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The variation of the results of the mechanical properties of halloysite nanotubes (HNTs) reinforced ther-
moplastic polyurethane (TPU) at different HNTs loadings was implemented as a tool for analysis. The
preparation of HNTs-TPU nanocomposites was performed under four controlled parameters of mixing
temperature, mixing speed, mixing time, and HNTs loading at three levels each to satisfy Taguchi method
orthogonal array Ly aiming to optimize these parameters for the best measurements of tensile strength,
Young's modulus, and tensile strain (known as responses). The maximum variation of the experimental
results for each response was determined and analysed based on the optimized results predicted by
Taguchi method and ANOVA. It was found that the maximum absolute variations of the three mentioned
responses are 69%, 352%, and 126%, respectively. The analysis has shown that the preparation of the opti-
mized tensile strength requires 1 wt.% HNTs loading (excluding 2 wt.% and 3 wt.%), mixing temperature
of 190 °C (excluding 200 °C and 210 °C), and mixing speed of 30 rpm (excluding 40 rpm and 50 rpm). In
addition, the analysis has determined that the mixing time at 20 min has no effect on the preparation.
The mentioned analysis was fortified by ANOVA, images of FESEM, and DSC results. Seemingly, the
agglomeration and distribution of HNTs in the nanocomposite play an important role in the process.
The outcome of the analysis could be considered as a very important step towards the reliability of

Taguchi method.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Halloysite nanotubes (HNTs) whose chemical structure is Alo-
Si,05(0OH)4-nH,0 [1] have been used as nanofillers at certain
weight percentage with polymers to enforce the mechanical prop-
erties and to enhance physical and thermal properties [2]. The use
of HNTs has shown better outcome compared with the traditional
nanofillers of carbon nanotubes (CNTs) due to cost and easy pro-
cessability [3]. Structurally, HNTs are characterized by a variety
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of geometric sizes ranging between 300-1500 nm in length, 15-
100 nm in inner diameter and 40-120nm in outer diameter
[4,5]. Regarding exfoliation, HNTs are not foliated because the lay-
ers keep intact; however, HNTs can aggregate or entangled to each
other [6]. The crystal structure of HNTs consists of two-layer tetra-
and octahedral sheets connected mainly by hydrogen bond. The
tetrahedral structure (Si—O—Si) belongs to the external surfaces
of the HNTs while the internal surface consists of octahedral
(Al—OH) structure. HNTs are characterized by the average pore size
of 80-100 A and aspect ratio of 10-50. The higher the aspect ratio,
the better the reinforcing effect [7]. HNTs of 75-82 m?/g BET sur-
face area and 2.14-2.59 g/cm® density outperform other mineral
fillers in creating light-weight polymer composite [8].

TPU, discovered in the early 1940s [9], is available with a wide
range of hardness [10], ester and ether type, unique physical-

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



3288 T.S. Gaaz et al./Results in Physics 7 (2017) 3287-3300

chemical properties, and empowered by its versatility, has been
strengthening its importance in many applications [11]. TPU mixed
with nanofillers of HNTs or CNTs has been under investigation
using several techniques. The morphology and surface characteri-
zations were examined by XRD [12-14]. SEM images for the
nanocomposites were prepared by Pizzatto et al. [14,15] while
TEM was employed by Dan et al. [13]. The characterization of the
bonding was carried out by FTIR [13,15]. The thermal properties
and surface characterization were performed by TGA and DSC tech-
niques [12,15]. Generally, HNTs possesses important characteris-
tics such as enhanced thermal stability, impeding crack growth,
and strengthening the mechanical properties of nanocomposites
[16]. In addition, the relatively cheap HNTSs shares its counterpart,
CNTs, similar characteristics of a longitudinal hollow structure
which allows it to form layers of tetrahedral sheets of silica and
octahedral sheets of alumina [4,17,18]. For these reasons, the
applications of HNTs are extended to include cosmetics reinforce-
ment, catalyst carriers, and drug delivery due to its unusual shape
and geometry, surface properties, chemical formation and cost-
efficiency [19]. In this paper, HNTs are used to reinforce TPU.

The preparation of HNTs-TPU nanocomposites involves imple-
menting several parameters during mixing process which makes
optimization very difficult to achieve. The delicacy of the process
is tied to the designing of a number of trials for optimization. Cur-
rently, there have been a few attempts to reduce the number of tri-
als without affecting the qualities of experimentation. One of these
attempts was statistically formalized by the design of experiment
(DOE) in late 1935s [20]. Taguchi proposed such a design for a sys-
tem of experiments to achieve optimization with a reasonable
number of trials. In this regard, Taguchi designing method starts
with selecting specific control factors. To achieve this optimization,
Taguchi proposed an experimental plan in terms of orthogonal
arrays (OAs), which include different combinations of parameters
in conjunction with their levels for each trial, suggesting that the
entire parameter space could be performed with a minimum num-
ber of trials [21,22]. Interaction among factors could be determined
and a lesser number of experiments would be needed to get the
desired accuracy [23].

There are two approaches for maximizing the controlled param-
eters: static and dynamics. In static approach, the noise and the
controlled parameters are fed together for processing the output
[24]. In the dynamic approach, the noise, the controlled parame-
ters, and an external noise are fed together for processing the out-
put. In this current work, the static approach was employed for
simplicity. Mixing parameters yields a response which could be
determined according to signal-to-noise (S/N or SNR) ratio. Statis-
tically, the noise measurement is conducted according to several
schemes [25]. In this work, the scheme chosen is “larger is better”
where the response is maximized and the output is positive always
according to S/N = —101log " 5 /n.

The development of new composites of HNTs and TPU through
employing an internal mixer requires proper settings for such
parameters as mixing temperature, speed, time, and the loading
of the HNTs filler with the thermoplastic in order to optimize these
parameters to achieve the best results [26,27]. Gholami and Sade-
ghi [12] studied different clay-TPU nanocomposites via melting the
mixture, and their findings showed that these materials have a
very close dispersion to exfoliation [12]. In another study, Sho-
koohi et al. [21] found that the mixing parameters affect the aver-
age particle size as, for example, the twin screw extruder produces
smaller particles with a more narrow distribution of sizes than the
single screw extruder [21]. Accordingly, the number of trials in the
current plan, based on Taguchi Ly orthogonal arrays, has been
reduced to only nine [21] out of the 27 trials in the traditionally
employed techniques. Traditionally, for instance, a set of three

experiments with three trials for each requires 27 trials, which,
apparently, is difficult, costly, and time-consuming to conduct in
the industry. The Taguchi method of DOE has been used for quite
some time to improve products, manufacturing processes and,
more specifically, challenging quality problems. The Taguchi
method of analysis in conjunction with statistical experimental
design has become popular based on the most recent work [28-
30] and is a widely used technique for optimization and improving
qualities [31]. The outcome of using the Taguchi method is the
optimization of the manufacturing process and design [32-34]. In
addition to the optimization process employed by Taguchi method,
the results have been analysed by ANOVA which carried out
according to several authors [35]. The aim of this work is to explore
how mixing parameters influence the mechanical properties of
HNTs-TPU nanocomposites using the best conditions predicted
by utilizing the Taguchi statistical method to obtain the optimum
conditions for the best mechanical properties.

Results and discussion
Characterization of neat HNTs

The following characterizations are important for supporting
the validity of nano characteristics of HNTs and to show the size
of HNTs.

TEM of HNTs

The neat HNTs were investigated using low and high magnifica-
tion TEM at 100 kV, as shown in Fig. 1(a) and (b), respectively. The
basic purpose of the TEM tests was to identify the physical HNTs
structure. At a lower magnification, a group of nanotubes appeared
at different lengths and diameters, as shown in Fig. 1(a). In order to
have a better understanding of accurate dimensions, TEM images
were taken at a higher magnification. These images enabled us to
measure the dimensions of each nanotube. A typical measurement
showed that the inner diameter of the nanotubes was 16.02 nm
while the outer diameter was 55.89 nm. These measurements are
within the range suggested by other studies of 10-30 nm and
50-100 nm, for inner and outer diameters, respectively. The TEM
images also showed that the nanotubes were agglomerated in var-
ious groups with various sizes and arbitrary orientations.

FESEM of HNTs

The topography of the surface of the neat HNTs was investi-
gated by FESEM at low and high magnification, as shown in
Fig. 2(a) and (b), respectively. FESEM images depict an in-depth-
investigation of the HNTs block matrix. The FESEM images of neat
HNTs at a lower magnification are shown in Fig. 2(a) and at a
higher magnification in Fig. 2(b).

Taguchi analysis of HNTs-TPU nanocomposites

The experimental procedure and the relevant results guided by
the Taguchi method is a very powerful approach that offers very
delicate and accurate guidance for minimizing the number of
experiments and optimizing the performance of the experiment.
In the following sections, detailed procedures for the calculation
of the mechanical properties of HNTs-TPU nanocomposites are
presented.

Taguchi method

The Ly orthogonal array Taguchi method was carried out at
three levels and four controlled parameters as shown in Table 1.
The average of S/N ratio which measures the sensitivity of the
mechanical properties was determined using Minitab software
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Fig. 2. FESEM microphotographs for neat HNTs (a) low and (b) high magnification.

Table 1

The parameters for three levels of selected factors.
Controlled factors Level 1 Level 2 Level 3
Mixing temp. (°C) 190 200 210
Mixing speed (rpm) 30 40 50
Mixing time (min) 20 30 40
HNTs loading (wt.%) 1 2 3

(version 16). The noise sensitivity of each response was measured
in conjunction with the noise caused by controlled parameters.
Based on [36], the higher S/N ratio value is resulted from a small
variance of that parameter. The average of S/N was calculated
and fully explained in Appendix A.

Selecting the processing parameters

The controlled parameters, their levels, and the response are the
essential parts of the Taguchi method. The decision regarding the
controlled parameters and the responses is based on the nature
of the experiment while the domain of the proposed levels of the
controlled parameters depends on the physical properties of
the controlled parameters. In this current work, investigating the
mechanical properties of the HNTs-TPU nanocomposites was set
as a goal due to the need of the enhanced product which includes
the tensile strength, Young’s modulus, and the tensile strain. These
three parameters are enough to determine the applicability of the
HNTs-TPU nanocomposites product regarding strength and strain.
The preparation of HNTs-TPU nanocomposites requires mixing
HNTs at certain wt.%. In order to achieve a homogenous mixture,
the mixture has to be mixed at a certain temperature, speed, and

time. The HNTs-TPU nanocomposites, mixing temperature, mixing
speed, mixing time, and HNTs loading are known as the controlled
parameters. The controlled parameters have to be employed at the
minimum of two levels depending on preliminary or manufac-
turer’s assessments of the physical properties such as melting tem-
perature, density, exfoliation, and the thermal stability of the
mixture components.

The mixing ratio of HNTs and TPU in this work was chosen at
three levels of 1, 2, and 3 wt.% HNTs. Previous researchers have
chosen the variety of percentages [37]. Based on previous trials,
additive of more than 3 wt.% of HNTs has shown that the optimiza-
tion of the mechanical properties declined instead of showing
improvement [38]. Based on previous work [14], loading was per-
formed within wt. ratios of no more 10 wt.% [14]. Regarding mixing
temperature, thermal properties of HNTs and TPU have to be con-
sidered and, consequently, three levels of 190, 200, and 210 °C
were chosen. The temperatures choice is slightly different from
the published works of El-Shekeil et al. [26] due to their HNTs-
TPU nanocomposites preparation and the origin of TPU. The levels
of chosen temperature in [26] is 10 °C lower than the temperature
employed in the current work. The third controlled parameter is
the speed of the mixing process. Three speeds are selected at 30,
40, and 50 rpm based on the manufacturer recommendation and
available information from previous work [26]. El-Shekeil et al.
[26] have concluded that low speeds do not produce a homogenous
mixture while high speeds may cause breakage of filler. The fourth
controlled parameter is the time allowed for mixing process. Three
levels for mixing time were chosen at 20, 30, and 40 min based on
mere observing the stabilization of the twin screw as an indicator
for homogeneous mixture or good dispersion [26]. On the other
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hand, the more time subsequent torque stabilization of the
mixture, the more thermal degradation and breakage of the mix-
ture would occur [26]. Table 1 contains the controlled factors
and their relevant levels.

The total number of trials as suggested by Taguchi method is 9
as shown in Table 2, where all controlled parameters are shown. In
the following paragraphs, all results of the controlled parameters
are discussed.

Measurements of mechanical properties

HNTs-TPU nanocomposites were tested for mechanical proper-
ties. Nine runs were prepared according to the criteria in
Tables 1 and 2 and, as such, the tensile strength, Young’s modulus,
and the tensile strain were measured and tabulated in Table 3. The
measurements are based on dividing each of the nine samples into
three pieces experimented separately. The results and their coun-
terparts S/N’s were calculated according to the criteria of “larger
is better” as explained in Appendix A where the average of each
experimented response of tensile strength, Young's modulus, and
tensile strain was determined. The results of the average of each
response and its relevant S/N values are listed in Table 3.

Mechanical data analysis

The maximum variations of the tensile strength are taken from
trial 1 (highest) and trial 8 (lowest) as proposed in Table 3 and
shown numerically in Table 4. The tensile strength of the TPU
matrix is reported in Table 3 at 17.7 MPa. The highest and the low-
est values of the tensile strength are recorded at 25.25 MPa and
13.13 MPa at the following sets of the controlled parameters
(190°C, 30 rpm, 20 min, and 1 wt.% HNTs loading) and (210 °C,
40 rpm, 20 min, and 3 wt.% HNTs loading), respectively. The high-
est and lowest variation of the tensile strength are calculate based
on the tensile strength of the neat TPU (17.7 MPa) and the highest
and lowest values shown in Table 3. The absolute variation
between the highest and lowest values of the tensile strength is
69%. A mere observation at the controlled parameters presented
in Table 4, one can find out that the mixing time of 20 min is the
only parameter appeared in both tensile strength measurements
of the two samples. The change in mixing temperature from 190
to 210 °C, mixing speed from 30 to 40 rpm, and the increase in
HNTs loading from 1 to 3 wt.% are apparently behind the 69% vari-
ation. A correlation among these three controlled parameters and
their variations is not difficult to show mathematically; however,
a physical justification of the 69% variation is much important
and it needs some measurements and investigation. In principle,
any of the three remaining parameters have to be collectively
taken into consideration.

The melting temperature of TPU matrix (200 °C as recom-
mended by the manufacturer) was tested experimentally and
was found to be in the range of 188 °C and 195 °C. The melting
temperature is highly dependent on impurities contained in TPU
matrix. The temperature of 210 °C causes TPU slightly over melted

Table 2
Effective combination parameters suggested by Taguchi (Lo).

which is good for mixing but, adversely, causes a primary degrada-
tion of TPU bulk which could affect the thermal properties of TPU
[39]. The mixing speed of 40 rpm is more than enough which
causes HNTs breakage as suggested by El-Shekeil et al. [26] while
the mixing speed of 30 rpm is seemingly perfect to provide a
homogeneous mixture. The data shows that HNTs loading of
3 wt.% is not convenient to optimize the tensile strength as thought
by common sense. The extra of 2 wt.% HNTs incurs an adverse
result on the tensile strength value in addition to extra cost. The
effect of extra HNTs loading reduces the melting temperature of
TPU as seen directly by measurements and supported by Barick
& Tripathy [40] as well. As such, the lower mixing temperature
of 190 °C seems better because high HNTs loading could lower
the melting temperature suggested by the manufacturer to less
than 200 °C.

Tables 5 and 6 show the analysis of the Young’s modulus and
the tensile strain, respectively. The highest value of Young’s mod-
ulus (11.45 MPa) shows 402% change based on the neat TPU mod-
ulus of 2.30MPa while the lowest value of HNTs-TPU
nanocomposites modulus is 3.45 MPa has shown a change of
50%. The absolute variation between the highest and lowest values
is 352%. This variation is apparently caused by the mixing temper-
ature, mixing speed, and HNTs loading as the mixing time remains
at the same rate for both HNTs-TPU nanocomposites. Seemingly,
the high temperature of 210 °C and high HNTs loading of 3 wt.%
affect the plasticity of TPU and made it brittle with high Young’s
modulus while the lower temperature of 190 °C and HNTs loading
of 1 wt.% has kept HNTs-TPU nanocomposites in plastic form.

The last analysis is about the tensile strain shown in Table 6.
The results of the tensile strain of the HNTs-TPU nanocomposites
show that the highest tensile strain occurs at lower mixing tem-
perature, lower mixing speed, and lower HNTs loading where these
parameters are essential for keeping the ductility behaviour of the
HNTs-TPU nanocomposites.

S/N ratio analysis

The signal-to-noise ratio (S/N) is widely used in science and
engineering to compare the level of the desired signal to the level
of background noise and it is expressed in decibel (dB). S/N can be
applied to any type of signal and if the ratio is greater than one (dB
is greater than zero), the system has more signal than noise. The
stress response variation was studied by Taguchi method using
S/N ratio for the mechanical properties and listed in Table 7 based
on the level of the controlled parameters. The effect of the level
was not considered in the calculation. Considering the highest
effect of the mixing temperature, mixing speed, mixing time, and
HNTs loading, the results show that temperature at level I
(190 °C), mixing speed at Level I (30 rpm), mixing time at level II
(30 min), and HNTs loading at level I (1 wt.%) are the best param-
eter to optimize the tensile strength. These results are in agree-
ment with the previous Taguchi analysis where no S/N was taken
into consideration. The analysis of the tensile strength shows that

Mixing time (min) HNTs loading (wt.%)

Trial no. Mixing temp. (°C) Mixing speed (rpm)
1 190 30
2 190 40
3 190 50
4 200 30
5 200 40
6 200 50
7 210 30
8 210 40
9 210 50

S
S
S WNN = WWN =
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Table 3
The results of the mechanical properties.
Experiment no. Tensile strength (MPa) Young's modulus (MPa) Tensile strain (%)
Average S/N Average SIN Average S/N
Neat TPU 17.70 - 2.30 - 430.30 -
1 25.25 28.04 3.45 10.77 1050.72 60.42
2 19.17 25.65 6.54 16.31 990.46 59.91
3 15.79 23.97 10.53 20.45 608.20 55.68
4 16.79 24.50 10.12 20.10 680.76 56.66
5 19.05 25.60 7.77 17.81 1015.50 60.13
6 17.54 24.88 8.05 18.12 870.13 58.79
7 21.24 26.54 6.05 15.64 1005.93 60.05
8 13.13 22.36 11.54 21.24 508.63 54.12
9 21.13 26.50 5.63 15.01 1030.50 60.26
Table 4

Tensile strength analysis.

Tensile strength (MPa) (neat TPU = 17.7 MPa)

Parameters Highest Lowest % Change % Absolute variation %
25.25 13.13 -26 69
Mixing temperature (°C) 190 210
Mixing speed (rpm) 30 40
Mixing time (min) 20 20
HNTs loading (wt.%) 1 3
Table 5
Young’s modulus analysis.
Young modulus (MPa) (neat TPU = 2.30 MPa)
Parameters Highest Lowest % Change % Absolute variation %
11.54 3.45 50 352
Mixing temperature (°C) 210 190
Mixing speed (rpm) 40 30
Mixing time (min) 20 20
HNTs loading (wt.%) 3 1
Table 6
Tensile strain analysis.
Tensile strain (%) (neat TPU = 430.30%)
Parameters Highest Lowest % Change % Absolute variation %
1050.72 508.63 18 126
Mixing temperature (°C) 190 210
Mixing peed (rpm) 30 40
Mixing time (min) 20 20
HNTs loading (wt.%) 1 3

Table 7

Average S/N ratio values for tensile properties.

Mixing speed (rpm)

Mixing time (min)

HNTs loading (wt.%)

Parameter Mixing temp. (°C)
Tensile strength (MPa) Level [ 25.89
Level II 25.00
Level 111 25.14
Young’s modulus (MPa) Level I 15.85
Level II 18.68
Level 111 17.30
Tensile strain (%) Level | 58.68
Level II 58.53
Level III 58.15

26.37 25.10 26.72
24.54 25.55 25.70
25.12 2537 23.61
15.51 16.71 14.54
18.46 17.15 16.69
17.87 17.97 20.60
59.05 57.78 60.27
58.06 58.95 59.59
58.24 58.62 55.49

the same sequence of the parameters as shown in Table 7 are the
best for optimization. In other agreement with the previous analy-
sis, Young modulus optimization was taking place at same param-
eters as shown in Tables 7 and 5. The above analysis shows clearly
that the optimization predicted by Taguchi method was accurate
and reliable.

ANOVA analysis of mechanical properties

The results analysed by Taguchi method show how each of the
three responses under investigation is influenced by a certain con-
trolled parameter or at any given individual level. The analysis is
not comprehensive due to the fact that the highest (the lowest)
values could take place with some controversy. In order to remove
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Table 8
ANOVA average on tensile properties.
Parameter Mixing temp. (°C) Mixing speed (rpm) Mixing time (min) HNTs loading (wt.%) Error %
Tensile strength (MPa) SS 243 76.60 0.81 198.26 29.51
DF 2 2 2 2 -
MS = SS/DF 12.1 38.30 0.40 99.13 1.63
F ratio 7.4 23.36 0.24 60.45 1
%contribution 6.3 22.25 -0.74 59.16 12.93
Young’s modulus (MPa) SS 14.6 20.89 2.18 127.68 22.01
DF 2 2 2 2 -
MS = SS/DF 7.3 10.44 1.09 63.84 1.22
F ratio 6.0 8.53 0.89 52.19 1
%contribution 6.5 9.83 -0.13 66.80 16.96
Tensile strain (%) SS 6075.6 33979.96 39789.68 961112.51 11333.88
DF 2 2 2 2 -
MS = SS/DF 3037.8 16989.98 19894.84 480556.25 629.66
F ratio 4.8 26.98 31.59 763.19 1
%contribution 04 3.10 3.66 91.21 1.55

Mean of S/N ratios

Mean of S/N ratios

27 Mixing Temperature (°C) Mixing Speed (rpm)
26 A o\ \
25 1 T~ ~. —
24 -
190 200 210 40 50
27 Mixing Time (min) Loading HNT(wt.%)
26 A
e
25 A —
24 -
20 30 40 2 3
Signal-to-noise: Larger is better
Fig. 3. Main effects plot for S/N ratios on the tensile strength parameter.
510 Mixing Temperature (°C) Mixing Speed (rpm)
19.5 1
18.0 4 /\. /g\
16.5 / /
15.0 +
T T T T T
190 200 210 40 50
510 Mixing Time (min) Loading HNT (wt.%)
19.5 +
18.0 "
fEE————
16.5
15.0
20 30 40 2 3

Signal-to-noise: Larger is better

Fig. 4. Main effects plot for S/N ratios on the Young's modulus parameter.
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Mixing Temperature (°C) Mixing Speed (rpm)

60 -

59 1 - —

58 A T T
w574
8 _
© 506
» 190 200 210 30 40 50
2 Mixing Time  (min) Loading HNT (wt.%)
2 601

59 —

58 - —

57

56

20 30 40 1 2 3

Signal-to-noise: Larger is better

Fig. 5. Main effects plot for S/N ratios on the tensile strain parameter.

these controversial results, if any, ANOVA was employed for fur-
ther characterization. In ANOVA, the average of all responses is
evaluated versus each controlled parameter to have a proper con-
clusion. ANOVA provides a very powerful approach which suggests
whether each controlled parameter is significant or not and, addi-
tionally, predicts its level of significance. The data in Table 8 were
analysed using ANOVA in order to determine the F-ratio and the
percentage contribution of each parameter among other factors.
The results of the sum of square (SS), the degree of freedom (DF),
mean sum of the square (MS), F ratio for each factor (F-ratio),
and the percentage contribution (%contribution) are also listed in
Table 8.

The analysis of the data in Table 8 was carried out at 5% signif-
icant which means 95% confidence. In this analysis, the focus is
about the contribution of each factor which indicates the influence
on the results. For tensile strength, the highest contribution comes
from loading, followed by mixing speed and then mixing temper-
ature. The contribution of mixing time has a negative effect and
can be ignored for its low value as shown in Table 8. The tensile
strength is affected mainly by loading whereby the F-ratio is the
highest (60%). This result is in a good agreement with the other
results despite the fact that the improvement is about 40% for
HNTs loading up to 2 wt.% as experimented by Russo et al. [41]
and 64% for nanoclay loaded with 3 wt.% as performed by Pizzatto
et al. [14]. The significance, measured by the F-ratio, of each factor
of mixing temperature, mixing speed, mixing time and loading
have a value of 2 wt.% or above which is in agreement with the
other results [26]. ANOVA results in Table 8 show that the mixing
temperature has a contribution of about 6%, which is very small
compared to the loading effect. This is in conflict with the findings
proposed by El-Shekeil et al. [42]. The work performed by El-
Shekeil et al. [42] is different as the filler was kenaf-bast-fibre,
which is very different from the HNTs used in this work. Kenaf-
bast-fibre is considered a temperature resistive material and the
loading does not show a potential tendency to be an important
factor.

It is very important to note that the response measurements are
based on “Larger is Better” criteria to evaluate S/N ratios for each
controlled parameters. The results are graphically shown for ten-

sile strength, Young’s modulus, and tensile strain in Figs. 3, 4,
and 5, respectively. The graphical representation of the results
shows the highest, the lowest and the middle effect of each level
of the controlled parameters on the response. The choice of these
effects is concluded by the software rather than direct
observations.

Fractured surfaces of optimum tensile specimen

Four samples were chosen for close investigation by FESEM. The
first sample is the TPU matrix which was taken as a standard. The
second sample was prepared according to the parameters pre-
dicted by Taguchi for the highest tensile strength, namely;
190 °C, 30 rpm, 30 min, and 1 wt.% HNTs loading. The other two
samples were taken arbitrary at 1 wt.% HNTs-TPU nanocomposites
and 3 wt.% HNTs-TPU nanocomposites based on the lowest and
highest HNTs loading, respectively. The surface at the fracture of
each sample was examined at two magnifications, 1 kx and 5 kx.
FESEM is a very useful technique for explaining two features that
are related to HNTSs loading. The first feature is to show the exis-
tence of HNTs in the TPU and the second feature is to show how
well HNTs is distributed. TPU matrix was examined first as a refer-
ence to demonstrate the fractured surface as shown in Fig. 6(a) at
magnifications of 1 kx and 5 kx, respectively. The surface of TPU
does not show any irregularities and the presence of hole-like
spots is very normal in plastic materials as noted by Barick and Tri-
pathy [43]. The 1 wt.% HNTs-TPU nanocomposites fractured sur-
face is shown in Fig. 6(b) at magnifications of 1kx and 5 kx,
respectively. The fractured surface at the lower magnification
clearly shows the presence of HNTs and its distribution. The image
at a higher magnification shows agglomeration of HNTs at certain
positions on the surface; however, the distribution still looks nor-
mal based on the assessment of [14]. For the 3 wt.% HNTs-TPU
nanocomposites at 1 kx magnification shown in Fig. 6(c-i) shows
the presence of more filler in the fractured surface as expected.
The image at a higher magnification of 5 kx shown in Fig. 6(c-ii)
shows bigger area of agglomeration of HNTs. The FESEM images
of the last sample which was prepared at the optimizing parame-
ters are shown in Fig. 6(d) at a magnification of 1 kx and 5 kx,
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Fig. 6. FESEM (a) TPU matrix, (b) 1 wt.% HNTs-TPU nanocomposites, (c) 3 wt.% HNTs-TPU nanocomposites and (d) optimum parameters of (i) lower magnification of 1.00 kx

and (ii) higher magnification of 5.00 kx.

respectively. The surface looks smoother, the filler is very well dis-
tributed, and agglomeration appears at very limited spots.

FESEM-fracture surface is another mechanism for analysis. The
shape of the fractured surface could be used as indicative to show
to a certain certainty whether the sample is purely plastic (impre-
cise cut) or brittle (precise cut). For TPU, the fractured surface had
shown in Fig. 6(a) exhibit imprecise surface reflecting the purely
plastic properties of TPU. For the sample of 1wt.% HNTs-TPU
nanocomposites shown in Fig. 6(b), the surface shows agglomera-
tion and slightly sharp cut reflecting the effect of HNTs. The
agglomeration of HNTs becomes very clear for the 3 wt.% HNTs-
TPU nanocomposites as depicted in Fig. 6(c). As the agglomeration
increases, the tensile strength decreases due to the effect of high
HNTs content which makes the sample more brittle and easy to
break down. The optimized sample shown in Fig. 6(d), the surface
is smooth and the agglomeration of HNTs is highly reduced. The
results of FESEM are in good agreement with the analysis per-
formed according to Taguchi and ANOVA.

Thermogravimetric analysis of the optimum tensile specimen

The Thermogravimetric analysis (TGA) which shows the per-
centage weight loss of TPU matrix and HNTs-TPU nanocomposites
are shown in Fig. 7(a)-(d) and the results are tabulated in Table 9.
The TGA-TPU shown in Fig. 7(a) shows that at 295 °C the structure
is still stable while the structures of 1 wt.% HNT-TPU nanocompos-
ites, 3 wt.% HNT-TPU nanocomposites were stable until 280 °C and
285 °C, respectively. The results suggest that TPU matrix is more
thermally stable than the HNTs-TPU nanocomposites. For the opti-
mized sample shown in Fig. 7(d), the thermal stability is same as
the 1 wt.% HNTs-TPU nanocomposites. TPU with HNTs disturbs
the thermal stability of the nanocomposites which suggests that
the polymer chain can easily move in the structure [44]. The sec-
ond stage which is characterized by a 41.11% -weight loss occurred
between 290 °C and 470 °C. These results are slightly different
from [45] due to different composition and optimizing parameters.
The weight loss of TPU matrix and HNTs-TPU nanocomposites dur-
ing the course of the TGA testing was about 84%, compared to
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Fig. 7. TGA thermograms of (a) TPU matrix, (b) 1 wt.% HNTs-TPU nanocomposites, (c) 3 wt.% HNTs-TPU nanocomposites, and (d) optimum parameter wt.% HNTs-TPU

nanocomposites in a nitrogen atmosphere.

Table 9
TGA results.
Sample Degradation stage 1 Degradation stage 2 Degradation stage 3
T (°C) Weight loss % T (°C) Weight loss % T (°C) Weight loss %
TPU matrix 30-295 2.34 295-470 41.11 470-680 8.57
1 wt.% HNT-TPU 30-280 0 280-440 51.21 440-580 12.14
3 wt.% HNT-TPU 30-285 0 285-430 45.45 430-490 20.00
Optimized sample 30-280 0 280-440 52.51 440-490 30.00

about 97% for nanocomposite samples. Seemingly, the loading with
HNTs makes the rate of the weight loss faster than the rate of the
TPU matrix. In this regard, HNTs loading has a major role in chang-
ing the structural and physical properties of the HNTs-TPU
nanocomposites, which might be attributed to possible chemical
bonding. The accuracy of the HNTs distribution throughout the
TPU matrix has another effect on the thermal properties of the
HNTs-TPU nanocomposites. It is also suggested that the molecular
mobility imparted by the HNTs also plays a vital role in this ther-
mal decomposition phenomenon [46]. The degradation, further-
more, is likely the result of the absorption and adsorption of free
radicals generated during the TPU degradation process on the
active halloysite particle surface of the nanotubes [12].

Differential scanning calorimetry of the optimum tensile specimen
The differential scanning calorimetry (DSC) is a technique that
measures the amount of heat required to increase the temperature
of a sample and reference as a function of time or temperature
while the reference and the sample are kept nearly at same tem-
perature. As the temperature increases or decreases, phase transi-
tion could take place at which more (exothermic) or less
(endothermic) heat flows to or out the sample in order to maintain
same temperature, respectively. The endothermic phase transition

from solid to liquid represents absorption heat by the sample while
exothermic process (crystallization) requires less heat to raise the
sample temperature. Crystallization is associated with full or par-
tial alignment of the molecular chain which reflects its effect on
the mechanical stretching of the polymer depending on the degree
of crystallinity. In addition to melting temperature and crystalliza-
tion temperature, a glass transition is another temperature to be
determined by DSC. The glass transition is very important in indus-
trial settings as quality control instrument by showing the purity
of the polymer. DSC results are shown in Fig. 8. There are two
DSC runs in each result which includes heating (0-300 °C) and
cooling (300 °C to 0) where glass transition and melting point are
determined in the heating part and crystallization temperature is
determined in the cooling stage of the experiment.

The results shown in Fig. 8 are summarized in Table 10. Three
stages are recognized: glass transition, melting temperature, and
crystallization temperature. The glass temperature is always below
the melting temperature because the melting temperature
requires more heat to occur. The glass transition occurs at the peak
temperature of 102.77 °C for TPU matrix in agreement with [43].
As HNTs loaded to TPU the glass temperature significantly
decreased to 69.3 °C and seemingly it did not undergo significant
change when the HNTs loaded increased to 3 wt.% nor for the opti-
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Fig. 8. DSC results (a) TPU matrix, (b) 1 wt.% HNT-TPU nanocomposites, (c¢) 3 wt.% HNT-TPU nanocomposites, and (d) optimized parameter wt.% HNTs-TPU nanocomposites.

Table 10
DSC results.

Sample Glass transition temp. Melting temp. Crystallization temp.

Onset (°C) Peak (°C) Integral (m]) Onset (°C) Peak (°C) Integral (m]) Onset (°C) Peak (°C) Integral (m])
TPU matrix 96.82 102.77 - 293.45 337.51 -295.19 —5.85 —15.64 67.95
1 wt.% HNTs-TPU 59.57 69.30 - 298.21 335.31 -55.15 -13.15 —22.80 60.61
3 wt.% HNTs-TPU 64.76 69.82 - 337.46 343.46 —39.78 —247 —-8.60 132.06
Optimized sample 72.42 70.56 - 339.05 345.28 -197.71 1.42 -1.68 216.60

5 mm

=1

15 mm
=1

(b)

Fig. 9. Manufacturer specifications for (a) TPU matrix of about 5 mm size, and (b) HNTs of 20 nm size.

Table 11
Physical properties of TPU.

Hardness Tensile strength Density Melting temp. Specific gravity

55D 20 MPa 1224 kg/m3 200 °C 1.21
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Table 12
Chemical composition of HNTSs.
Chemical compositions Sio, Al, 03 TiO, Impurities
Weight % 61.19 18.11 20.11 <05
Table 13

Physical properties of HNTSs.

Chemical formula Surface area (m?/g)

Pore volume (mL/g)

Density (kg/m?) Refractive index

ALSi,05(0H);-nH,0 65

~1.25

2540 1.54

(e)
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Fig. 10. Samples of HNTs-TPU nanocomposites (a) TPU matrix, (b) 1 wt.% HNTs-TPU nanocomposites, (c) 2 wt.% HNTs-TPU nanocomposites and (d) 3 wt.% HNTs-TPU

nanocomposites, and (e) sample dimensions.

mized nanocomposites. The decrease of glass temperature from
102.77 to 69.3 °C exhibits a change from rubber-like state of TPU
matrix to brittle glassy state of HNTs-TPU nanocomposites. The
melting peak temperature of TPU matrix was recorded by DSC at
337.51 °C which shows no change for 1 wt.% HNTs-TPU nanocom-
posites and as HNTs loading increased to 3 wt.%, the melting tem-
perature increased to 343.46 °C and remains within a small shift
for the optimized HNTs-TPU nanocomposites. The third tempera-
ture is the crystallization temperature which appears at
—15.64°C for TPU matrix and shifted to lower temperature of
—22.80 °C for 1 wt.% HNT-TPU nanocomposites. The crystallization
temperature for 3 wt.% HNTs- is shifted to higher temperature of
—8.60°C and —1.68 °C for the optimized HNTs-TPU nanocompos-
ites. The DSC results support the analysis of mechanical properties
by Taguchi and ANOVA as presented earlier as the glass tempera-
ture reduced from 96.82 °C to lower temperatures for the compos-
ites as shown in Table 10.

Materials and methods
Materials

TPU (Ester type), in the form of semi round shape bead forms of
about 5 mm in diameter, was purchased from Global Innovations-

polycarbonates Bayer Material Science AG, D-51368 Leverkusen, as
shown in Fig. 9(a). The physical properties of TPU are summarized
in Table 11. HNTs, in powder form with an average size of 20 nm,
were purchased from Natural Nano, Inc., 832 Emerson Street,
Rochester, New York, as shown in Fig. 9(b). The chemical composi-
tion of HNTs and the physical properties of HNTs are summarized
in Tables 12 and 13, respectively. The melting temperature of TPU
matrix is 200 °C as recommended by the manufacturer.

Instrumentation

Transmission Electron Microscopy (TEM), using a Philips CM12
Somerset, New Jersey, US), operated at 80 kV and producing an
electron beam capable of interacting with the sample as it passes
through, was used to provide images showing the existence of
the nanotubes. TEM was used in many fields in science, engineer-
ing and medicine to examine the nanotube details at the surface. In
this report, TEM was used to identify and locate the nanotubes and
to measure the geometrical dimensions of their inner and outer
diameters. In addition to TEM, a FESEM, model ZEISS SUPRA 55-
VP (Manufacturer, Konigsallee, Deutschland) with a magnification
up to 25.00 kx, was used to investigate and view small structures
on the surface of the HNTs and HNTs-TPU nanocomposites. The
FESEM was equipped with high resolution images and had insignif-
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icant charging effects on the HNTs-TPU nanocomposites surface at
a very high spatial resolution of about 1.50 nm, which was 3-6
times that of the TEM. The thermal properties of the HNTs-TPU
nanocomposites were investigated using a Thermogravimetric
analyser; model Q600, a product of TA Instruments, New Castle,
US with heating rate of 10 °C per min. The mixture of the HNTs-
TPU nanocomposites were performed with a Brabender mixer
(Model W 50 EHT) Corder PL 2000 compounder equipped with a
50 cm® kneader chamber. For the preparation of specimens for
testing, the injection apparatus DSM Xplore moulding injection
machine was used. The heating chamber of 10 cm?® can be heated
up to 350 °C. To investigate tensile strength and strain, an Instron
Universal Testing Machine (INSTRON 5567) was used.

Preparation of the injection moulding specimens

The drying process of the HNTs and TPU matrix were carried out
in an oven at a temperature of 80 °C for 12 h [15]. Following drying,
the HNTs-TPU nanocomposites were homogenized using a Braben-
der mixer [47,48]. The matrix was mixed until stabilization of the
torque and was followed by adding filler into the mixer. The mix-
ture was then injected using a moulding machine, whereby four
samples were produced including the neat sample, as shown in
Fig. 10(a)-(d) at loading percentages of O (TPU matrix), 1, 2 and
3 wt.% HNTs, respectively. The dimensions of the samples are
shown in Fig. 10(e).

Conclusion

Despite the fact that the technology of the HNTs-TPU nanocom-
posites is very advancing technology, many technical challenges
such as the preparation of the samples are still important and they
need to undergo some regulations. One of these challenges is the
sensitivity of the results due to the methods of sample prepara-
tions. To reduce the significant of the technical challenges, Taguchi
method of optimization and ANOVA were used in this article. The
main topic of analysis was performed by considering the absolute
variation of the mechanical properties (tensile strength, Young’s
modulus, and tensile strain) in accordance with the effect of wt.%
HNTSs loading to TPU. It was found that absolute variation between
the highest and lowest tensile strength (69%) is purely attributed
to only three controlled parameters (mixing temperature, mixing
speed, and HNTs loading) while the mixing time shows no effect.

Table A1
The parameters for three levels of selected factors.

The support for this result comes from ANOVA analysis, FESEM
images, and DSC results. The results suggests that 1 wt.% HNTs
loading to TPU processed at temperature of 190 °C and mixing
speed of 30 rpm are enough to produce the optimized HNTs-TPU
nanocomposites. The outcome of this result could have important
effect on the cost and the future of the nanocomposites.
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Appendix A

Step 1: Selection of factors using Taguchi design:
Four factors were chosen at three levels each, as shown in
Table A1, and nine experiments were chosen using Taguchi design.

Step 2: The combination of parameters on the orthogonal Lo
(3%) array

Each of the nine experiments was run at four factors as pro-
posed by the Taguchi design. The data in Table 2 show the optimiz-
ing factors of tensile strength, Young’s modulus, and tensile strain,
classified and arranged by Mintab.

Step 3: Calculation of the average of each response (tensile
strength, Young’s modulus, and tensile strain)

In order to calculate the average tensile strength, Young’s mod-
ulus and tensile strain, nine experiments were run at optimizing
parameters, which resulted in nine runs. Each run was divided into
three specimens and each specimen was tested for each of the
three responses and finally the average value was calculated, as
shown in Table A2 for tensile strength; Table A3 for Young’s mod-
ulus; and Table A4 for tensile strain.

Step 4: Calculation of S/N

This step was to determine the S/N ratio for each response of the
tensile strength, Young’'s modulus, and tensile strain. First, the
mean-square deviation (MSD) was calculated according to Eq. (A1):

noq
MSD = Z’;] i

(AT)

where y; the value of tensile strength for the ith test is; n is the
number of tests. An example of calculating MSD is shown as

Factors Level 1 Level 2 Level 3
follows:

Mixing temp. (°C) 190 200 210
Mixing speed (rpm) 30 40 50 ( 1 2) + ( 1 ) + ( 1 2)
Mixing time (min) 20 30 40 MSD — 25.493 24.8867 25381%) 0.0015685
HNTs loading (wt.%) 1 2 3 3

Table A2

Calculation of the average of tensile strength.
No. run Mixing temp. Mixing speed Mixing time HNTs loading Rep 1 Rep 2 Rep 3 Average
1 190 30 20 1 25.49 24.88 25.38 25.25
2 190 40 30 2 16.78 22.93 17.80 19.17
3 190 50 40 3 16.89 15.66 14.82 15.79
4 200 30 30 3 16.85 16.37 17.16 16.79
5 200 40 40 1 19.63 18.90 18.63 19.05
6 200 50 20 2 17.54 17.39 17.70 17.54
7 210 30 40 2 21.36 20.57 21.80 21.24
8 210 40 20 3 13.85 12.18 13.36 13.13
9 210 50 30 1 20.74 20.34 22.33 21.13
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Table A3

Calculation of the average of Young’s modulus.
No. run Mixing temp. Mixing speed Mixing time HNT loading Rep 1 Rep 2 Rep 3 Average
1 190 30 20 1 2.40 5.00 2.96 345
2 190 40 30 2 8.46 3.92 7.23 6.54
3 190 50 40 3 10.71 11.33 9.55 10.53
4 200 30 30 3 9.68 10.41 10.26 10.12
5 200 40 40 1 8.58 7.28 7.46 7.77
6 200 50 20 2 7.60 8.17 8.39 8.05
7 210 30 40 2 5.36 6.87 5.92 6.05
8 210 40 20 3 11.30 11.42 11.90 11.54
9 210 50 30 1 6.62 5.89 4.38 5.63

Table A4

Calculation of the average of tensile strain.
No. run Mixing temp. Mixing speed Mixing time HNT loading Rep 1 Rep 2 Rep 3 Average
1 190 30 20 1 997.1 1054.0 1101.0 1050.7
2 190 40 30 2 989.5 971.9 1010.0 990.4
3 190 50 40 3 590.5 615.7 618.4 608.2
4 200 30 30 3 682.4 672.3 687.6 680.7
5 200 40 40 1 1029.5 1008.0 1009.0 1015.5
6 200 50 20 2 890.4 843.3 876.7 870.1
7 210 30 40 2 1004.2 994.6 1019.0 1005.9
8 210 40 20 3 506.8 499.4 519.7 508.6
9 210 50 30 1 1056.4 1046.0 989.1 1030.5

Finally, the S/N ratios were calculated according to Eq. (A2):

S/Nis = —1010g(MSD) (A2)

As an example of an S/N ratio:

S/Nis = —1010g(MSD) = 28.0464

The average of the responses of the tensile strength, Young’s
modulus, and the tensile strain and their relevant S/N ratios are
collectively shown in Table 3.
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