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ABSTRACT: Statistical approaches including Taguchi design of experiments (DOE), analysis of variance (ANOVA), and multiple linear

regression analysis were employed to determine optimum processing conditions for successful preparation of a thermoplastic vulcani-

zate nanocomposite (TPVNC) based on thermoplastic polyurethane (TPU)/millable polyurethane (MPU) blend reinforced with an

organoclay (TPU/MPU/organoclay ¼ 50/50/3 wt/wt/wt) using an internal mixer. Total numbers of mixing layouts were designed by

the application of Taguchi’s orthogonal array (OA) methodology based on three parameters and three levels in the L9 selector matrix

model. Mechanical properties of all runs were measured and fitted into the statistical software to determine signal to noise (S/N)

ratio. Ranks of the parameters were determined based on the delta statistics of the larger is better case of the S/N ratio. The ANOVA

parameters were analyzed and percentage contribution of each factor, along with the correlation coefficient of each variable, was

measured. The multiple linear regression models for each property were correlated with the parameters through mathematical equa-

tions. Fourier transform infrared (FTIR) analysis was performed to examine any interfacial interactions between polyurethane matrix

and organoclay. X-ray diffraction (XRD) analysis and field emission transmission electron microscope (FETEM) were employed to

analyze the dispersion of organoclays in the polymer matrix. Field emission scanning electron microscope (FESEM) was employed to

observe cryo-fractured morphology. Dynamic mechanical analysis (DMA) and dynamic shear rheometer (DSR) were used to investi-

gate dynamic mechanical properties and rheological properties of the trials, respectively. Based on all of these characterizations, an

optimum processing condition was determined. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 129: 1405–1416, 2013
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INTRODUCTION

Thermoplastic elastomer (TPE) is a special class of polymeric

material having both thermoplastic and elastomeric properties

such as good elastic characteristics, recyclability, melt process-

ability, and easy moldability. Thermoplastic vulcanizates (TPV)

is a blend-based TPE prepared by mixing two different poly-

mers and crosslinking a selective phase in the blend during the

mixing, known as a dynamic vulcanization. TPV has excellent

elastic properties like rubbers as well as recyclability and melt

processibility like thermoplastics.1

In the recent decades, TPV/inorganic nanocomposites have been

widely studied to enhance material properties of the TPV. TPV

based on polypropylene (PP)/ethylene-propylene-diene mono-

mer (EPDM) blend reinforced with several nanofillers such as

organoclay,2–7 silica,8,9 graphite and its derivatives,10,11 and

bohemite alumina12 was reported. Effects of type of nanofillers,

compatibilizers, and vulcanization systems on material proper-

ties of the nanocomposites were investigated in the studies. TPV

based on ethylene vinyl acetate (EVA)/natural rubber (NR)

blends and PP/epoxidized natural rubber (ENR) blends rein-

forced with organoclay were also studied.13,14

VC 2012 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38852 1405

http://www.materialsviews.com/
http://onlinelibrary.wiley.com/


Processing parameters may affect overall properties of end prod-

ucts; hence, these parameters need to be optimized to control

the properties and to improve cost and reliability of the prod-

ucts. For successful preparation of the TPV nanocomposites

using an internal batch mixer, processing parameters such as

mixing temperature, mixing time, and rotor speed are to be

optimized. The most trustworthy and practical method to opti-

mize the processing parameters is a statistical approach. Several

models have been invented for the statistical approach, which

include factorial design,16 response surface methodology,17 and

Taguchi approach.18 Among these methods, Taguchi DOE is

used commonly due to its easiness and reliability.19 It employs

an orthogonal array to investigate the effects of processing pa-

rameters using a small number of experiments. It is the most

practical method to investigate the effects of multiple factors on

performance properties of samples and to evaluate the influence

of individual factors based on the properties. Optimization of

processing parameters for melt blending of different polymer

blend systems using the Taguchi methodology have been

reported in literatures.18,20–23 Recently, processing parameters

for melt mixing of PP/EPDM/organoclay nanocomposites were

optimized using the Taguchi analysis method.24

The aim of this study is to optimize the processing parameters

(mixing temperature, mixing time, and rotor speed) based on

the Taguchi method for preparation of organoclay reinforced

thermoplastic polyurethane(TPU)/millable polyurethane(MPU)

blend TPV using an internal batch mixing method. A particular

blend nanocomposite composition (TPU/MPU/organoclay ¼
50/50/3 wt/wt/wt) was used for the optimization process. The

blend nanocomposite samples were prepared using an internal

batch mixer with varying processing conditions as per the L9

OA. The optimum mixing conditions were determined on the

basis of tensile properties of each run as response variables.

Degree of clay dispersion, fracture surface, dynamic mechanical

properties, and rheological properties of the TPV/clay nano-

composite samples were examined.

EXPERIMENTAL

Materials

Polyether based TPU elastomer (Neothane
VR

6185A) with Shore

A hardness of 86 6 2 and density of 1.12 g/cm3 was purchased

from Dongsung Highchem, Seoul, South Korea. The peroxide

curable polyether based millable polyurethane elastomer (Mill-

athane
VR

E40) was procured from TSE Industries, Florida. It has

a specific gravity of 1.07 and a Mooney viscosity of 30–60

ML(1þ4) @ 100�C. The organically modified montmorillonite

(Cloisite
VR

30B) was supplied by Southern Clay Products, TX. It

has a density of 1.98 g/cm3, Braggs d-spacing (d001) of 1.85 nm,

and methyl bis-2-hydroxyethyltallow ammonium (MT2EtOH)

organic modifier concentration of 90 meq/100 g with a tallow

composition of � 65% C18; � 30% C16; � 5% C14. Dicumyl

peroxide (DCP) used as a curing agent have a molecular weight

of 270.37, density of 1.56 g/mL at 25�C, and melting point in

the range of 39–41�C was purchased from Sigma-Aldrich LLC,

Missouri, USA. Triallyl cyanurate (TAC) used as a coagent in

peroxide curing have a molecular weight of 249.27, density of

1.11 g/cm3 at 30�C, and melting point in the range of 26–28�C

and was purchased from Tokyo Chemical Industry, Tokyo,

Japan.

Methods

Taguchi Experimental Design Approach. Taguchi25 popular-

ized the DOE statistical approach which was originally suggested

by Fisher26 in the 1920s. The Taguchi method is a convenient

technique for designing and performing experiments to investi-

gate and evaluate processing parameters. The primary focus of

the Taguchi robust DOE is to improve the process, yield, per-

formance, and quality of the products by optimizing the effects

of control and noise factors on the product design. It is one of

the most promising scientific routes available to improve prod-

uct quality, reduce product cost, and reduce the time interval

between design and successful industrial implementation.27

Selection of the Processing Parameters and Their Levels. The

dynamically vulcanized TPU/MPU blend nanocomposite

samples were prepared using an internal batch mixer. General

processing parameters associated with batch mixing are mixing

temperature, mixing time, and rotor speed. In the present work,

three factors at three levels were considered as shown in Table I.

The ranges for the levels of factors were selected in light of data

available in the literatures, material data sheets, and polymer

handbooks.

Selection of Orthogonal Array. The processing parameters

consist of three factors and three levels have 33 ¼ 27 possible

combinations of trials for a full factorial design. It is difficult to

conduct all 27 experiments. The Taguchi DOE method is based

on highly fractional orthogonal designs, which follow ‘‘orthogo-

nal array testing strategy (OATS)’’ or ‘‘orthogonal array selector

matrix (OASM)’’ techniques to propose an appropriate OA to

allocate a laboratory or industrial experiment with many vari-

able parameters and a small number of trials.28 Selection of a

typical OA for different independent variables involves each

variable having different values depending on the total degrees

of freedom (DOF) of the parameters. The DOF of the parame-

ter is an important factor for statistical analysis, as it determines

optimal level.19 Each factor has three individual levels, so the

total number of DOF for the parameters is six. Generally the

DOF value for the OA must be greater than or equal to number

of processing parameters. Here, the selected OA is L9 (33), as

shown in Table II, with eight experimental DOF, which is higher

than the DOF of the parameters. Tensile properties (strength,

modulus, and elongation-at-break) are considered as main

response characteristics for evaluation of the quality of the mix-

ing process.

Table I. Level of Factors Designed for Blending in Internal Batch Mixture

Level

Factor code Control factor Unit 1 2 3

A Temperature �C 180 190 200

B Rotor Speed rpm 60 80 100

C Mixing Time min 6 8 10
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Processing

Preparation of TPU/MPU/Organoclay-Based TPVNC. TPU/

MPU/organoclay (50/50/3 wt/wt/wt) blend nanocomposite sam-

ples were prepared by melt blending the polymers and a clay

using a Haake internal mixer (Rheomix 600P, Haake, NJ)

equipped with a cam rotor. DCP (6 phr) and TAC (2 phr) were

added during the mixing to induce vulcanization in MPU phase.

The compounding was carried out with fill factor of 0.7 at differ-

ent combination of mixing temperature, mixing time, and rotor

speed. The experiment was designed on the basis of L9 OA as

shown in Table III. Polymers and an organoclay were dried

before processing in a preheated vacuum oven for 24 h before

compounding. The prepared TPVNC samples were compression

molded to form a sheet about 1–2 mm thickness using a labora-

tory scale heating press (Type MH 15, Masada Seisakusho, Tokyo,

Japan) at 180�C for 10 min at a pressure of 15 MPa. The com-

pression molded sheets were cooled to room temperature under

adequate pressure and were then kept in a vacuum oven for 72 h

at 50�C for post curing. Samples for tensile testing, DMA, and

rheological analysis were punched out from the sheet.

Measurement and Characterizations. Tensile properties of the

TPVNC specimens were determined at room temperature

according to the ASTM D-412-98 test procedure using dumb-

bell-shaped specimens with a universal testing machine (UTM)

(STM-10E, United Calibration Corporation, CA) at a crosshead

speed of 50 mm/min. Five samples were tested for each trial,

and the average of the data was reported. FTIR spectrometer

(Nicolet 6700, Thermo Fisher Scientific, MA) equipped with an

attenuated total reflectance (ATR) accessory was used to evalu-

ate the interfacial interactions between organoclay and polyur-

ethane matrices. FTIR spectra were recorded in dispersive mode

over a range of 400–4000 cm–1 at a resolution of 4 cm�1. Six-

teen scans were collected per trace. XRD patterns of the TPVNC

samples were obtained using X-ray diffractometer (D/MAX-

2500/PC, Rigaku Corporation, Tokyo, Japan) operated at a volt-

age of 40 kV and current of 30 mA with a Cu-Ka1 (k ¼
0.1540598 nm) radiation source. The experiment was performed

over a scan range of 2y ¼ 2.0–10� at a scan rate of 2�/min and

step size of 0.02� at room temperature. Morphology of the

cryo-fractured surface of the TPVNC samples was examined by

FESEM (MIRA3 LM, Tescan USA, PA) at an accelerating voltage

of 30 kV and probe current of 100 nA. The sample surfaces

were platinum coated by means of a manually operated sputter

coater. Morphology of the TPVNC was examined by FETEM

(JEM-2100F, JEOL, Tokyo, Japan) at an acceleration voltage of

200 kV. The cryo ultramicrotome (PT-PC PowerTome Ultrami-

crotomes, Boeckeler Instruments, AZ) was employed for

preparation of ultra-thin sections less than 100 nm. Dynamic

mechanical properties of the TPVNC were measured by DMA

(DMA Q800, TA Instruments, DE) in the temperature range of

�100 to þ250�C at an applied frequency of 1 Hz and strain

amplitude of 10 lm with a scan rate of 2�C/min. Rheological

behaviors of the TPVNC samples were investigated by DSR

(advanced rheometric expansion system (ARES), Rheometrics,

NJ) using a set of 25 mm diameter parallel plates with a sample

of 1–2 mm thickness and 25 mm diameter. The frequency

sweep was carried out within the frequency range of 10–1–102

rad/s at 180�C with a strain of 0.5%, which is well within the

linear viscoelastic region.

DATA ANALYSIS, RESULTS, AND DISCUSSION

Tensile Properties

The modulus at 150% elongation, elongation at break, and ten-

sile strength of different trials for the TPVNC are shown in

Table IV. Quantitative values specified to 4–5 digits after the

decimal point to correctly differentiate entries from each other.

In Table IV, it can be seen that the highest tensile strength and

modulus at 150% elongation was obtained in Run1. This

indicates that adequate mixing of TPU and MPU and good

dispersion of the organoclays were achieved at the processing

condition. On the other hand, elongation-at-break shows the

highest value in Run6, which may be associated with nanofiller

orientation along a particular direction.

Analysis of the Taguchi Methodology of TPVNC

Signal to Noise Ratio (S/N). Taguchi design method utilizes

quality loss function to determine quality characteristics.29 It is

a continuous mathematical function that is defined in terms of

the deviation of a design parameter from an ideal or target

value. Taguchi’s loss function is expressed in the form of a

quadratic relationship in the following equation:

LðyÞ ¼ kðMSDÞ ¼ kðy �mÞ2
(1)

Table II. L9 Orthogonal Array of Taguchi Method

Experiment number A B C

1 1 1 1

2 1 2 2

3 1 3 3

4 2 1 2

5 2 2 3

6 2 3 1

7 3 1 3

8 3 2 1

9 3 3 2

Table III. Experimental Layout Based on Taguchi L9 Orthogonal Array

Model

Experiment
number

Temperature
(�C)

Rotor
speed (rpm)

Mixing
time (min)

Run1 180 60 6

Run2 180 80 8

Run3 180 100 10

Run4 190 60 8

Run5 190 80 10

Run6 190 100 6

Run7 200 60 10

Run8 200 80 6

Run9 200 100 8
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where, ‘‘y’’ is critical performance parameter value, ‘‘L’’ is loss

associated with a particular parameter ‘‘y’’ and ‘‘m’’ is nominal

or target value of the specified parameter, ‘‘MSD’’ is mean

squared deviation, and ‘‘k’’ is a constant that depends on the

cost at the specification limits, which is determined convention-

ally by dividing the cost of the product by the square of the

lower or higher tolerance values.

The quality loss function values may be expressed by generic

‘‘signal to noise’’ (S/N) ratio (g). There are three types of noise

factors, which are outer noise, inner noise, and between the

product noises. The ‘‘signal’’ represents desirable value (mean)

for the output, and the ‘‘noise’’ represents undesirable value

[signal disturbance and standard deviation (SD)] for the out-

put.30 Taguchi method promoted the concept of the ‘‘inner

array’’ and ‘‘outer array’’, which consist of the OA that contains

the control and noise factors settings, respectively, for successive

implementation of the design approach. Combination of both

arrays constitutes the ‘‘product array’’ or ‘‘complete parameter

design layout’’.31 The mean response and standard deviation for

each trial are estimated by using the following equations.

Mean response yð Þ ¼ 1

n

Xn
i¼1

yi

 !
(2)

Standard deviation SDð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

yi � yð Þ2

n� 1

s
(3)

The noise factors are mainly responsible for causing a product’s end

use performance to deviate from its target value. Therefore, primary

aim of Taguchi parameter design approach deals with a selection of

appropriate control factors, which makes the product more reliable

since it is unaffected by deviation due to noise factors. Taguchi

robust design method adopts the S/N ratio to investigate the devia-

tion of quality characteristic values from the degree of expected per-

formance of a product or process. The highest S/N ratio for the

product design always determines the optimum quality of character-

istic signals with the least variation around the target parameter due

to the random effects of the noise factors. The quality loss function

generally implements three standard quality characteristics known

as ‘‘nominal the best,’’ ‘‘smaller the better,’’ and ‘‘larger the better’’ to

estimate the S/N ratio.30 These characteristics are defined by differ-

ent sets of equations that distinguish them from general loss func-

tion equation. Numerically, the ‘‘smaller the better’’ makes the

system response as small as possible as stated in the equation below:

g ¼ S=NS ¼ �10 log
1

n

Xn
i¼1

y2
i

 !
(4)

where, ‘‘n’’ is the number of experiments and ‘‘yi’’ is the meas-

ured property for the ith experiment.

Mathematical expression for ‘‘nominal the best’’ to reduce vari-

ability around a target is represented in following equation:

g ¼ S=NT ¼ 10 log
y2

S2

� �
(5)

The ‘‘larger the better’’ concept to make the system response as

large as possible is adopted to determine S/N ratio values in

this article. It is represented in following equation:

g ¼ S=NL ¼ �10 log
1

n

Xn
i¼1

1

y2
i

 !
(6)

The loss function equation used for the ‘‘larger the better’’ to

depict the loss function of one unit of product is stated below:

Table IV. Tensile Properties of TPU/MPU/C30B Vulcanizate Nanocomposites

Experiment number Tensile Strength (MPa) Elongation at break (%) Modulus at 150% elongation (MPa)

Run1 6.24335 6 0.1045 275.5016 6 07.0494 3.60056 6 0.0900

Run2 5.92034 6 0.3576 298.3806 6 19.2681 3.07580 6 0.2263

Run3 4.83550 6 0.1890 340.7100 6 20.6781 2.57580 6 0.0735

Run4 5.31227 6 0.2787 339.3373 6 35.1130 2.68665 6 0.1307

Run5 4.42222 6 0.1285 338.3847 6 15.4485 2.43952 6 0.0497

Run6 5.35908 6 0.1304 370.7660 6 25.0472 2.58952 6 0.0634

Run7 4.27202 6 0.2002 351.5660 6 22.8172 2.23452 6 0.0391

Run8 4.75030 6 0.2506 369.3251 6 34.3498 2.43192 6 0.0221

Run9 4.27144 6 0.2289 358.734 6 21.1313 2.28380 6 0.0412

Table V. S/N Ratios of Individual Trials

Response performance

Experimental
number

Tensile
strength
(MPa)

Modulus
at 150%
elongation
(MPa)

Elongation
at break (%)

Run1 15.9084 11.1274 48.8025

Run2 15.4469 9.7592 49.4954

Run3 13.6888 8.2182 50.6477

Run4 14.5056 8.5842 50.6126

Run5 12.9128 7.7461 50.5882

Run6 14.5818 8.2644 51.3820

Run7 12.6127 6.9837 50.9201

Run8 13.5344 7.7190 51.3482

Run9 12.6115 7.1732 51.0955
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L ¼ k=y2
0 (7)

where, ‘‘k’’ is the proportionality constant and ‘‘y0’’ is the mini-

mum product tolerated output value. The S/N ratio corre-

sponds to the each design points for all the 9 trial conditions

are calculated based on the Equation 6 as shown in Table V.

The S/N ratio corresponds to the design points for all nine trial

conditions as calculated according to the above equation. Table

VI represents the values of mean S/N ratios at low and high lev-

els of tensile properties of TPVNC. The S/N ratios of each level

of the respective parameters are tabulated for the system. Rank

of parameters is determined by the delta (D) value, which is cal-

culated as given below:

D ¼ maxðS=NÞð Þ � minðS=NÞð Þ (8)

The control factor with the strongest influence on response was

determined by the difference values of S/N ratios (D). The

larger the difference, the more the control factor impacts the

response, or the stronger interactions exist between the two

controlling factors. The main effect plots for the S/N ratios are

shown in Figure 1(a–c). The main effect plots clearly indicate

that the design parameters significantly influence the mean of

the S/N ratios. The highest S/N ratios of processing parameters

for tensile strength (rb) and modulus at 150% elongation

(M150) responses are matched with Run1, which consist of mix-

ing temperature of 180�C, mixing time of 6 min, and rotor

speed of 60 rpm, which resemble Run1 of the OA. It is not nec-

essary to carry out a confirmation test. The values of both rb

and M150 decreased with the increase in processing parameters,

which may be due to the polymer chain scission and degrada-

tion at the processing conditions. Values of S/N ratios signifi-

cantly decreased as the magnitude of the processing parameters

Table VI. Values of S/N Ratios of Tensile Properties of TPU/MPU/C30B

Vulcanizate Nanocomposites

Test Level Temperature
Rotor
speed

Mixing
time

Tensile
strength

Level1 15.01 14.34 14.67

Level2 14.00 13.96 14.19

Level3 12.92 13.63 13.07

Delta 2.10 0.71 1.60

Rank 1 3 2

Elongation
at break

Level1 49.65 50.11 50.51

Level2 50.86 50.48 50.40

Level3 51.12 51.04 50.72

Delta 1.47 0.93 0.32

Rank 1 2 3

Modulus
at 150%
elongation

Level1 9.702 8.898 9.037

Level2 8.198 8.408 8.506

Level3 7.292 7.885 7.649

Delta 2.410 1.013 1.388

Rank 1 3 2

Figure 1. Main effects plot for S/N ratios of (a) tensile strength (b) modu-

lus at 150% elongation, and (c) elongation at break. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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increased, which indicates that the higher magnitude processing

conditions deteriorate the performance properties. The delta

value determines the rank of the factors such that the highest

delta value can be attributed to the highest rank. The S/N ratio

analysis assigns the highest rank to the mixing temperature,

which confirmed that major processing factor is temperature.

The next important factor is mixing time, and the least impor-

tant factor is rotor speed. However, the highest S/N ratios of

processing parameters for elongation at break (eb) are the same

at Run3, which has a mixing temperature of 200�C, mixing

time of 10 min, and rotor speed of 100 rpm, which is not

matched with OA. A confirmation test was carried out to deter-

mine percentage error between predicted data and experimental

data. From the S/N analysis, it is concluded that mixing temper-

ature is the most important factor to affect the material proper-

ties, and mixing time and rotor speed get second and third

priorities, respectively.

Analysis of Variance (ANOVA) Study

Analysis of variance (ANOVA) is a routinely used standard

statistical objective decision making technique to identify the

presence of any differences in the average performance charac-

teristics of group of items measured simultaneously.32 The

ANOVA proposes three statistical factors (i) relative influence of

both factors and interactions, (ii) confidence interval level esti-

mation based on performance at optimum conditions and main

effects, and (iii) significance of influence of factor and interac-

tion. Main purpose of ANOVA is to detect differences among

variables, assuming that the control factors significantly influ-

ence the responsive performances. The ANOVA tool is per-

formed by the partition of the total variability (variance) in the

quality performance into identifiable sources of variations and

the associated degrees of freedom in an experiment. It is meas-

ured by the sum of the squared deviations from the total mean

of the quality characteristics, along with contributions from

each of the factors under investigation (control factors) and

total experimental errors (noise factors) at specific confidence

intervals. The robust design conditions can be well predicted by

understanding the source and magnitude of the variance. The

total sum of squared deviations (SST) is the sum of squares of

the difference of the dependent variables of the mean. The SST

is divided into two variances, which can be explained in terms

of a regression equation (sum of squared deviation (SSD) due

to individual design parameter) or attributed to random errors

[sum of squares of error (SSE)].33 The SST from the total mean

S/N ratio (gm) can be calculated by following equation:

SST ¼ SSD þ SSE (9)

SST ¼
Xn
i¼1

yi � yð Þ2 ¼
Xn
i¼1

yi � yð Þ2 þ
Xn
i¼1

e2
i (10)

where, y is the average of yi.

The percentage contribution of each factor (qi) on the perform-

ance properties is calculated by following equation:

qið%Þ ¼ SSK=SSTð Þ � 100 (11)

where, SSK is the sum of squares of parameter ‘‘K’’.

In this study, ANOVA is used to analyze the effects of process-

ing parameters such as mixing temperature, mixing time, and

rotor speed on tensile properties of the TPVNC. Results of

ANOVA for the tensile properties are presented in Table VII.

Relative importance of the processing parameters with respect

to tensile properties was extensively investigated to determine

optimum combination of processing parameters, more accu-

rately by applying ANOVA. The ANOVA F-test provides a deci-

sive state for a fixed confidence level. The magnitudes of the ‘‘F’’

parameter significantly differentiate the importance of the indi-

vidual processing parameters. It is noted in Table VII that the

‘‘F’’ values for the mixing temperature for each case had the

highest score, which shows that mixing temperature has the

largest effect on the performance. Statistical parameter ‘‘P’’ also

ranks the processing parameters, in which the lowest value

contributes most significantly to performance properties. The

percentage contribution indicates a relative power of a control

factor to reduce variation. A processing factor with the highest

percentage of contribution has the greatest influence on per-

formance even at a level of variation. As can be seen in Table

VII, mixing temperature greatly affects the response properties,

while mixing time and rotor speed have minimal effect on the

performance. It is worth mentioning that the values of percent-

age contribution of the design parameters are consistent with

the assigned rank of parameters calculated from S/N ratios. Val-

ues of the coefficient of determination (R2) are satisfactory,

which confirms that data fit well into the ANOVA analysis (fit-

ting between the general linear model and experimental data),

and the obtained results have practical relevance.

Interaction of Design Parameters

True estimation of interactions of control factors (factors in the

inner array) is achieved when noise factors (factors in the outer

array) are considered together. Interpretation of the main effects

on the processing conditions becomes incomplete and mislead-

ing in the presence of interactions. The interactions arise when

the combined effects of several factors on the measurement of

the design parameters are larger or smaller than the sum of

their individual effects. On the other hand, the influence of a

chosen factor is in association with other factors.34 The ANOVA

has the capability to evaluate and test the effects of interactions.

Parallel interaction plots indicates the absence of interaction

among parameters, whereas nonparallel lines, which may cross

each other, indicate a presence of significant interactions

between them.35 The interaction plots for tensile properties of

the processing parameters of TPVNC are shown in Figure 2(a–

c). The lines are not straight and also are not parallel to each

other, which indicate the presence of significant interactions

between the processing parameters. The interaction effect is sig-

nificant with the ordinal interaction (slope of lines not parallel

and do not cross), so the main effect of control factors may be

interpreted and tested acceptably. However, the main effects

cannot be estimated correctly in the case of disordinal interac-

tion (lines cross each other). Processing parameters such as

mixing temperature, mixing time, and rotor speed have strong

interactions, as shown in the figures. Hence, appropriate selec-

tion of the optimized processing parameters may minimize the

interactions among them. The main effect of these factors is the
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mutual final effect imparted by the individual processing

parameters.

Multiple Linear Regression Analysis

Multiple linear regression (MLR) is a statistical technique widely

used to predict a theoretical model and establishes a linear rela-

tionship between the dependent variables (predicted values) and

one or more independent variables (predictors). This model is

based on the least square method to fit the data into a straight

line, where the sum of squares of vertical deviation for observed

and predicted values may be minimized.36 The general mathe-

matical expression for the MLR model is illustrated below:

y ¼ b0 þ
Xn
i¼1

bixi (12)

where, y is dependent variable, b0 is intercept or constant term,

xi is ith independent variable from total set of ‘‘n’’ number of

independent variables (number of coefficients), and bi is ith

coefficient corresponding to xi.

The MLR analysis was employed to determine a linear equation for

the tensile strength of TPVNC as a function of processing parame-

ters. In this case, dependent variables are tensile properties and

independent variables are processing parameters. Mathematical

models for tensile properties were derived by considering these

factors, and their interactions are shown in the equations below:

TS ¼ 19:6 � 0:0618 Temperature � 0:0113 Rotor

Speed � 0:235 Mixing Time ð13Þ

EB ¼ �264 þ 2:75 Temperature þ 0:865 Rotor Speed

þ 1:26 Mixing Time ð14Þ

M150 ¼ 11:6 � 0:0384 Temperature � 0:00894 Rotor

Speed � 0:114 Mixing Time ð15Þ

These equations suggest that the tensile properties are the sum

of contributions of individual parameters. The coefficients of

determination (R2) of the fitting lines are 96.1%, 78.2%, and

93.0%, respectively. This MLR analysis quantitatively estimates

the contribution or synergistic effect of each individual process-

ing parameter on the responses.

Confirmation Test

Experimental confirmation test is a final step for verification of

responsive properties derived from Taguchi method. The larger

the better signals of S/N ratio are considered for the optimized

processing parameter due to their highest contribution to the

tensile properties. The optimized conditions for obtaining high-

est tensile strength and modulus are mixing temperature of

180�C, mixing time of 6 min, and rotor speed of 60 rpm, which

is one of the exact processing combinations present in L9 OA.

The optimized conditions for obtaining highest elongation-at-

break are mixing temperature of 200�C, mixing time of 10 min,

and rotor speed of 100 rpm, which allows error between the

theoretical prediction and practical evaluation. Table VIII shows

values of confirmation tests and their comparison with the

MLR model for quality controls.

Table VII. Analysis of Variance of Processing Parameters of TPU/MPU/C30B Vulcanizate Nanocomposites

Test Factors DF Seq SS Adj SS Adj MS F P qi

Tensile Strength Temperature 2 2.28899 2.28899 1.14450 25.56 0.038 56.00948

Rotor speed 2 0.30965 0.30965 0.15482 3.46 0.224 7.576851

Mixing time 2 1.39860 1.39860 0.69930 15.62 0.060 34.22245

Error 2 0.08955 0.08955 0.04477 2.191206

Total 8 4.08679 100.00

S ¼ 0.211599; R2 ¼ 97.81%; R2(adj) ¼ 91.24%

Elongation
at break

Temperature 2 5125.9 5125.9 2563.0 5.11 0.164 62.86516

Rotor speed 2 1829.1 1829.1 914.5 1.82 0.354 22.43248

Mixing time 2 196.0 196.0 98.0 0.20 0.837 2.403787

Error 2 1002.8 1002.8 501.4 12.29856

Total 8 8153.8 100.00

S ¼ 22.3919; R2 ¼ 87.70%; R2(adj) ¼ 50.81%

Modulus at 150%
elongation

Temperature 2 0.91616 0.91616 0.45808 13.34 0.070 61.34520

Rotor speed 2 0.19207 0.19207 0.09604 2.80 0.263 12.86082

Mixing time 2 0.31651 0.31651 0.15826 4.61 0.178 21.19321

Error 2 0.06870 0.06870 0.03435 4.600087

Total 8 1.49345 100.00

S ¼ 0.185338; R2 ¼ 95.40%; R2(adj) ¼ 81.60%

Adj MS, adjusted means squares; Adj SS, adjusted (partial) sums of squares; DF, degrees of freedom; Seq SS, sequential sums of squares.
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Microstructure Analysis

FTIR spectra of the different trials are shown in Figure 3(a,b).

Figure 3(a) shows the absorption bands at 1703 cm�1 and 1729

cm�1, which are assigned to stretching vibration of hydrogen

bonded and free >C¼¼O of urethane bond, respectively. The

result indicates that the >C¼¼O of urethane linkage is hydrogen

bonded with hydroxyl groups (AOH) present on the organo-

clays.37,38 Figure 3(b) shows a strong broad band centered at

around 3308 cm�1 and a small shoulder at about 3450 cm�1,

which are attributed to the hydrogen bonded and free NAH

symmetric stretching of urethane bond, which indicates that

NAH group in urethane bond is hydrogen-bonded with the

>C¼¼O and ACAOACA of polyurethane and oxygen of the

hydroxyl groups (AOH) present on organoclays.39

XRD patterns of all the trials and pristine Cloisite 30B are shown

in Figure 4. The XRD pattern of Cloisite 30B showed a promi-

nent peak at 2y ¼ 4.78� and a small broad peak at 2y ¼ 9.56�,

which correspond to d001 ¼ 1.8472 nm and d002 ¼ 0.9244 nm

Bragg reflection planes, respectively.40 The diffraction peaks are

completely disappeared in the XRD pattern of 3 wt % Cloisite

30B-filled TPU/MPU blend system for all the trials irrespective of

the processing conditions, which indicates that the clay layers are

completely exfoliated in the polymer matrices. The driving force

to induce extensive intercalation of the polymer into the layers of

Figure 2. Interaction plots for (a) tensile strength (b) modulus at 150%

elongation, and (c) elongation at break. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. FTIR spectra of (a) carbonyl and (b) amine stretching regions

of urethane linkage of polyurethane matrices for all trials. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table VIII. Confirmation Tests and Their Comparison with Regression

Model

Test Predicted Experimental % Error

Tensile strength 6.388 6.24335 2.26440

Elongation at break 385.1 370.3457 3.98392

Modulus at 150%
elongation

3.4676 3.60056 3.83435
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organoclays is hydrogen bonding interaction between the organo-

clay and polyurethanes. When the sufficient compatibility is met,

thermoplastics/organoclay nanocomposites with the exfoliated

structure can be formed by a high shear mixing.41,42 Paul and

Robeson41 have represented the mechanism of dispersion of orga-

noclays in a polymer matrix during high shear melt mixing.41

Our studies showed that processing conditions optimized by

Taguchi methodology are suitable to produce uniform dispersion

of the organoclays in polyurethane matrices.

Cryo-Fractured Morphology

Cryo-fractured surfaces of samples are shown in Figure 5. It can

be seen that surface roughness of the fractured samples varied

with processing parameters. Samples prepared at low tempera-

ture exhibit high surface roughness while the samples fabricated

at high temperature show relatively smooth fracture surface,

and this trend is relevant to tensile properties. Any filler aggre-

gates were not observed in the fracture morphology indicating a

well dispersion of the organoclays in matrix polymer.

Nanostructured Morphology

TEM micrographs of all trials are shown in Figure 6. It is

observed that the organoclays are homogeneously dispersed at

nanometer scale in polyurethane matrices. These observations

indicate that processing conditions determined from the Tagu-

chi DOE methodology, which are mixing temperature of 180�C,

Figure 4. XRD graphs of all trials. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 5. FESEM microphotographs of (a) Run1, (b) Run2, (c) Run3, (d) Run4, (e) Run5, (f) Run6, (g) Run7, (h) Run8, and (i) Run9.
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mixing time of 6 min, and rotor speed of 60 rpm, are well

adapted to achieve nanoscaled dispersion of the clays in matrix

polymer.

Dynamic Mechanical Properties

Figure 7(a,b) represents variation of dynamic storage modulus

(E0) and damping behavior (tan d) of samples with tempera-

ture. Figure 7(a) shows that E0 value rapidly drops around

�50�C, which corresponds to Tg of the matrix polymer and E0

value gradually decreases with increasing temperature. Run1

samples show that E0 value of samples are affected noticeably by

processing parameters (mixing temperature, mixing time, and

rotor speed). The modulus of all the trials decreases with

increasing processing parameters, which is more prominent at

elevated temperature region. Hence, preparation of TPVNC

should be carried out at a suitable condition to achieve high

reinforcing effect.

Figure 7(b) shows that tan d value is the lowest in Run1, and it

increases with increasing processing parameters. The figure also

shows that the tan d peak shifts to lower temperature region

with increase in mixing temperature, mixing time, and mixing

speed. These results show that optimized processing condition

drawn by statistical method is in good agreement with the vari-

ation of DMA results.

Rheological Properties

Variation of shear storage modulus (G0) and complex viscosity

(g*) of samples in melt state with applied angular frequency are

shown in Figure 8(a,b). It is observed in Figure 8(a) that the

value of G0 increases with increasing frequency within the meas-

ured frequency range, which is correlated with a change in

relaxation time with frequency. At low frequency region, the

relaxation time is large and polymer chains have sufficient time

to be relaxed, while at high frequency region the polymer chains

don’t have enough time to be relaxed under an imposed

Figure 6. FETEM microphotographs of (a) Run1, (b) Run2, (c) Run3, (d) Run4, (e) Run5, (f) Run6, (g) Run7, (h) Run8, and (i) Run9.
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dynamic stress.43 The value of G0 is the highest for Run1, and it

decreases with increase in mixing temperature, time of mixing,

and rotor speed, which may be due to breakdown and degrada-

tion of polymer chains at higher values of processing

parameters.

Figure 8(b) shows that g* gradually decreases with increase in

applied frequency. This is well known as shear thinning behav-

ior and is typically observed in molten thermoplastics.44,45 At

low frequency region, nanofillers tend to resist the flow of poly-

mer melt due to their strong interfacial interactions with matrix

polymer chains, while at higher frequency region the resistance

to flow is reduced because the clay nanoparticles are aligned

along the direction of the flow.11 The figure also shows that the

highest g* value was obtained in Run1 and the g* value reduces

with increase in mixing temperature, mixing time, and rotor

speed, which may be due to breakdown and degradation of

polymer chains at higher values of processing parameters. The

rheological analysis, in combination with mechanical analysis

showed that Run1 processing condition is suitable to produce

nanocomposite with the desirable performance properties,

which is consistent with the results obtained by statistical

analysis.

CONCLUSIONS

Optimum processing conditions such as mixing temperature,

mixing time and rotor speed were determined based on the L9

OA using dynamically vulcanized thermoplastic polyurethane/

millable polyurethane blend nanocomposites with an organo-

clay as a sample material. Mechanical properties (tensile

strength, elongation at break, modulus at 150% elongation) of

the blend nanocomposites were taken as response to determine

S/N ratios and optimum processing conditions. Optimized

processing conditions established by the DOE methodology

were well consistent with microstructure and material proper-

ties of the samples. X-ray diffraction (XRD) and transmission

electron microscope (TEM) revealed that the samples form

nanocomposites in which the organoclays are uniformly dis-

persed at nanoscale within polymer matrix. It can also be seen

Figure 7. DMA thermograms of (a) E0 and (b) tan d of all trails. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 8. DSR rheographs of (a) G0 and (b) g* of trails. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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that fracture surfaces, dynamic mechanical properties, and

rheological properties of the samples are well correlated with

the processing parameters.
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