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ABSTRACT

A bimodal impact strength distribution was found in notched impact specimens of HDPE composites
with calcium carbonate, carbon black, SEBS and stabilisers. The bimodal distribution was only found at
moderate-to-high calcium carbonate loadings, with the likelihood of low impact strength increasing
with increasing stabiliser loading and decreasing with increasing SEBS/CB masterbatch loading. Bayesian
methods were used first to confirm bimodality and then to investigate the effects of formulation on the
performance of the system, based on a hierarchical model with quadratic and interactive terms and
switching based on the sampling of a Bernoulli distribution with a logistic regression informing the
probability of high or low impact strength. The results are contextualised through micrograph fractog-
raphy and, briefly, differential scanning calorimetry. Results are also reported for unnotched impact tests,
with negative correlations for impact strength with calcium carbonate and stabilisers, a positive corre-
lation with SEBS/CB and interactive effects.

© 2023 Kingfa Scientific and Technological Co. Ltd. Publishing services by Elsevier B.V. on behalf of KeAi

Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Impact strength is a key specification of a product, as a measure
of its resistance to rapid applications of force. As a result, impact
strength is often the deciding factor in material selection [1]. Not
only is the magnitude of the impact strength important, but, to
guard against failure below specification, also its distribution. This
is more important still in highly filled composites, owing to shifts in
the ductile to brittle transition as a function of formulation [2,3].

These materials result from the use of a filler to augment the
properties of a polymer matrix. One such matrix may be high-
density polyethylene (HDPE), a widely used semi-crystalline com-
modity polymer with remarkable resistance to chemical attack [4],
good impact strength [5] and the potential for exceptional weath-
ering resistance with appropriate additives (as used, for example, in
geomembranes [6]). Through the addition of calcium carbonate—a
common filler—the stiffness, hardness and dimensional stability
may be improved, typically at the cost of impact strength and
tensile strength [7]. These losses may, however, be recovered or

* Corresponding author.
E-mail addresses: wd.viljoen@tuks.co.za (D. Viljoen), johan.labuschagne@up.ac.
za (J. Labuschagné), kuehnert@ipfdd.de (1. Kuehnert).

https://doi.org/10.1016/j.aiepr.2023.11.001

even reversed through careful material and loading specification, as
well as surface modification [2,3,8].

HDPE is subject to auto-oxidative degradation, and thereby
strongly benefits from the application of antioxidants. These com-
pounds enhance material stability by deactivating radicals (primary
antioxidants and hindered amine light stabilisers (HALS)) and
reducing hydroperoxides to alcohols (secondary antioxidants) [4,7].
As a further stabiliser, carbon black is a highly effective absorber of
UV radiation, converting it to heat, while also blocking its pene-
tration into the material [7]. Carbon black is frequently introduced
as part of a masterbatch, to counter health and safety risks asso-
ciated with its fine-powder form as well as improving its dispersion
and distribution through the matrix [9].

These additives not only affect the stability of the material, but
may also cause changes in morphology or properties (such as
impact or tensile strength). Further, these additives are known to
show interactive effects in their impacts on material properties
[10,11].

Bayesian inference is a method for statistical inference whereby
a belief (prior) is updated according to data, resulting in a refine-
ment of the belief (posterior). When paired with modern compu-
tational hardware and software, this method may be applied to
parameter estimation in a similar way to that by which linear
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regression may be used in Frequentist statistics. Further, as a result
of the sampling methods utilised, more complex models may be
utilised. These may include switching models [12], hierarchical
models [13], or, more broadly, those making use of sampling from
distributions. Support for heteroscedasticity may also be imple-
mented directly in these types of models. The interested reader is
directed to Kruschke's work [14] for a comparison of techniques as
well as a detailed outline of the prior methodology.

This work reports on an unexpected apparent finding of the
formulation-dependent presence of bimodal impact strength in
notched specimens of composites of HDPE, calcium carbonate,
masterbatched carbon black and a stabiliser package. Hereby, for
some formulations, impact testing results suggested the presence
of two clearly separated modes instead of the one expected for a
material that is experiencing failure due to a consistent mechanism,
only reported once elsewhere [15] to the knowledge of the authors.
The proportion of specimens having high or low impact strength in
the bimodal region would appear to be a function of formulation.
These findings are first interrogated through a Bayesian statistical
analysis to confirm bimodality, after which Bayesian hierarchical
modelling is used to better understand the system and its behav-
iour in terms of the effects of the formulational parameters. The
fracture behaviour of the system is characterised through micro-
scope fractography to present additional physical context and evi-
dence. Unnotched impact strength, transition temperature and
crystallinity results are also reported, to better contextualise the
performance of the materials.

2. Materials and methods
2.1. Materials

This study was performed based on commercially available
materials, consisting of an injection-moulding grade of HDPE (Dow
HDPE 25055 E, Midland, MI, USA); ultra-fine, surface-coated cal-
cium carbonate (OMYA Hydrocarb® 95 T-OG, Oftringen,
Switzerland); hindered amine light stabiliser (HALS)(Chimassorb
944, BASF, Rhineland-Palatinate, Germany); phosphite secondary
antioxidant (Irgafos 168, BASF, Rhineland-Palatinate, Germany);
and a carbon black masterbatch (Caparol NEFA MB F 21,504
Schwarz, Ober-Ramstadt, Germany). The HALS and secondary
antioxidant were treated as a fixed stabiliser pack, at a 3:2 ratio. The
carbon black masterbatch consists of 28 % of a furnace black (Orion
Engineered Carbons Printex® F 80, Luxembourg), with an average
particle size of 16 nm, in a thermoplastic elastomer (styrene-
ethylene/butylene-styrene (SEBS) copolymer) matrix. The compo-
nents will, henceforth, be referred to as HDPE, CC, S and CB.

2.2. Experimental design

This study follows on the work of Viljoen et al. [10,11] and makes
use of the same experimental design. This design constrains the CC
loading between 0 wt% and 60 wt% (36 vol%), that of CB between
0% and 3.6 %, and that of S between 0 % and 0.5 %. For convenience,
the materials will be referred to by a formulation shorthand: aCC/
bCB/cS, where “a” is the percentage CC, “b” is the percentage CB and
“c” is the percentage S. Two side-feed positions were trialled
through the use of the validation formulation. The formulations
used are enumerated in Table 1 and shown graphically in Fig. 1.

2.3. Processing
Compounding was performed on a KraussMaffei Berstorff ZE 25-

Cl with a temperature ramp from 220 °C at the main feed to 235 °C
at the die. Care was taken to configure an appropriate screw
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Table 1
Experimental design: formulations and feed points. Reproduced with permission
from Viljoen and Labuschagné, Polymer Testing; published by Elsevier, 2020 [10,11].

Component (%) CC feed
Formulation HDPE cC CB S 1 2
01 65.90 30 3.60 0.50 .
02 65.90 30 3.60 0.50 .
03 99.50 0 0 0.50
04 100.00 0 0 0
05 97.95 0 1.80 0.25
06 95.90 0 3.60 0.50
07 96.40 0 3.60 0
08 69.75 30 0 0.25 .
09 67.70 30 1.80 0.50 .
10 67.95 30 1.80 0.25 .
11 67.95 30 1.80 0.25 .
12 68.20 30 1.80 0 .
13 66.15 30 3.60 0.25 .
14 39.50 60 0.00 0.50 . .
15 40.00 60 0 0 . .
16 37.95 60 1.80 0.25 . .
17 35.90 60 3.60 0.50 . .
18 36.40 60 3.60 0.00 . .
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Fig. 1. Slack-variable representation of experimental design. Reproduced with
permission from Viljoen and Labuschagné, Polymer Testing; published by Elsevier,
2020 [10,11].

(1200 mm, 48D). HDPE, CB and S were introduced through the
main feed, while CC was introduced through an earlier (14D) and/or
later (25D) side feed. The extrudate was cooled in a water bath and
pelletised.

Injection moulding was performed on an ARBURG 420 C, with a
mould temperature of 50 °C and a barrel temperature profile of 40/
210/200/210/220/230/230 °C. A linear injection flow rate of 40 mm/
s was used with a peak injection pressure of 190 bar and a holding
pressure of 78 bar.

Impact specimens were prepared in accordance with DIN EN ISO
179—2, with dimensions of 80 x 10 x 4 mm. A standard 2 mm notch
was cut into the notched specimens, with a diameter of 0.5 mm.

2.4. Impact testing

Impact testing was performed on a Zorn Instruments (Stendal,
Germany) Pendelschlagwerk at an impact speed of 2.9 m/s. All of
the notched impact tests were performed using a 0.5 ] pendulum,
while unnotched tests were performed using a 4 ] pendulum
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(30CC) and 0.5 ] pendulum (60CC). A WPM (Leipzig, Germany) PSd
50/15 was used with a 15 ] pendulum in the characterisation of the
0CC unnotched specimens, owing to their high impact strength, but
these results could not be used as the specimens were ejected from
the machine without the initiation of fracture. Testing was con-
ducted according at the standard climate (23 °C and 50 % humidity),
and the specimens were allowed sufficient time to acclimatise.

2.5. Microscopy

Fractography was performed based on optical micrographs
taken with a Keyence VHX-2000. Use was made of the stitching
function, to allow for numerous (9 x 5) frames taken in a grid at
200x magnification to be combined into a final output for enhanced
resolution. Use was also made of depth composition, wherewith
the entire frame is produced in focus through an optical-focus
sweep. This allows for small-scale fracture details to be investi-
gated across a single micrograph, instead of requiring comparison
across multiple images of different focal lengths. This does, how-
ever, come at the cost of the loss of broader topographic detail. The
resulting micrographs were converted to black and white, with
lightness minimised for white specimens and maximised for black
specimens, in order to better represent fractographic detail. This
was done in a standardised manner to avoid the introduction of
bias.

2.6. Differential scanning calorimetry

DSC analyses were performed in a PerkinElmer DSC 4000, ac-
cording to ASTM D3418 — 15 [16], making use of open aluminium
pans under a nitrogen atmosphere (with a 20 ml/min flow rate).
Granules were used directly for the measurement, with a mean
weight of 13.0 mg. Preliminary thermal cycles were performed,
with the specimens heated to 180 °C at 10 °C/min and held there for
5 min. The cooling curves were then recorded, with cooling to 30 °C
at 10 °C/min. After the specimens were held at 30 °C for 5 min, the
heating curves were recorded with heating to 180 °C at 10 °C/min.

2.7. Statistical analysis

Slack-variable representations with standardised variables are
used instead of conventional mixing models such as Scheffé poly-
nomials for the sake of more readily interpretable parameters, with
HDPE loading taken as the slack variable. Note that the dependent
variables were not standardised, to give the reader more contextual
understanding on the size of the effects.

Standardisation was chosen over normalisation as it centres the
model nearer the centroid of Fig. 1. This allows the models to better
reflect the switching behaviour, by placing the reference point in
the region where switching may occur. Normalisation would centre
the model on the virgin material, which was found to have dele-
terious effects on the quality of fit. Despite this, the effects seen
using standardisation and normalisation are, broadly, similar.

Inference was performed using the PyMC3 [17] framework on
Python 3.6, using 4 threads. 10,000 samples and 20,000 tuning
samples were drawn per thread. Some hyperparameter optimisa-
tion was performed to settle on these values, with the goal of
smooth and consistent posterior parameter distributions and no
divergences. Throughout, different uninformative priors centred on
the null values were trialled, with no clear distinction between the
resulting posteriors. Sampling was performed using no-U-turn
sampling (NUTS) [18], a derivative of Hamiltonian Monte Carlo
sampling, for its efficiency and insensitivity to correlated parame-
ters (present owing to the interaction and square terms). Conven-
tional measures used in Frequentist inference, such as R?, are not
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necessarily suitable to Bayesian regression. While Bayesian R? is
available in the literature, it is not indicative of the quality of fit to a
fixed target (input data) but rather a measure of the proportion of
explained variance for new (predicted) data [19]. As a result, it is
omitted in preference of investigation of the posterior predictive fit
and the correlation between observed and predicted data through
goodness-of-fit plots.

To guard against false positives, regions of practical equivalence
(ROPE) are established [20]. Much of the related literature is found
in observational science, stemming from social science, psychology
and similar fields. Therefore, some changes are brought as the data
here are based on a experimental set of independent variables, with
similar likelihoods of being distributed at the low, medium and
high levels, and increased sensitivity to changes in the dependent
variable is sought due to investigatory nature of the work. As a
result, ROPE for parameters are assigned to a change in the
dependent variable of 1 % of the range of the dependent variable
over the full range of the pertinent independent variable in the
linear equations. Similarly, ROPE are assigned to a 5 % change in
likelihood of the logistic function. Here, the ROPE are used not as
hard boundaries but as aids to analysis, coupled to the region of the
95 % highest-density interval (HDI). If the HDI is entirely within the
ROPE, is is likely that the effect of the parameter is a null value, here
indicative of no or a very weak effect. If the HDI is entirely outside
the ROPE, it is likely that the effect of the parameter is significant,
while overlapping HDI and ROPE boundaries are indicative of un-
certain parameter effects that would require additional experi-
mental data points for findings to be made. It must be noted that
the ROPE criteria are set fairly low, as this is merely an exploratory
work. For practical formulational work and decision making, it may
be advisable to use more aggressive limits, such as a 5 % or higher
change for parameters in the linear equations.

All relevant fitted parameters, standard deviations and
goodness-of-fit plots are presented in Appendix A, with key figures
mentioned in the text.

3. Results
3.1. Notched impact strength and bimodality

The notched impact results are presented in Fig. 2. From here, it
can clearly be seen that there is a decline in impact strength with
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Fig. 2. Raw data for the notched impact strength of the composites. Note, here, the
distinct bimodal appearance in the 30 CC materials as well as the general negative
trend with increasing CC loading.
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increasing CC, moving towards what appears to be a plateau. The
systems appears to exhibit bimodal behaviour in the 30CC region
and, potentially, the 60CC/0CB region. To further motivate this, a
statistical check may be used. However, the standard methods to
discern between unimodal and bi/multimodal data are incompat-
ible with the full data here. Hartigan and Hartigan's Dip Test for
Unimodality [21], the bimodality coefficient [22] and several other
techniques are only compatible with univariate data [23]. This is a
problem as, for example, data generated by a linear relationship
between dependent and independent variable could appear
multimodal if there are only few (but multiple) steps in the inde-
pendent variable (as are present here). Siffer et al.'s [23] Folding
Test of Unimodality is compatible with multivariate data, but, again,
will suggest multimodality in a system with few steps in the in-
dependent variables. Akaike's information criterion used with one-
and two-component Gaussian mixture models, tends to suggest
bimodality in most cases [24]. However, tailoring the model to use
one or two linear equations (of the form given in Equation (1)) and
assessing the quality of fit as well as the standard deviation of the
system may prove fruitful.

n n
i=co+ Z (c,-xi + Z C,':jX,'Xj) (1)
i=1

J=i+1

Model goodness for Bayesian models may be estimated using
posterior predictive accuracy, with the two leading approaches
being leave-one-out cross-validation (LOO) [25] and the widely
applicable information criterion (WAIC) [26]. Despite the ap-
proaches being asymptotically equal, some controversy exists over
which is superior—based on arguments over robustness [25] and
bias [27]. For simplicity, both are used in this study. It should be
noted that both approaches penalise model complexity to allow for
increased fairness in comparison. Here, the LOO for the unimodal
model is —32 and the LOO for the bimodal model is 165, with the
same values for the WAIC—with higher values indicating increased
accuracy. This shows the substantial superiority of the bimodal
model based on LOO and WAIC, and may be further motivated with
the mean standard deviation for the unimodal model (0.31 kJ/m?,
Figure A2) being more than five times that of the bimodal model
(0.057 kJ/m?, Figure A5). Finally, using the posterior parameters, it
is possible to estimate a distribution of the difference between the
high and low levels in the bimodal model (Fig. 3), with a mean of
0.74 kJ/m?. Here, the ROPE is set to a change of three standard
deviations (taken as the mean standard deviation of the model)
around zero.

Dependence on the formulation was found in the high- and low-
impact-strength subsets (Figure A3 and Figure A4, Appendix A),
albeit with only very weak effects. Here, the ROPEs were defined on

-0.17

0.6 0.8 12

0.4
Impact strength (kJ/mz)

0.2 1.0

Fig. 3. Posterior parameter distribution for the difference between high and low levels
in the bimodal model of the 30CC materials.
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the impact-strength range of the complete 30CC set, thus including
the higher and lower impact strengths. In the case of the higher
impact strength, a negative correlation (—25 J/m?) was found with S
loading with the other parameters undecided. In the lower-impact-
strength subset, a negative effect (—45 J/m?) with S, a positive effect
(45 J/m?) with CB and an antagonism (—44 ]/m?) between CB and S
were found.

The correlation between formulation and the likelihood of high/
low impact strength in the 30CC region was determined as a
function of the loadings of CB and S, and their interaction. This was
done by comparing a Bernoulli distribution with its probability of a
high value given by the posterior of a Bayesian logistic regression
(of the form given in Equation (2), with an uninformative prior),
with a Bernoulli distribution with a constant probability (with a
prior given by the fraction of high values in the subset (67 %), for
maximum accuracy). Here, the logistic model outperforms the
simple model with the LOO and WAIC of the logistic model —58
compared to the —75 of the simple model. The mean function
(equivalent to the least-squares fit) of the logistic model is plotted
in Fig. 4. Inspection of the posterior parameters (Figure A6 and
Figure A7, Appendix A) also conveys confidence in the result. Most
notably, there is a direct correlation between the S loading and the
likelihood of lower impact strength and between the CB loading
and the likelihood of higher impact strength. Antagonism was
suggested between the parameters, but there is a slight overlap of
the HDI and the ROPE—leaving this effect undecided.

-1
n
(C,‘XH— Z Cinin) )
j=irt

Several hypotheses could support the results observed. Owing
to this uncertainty, the combined model is structured to best reflect
the experimental data and the trends observed as a function of
formulation, while being structured to be as general as possible and
avoiding extrapolation from experimental results under the hy-
pothesis of at least two failure modes. The model is updated in a
tiered fashion. Linear models (of the form given in Equation (3))
were introduced with uninformative priors for the higher and
lower impact strength cases. The priors for the higher impact
strength are updated on the subset of all data except that where

R - (Co-%—i:
p=|1+e = (2)

r— 1.0

- 0.8

0.6

P(High)

0.4

0.2

0.0

35 39
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2.0 1.5
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0.0

Fig. 4. Surface plot of the mean of the posterior of the Bayesian logistic regression on
the likelihood of high impact strength as a function of formulation.
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fractography and impact results support a lower value. The same is
done for the priors for the lower impact strength, in updating on all
data except where fractography and impact results support a higher
value. The posteriors that result are used as priors for these equa-
tions in the full model. Switching between these models takes place
based on the sampling of a Bernoulli distribution taking a logistic
regression (of the form given in Equation (4)) as probability. This
switching section is initialised with uninformative priors within
the complete model, with its updating based on a Boolean variable
indicating high or low impact strength for a given specimen.

n n
f=co+ Y (c,-xi +> cijxixj) (3)
i1 =

-1
n
(C{X,’+E Ci.jX,‘Xj) )
=

The combined model (Equation (5)) switches output between
the higher and lower linear models as a function of sampling from
the logistic-model-informed Bernoulli distribution. Owing to fairly
substantial heteroscedasticity, the standard deviation of the system
was taken as a linear function (Equation (6)) of the output of
Equation (5). Uncertainty in the response variable, then, can be
incorporated through sampling from a normal distribution taking
Equation (5) as mean and Equation (6) as standard deviation as
shown in Equation (7). This approach not only allows for inference
of the means and distributions of samples, but also for the esti-
mation of the likelihood of a sample to come from a given (high/
low) distribution. The model is elucidated as a flow chart in Fig. 5.
The authors were unable to find a model of this type in the liter-
ature, but it is conceptually close to the Bayesian Markov-switching
models that are applied to sequential data in econometrics [12] and
epidemiology [28], among other fields, differing in terms of the
intent and mechanism of switching.

b (14e (=% )

fpun = fa +B(1, D) (b — fiq) (5)

(6)

0 = Co + C1 gy

(7)

In the numerous cases where inconclusive evidence exists for
high or low impact strength for a given specimen, two methods
were trialled: (1) consider all of inconclusive cases, along with the
higher impact strength cases, as the “high” state (Boolean 0) with
the lower impact strengths as a “low” (Boolean 1), or (2) randomly
assign inconclusive cases to “high” or “low” states with equal odds.
The latter method was found to be unsuccessful, as the logistic
function's output tended towards a constant for all formulations.
Therefore, the prior approach is chosen.

Upon completion of the inference, the model offers a mean
posterior predictive fit of the notched impact strength as shown in
Fig. 6a. If noise is included, the posterior predictive fit shown in
Fig. 6b results. The posterior parameter distributions are presented
in Figure A12 to Figure A15 in Appendix A.

If Fig. 6b is compared to Fig. 2, it is clear that the experimental
data are well described by the Bayesian model. Numerically,
adequate convergence is indicated by a rank-normalised of no more
than 1.001, indicating similar variance between and within chains.
Further, stability is indicated by effective sampling sizes (ESS) of the
order of 10* This relates to the (autocorrelation-corrected) number
of points in the sampling chain [29,30].

Y~ N (g, 0)
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The similarity of the parameters for high and low impact
strength may be noted though investigation of the posteriors
parameter distributions, Figure A13 and Figure A14. The strongest
effect by far (around —0.85 k]/m?) is the negative correlation with
CC. A weakly positive effect (0.08 kj/m?) is associated with
increasing CB in the weaker class of specimens, while CB has little
effect in the stronger class of materials. Weakly negative correla-
tions (around —0.07 kj/m?) are seen with S. A weak (lower, 0.12 k]/
m?) to very weak (higher, 0.03 kj/m?) synergy between CC and CB
can be seen, while a very weak (0.03 k]/m?) synergy can also be
seen between CB and S in the stronger specimens. A medium
(higher, 0.23 k]/m?) to strong (lower, 0.57 kJ/m?) positive correla-
tion exists with the squared CC term, relating to the convex cur-
vature observed with increasing CC. In the weaker specimens,
weakly negative (—0.08 kJ/m? and 0.09 kj/m?) correlations can be
seen with the squared terms for CB and S.

The heteroscedasticity of the system is approximated through a
linear equation, which yields evidence that the error consists of a
small fixed component (with a mode of approximately 0.01 kj/
mm?) and a component that is a function of the IS (at about 3.7 % of
IS).

Strikingly, it can be seen from Fig. 7 that there are very strong
formulation effects on the likelihood of high/low mode in the
bimodal region, and that the logistic function is performing as ex-
pected on the unimodal subsets with high values for p (High). It is
clear that CB increases the likelihood of a high-strength fracture,
with a moderate positive effect (2.8(1)), while S has a weakly
negative effect (—1.6(1)). The increased likelihood of a low-
strength fracture in the middle of the CC range is provided by a
strong positive effect (11 (1)) for the quadratic CC term, setting the
stage for the sensitivity of the system to the CB and S loadings seen
in the 30CC materials, while a weakly negative effect (—1.8(1)) is
present for the quadratic S term. Owing to the wide variance of the
effects, the remainder are undecided—with HDIs frequently over-
lapping not only the ROPE but also the null value.

3.2. Unnotched impact strength

It was not possible to determine the impact strength of the
unnotched specimens of the 0CC materials, as the specimens did
not fracture before being ejected from the test position as a result of
the impact. A lower limit on their impact strength can be estimated,
however, as the ejection tended to occur at around 6 | of energy
dissipated through impact. This corresponds to an impact strength
of at least 150 kj/m? under the test conditions. Of course, some
losses may be associated with the ejection process, so these values
should only be considered as rough estimates. The 30CC and 60CC
materials could, however, be characterised in this manner (Fig. 8a).

A strong decrease in impact strength is seen with an increase in
CC from 30 wt% to 60 wt%. This is coupled to a moderate positive
correlation between CB loading and impact strength in the 30CC
cases, with this effect almost entirely vanishing in the 60CC cases.
Throughout, there is evidence for the moderate negative impact of
S on the impact strength of the system. These findings are echoed
by the posterior-predictive and posterior-parameter distributions
(Fig. 8b and Figure A19, Appendix A). A strong negative correlation
(—12 kJ/m?) is found with CC, and weak-to-moderate effects for CB
(2.2 kJj/m?) and S (—1.6 kJ/m?). The diminished effect of CB at the
60CC loading is shown through a moderate-to-weak —1.7 kj/m?
antagonism between CB and CC. Interestingly, a weak synergy
(0.97 kJ/m?) is found between CC and S, pointing towards a
reduction in negative correlation between impact strength and S
with increasing CC. To accommodate the reduced number of points
in the independent variables, owing to the failed OCC tests, the
model used is of the form given in Equation (1), again with standard
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Fig. 5. Flow chart of the model structure and updating methodology.

deviation a linear function of the mean of the dependent variable.
The fixed component of the standard deviation is centred on 0 k]J/
m?, with a tail stretching to 0.1 kJ/mm? while the variable

component is centred on 11 % of impact strength.

3.3. Fractography

To better contextualise the effects of formulation on perfor-
mance, it may be beneficial to gain a better understanding of the
mechanisms involved in fracture—particularly regarding the
bimodal notched impact strength. To this end, fractography of some
relevant specimens may offer insights into the type and progres-
sion of fracture through the specimens. Interestingly, the sound of
the fracture could be qualitatively correlated with the impact
strength, as the stronger specimens had a sharper sound of failure
than that of the weaker specimens. Fractography is performed
based on a number of preceding works [31,32], noting particularly

206

the works by Bohning, Niebergall et al. [33—35]. The works by
Mishra et al. [36—38] are omitted from this discussion, due to in-
compatibilities between these works and those of Bohning, Nie-
bergall et al. in terms of the discussion of the near-impact-edge
fracture morphology, and the better fit of the works of Bohning,
Niebergall et al. with the results here observed.

First, comparisons may be drawn between specimens of the
same formulation (3.6CB/30CC/0.5S) that exhibited high and low
impact strength. These are shown in Fig. 9a (high) and Fig. 9b (low).
These are virtually identical to the corresponding fracture surfaces
of the other 30CC specimens that contain CB—to the point that high
or low impact strength can be determined from the fracture surface
alone in all cases. The manner of crack propagation seems to differ
somewhat between these specimens. It is clear in all cases that
fracture was initiated on the notched edge, with predominantly
brittle failure. Moving further away from this edge, to the so-called
“mirror zone” [31] directly adjacent to the origin and identifiable by
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its lighter colour, it is clear that the initial fracture spread more
evenly and substantially from the origin at its centre in the case of
the stronger specimen—indicated by the larger and more smoothly

a
4)0 03
1l ] J
3 | 04
mg 30 - ' l_
= ® o)
< 25 - g . 03 &
5 L
£ 20 ~ E 7
2 <
‘g 02 z
E- 15 A -1
10 h 0.1
5 - -
v ® -
T T T T T T 0.0
0.0 1.8 36 0.0 1.8 3.6
30.0 60.0
Carbon black (%)

Calcium carbonate (%)

elliptical area. This is opposed to the much smaller and more un-
even mirror zone in the weaker specimen, which may suggest
multiple fracture origins and rapid progression past this mode of
failure. This zone is typically seen as the remnant of a ruptured
craze [31], as can be deduced from the lighter colour, which would
be brought on by the remnants of the craze fibrils, and thus as a
more ductile form of failure than that seen in the large and
smoother brittle-failure regions. The larger mirror zone in the
stronger specimen would suggest more impact energy being
dissipated in this mode of failure. This region can be seen to
smoothly transition from extensive fibrillation (in the lightest part
of the region) to very little fibrillation in the brittle region. The first
brittle region is of approximately the same size between the
specimens. In this region, it must be noted that local areas of more
ductile or more brittle fracture exist, based on the rougher or
smoother topography of the surface. Following this, a rib marking
(also referred to as a “crack arrest marking”) can be
seen—possessing morphology similar to that first seen in the
mirror zone—indicating a region where the rate of crack progres-
sion slowed substantially. The transition to this region is much
more abrupt in the case of the weaker specimen. Further, the
morphology of these regions differ slightly between the specimens.
In the weaker specimen, the fracture morphology closely resembles
the that of the near-notch mirror zone, while the fracture
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Fig. 8. (a) Raw data for the unnotched impact strength of the composites; (b) model prediction with noise. Note, here, the negative impact of increasing CC loading, the positive

effects of CB at the lower CC loading and the significant heteroscedasticity.
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Fig. 9. Micrographs of fracture surfaces of 3.6CB/30CC/0.5S: (a) high impact strength;
(b) low impact strength.

morphology of the rib marking in the stronger specimen more
closely resembles that of the near-brittle zone of the mirror zone.
Another brittle region follows this, interrupted by two further clear
rib markings in the weaker specimen and two ill-defined rib
markings to the impact edge in the stronger specimen. These latter
rib markings can be seen to flatten out and lose contrast as they
approach the impact edge. The increased number of rib markings in
the weaker specimens point toward the earlier failure of these
specimens, as a reduced angle between the fracture planes would
offer a reduced rate of extension—offering more chance for fibril-
lation to take place. Finally, the weaker specimen exhibits a
significantly whitened region up to the impact edge of the spec-
imen. Based on the works of Bohning, Niebergall and others
[33—35], this can be attributed to a compression region resulting
from the rotation of the two sides of the fracturing impact spec-
imen around the pivot points that are the limits of the specimen
holder.

If attention is paid to the long edges of the specimens, it can be
seen that some smooth regions exist. The authors believe that these
may be linked to folded-in sections of the skin layer that have
deformed plastically. Far larger areas of this may be seen in the
stronger specimen than in the weaker specimen. By visual in-
spection, large/deep regions of tearing may be seen in the origin/
mirror zones of the stronger specimen. In contrast, the weaker
specimens have relatively flat profiles across their failure surfaces.
In summary, then, it would appear as though the stronger speci-
mens resisted the early phase of fracture more substantially,
through significant void formation and elongation across multiple
planes, with a rapid and high energy failure following the failure of
the fibrils resulting from the crazes. In contrast, little resistance to
fracture was initially offered by the weaker specimens, with the
more brittle fracture allowing numerous stick-slip regions through
the slowing of the fracture front. These, likely, had less of an effect
on the strength of the specimen, owing to their closer proximity to
the fulcrum which is the impact edge and the effects that this has
on the internal stress state.

Next, the 60CC materials containing CB may be investigated
using the same approach. The micrographs are presented in Fig. 10.
Overwhelmingly, the fracture surfaces appear internally consistent,
suggesting consistency in terms of the failure mode—in agreement
with the impact-testing results. The surfaces and strengths are also
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Fig. 10. Micrographs of fracture surfaces of the 60CC specimens with CB: (a) 1.8CB/
60CC/0.25S; (b) 3.6CB/60CC/0.5S; (c) 3.6CB/60CC/0S.

similar to those of the weaker 30CC specimens. A notable differ-
ence, however, lies in the increased propensity and size of fine
ledges in the 30CC specimens—with these originating from inter-
secting fracture planes. Rib markings are much more common in
these materials, akin to what is seen in the weaker 30CC specimens.
At the same time, these specimens offer relatively smooth topol-
ogies across the board. The mirror zones of these materials have
much reduced curvature compared to those of the stronger 30CC
specimens, likely pointing to faster crack propagation past these
zones and modes. The mirror zone in the 3.6CB/60CC/0S specimens
appears to be slightly larger and more regular than those of the
1.8CB/60CC/0.25S and 3.6CB/60CC/0.5S specimens. Increasing in
scale towards the impact edge, some elongated while features can
be seen. These appear to be connected to ledge-like features, sug-
gesting the progressive slowing of the fracture front to the point
where areas subject to intersecting fracture planes can exhibit
fibrillation. A number of faint rib markings can be seen along the
fracture path, culminating in a large area near the impact edge with
increasing whiteness nearing the edge. This would appear to be the
compression region. The extreme whitening right on the impact
edge would suggest the presence of a hinge in each of the cases.
This would suggest that the fracture front is slowing as it is
approaching the impact edge, allowing for more extensive crazing
to occur, likely coupled to the compression zone. The hinge, of
course, would then be subject to the slowest fracture in a given
specimen, resulting in its extensive whitening. It is, further, inter-
esting to note the distinct skin layers that can be seen on the long
edges in all three cases, either as extremely flat/brittle failure areas
or as more uneven, whitened areas. In the 3.6CB/60CC/0S specimen,
however, these skin layers appear to have much more consistent
crazing on their surfaces. This whitening is thought to result from
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“shear lips”, where the edges of the specimen fail at an angle to the
fracture plane (approximately 45°). This is frequently seen in the
fractography of metals [39], and has been reported by several au-
thors in HDPE-containing systems [33—35].

Finally, the fracture surface of a representative specimen of the
0CC materials containing CB may be investigated—shown in Fig. 11
for the 1.8CB/0CC/0.5S material. The fracture origin can now be
seen more clearly at the base of the mirror zone, while the mirror
zone itself is much smaller than it was in the prior examples. The
zone following the mirror zone is much rougher than seen in the
prior examples, suggesting more ductile failure, and it appears to
become progressively more ductile further from the notch. This is
interrupted by a partial rib region, after which there is a return the
relatively ductile failure. Around this region can be seen a curved
area with significant whitening, which the authors believe to be a
variant on the typical compression region—having the fracture
progress through the centre while the sides have slowed fracture
due to their compression and, potentially, the effects of the
increased molecular orientation near the walls of the mould. This,
again, ends in a slightly more whitened area on the impact edge,
believed to be the remnant of the hinge. Skin layers can clearly be
identified on the long edges, exhibiting little evidence of micro
voids and fibrillation on the edge. Once past these regions, these
fine features can be seen. In addition, there is evidence of shear lips
on the edges starting on the notched edge, giving credence to the
much more ductile failure of these types of specimens as can be
seen from their increased impact strength.

In the case of the materials without CB, insufficient contrast was
available to allow analysis by micrograph fractography. Some
findings could be made by visual inspection. In the 0CB/30CC/0.25S
material, it may first be seen that the stronger specimens exhibit
morphology corresponding to a more ductile failure on the notched
edge, with smoother macro features reminiscent of tearing and
extension (with the accompanying whitening), while the weaker
specimens exhibit more jagged features that may be associated
with a rapid crack progression. The specimens exhibit the same
characteristic rib markings as seen in the 30CC specimens with CB,
the first of which is the most distinct, with more numerous rib
markings in the case of the weaker specimens. Finally, the weaker
specimens exhibit a distinct transition into a smoother surface
extending to the impact edge, again similar to what is seen in the
30CC specimens with CB.

As can be seen in Fig. 2, a tight cluster of low impact strength
results is accompanied by a more distributed grouping of stronger
results for the 0CB/60CC/0.5S material. By visual inspection, it can
be seen that the weakest of the results suffered a very brittle and
planar failure, with smooth edges. This is in contrast to the stron-
gest specimens of the upper cluster, where distinct unevenness and
even tearing can be seen on the notched edge, while a more
prominent compression zone and/or hinge can be seen on the
impact edge. It is difficult to assess the number of rib markings in

Fig. 11. Micrographs of fracture surfaces of the 0CC/1.8CB/0.25S specimen.
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these specimens, owing to the low contrast. In the 0CB/60CC/0S
material, distinct whitening reminiscent of fibrillation can be seen
on the long edges of the stronger specimens—absent in the weaker
specimens. Specifically, these regions appear within the skin layer.
The weaker specimens of the upper cluster exhibit a mix of the
prior results, with some unevenness in the notched edge, but, in
general, a more planar surface. This would suggest that there is
continuity in the failure mechanisms for these formulation regions.

3.4. Crystallinity

A check on the crystallinity of the materials may prove valuable,
as the nucleation conditions vary widely between the different
formulations. The raw data are presented as percentage crystal-
linity of the composite (Fig. 12a), to illustrate the effect of the
replacement of HDPE with the other additives) and as an approx-
imation of the HDPE crystallinity alone, correcting for loading
(Fig. 12b). Shown in the figures are the crystallinities calculated
from the crystallisation and melting enthalpies, where it can be
seen that the crystallinity calculated based on the enthalpy of
melting exceeds that based on the enthalpy of crystallisation for the
0CC specimens. The opposite is true for 60CC specimens, while the
effect is somewhat mixed for the 30CC specimens—skewing to-
wards higher crystallinity based on the melting enthalpy. With
reference to Fig. 12b, it can be seen in the 0CB/OCC cases that the
presence of the stabiliser slightly suppresses crystallisation. In the
presence of CC, this becomes more complicated—with the crys-
tallinities of the OCB/60CC/0S specimens somewhat suppressed
compared to those of the OCB/60CC/0.5S specimens. Bayesian
inference based on equations of the form of Equation (3) shows that
few parameters carry high significance (the parameters are pre-
sented in Figure A23 to Figure A25), as may be expected from the
complex effects in Fig. 12. CC has a strong negative primary effect on
the composite, while no clear effects are found in the HDPE crys-
tallinity data, with only a weak antagonism between CB and S
suggested but left uncertain due to slight overlap with the ROPE.
Based on the complex curvature of the results, it is likely that
higher-order effects are present.

A similar pattern may be observed in the melting and crystal-
lisation temperatures (Fig. 13), with no clear effects identified
through Bayesian inference. However, it is interesting to note that
the virgin material has the highest melting temperature and lowest
crystallisation temperature of all. In terms of single-change effects,
the addition of CB, CC and S each has a negative effect on melting
temperature and a positive effect on crystallisation temperature.

An investigation of the melting difference curves [40], shown in
Fig. 14, generally reveals the expected increase in the proportion of
smaller crystallites and the accompanying decrease in larger crys-
tallites with increasing additive loading. This can be seen by the
appearance of a peak followed by a trough as time (and tempera-
ture) increases. In addition, the peaks exhibit long tails to the left,
suggesting the presence of much smaller crystallites. These peaks
are constructed by subtracting the melting curve of the virgin
material from that of the composites, with the weights of HDPE
having been standardised across the measurements. Throughout, a
trend towards a proportionally increasing tail of small crystallites
can be seen with increasing CC, as well as a skewing of the ratio of
change in smaller/larger proportion—suggesting that while an in-
crease in CC results in an increase in the proportion of smaller
crystallites, it results in a more substantial decrease in the pro-
portion of large crystallites. Finally, it would appear that the
number of smaller crystallites passes through a peak at a CC loading
of around 30 %. Paying attention to Fig. 144, it can be seen that 0CB/
30CC/1.8S exhibits a particularly strong increase in the number of
smaller crystallites, while 0CB/0CC/0.5S curiously exhibits
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function to the formulational variables.

decreases in the proportion of smaller and larger crystallites,
countered by an increase in mid-sized crystallites. In Fig. 14b, it is
most notable that 1.8CB/30CC/0S exhibits a minor increase in
smaller crystallites, countered by a significant decrease in larger
crystallites. In Fig. 14c and d, duplicated formulations reveal small
to moderate variance in results. A reduction in deviation from the
crystalline structure of the virgin material can be seen with
increasing CB for the 30CC materials in Fig. 14d.

4. Discussion

It is clear, first, that multiple fracture modes exist—based on
fractography. Based on statistical analysis, it may also be seen that
bimodal impact strength as a function of formulation is present in
the notched specimens. Further, it is found that the proportion of
high/low impact strength in the bimodal area is a function of
formulation. The only prior literature that the authors could find
reporting bimodal impact strength in polymers relates to an
investigation of the ductile-to-brittle transition temperature of PVC
[15]. There, impact-modified PVC plates were found to exhibit
bimodal (falling-dart) impact strength near their ductile-to-brittle
transition, with the probability of more ductile failure increasing
with increasing temperature. A notable difference between that
work and the present is that the results in the present work are
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much nearer to the modes, with no points in the intermediate
region.

This bimodality is in contrast to the typical behaviour of poly-
mers according to the Ludwig-Davidenkov-Orowan hypothesis,
where the ductile to brittle transition is expected to occur when the
yield stress exceeds a critical value—with brittle fracture and
plastic flow taken as distinct processes [41,42]. Specifically, the
critical value is the point at which the flow (ductile) stress would
exceed the fracture (brittle) stress; naturally with the yield stress
always being the lowest of the two stresses. Given the sensitivity of
plastic flow, particularly, to temperature and deformation rate, the
yield strength exhibits similar dependencies up to the point of
brittle transition [43]. What is more, results that show potentially
bimodal impact strength are sometimes not discussed—with the
study focusing only on means (thereby implying unimodal
structure)—for example in Kitao's [44] study on polyethylenes
(notably with relevance to LLDPE in Fig. 3 and several cases in Fig. 4
of that work). The results that may point towards bimodality in that
work may be found in the ductile-to-brittle transition region,
typically nearer the brittle conditions. There, however, the lower
and higher levels of the cases that may exhibit bimodality fall be-
tween the performances of the cases that clearly fall in the unim-
odal ductile or brittle modes.

In this work, bimodality is thought to originate in proximity to
the ductile-to-brittle transition, in a similar way to that described
by Sabbagh and Marchand [15] and—possibly—seen in some of
Kitao's [44] results. In Viljoen et al. [11], it was found that the
ductility (in terms of Young's modulus and elongation at break) of
the composites in the present study was substantially reduced
through the addition of CC. Based on this, it is theorised that the
30CC materials are near their ductile-to-brittle transition at room
temperature, entering this bimodal region. This is motivated
further by the presence of bimodality with and without CB and S in
the 30CC materials, suggesting that this is not an effect related to
only CB or S, although they play a role in the shifting proportions of
high and low failures. The shifting proportions of high and low
impact strength in this subset are accounted for by similar shifts in
ductility, through the addition of SEBS (as part of the CB master-
batch) and S. The effects found in this work, with the loading of CB
directly correlated to the probability of high impact strength and
that of S inversely correlated to the same align with the findings of
Viljoen et al. [11] in terms of elongation at break. This is consistent,
as the notched edge of the impact specimen experiences a tensile
loading due to the rotation of the sides of the tensile specimen
around the edges of its holder, with fracture occurring once this
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Fig. 14. Plot of the melting difference curves of a number of materials, highlighting (a) the effect of CC loading with no CB; (b) the effect of CC loading without S; (c) the effect of CC
loading in 3.6CB/0.5S materials; and (d) the effect of CB loading in 30CC/0.25S materials.

loading (and accompanying strain) exceeds the capacity of the
material.

The energy absorbed by a specimen during impact may be
separated into that required for crack initiation and that for crack
propagation [35]. Based on fractography, it would appear that the
primary difference in the impact strength of the materials lies in
their resistance to crack initiation, with evidence of far more en-
ergetic initiation present in the larger mirror zone of the stronger
specimens. It is well established that faster crack propagations
dissipate less energy, so it is likely that the weaker specimens
dissipate more energy through propagation than the stronger
specimens, owing to the slower fracture of the weaker specimens.
This is also evidenced by the increased number of rib markings
visible in these specimens.

The absence of clear evidence of bimodality in the unnotched
specimens (in the 30CC materials) may be the result of the much-
increased variance obfuscating the presence of two modes. How-
ever, it is likely that the behaviour for these specimens is shifted
away from brittle fracture owing to the dependence of the ductile-
to-brittle transition on specimen geometry, with brittle fracture
much more likely in notched specimens [45].

Based on the evidence here presented, the authors believe the
nearest approximation of the true behaviour could take the form of
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a model consisting of linear models for ductile (d), brittle (b) and
very brittle (vb) failure modes, along with two logistic models and
Bernoulli distributions with which to switch between these models
according to Equation (8). This would allow for a three-way split,
where notched impact strength results of greater than approxi-
mately 2 kj/m? would be classified as ductile, those between 2 K]/
m? and 1.2 kJ/m? as brittle and those below 1.2 kJ/m? as very brittle.
However, this approach could not be taken with the data at hand, as
it would have required extrapolation (to support the ductile level in
the 60CC materials, the very brittle level in the 30CC materials and
the brittle and very brittle levels in the OCC materials) and sub-
stantial changes to the model architecture to support the asymp-
totic behaviour that would then be found, certainly in the case of
the ductile model. In addition, the available data would offer no
information on the curvature of the ductile curve as a function of
CC, likely resulting in a linear model—far from the expected
asymptotic behaviour expected. For this model structure to be
supported, additional levels of CC loading would be required,
ideally with the existing levels of CB and S.

fgun = fig(1 = B(1,pp)) + ipB(1, pp)(1 = B(1, Pyp))

+it,pB(1, Dp)B(1, Dyp) (8)
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Nonetheless, the effects found using the models used are
informative. These are summarised in Table 2 (pure-component
effects) and Table 3 (interactive effects). Here, the rotation of the
arrows is scaled based on the largest absolute value of an effect,
between the primary and interactive effects, of a given measure. A
distinction is made between insignificant (e) and null effects (). It
is compelling to note that the effects on the notched and unnotched
impact strength mirror each other, keeping in mind the reduced
data available to the model of the latter. More compelling still is the
similarity between these effects and the effects on the likelihood of
high or low impact strength, when considering that the expected
true model discussed in the prior paragraph would see a direct
correlation between CC loading and the degree of brittleness of a
specimen. In general an increasing loading of CC results in reduced
impact strength, which is sometimes seen in the case of a surface-
treated ultra-fine material [46,47], likely due to insufficient com-
patibilisation of the CC resulting in premature debonding (likely as
a result of weak interfacial interaction as well as particle agglom-
eration). This is in contrast with the more typical reinforcing effect,
stemming from the formation of inter-particle ligaments of less
than a certain critical thickness, that is frequently reported for fine
and ultra-fine CC [40,48]. The positive squared effect for CC points
towards the curvature of the system, emulating asymptotic curva-
ture within the experimental range.

The effects of CB, predominantly as a result of the SEBS matrix of
the masterbatch, are quite complex. SEBS tends to form a dispersed
phase in HDPE and is typically seen to reduce impact strength
[49,50]], passing through a trough—as seen in the 0CC specimens
of this work. With sufficient compatibility, it may contribute to a
toughening interlayer “bumper” around filler particles. This, how-
ever, would be clearly apparent from fractographs as such effects
would substantially reduce the number of particles subject to clean
debonding [49, 50]. In the (comparatively slow) tensile fracture [11]
of specimens of the same formulations as those of the present
work, extensive evidence of clean debonding was found under
scanning electron microscopy. As a result, it is thought that the
positive effects of CB in the CC-containing specimens stem from a
slight decrease in ligament thickness [40,48] due to the addition of
the SEBS dispersed phase. It is known that foreign compounds
(such as SEBS and stabilisers in this case) are concentrated in the
amorphous regions of HDPE owing to their structural in-
compatibility with the crystalline matrix [51—54]. The negative
effects of the stabiliser package can likely be explained along
similar lines. While the loadings of S are likely too low to mean-
ingfully impact the crystallinity of the material [53, 54]], its mole-
cules have substantially less chemical similarity to the matrix. It is
likely, here, that the stabiliser package acts to reduce the number of
tie molecules that are able to span the amorphous regions between
crystalline regions; with these tie molecules associated with
improved toughness in PE [55]. In addition, the stabiliser molecules
may migrate to the surfaces of filler particles, as a result of
increased chemical affinity [56,57], potentially further compro-
mising the interactions between the matrix and the filler.

Table 2
Summary of pure-component formulation effects. nlS is divided based on high/low
model effects.

CB cC S CB? cc? s?
nis o/ YL =/m e/ e/
p (High) > . - . 1 -
uls e 1l - N/A N/A N/A
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Table 3
Summary of interactive formulation effects. nS is divided based on high/low model
effects.

CBxCC CBxS CCxS
nlS — /= —/e —/e
p (High) ° o °
uls — ° —

The crystallinity results would suggest that substantial effects
are present, owing to the approximately 20 % variation in HDPE
crystallinity, but little beyond the obvious substitution effect with
increasing CC is gained from the models. Based on the difference
curves and the shifts in melting and crystallisation temperature, it
is clear that the addition of additives results in increased nucle-
ation, with increases in the proportion of smaller crystallites and
decreases in the proportion of larger crystallites. With all else equal,
this could be associated with increased impact strength as is seen
with the addition of nucleating agents to polyolefins [7]. These
effects are overridden by the additive-specific effects. For example,
the peak in small-crystallite proportion around a CC loading of 30 %
and no CB would, according to crystallinity alone, result in
maximum toughness for this material. However, this is clearly not
the case in the notched and unnotched cases.

5. Conclusions and recommendations

In this work, it was clearly demonstrated that bimodal impact
strength may be encountered in notched specimens of HDPE
composites of certain formulations. What is more, it was shown
that the proportion of high- and low-impact-strength specimens is
a function of formulation. The only prior literature to have shown
this type of result found bimodality in PVC plaques, with shifts in
proportion as a function of temperature. In the present work, as in
the prior reported case, these effects are believed to be found in the
vicinity of the ductile-to-brittle transition. Given the extent of the
change in impact strength between the high and low levels, the
authors believe it important for future works on impact strength to
carefully consider the distribution of results where this may be the
case, rather than basing analysis on a mere mean value to ensure
adequate quality control and adherence to design specifications.

Clear evidence of bimodal behaviour is absent from unnotched
specimens of the same formulations, which is likely results from
the effects of notch geometry on the ductile-to-brittle transition of
specimens.

Primary and interactive effects were studied using Bayesian
analysis, with switching in the case of the notched specimens. The
formulational effects outlined in Tables 2 and 3 were identified. A
more comprehensive model, better reflecting what the authors
expect to be the ground truth of the fracture behaviour was pro-
posed for use in later studies with an increased number of exper-
imental levels.

Covariance between the bulk morphology of materials, in terms
of matrix crystallisation behaviour, and the impact strength of
specimens was investigated, with no clear correlation found. Some
formulational effects were found, however, on bulk crystallisation
behaviour.

Further studies are needed to better understand the bimodal
impact strength shown in this work. In particular, instrumented
impact testing should prove valuable to better understand the
distribution of impact energy between crack initiation and propa-
gation and discern between different modes of crack propagation.
This could be combined with high-speed photography to monitor
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crack progression. Morphological work, such as that performed by
Bartczak [48], may prove illuminating in terms of the origins of the
bimodal behaviour, particularly in terms of the morphology around
the filler particles and the interaction of the matrix with the elas-
tomer and stabiliser system. Additional formulations in the ductile-
to-brittle region should be investigated, with particular emphasis
on calcium carbonate loading and its effects on the distribution of
impact strengths, in an effort to better determine the number of
failure modes and improve the ability for this behaviour to be
modeled. Finally, the effects of notch geometry may offer insight
into the generality of this phenomenon, and the degree of care with
which these types of cases should be treated in production systems.
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