradation. Rideal and Padget [24] found that the rate of LCB in505

low-vinyl HDPE is increased (by near order-of-magnitude levels) at lower melt
temperatures (212 °C compared to up to 306 °C) in a Brabender Plastograph
under nitrogen and air. High-vinyl HDPE strongly favoured chain-scission re-
actions. The carbonyl index was also found to have an inverse proportionality
to melt temperature in the low-vinyl polymer. Given the extremely low vinyl510

content of the base polymer in the present study, it is likely that a decrease in
viscosity will result in a substantial reduction in LCB reactions.

This viscosity effect likely explains much of the negative primary effect of CC
addition, in addition to the antagonism of CB and CC (as CC addition undoes
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Figure 21: Impact of calcium carbonate loading (0 % ( ), 30 % ( ) and 60 % ( )) on the initial
complex viscosities of the formulations (100 s stabilisation time). [single column, colour]

the reductions in viscosity brought about by the addition of SEBS to the compos-515

ite (Figure 21)). No records of the antagonism between CB and CC were found
in the literature. However, Bai et al. [53] found a negative primary effect on the
thermal stability for stearate-coated CC in ABS, potentially indicating some
type of antagonistic interaction between CC and butadiene/styrene-containing
polymers. Viscosity, however, remains likely to be the dominant effect, as the520

negative primary effects found by Bai et al. [53] were relatively weak.
There is some precedent in literature for the intermediate plateau seen in

Figure 11. It may be found in the 170 °C plot of complex viscosity against time
of HDPE by Mariani et al. [36], although undiscussed, and in stabilised samples
of LLDPE studied by Dordinejad et al. [30], where it was ascribed to the late-525

onset antioxidative effect of Irganox 1010, a primary stabiliser. Their system
also contained I168, which this did not result in plateau behaviour on its own,
although it did modify the behaviour in the presence of the primary stabiliser.
Given that all of the formulations studied here exhibited plateauing behaviour,
it is likely that a primary stabiliser is included in the DOW HDPE 25055E base530

polymer.
In terms of the characterisation techniques and measures, it is clear that

modulus cross-over is not an ideal measure for systems with widely varying loss
factors. In similar terms, it is unlikely that OIT tests provide accurate repre-
sentations of the performance of systems containing little other than secondary535

antioxidants. This is reiterated by the comparatively weak performance of For-
mulation 6 in these tests. The more straightforward granular method does not
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yield quantifiably worse results than those of the powder method. On the con-
trary, in fact, in terms of the prior secondary antioxidant results. Little can
separate the remaining three methods in terms of validity, given the current540

data set. From a practical standpoint, the dramatically longer run-times and
added analytical complexity of the DOT method are not desirable. However,
its results exhibit less single-formulation variance than those achieved by either
TMV method. This is due to the far larger sample requirement (∼2 g com-
pared to <30 mg) of the rheometric methods, which reduces the impact of local545

variances due to non-ideal mixing – giving a far better indication of average
behaviour of the system.

3.4. FTIR

The FTIR spectra collected for the samples all possess the characteristic
bands of polyethylenes to some extent. These consist of −(CH2)n− rocking550

(∼700 cm−1), deformation vibration (1445 cm−1 to 1485 cm−1) and stretching
bands (2840 cm−1 to 2950 cm−1) [54, 55]. The addition of CC results in the
addition of its characteristic strong band at ∼1420 cm−1 to the spectrum [55].

The predominant bands that accompany degradation were found to be those
of C=O stretching (1712 cm−1, 1728 cm−1 and 1772 cm−1) and C–O or C–O–C555

stretching (1170 cm−1 to 1178 cm−1) [55]. These may be very clearly seen in
the extremely degraded samples, such as the skin of Formulation 4 (Figure 22).
Here, the skin is a 0.2-mm-thick film formed on the outer edge, with a no-
ticeable difference in texture and appearance with severe yellowing/browning in
the materials without CB. In these extreme cases, far weaker bands belonging560

to C=C bending (910 cm−1 to 990 cm−1) [54], C=C stretching (1630 cm−1 to
1680 cm−1), further C-O and C-O-C stretching (1030 cm−1 to 1270 cm−1) and
O-H bending (1260 cm−1 to 1440 cm−1) may be seen [55]. In the extreme cases,
peak broadening occurs, resulting in not all of the peaks of the less-aged materi-
als being suitable as reference for the carbonyl peaks. Based on this, the upper565

−(CH2)n− stretching band (∼2950 cm−1) is chosen as the reference peak.
The specific C-O bands would suggest the presence of primary (1030 cm−1

to 1085 cm−1) and secondary (1075 cm−1 to 1125 cm−1) alcohols, saturated
aliphatic ethers (1060 cm−1 to 1150 cm−1) and/or saturated aliphatic esters
(1150 cm−1 to 1270 cm−1) . The C=O (carbonyl) bands, meanwhile, may be570

indicative of many of the typical oxidative degradation products of HDPE, in-
cluding aldehydes, ketones and carboxylic acids. Of these, aldehydes may be
eliminated, as their characteristic band at 2710 cm−1 is absent [55, 56].

Through the use of FTIR and localised samples, it is possible to determine
to some extent the progression of oxidative degradation through the samples575

through the use of the carbonyl index (Figure 23).
Based on the dramatically increased carbonyl indexes of the skin samples

and the negligible difference between the unaged granules and the central and
circumferential areas, it is clear that the skin acted as an oxygen barrier/sink
– preventing the conventional oxidative degradation of the internal areas of the580

test discs. What is notable here, too, is that the outer layer had to be broken
before the measuring tool could be retracted, in many cases. This suggests that
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Figure 22: FTIR spectrum of the skin of Formulation 4. [single column]
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Figure 23: Localised carbonyl indexes (skin ( ), circumference ( ), centre ( ) unaged ( ))
throughout the formulations. [single column, colour]
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a large part of the cross-linking and LCB was limited to the radial area, even
after significant passage of time. This may be confirmed with gel-permeation
chromatography [57] on the particulate-free samples, but that is outside the585

scope of this study.
Nonetheless, it is believed that there is some truth in the model proposed by

Filippone et al. [42], with cross-linking working inward – albeit slowly – from
the radius. Particularly, the highly-localised area of autoxidative degradation on
the skin would likely serve as a primary radical source. The low chain mobility590

in the system – partially owing to operation in the linear viscoelastic region –
then results in a sharp decline in radical activity as one moves inward from the
radius. The inner area will be preferentially subject to LCB and crosslinking
in the absence of competing reactions with oxygen, albeit with relatively few
radicals to initiate the reactions.595

4. Conclusion

The primary and secondary effects of a CB, CC and SP on the oxidative
stability of a commercial grade of HDPE were determined. The oxidative sta-
bility was assessed through OIT- and oscillatory-time-sweep-rheometry-based
techniques. The progression of degradation through the time-sweep-rheometry600

samples was assessed through the use of ATR-FTIR spectroscopy. Through
these techniques, it was determined that all of the components had strong pri-
mary effects – positive in the cases of the CB and SP, negative in the case of CC.
Interactions were also found, with weak synergism between CB and SP, strong
synergism between CC and SP and strong antagonism between CB and CC.605

The causes of these interactions were discussed based on available literature.
The oxidative degradation of the time-sweep-rheometry samples was found

to be isolated to the skin area, with severe degradation, while the inner material
was virtually unaffected by oxygen. A wide range of the degradation products
were identified. LCB and/or cross-linking effects were found to be preferred610

over chain-scission effects through the studies by time-sweep rheometry. The
locality of these effects may be the subject of a further investigation.

The data gathered allowed for the comparison of the techniques and mea-
sures used, with the modulus-cross-over measure frequently used in studies of
thermosets found to be ill-applicable to the study of materials with a wide range615

of starting viscosities. OIT techniques were found to yield questionable results
in materials containing little other than stabilisers, with the oddity ascribed to
effects pertaining to Irgafos 168, confirmed in a prior study. A novel measure of
degradation onset was created for use with time-sweep rheometry, which yielded
comparable results to those of the most exothermic point in the oxidation of620

samples in a differential scanning calorimeter.
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