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Abstract- The purpose of this research work was to optimize 

the process parameterslike Multi Walled Carbon Nanotube 

(MWCNT) loading, Spin coating speed and Ultrasonication 

time for enhancement in β phase crystal content of 

Polyvinylidene fluoride (PVDF) /MWCNT thin films using 

Taguchi L9 array technique. The thin films were synthesized 

by spin coating technique and were characterized byFourier 

transform infrared(FTIR), X-Ray Diffraction (XRD), 

Scanning electron microscope (SEM) techniques. Maximum 

of 82.04% of β crystals were formed in specimen S3 (0.1wt. %, 

1000rpm, 90min). Analysis of Variance (ANOVA) &Response 

Surface Methodology(RSM)weredone using Minitab V16 to 

optimize the process parameters. 

 

Index Terms- MWCNT, PVDF, Thin films, Optimization. 

 

I. INTRODUCTION 

Polyvinylidene fluoride (PVDF) is a semi-crystalline 

polymerused in a variety of applications and is particularly 

interesting due to its piezoelectric property.The advantages of 

PVDF films over other ferroelectric materials are: itcan operate 

over an extremely wide frequency range & can withstand harsh 

environmental conditions which includes most solvents, acids, 

oxidants.It is also insensitive to highly humid conditions and 

can be easily cut and moulded into different complex shapes 

[9-10]. It has several crystalline phases such as α,β and γ. But 

exhibits piezoelectric property in β phase. Recently,nanoclay 

and carbon nanotubes have been in focus as means ofenhancing 

the formation of β phase crystals in PVDF films [2-3, 19-20]. 

Literature reveals that PVDF crystalline phases are highly 

dependent on the type of processing applied to the polymer [4], 

a study reported the effect of PVDF/nanoclay composites on the 

electronic beam. The nanocomposites were prepared via melt 

mixing method with irradiation doses and later characterized by 

XRD, FTIR, DSC technique and concluded that nanoclay 

facilitated transition from α to β crystalline phase [5]. Although 

the addition of Carbon nanotubes plays a crucial role in 

enhancement of β-phasewhich perhaps improves the 

piezoelectric performance, another study reports that high 

 
 

content of CNFs could result in lower β-phase fraction, thus the 

dielectric properties highly depend on both the phase 

transformation and dispersion of nanofiller [1, 4]. Another 

importantissue is that some of the reported results regarding 

theidentification and quantification of both βand γphasesare 

conflicting, because of similar β and γ phase conformation their 

characteristic FTIR bands and X-raydiffraction peaks typically 

used for the identification of thephases either coincide or too 

near to each other, that makes itdifficult to distinguish among 

both phases [6]. Few authors alsoinvestigated the structure and 

morphology of the nanocomposites by wide angle X-ray 

diffraction (WAXD), polarized light microscopy&transmission 

electron microscopy (TEM) techniques. PVDF phase 

transformation behaviour was investigated using differential 

scanning calorimeter. Further β -form PVDF was observed in all 

the nanocomposites regardless of the nanoclay morphology and 

contents. Both crystallization and melting temperatures of 

PVDF were increased with the addition of nanoclay, possibly 

due to the formation of the β form PVDF [7]. 

 

 
 Fig 1.0 PVDF Pellets  Fig 1.1 PVDF/MWCNT Thin film              

Courtesy- Kynar 

The effects ofclay and graphite nanoplatelet additions on 

dielectric behaviour of PVDF were also investigated. The 

results showed that both clay and GNP additions were beneficial 

in enhancing permittivity of PVDF. However, conducting 

graphite platelet were more effective than non-conducting clay 

sheet [8]. 

To the authors’ knowledge, rare studies have focused onthe 

correlations between MWCNT loadings, coating speed and 

Ultrasonication time on the phase transformation of PVDF 

nanocomposites. Therefore even if much work has been done by 

taking only one factor at a time, reports using all the 

combination of parameters effecting the β phase crystal content 

in the prepared thin films is very much scarce. Hence the 

objective of the research work was to investigate and optimize 

the effect of various parameters which influence β phase crystal 

content in the prepared thin films like coating speed, 

ultrasonication time and MWCNT loading by L9 taguchi 

orthogonal array technique. 
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II. EXPERIMENTAL  

A. Materials  

PVDF pellets were sourced from Sigma Aldrich, N-Dimethyl 

Formamide was procured from Spectrochem, to dissolve the 

pellets. The MWCNTs were purchased from Nanotechnology 

Division of Chemapol Industries, Mumbai having a purity 

beyond 95%, diameter 10-20 nm, length 10-30 microns, surface 

area above 200 m2 /gm. 
 

B. Procedure for Thin film Preparation 

A standard cleaning procedure was followed before using the 

instruments, flasks and substrates. Then PVDF pellets were 

dissolved in N-Dimethyl Formamide in the ratio 1:6 using 

magnetic stirrer at a constant temperature of 60oC. Later 

MWCNT was added in different wt. % and Ultrasonication was 

performed for various time intervals. Thin films were fabricated 

using spin coating machine at different speed levels and then 
annealing was done at 80oC in a hot air oven for 8 hours. The 

whole procedure was repeated for synthesizing different 

PVDF/MWCNT thin films according to L9 taguchi orthogonal 

array technique. 

C. Characterization of thin films 

FTIR spectroscopy was done by Perkin Elmer FTIR-ATR 

spectrometer-Frontier spectrum 10 in the range 600-1600𝑐𝑚−1. 

XRD analysis was done by Rigaku Smartlab X-R 

Diffractometer using copper Kα (λ= 1.54A°) at 2°/min in the 

range 10° to 40°.Scanning Electron Microscopy (SEM) Ultra 55 

Gemini Technology was used for morphological 

characterization of thin films, thin films were gold coated to 

make films conductive prior testing in SEM. 

D. Experimental Design and Statistical Analysis 

Design of Experiments method varies many parameters at a 

time which is completely different from that of the traditional 

way to vary one parameter at a time, which is very laborious and 

time consuming.  Thereby DOE technique is used for getting a 

relationship among variables and hence saving considerable 

amount of time and material [11, 12]. It was applied by using a 

statistical software tool, MINITAB V16. 

 

Table 2.0 

Control Factor 
 Levels  

I II III 

MWCNT wt. % 0.1 0.5 1 

Coating Speed (rpm) 600 800 1000 

Ultrasonication time 
(min) 

30 60 90 

 

The above table consists of 3 factors having 3 levels each, if the 

factor effects are to be analyzed by full factorial design it would 

require 27 experiments. This if done practically would be very 
expensive, time consuming and annoying. Thereby adopting the 

taguchi orthogonal array would shift the design to fractional 

factorial, which reduces the no of experiments and are 

exclusively randomized.   

 

III. RESULTS AND DISCUSSION 

A. FTIR Spectroscopy 

FT-IR technique is generally used in the analysis and 

identification of unknown materials and phases present in a 

specimen. It is considered to be one of the most powerful 
techniques used in the identification of materials. Each 

molecule of the material absorbs infrared energy at certain 

frequencies that are characteristic to that molecule [16]. 

 

 
Fig. 3.0 FTIR Absorption spectra 

 

FTIR spectra for PVDF/MWCNT thin films in the range 

600-1600𝑐𝑚−1are shown in Fig.3.0. According to literature the 

peaks at 615, 766, 795, 974, 1149, 1210, 1383, 1402, 1432 and 

1455 𝑐𝑚−1  are used for α-phase identification. The peaks at 

511, 840 and 1275–1279 𝑐𝑚−1  are utilized for recognition 

ofβ-phase [14-17].Yet distinguishing between of β and γ is still 

contradictory due to its similar conformation. From the above 

spectra,the peak heights (areas) at 764,765𝑐𝑚−1were identified 

as α-form and 837,840 𝑐𝑚−1  as β-form [13]. Later using 

equation (1) the β phase content of the specimens were 

calculated. 

Ϝ 𝛽 =  
𝐴𝛽

1.26 𝐴𝛼 +𝐴𝛽
 [1] 

 

Specimen 

no 

MWCNT 

Wt. % 

Coating 

speed in 

rpm 

Ultrasonication 

time in min 

β phase 

% 

S1 0.1 600 30 78.40 

S2 0.1 800 60 79.10 

S3 0.1 1000 90 82.04 

S4 0.5 600 60 78.33 

S5 0.5 800 90 76.00 

S6 0.5 1000 30 79.40 

S7 1.0 600 90 76.04 

S8 1.0 800 30 71.50 

S9 1.0 1000 60 77.60 

Table 3.1 L9 Orthogonal array and β phase content 
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B. XRD Analysis 

X-ray diffraction (XRD) is asignificant method for material 

characterization. The study of crystal structures assist to 

understand the material and molecular structure of a substance. 

It’s the phenomenon were an X-ray beam bombards a 
crystalline lattice in a certain orientation or angle, scattering the 

beam in a definite manner, characterized by the atomic structure 

of the lattice [16] 

According to literature α-PVDF can be identified at 2θ angle 

17.7°, 18.4°, 19.9°, 27.8°, 35.7°, 39° and their corresponding 

crystal planes are (100),(020), (021), (111), (200), (002). 

β-PVDF are inferred at 2θ angle 20.8°, 20.7°, 36.6°, 36.6° and 

their corresponding crystal planes are (110), (200), (020), (101). 
γ-PVDF are identified at 2θ angle 18.5°, 19.2°, 20.1°, 20.3°, 

26.8°, 36.2°, 38.7° and their corresponding crystal planes are 

(020), (002), (110), (101), (022), (200), (211).However, once 

again the γ phaseis the one that raises some identification 

problems [16, 18]. XRD patterns for PVDF/MWCNT thin films 

for range 10°- 40°are shown in Fig. 3.1.β-Peak were identified 

at 20.7°& 20.8° corresponding to (110) & (200) crystal planes. 

Increase in intensity was observed with the addition of 

MWCNT. α-Peak were identified at 18.4° corresponding to 

(020) crystal plane for specimen S7. It was noticed that α-Peak 

was weakened for S5 and almost diminished in S3 specimen. 
 

A. SEM Studies 

 

 

The SEM specimens were sputtered with gold prior to testing. 

As the thin films are not conductive they are sputtered with gold 

on the surface to make them conductive. Typical observations 

indicate that Fig. 3.2 (a) consists uneven layered surfaces, and 

Fig. 3.2 (b) consists many stretched surfaces, which were 

developed during the synthesis of the specimens using spin 

coating technique. Thus partial stretching was achieved during 

the process which acted as a drawing process for the PVDF 
/MWCNT thin films. 

 

B. STATISTICAL OPTIMIZATION  

Minitab V16 was utilized as a statistical software tool for 

optimizing the process parameters. 
 

1) Analysis of Variance (ANOVA) 

ANOVA was performed to investigate the influence of 

parameters on the β (beta) phase content. It was found that 

MWCNT loading was the highly influencing factor on it 

(51.06%) followed by Coating speed (37.61%) and 

ultrasonication time (9.1%). 

Source DF Seq SS Adj SS Adj 

MS 

F P 

MWCNT Wt. 2 34.989 34.989 17.495 23.16 0.041 

Speed 2 25.793 25.793 12.896 17.07 0.055 

Ultrasonication 

time 
2 6.287 6.287 3.144 4.16 0.194 

Error 2 1.511 1.511 0.755   

Total 8 68.580     

S = 0.86914 R-Sq = 97.80 R-Sq (adj) = 91.19% 

Fig. 3.1 X-Ray Diffraction pattern  
 

Fig. 3.2 (a & b) SEM Images of PVDF/MWCNT Thin 

films 

 

Table 3.2 Analysis of Variance for β phase %content 
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Fig. 3.5 Contour Plot of β phase 
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2) PROBABILITY, MAIN EFFECTS & CONTOUR PLOTS 

OF ɓ PHASE % 

 

Probability plot shown in Figure 3.3 confirms that the points 

lie well within the tolerance range indicating that process is 

stable. 

The main effect plot shown in Fig.3.4 represents the influence 

of factors individually on the β (Beta) phase of the 

PVDF/MWCNT thin films. In the MWCNT wt. % plot it clearly 

indicates that increase in the amount of MWCNT reduces the β 

phase. In the Coating Speed (rpm) plot it shows a nonlinear 

graph where initially β phase at 600rpm decreases at 800rpm 

and again gradually increases at 1000rpm. Ultrasonication Time 

had the least influence of compared to all others where it 

initially increased but later became almost constant. 

The contour plots shown in Fig 3.5 has three different variations 

for determining its β phase effects. Each time two factor effects 

are taken into consideration for these gradient plots.The dark 

green colour in the gradient plots represents the area for 

maximum β phase content and as the green colour fades it 

indicates the reduction of β phase content. The area with dark 

blue colour represents the least amount of β phase content 

within our range of experiments. 

 
3) RESPONSE SURFACE METHODOLOGY  

Response surface optimization has been plotted and is as 

shown in Fig 3.6. The plot shows that MWCNT load % of 0.10, 

Coating speed of 1000 rpm and ultrasonication time of 56.66 

min. were found to be the optimized values for 83.93% β phase 
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IV. CONCLUSION 

The effect of MWCNT loading, Spin coating speed and 

Ultrasonication time on the crystalline structure of 

PVDF/MWCNT thin films were studied and FTIR Spectra 

quantitatively proved 82.04% transformation of α(alpha) 

crystals to β(beta) crystals in specimen S3 (0.1wt. %, 1000rpm, 

90min. Later investigation through ANOVA revealed that 

MWCNT loading was the most influencing parameter with 

51.06%, followed by coating speed & ultrasonication time with 

37.61% & 9.1% respectively. And the Optimized RSM value 

was 83.93% β phase (0.10wt. %, 1000rpm, 56.66min).Therefore 

these optimized parameters provide a beneficial input for further 

studiesinto this field. 
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