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Abstract: The interactive effects between additives and weld lines, which are frequent
injection-moulding defects, were studied in high-density polyethylene (HDPE) and compared to
weld-line-free reference samples. These materials were formulated around a D- and I-optimal
experimental design, based on a quadratic Scheffé polynomial model, with up to 60 wt% calcium
carbonate, masterbatched carbon black and a stabiliser package. Where reasonable and appropriate,
the behaviours of the systems were modelled using statistical techniques, for a better understanding
of the underlying trends. The characterisations were performed through the use of conventional
tensile testing, digital image correlation (DIC) and scanning electron microscopy (SEM). A range
of complex interactive effects were found during conventional tensile testing, with DIC used to
better understand and explain these effects. SEM is used to better understand the failure mechanics
of some of these systems through fractography, particularly regarding particle effects. A measure
is introduced to quantify the deviation of the pre-yield deformation curve from the ideal elastic
case. Novel analysis of DIC results is proposed, through the use of combined time-series plots and
measures quantifying the extent and localisation of peak deformation. Through this, it could be
found that strong shifts in the deformation mechanisms occur as a function of formulation and the
presence/absence of weld lines. Primarily, changes are noted in the onset of continuous inter- and
intralamellar slip and cavitation/fibrillation, seen through the onset of localised deformation and
stress-whitening.

Keywords: experimental design; high-density polyethylene; composite; digital image correlation;
tensile testing; mixture model; deformation mechanics; calcium carbonate; carbon black; stabiliser;
weld line
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Table S1. Particle size data for OMYA Hydrocarb® 95 T - OG. Adapted from [1]

Property Value Unit
Residue on a 45 ym sieve (ISO 787/7) 0.02 %
dos 5 pm
d50 0.8 pm
Particles <2 pm 84 %
BET surface area (ISO 9277) 10 m?2/ g

Table S2. Particle size data for Orion Engineered Carbons Printex® F 80. Adapted from [2]

Property Value Unit
Average particle size (ASTM D3849) 16 nm
BET surface area (ASTM S6556) 220 m?/ g

S2. Mould designs
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Figure S1. Drawings of the mould forms used in the production of the tensile specimens. Here, a) is

the form used for the reference specimens and b) is the form used for the weld-line specimens.
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S3. Experimental data

Table S3. Experimental data, conventional tensile testing

4 0f 30

Form. Weldline Sample YM (MPa) oy (MPa) ey (%) €p(%) Deviation contribution
1 No 1 1122.99 19.69 6.27  13.39 5.08x10~2
1 No 2 1087.50 19.33 6.73  38.24 5.50x10~2
1 No 3 1130.28 18.99 6.77  28.63 5.54x1072
2 No 1 1022.75 19.39 6.73 31.87 5.40x10~2
2 No 2 1032.53 19.10 6.93  26.13 5.67x1072
2 No 3 1003.91 19.19 6.80 29.92 5.46x1072
3 No 1 902.44 22.30 9.52 833.47 7.52x10~2
3 No 2 910.95 22.34 9.56 645.58 7.80x10~2
3 No 3 896.13 22.04 9.69 7.69x1072
4 No 1 880.81 21.34 948 859.96 7.64x1072
4 No 2 834.84 21.44 9.75 704.82 8.06x102
4 No 3 856.21 21.64 9.73 8.07x1072
5 No 1 827.58 21.78  10.65 8.75x1072
5 No 2 851.68 21.79  10.82 799.65 9.05x102
5 No 3 824.70 21.00 1097 733.86 9.01x10~2
6 No 1 707.69 2057  12.02 727.05 9.80x10~2
6 No 2 710.80 20.15 12.14 679.88 1.04x107!
6 No 3 716.04 20.13 12.25 827.08 1.02x10~1
7 No 1 767.17 2036 12.19 648.89 1.05x10~!
7 No 2 801.39 21.07 1179 612.22 9.95x10~2
7 No 3 753.37 20.87 11.61 9.72x102
8 No 1 1276.00 21.05 449  24.82 3.29x1072
8 No 2 1287.56 21.04 450 8796 3.35x1072
8 No 3 1236.28 20.38 431 85.23 3.03x1072
9 No 1 1135.56 19.51 540  20.04 4.24x102
9 No 2 1081.63 19.21 590 46.64 4.67x1072
9 No 3 1021.81 19.51 593  34.47 4.66x1072

10 No 1 1035.27 19.34 6.02  35.33 4.68x1072
10 No 2 1096.57 19.36 592  43.96 4.70x1072
10 No 3 1144.02 19.05 5.80  48.55 4.60x1072
11 No 1 1103.07 19.57 5.67  42.00 4.48x102
11 No 2 1115.10 19.20 589  69.66 4.71x1072
11 No 3 1098.25 19.32 589  37.25 4.72x1072
12 No 1 1047.76 19.25 6.04  90.57 4.48x1072
12 No 2 1092.73 19.41 6.08 115.05 4.88x10~2
12 No 3 1086.90 19.39 587  65.90 4.71x1072
13 No 1 1028.56 19.29 6.48  23.57 5.23x1072
13 No 2 1015.27 19.37 6.36  12.51 5.03x1072
13 No 3 964.37 18.94 6.63  23.66 5.36x1072
14 No 1 2416.09 19.19 0.79 0.79 1.56x1073
14 No 2 2413.80 18.73 0.78 0.78 1.87x1073
14 No 3 2355.38 19.47 0.84 0.84 2.13x1073
15 No 1 2418.39 22.32 1.12 1.17 4.24x1073
15 No 2 2345.46 21.86 1.19 1.19 5.02x1073
15 No 3 2359.30 22.43 1.25 1.25 5.35x103
16 No 1 2046.33 17.27 0.99 0.99 3.93x1073
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1910.71
1990.91
1695.61
1706.89
1656.70
1606.85
1494.92
1528.99
1012.23
1140.50
862.05
997.29
996.60
1096.47
1097.13
934.99
881.15
893.52
973.76
842.48
873.02
880.04
784.57
781.49
741.29
813.26
737.95
820.67
758.31
753.27
1291.66
1386.21
1293.52
1153.75
1322.86
1234.66
1135.50
1193.14
1238.77
1133.00
1164.09
1115.05
1152.08
1149.95
1110.59
1071.79
1051.38
1069.86
2585.49

17.25
17.42
16.01
16.19
1591
16.97
16.67
16.64
19.00
18.62
18.89
18.62
18.88
18.69
18.90
21.97
20.89
21.31
22.73
21.26
21.55
21.18
20.86
20.90
20.58
20.62
20.12
20.75
20.24
20.35
20.07
20.01
19.67
18.86
19.25
19.26
18.99
19.25
19.10
19.14
18.96
18.80
19.15
18.88
18.74
18.84
18.73
18.77
16.67

1.03
1.01
1.25
1.32
1.35
1.61
1.74
1.61
5.87
5.18
6.72
5.27
5.71
524
527
10.14
10.16
10.19
9.35
9.58
9.74
11.26
11.39
11.63
12.40
12.18
12.59
11.80
11.70
12.12
3.46
4.04
3.61
4.46
4.56
4.55
4.80
4.85
431
4.82
4.29
4.18
4.10
4.82
4.58
5.53
5.03
5.02
0.61

1.03
1.01
1.25
1.32
1.35
1.61
1.74
1.61
6.37
5.47
7.18
5.57
6.34
5.54
5.57
758.74
773.10
633.25
730.48
812.74
685.63
270.25
692.86
650.46
642.06
841.85
647.60
780.01
42091
661.25
3.66
4.57
3.87
4.88
520
5.05
5.38
5.63
4.66
5.45
4.71
4.60
4.45
5.60
5.00
5.90
5.23
526
0.61
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3.71x1073
3.86x1073
5.98x1073
6.48x1073
7.02x1073
9.03x1073
1.01x102
8.92x1073
4.61x1072
4.04x102

4.02x10~2
4.49x102
4.05x1072
4.04x10~2
8.53x10~2
8.34x1072
8.47x102
7.61x10~2
7.83x1072
8.09x102
9.66x10~2
9.63x1072
9.75x10~2
1.05x10~1
1.05x10~1
1.08x10~1
1.01x101
1.00x10~1
1.03x10~1
2.39x102
3.01x102
2.52x1072
3.34x1072
3.43x102
3.33x102
3.57x1072
3.68x10~2
3.18x102
3.70x10~2
3.18x1072
2.79x1072
2.96x10~2
3.52x1072
3.36x1072
4.10x102
3.68x1072
3.79x10~2
8.66x10~4
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14
14
15
15
15
16
16
16
17
17
17
18
18
18

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

W NP, ODNNRFRP, WONRFE WP, WD

2365.95
2499.12
2672.19
2583.20
2444.79
2003.39
1992.11
2085.27
1740.17
1721.79
1707.60
1596.70
1638.76
1558.87

17.01
16.64
18.55
18.18
18.14
15.18
15.67
15.45
13.63
14.75
13.15
15.25
15.22
15.19

0.67
0.64
0.73
0.74
0.75
0.84
0.86
0.81
0.88
1.07
0.82
1.23
1.20
1.38

0.67
0.64
0.73
0.74
0.75
0.84
0.86
0.81
0.88
1.07
0.82
1.23
1.20
1.38
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1.28x1073
1.14x1073
1.78x1073
1.60x1073
1.79x1073
2.65x1073
2.79x1073
2.46x1073
2.86x1073
4.37x1073
2.71x1073
5.22x1073
5.40x1073
7.17x1073

S4. Model fitting



Table S4. Quality-of-fit parameters of chosen models.

Measure Type R? Adj. R> nMAE SST-SSE-SSR n(SST-SSE-SSR)  F-statistic ~ p-value n(Bias) Sig. parameters
Young’s modulus (MPa) REF  0.987 0.984 2.725x102 3.512x1073 2.545x10° 10 3.642x107  1.110x10~1®  -6.525x10~° 6
Young’s modulus (MPa) WL 0983 0.980 2.886x10~2 1.533x10~1 9.702x10~°  2.908x10%>  1.110x1071®  1.291x108 3
Yield strength (MPa) REF  0.905 0.885 6.353x102 1.648x10~° 1.060x10~7  4.641x10'  1.110x1010  2.602x10~7 4
Yield strength (MPa) WL 0967 0.960 3.164x102 1.904x10~° 7.733x10~%  1.445x10%  1.110x10716  -1.840x108 6
Elongation at yield (%) REF 0997 0997 1.282x10~2  -1.986x107° 2.740x107%  1.907x10°  1.110x107'6  2.482x1078 8
Elongation at yield (%) WL 0995 0994 1.713x1072  -1.626x106 -1.960x1072  9.387x10%>  1.110x10716  -1.864x108 3
Elongation at break (%) REF  0.989 0.986 2.158x1072 -7.065x10° -1.612x1073  3.877x102  1.110x10716  -2.078x10~2 3
Elongation at break (%) WL 0957 0.948 3.302x102 -3.018x102 -5.910x10~>  1.104x10%>  1.110x10716  -5.356x10~* 7
Deviation factor REF  0.924 0909 4.338x1072  -4.499x10~ 11 -4363x10°11 5985x101  1.110x10~ 1  -1.026x10~® 3
Deviation factor WL 0.950 0939 4.894x10°2  -1.303x108 -9.274x107%  9.207x10!  1.110x1071®  -4.918x10~° 3
Corrected deviation factor REF  0.636 0.561 6.820x1072  -4.007x10~8 -7.886x10°8  8.528x10°  3.046x10~7  3.541x1078 1
Corrected deviation factor WL 0.698 0.636  7.303x102 9.434x108 1.598x10~7  1.129x101  6.751x10~° -2.102x10~8 1
DF(YM) N/A 0937 0.935 - 0 0 5.137x10%2 <1.000x10~* - 4
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S5. Parts-per-hundred-resin plots
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Figure S2. Plot of Young’s modulus as a function of additive loadings, with the lesser loadings in ppr.
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Figure S4. Check on the validity of the assumption of SST=SSE+SSR for the use of R? as a measure of
quality of fit.

S6. Model deviations

A number of statistical phenomena and assumptions may be investigated, with particular interest
towards the quality-of-fit achieved, the validity of certain measures and the presence of bias.

First, the validity of the assumption of SST=SSE+SSR that underpins the use of R? (and, thereby,
adjusted R?) can be verified, as shown in Figure S4. As the y-axis here has been normalised on SST,
it is clear that the assumption fails in many cases. It is interesting to note, however, that the validity
of the assumption improves dramatically as the quality of fit improves, particularly at nMAE values
of less than 0.03. As the models with smaller error terms are those of interest, this is a useful finding.
Also clear is that the SST term frequently underestimates the true total error, as may be seen from the
far much broader range of negative values than that of positive values. It must be noted that only
formulation-based models are included here, as the model correlating the DF to YM was fit using
standard least-squares regression.

If, next, the correlation between adjusted R? and nMAE is investigated (Figure S5), it may be seen
that the correlation between adjusted R> and nMAE improves dramatically below an nMAE of around
0.05, and certainly below the 0.03 found in the prior paragraph. This suggests that adjusted R? has
some value in the assessment of these low-error models.

An investigation of the bias that is inherent to many of the model predictions (Figure S6) reveals
cause for care in the selection of models, in that even some low-error models have consistent and
substantial bias. What is also revealed is that a substantial portion of the models have very low
normalised bias, through the distinct line visible in Figure S6 centred on a normalised bias of zero. Of
these models, the vast majority are fitted in the linear space, lending credence to the concerns with the
use of log-space models noted in the primary paper.

As a matter of curiosity and expectation, it may be seen in Figure S7 that the number of statistically
significant parameters (according to the methodology discussed in the primary paper) generally
increases with decreasing nMAE. The substantial ranges of nMAE that may accompany a given (lower)
number of significant parameters must, however, be noted. Of further interest is the substantial
left-shift of exponential and log-space models for a given number of significant parameters.



Polymers 2021, 13, 527 14 of 30

1.0 4 « : > Exponential fit
©  Not exponential
0.8 7 % . Exponential fitted in the linear space
06 * q Linear fitted in the log space
’ +ﬁ. Exponential fitted in the log space
o, 044 “o
~
3 ®e
7z 024 o Q °
2 o
2 ° . y
0.0 S ®
% © @,
_02 -
0.4 - Fit l.evel
Linear
06 - £ Quadratic

0.00 0.05 0.10 0.15 0.20 0.25 0.30
nMAE

Figure S5. Check on the correlation between nMAE and adjusted R?. Note the improvement in
correlation seen at lower nMAE values.
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Figure S6. Distribution of normalised bias with nMAE. Note the distinct line centred on a normalised
bias of zero.
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Figure S7. Correlation between nMAE and the number of significant parameters of a model.
S7. Model predictions

§7.1. Young’s modulus
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Figure S8. Weld-line-free Young’s modulus model predictions. Note the similarity to Figure 3 in the
primary paper, as well as the slight differences shown in Figure 2 of the primary paper.
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Figure S9. Weld-line-free Young’s modulus model predictions for interactive effects. Note the similarity
to Figure 3 in the primary paper, as well as the slight differences shown in Figure 2 of the primary
paper. The change in interactive effects between CB and SP and CC and SP is also notable, as it shows

the uncertainty that is encountered with weaker effects.



Polymers 2021, 13, 527 17 of 30

§7.2. Yield strength
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Figure S10. Modelled influence of the formulation variables on the yield strength of WL specimens
Note the increasing severity of the step-down in strength with increasing CC loading, as well as the

sharper decline with increasing CBxCC.
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Figure S11. Modelled influence of the formulation variables on the yield strength of REF specimens
Note the increasing severity of the step-down in strength with increasing CC loading, as well as the
sharper decline with increasing CBxCC. The similarity in trend to that seen in Figure S10 is also notable,
and the reason for the necessity of direct comparison—as, otherwise, the behaviours may have been

taken as identical.
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Stabiliser constant
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Figure S12. Modelled influence of the interactive effects of the formulation variables on the yield
strength of WL specimens. Note the apparent weak synergy between CB and SP, as well as the much
stronger antagonisms between CC/SP and CB/CC.
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Figure S13. Modelled influence of the interactive effects of the formulation variables on the yield
strength of REF specimens. Note the apparent weak synergy between CB and SP, as well as the much
stronger antagonisms between CC/SP and CB/CC. There exists great similarity between the behaviour

seen here and that in Figure 512.
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§7.3. Elongation at yield
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Figure S14. Modelled influence of the formulation variables on the elongation at yield of WL specimens.
Note the extreme decrease as a result of increasing CC loading, counteracted by fairly substantial
primary increases brought about by CB. SP has a minimal primary effect. Hints of the strong antagonism

between CB and CC can be seen.
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Figure S15. Modelled influence of the formulation variables on the elongation at yield of REF specimens
Note the similarity to Figure S14, albeit with increased elongation at yield at a 30 % CC loading. This
results in a model that appears very linear, indicating insubstantial matrix/additive interactive effects.
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Figure S16. Modelled influence of the interactive effects of the formulation variables on the elongation
at yield of WL specimens. Note the very strong antagonism between CB and CC, in addition to the

moderate antagonism between CC and SP.



Polymers 2021, 13, 527 22 of 30

Stabiliser constant

Carbon black constant

Calcium carbonate constant

05 & 05 § | 05 &
00 3 00 3 00 T
z S =
05 5 05 % -05 &
g g g
10 g 10§ 10
-15 8 -15 § -15 §
= o o
-2.0 -2.0 2.0
0.0050 0.0050
0.030
0.000 0.0025 0.00 0.0025 ¢ 0.00 0015
0.015 & o, 0% & o, 025 &
by p, 0030 0.0000 & a["”"ncr 0.50 0.0000 ¥ &Icm,n%b 0.50 0.000
Onage Onate

Figure S17. Modelled influence of the interactive effects of the formulation variables on the elongation
at yield of REF specimens. Note the similarity to Figure 516, albeit with somewhat reduced antagonism

between CC and SP.
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§7.4. Deformation factor

Increasing calcium carbonate
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Figure S18. Modelled influence of the formulation variables on the deformation factor of WL specimens.

Note the similarity to the inverse of the YM figures (Figure 3 in the main text and Figure S8), with the
strong CC-related curvature and the improvements brought about by CB in the presence of CC.
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Figure S19. Modelled influence of the formulation variables on the deformation factor of REF
specimens. Note the similarity to Figure S18, albeit with increased elongation at yield at a 30 %
CC loading. This results in a model that appears very linear, indicating insubstantial matrix/additive

interactive effects.
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Figure S20. Modelled influence of the interactive effects of the formulation variables on the deformation
factor of WL specimens. Note the very strong synergism between CB and CC, in addition to the

moderate antagonism between CC and SP.
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Figure S21. Modelled influence of the interactive effects of the formulation variables on the deformation
factor of REF specimens. Note the similarity to Figure 520, albeit with apparent synergism between CB

and SP. The latter, though, has very low statistical significance.
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§7.5. Elongation at break
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Figure S22. Modelled influence of the formulation variables on the elongation at break of WL specimens.
Note the extreme decrease as a result of increasing CC loading. Further, there exist fairly insubstantial
effects owing to the other variables, with the most notable the slight increases brought about by CB in

the presence of CC.
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Figure S23. Modelled influence of the formulation variables on the elongation at break of REF
specimens. Note the slightly decreased severity of the decrease with increasing CC as compared
to that seen in Figure S522. Also note, however, the deviations from the experimental data that may be

seen, here most clearly in the 0-CC behaviour.
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Figure S24. Modelled influence of the interactive effects of the formulation variables on the elongation
at break of WL specimens. Note the distinct synergies between the compounds, particularly that
between CB and CC. The parabolic behaviour seen between CC and SP is also curious, suggesting an
initial synergism rapidly tending towards antagonism at higher loadings than those investigated here.
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Figure S25. Modelled influence of the interactive effects of the formulation variables on the elongation
at break of REF specimens. While the behaviour exhibited here is extremely complex, it is not

representative—as can be seen in Figure 14 in the primary paper.
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Figure S26. SEM micrograph for a general overview of the failure morphology of a
1.8-CB/30-CC/0.25-SP WL specimen, with a focus on topology. Particularly notable, here, is the
smooth section on the right periphery that may be associated with the v-notch, in addition to the
progression of failure mechanisms from the periphery of the material inwards.

S8. Additional SEM micrographs
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Figure S27. SEM micrographs of the failure regions of a 0-CB/60-CC/0-SP REF specimen: a) general
near-perimeter morphology showing shift from unstable crack propagation towards fibrillation; b)
detail of nanofibrillation and particle effects in unstable-crack region; c) filler debonding and pull-out
orifice.
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