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ABSTRACT: There is a contradiction in making completely opaque and white plastic film with a required high TiO2 filling fraction,

which resulted in inefficient pigment utilization and high cost. Two methods were used here to overcome the contradiction. Firstly,

TiO2 was grafted with poly(methyl methacrylate) (PMMA) by atom transfer radical polymerization to improve the pigment disper-

sion in poly(vinylidene) fluoride (PVDF). Secondly, minute amounts of carbon black (CB) were added into the PMMA-g-TiO2/PVDF

system to enhance opacity and decrease TiO2 fraction. The structure, morphology, and properties of PMMA-g-TiO2 hybrid particles

and composite films were investigated by FTIR, TEM, TGA, SEM, DMA, covering power meter, and UV/VIS spectrophotometer, etc.

It was observed that PMMA-g-TiO2 was dispersed uniformly as individual particles in PVDF due to the good compatibility between

PMMA and PVDF. Therefore, the opacity of PMMA-g-TiO2/PVDF films was markedly higher than unmodified-TiO2/PVDF ones.

Adding minute amounts of CB can significantly increase the opacity of the thin film due to its absorption effect on decreasing light

transmittance. The contrast ratio (CR) of the PMMA-g-TiO2/PVDF film with 20 lm thickness and 25 vol % TiO2 was 97.67%, lower

than the critical CR 98% for a complete opacity, however, the CR of sample with 10 vol % TiO2 was 98.1% as the CB concentration

was 2 3 1024 g/cm3, saved more than 15% TiO2. We proposed that a critical thickness d0 existed for the CB/PMMA-g-TiO2/PVDF

composite films, under which the light reflectance increased as a function of thickness, otherwise, the reflectance kept constant.

Besides, d0 could be decreased by increasing CB concentration. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43064.
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INTRODUCTION

White films or coatings have the ability to partially or totally

obscure the objects they cover. This hiding power is defined as

the opacity which is usually measured as contrast ratio (CR).

Opacity is a desired property for imparting a white surface

appearance and obscuring or protecting against the deleterious

effect of light. Therefore, the white completely opaque plastic

films have a widespread commercial importance in applications,

such as airship envelope materials and photovoltaic back-sheet

protection. However, most studies into opacity were focused on

the coatings or paints not on the plastic films, which have dif-

ferent applications and manufacturing process. The opacity and

the white appearance of white films derived from the fact that

the incident light is reflected. This reflection results from the

scattering of light by the pigment particles embedded in the

medium. The scattered light deflected from the incident direc-

tion, so the large number of successive scattering, named by

multiple scattering, ultimately causes part of the incident light

to return to the viewer’s eye. Therefore, a higher scattering effi-

ciency means a better opacity. The scattering efficiency of pig-

ment particles is directly dependent on the contrast of refractive

index between pigment and the surrounding medium. The

larger the contrast, the stronger is the amplitude of the scatter-

ing events. For this reason, rutile titanium dioxide (TiO2)

becomes the most important and common white pigment, for it

has the highest refractive index of 2.8 among all the white pig-

ments. Particle size is another important factor to dominate the

scattering efficiency. Many theory and experimental studies have

shown that a maximum scattering strength occurs when the

particle diameter is about half of the wavelength of incident

light.1 As a result, many commercial TiO2 grades now have a

size distribution as narrow as technically possible and centered

about 0.25 lm in diameter to maximize scattering.2 In addition

to the refractive index and particle size, inter-particle separation

is a third important parameter to influence the pigment scatter-

ing efficiency, which is dependent on the spatial dispersion state
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and the filling fractions of the pigments. When particles get

close to a certain degree, the scattering efficiency will decrease

as the inter-particle separation decreased, which is called crowd-

ing effect or dependent scattering effect.2–5 Theory studies has

concluded that, the dependent scattering effect can be neglected

when the center-to-center separation is greater than two or

three diameter, otherwise, it will be significant as the separation

decreases.4 In practice, the pigment particles tend to form clus-

ters or agglomerations in the matrix for the big specific surface

energy and so the inter-particle distance is very small in the

clusters or agglomerations. As a result, improving the pigment

dispersion state has a great significance in improving the parti-

cle scattering efficiency. In order to overcome the problem of

agglomerations and improve the dispersion to some extent,

some strategies were carried out such as very low TiO2 filling

fractions was used, surface chemical modification by coupling

agent or other low molecular dispersant.6–10 In addition, there

is a controversial view that nano-particle fillers can act as

“spacers” to inhibit the agglomeration of TiO2 pigment and

improve scattering efficiency and opacity, both in experimental

and theory studies.11–15 By now, few studies have achieved the

ideal individual particle dispersion, especially at high volume

concentrations. In the field of nanocomposites, grafting some

kind of polymer with a good compatibility with the matrix

polymer onto nanoparticles is an effective and common method

to improve their dispersion. However, the same approach has

not been used in the dispersion of pigmentary TiO2.16–23 It is

expected that the ideal pigment dispersion can be achieved as

the pigmentary TiO2 were grafted with polymers even at high

filling fractions, and the theoretical relations between particle

separation, dependent scattering and the opacity can be studied

more exactly. As to the filling fraction of TiO2, there is a well-

known relationship to depict the opacity as a function of pig-

ment volume concentrations (PVCs).12 The opacity increases

first, however, the increment gradually decreased because of the

growing dependent scattering effect decreases the scattering effi-

ciency of TiO2. It implies that the higher TiO2 filling fraction is

needed in the formulation to reach a non-negligible enhance-

ment of the overall opacity, which means lower TiO2 utilization

efficiency, higher manufacture cost, and worse mechanical prop-

erties. This contradiction will be very serious when the practical

required film thickness is as thin as no more than 30 lm, which

needs a high TiO2 filling fraction to realize a complete opacity.

As the PVCs further increases the opacity gradually decreases

until the critical pigment volume concentration (CPVC) for the

more serious lose of pigment scattering efficiency. When the

concentration exceeds the CPVC the opacity increases again due

to formation of voids, but voids are unwanted in the plastic

film due to their adverse effect on the mechanical properties. In

the past decades, most studies on the opacity were focused on

the TiO2/polymer systems without absorption effect, in which

the opacity is derived only from the scattering effect of TiO2

pigment. However, few studies worked on the system with both

scattering and absorption effect. Focke et al.24 built a theoretical

lattice model, and indicated that the hiding power of black pig-

mentation is significantly higher than white pigmentation at

equivalent concentrations and absorbing entities can have a sig-

nificant effect on the opacity of white films according to the

numerical calculation. Therefore, it is rational to expect that the

combination of scattering and absorption effect is an effective

way to manufacture completely opaque white thin film with

lower TiO2 concentrations, which means a higher TiO2 utiliza-

tion efficiency.

In this article, the poly(vinylidene) fluoride (PVDF) was

selected as the matrix polymer with advantages including good

stability to rigorous temperatures, UV exposure, aggressive

chemical environments, and excellent mechanical properties,

which render it a good candidate as protective layer of the air-

ship envelope materials.25–28 Poly(methyl methacrylate)

(PMMA) was grafted onto the TiO2 particle to improve the pig-

ment dispersion because of the good compatibility between

PMMA and PVDF.29–35 Then the effect of the dispersion on the

opacity was investigated at a wide filling fraction range. Minute

amounts of carbon black (CB) were incorporated into the

PMMA-g-TiO2/PVDF composite, and the influence of absorp-

tion effect on the opacity and other optical properties of the

composite film were deeply studied.

EXPERIMENTAL

Materials

The PVDF resin used in this experiment was Solef
VR

6010PVDF

homopolymer, Solvay Solexis Co. Ltd. TiO2 (Tiona RCL69) was

obtained from Milleddium Co., the United States. CB (660R)

was obtained from CABOT Co., the United States. Methyl

methacrylate (MMA) was purchased from Aladdin. MMA

(Merck, Mumbai)was purified by distillation over CaH2 under

reduced pressure and stored under N2 atmosphere prior to use

in the polymerization reaction. 3-Aminopropyltriethoxy silane

(APTES) (Aldrich), pentamethyldiethylenetriamine (PMDETA)

(Aladdin), 2-bromoisobutyryl bromide (Aladdin), and Cu(I)Br

(Aladdin) were used without any further purification. N,N-

Dimethylformamide (DMF), pyridine, and triethanolamine were

in analytical reagent grade and were used as received. Toluene

was distilled over metallic sodium.

Synthesis of PMMA-g-TiO2 via Atom Transfer Radical

Polymerization (ATRP)

About 20 g of TiO2 pigment and 2 mL of triethanolamine were

dispersed in 500 mL of ethanol. The mixture were stirred and

dispersed by ultrasonic for 60 min at room temperature and

then heated to 508C. Then, 20 mL APTES were added drop by

drop. The mixture were stirred using a magnetic bar at 508C for

24 h. Then, the products were purified by repeating centrifugal

sedimentation and re-dispersion of the sediment in absolute

ethanol for five times to remove any unreacted silane coupling

and triethanolamine. The APTES modified TiO2 (represented as

TiO2-NH2) particles were obtained after being dried under vac-

uum. The obtained TiO2-NH2 particles, 500 mL of anhydrous

toluene and 4 mL of pyridine were added into a 1000 mL flask.

The mixture were stirred and dispersed by ultrasonic for 30

min at room temperature, and then 5 mL of 2-bromoisobutyryl

bromide was added dropwise at 08C. The mixture was stirred

for 1 h at 08C, followed by stirring at room temperature for

12 h. The resultant brominated TiO2 particles (represented as

TiO2-Br) were obtained after repeating centrifugal
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sedimentation and redispersion of the sediment in toluene for

five times to remove any unreacted 2-bromoisobutyryl bromide.

About 5 g of TiO2-Br, 0.22 g of CuBr, were placed into a three-

necked, round-bottomed flask equipped with a magnetic stir

bar, condenser, and sealed with a rubber plug. The flask was

evacuated and back-filled with N2 gas for three times to remove

any trace of oxygen. Then 100 mL of MMA and 200 mL of

DMF was injected into the flask through syringe. The mixture

were stirred and dispersed by ultrasonic for 30 min. After refrig-

eration in freezing brine for 0.5 h, the flask was evacuated and

back-filled with N2 gas for three times to remove any trace of

oxygen. Then 0.48 mL PMDETA was injected into the flask

through syringe .The flask was immersed in oil bath at 608C

immediately and kept stirring for 12 h. The final products were

purified by repeating centrifugal sedimentation and re-

dispersion of the sediment in ethyl acetate for five times to

ensure the complete removal of the resultant homopolymers.

PMMA-g-TiO2 hybrid was obtained after a further drying at

708C under vacuum for 72 h.

Fabrication of PVDF Based Composite Films

Four kinds of PVDF based composite film were fabricated by

solution casting method, pure PVDF film, unmodified-TiO2/

PVDF composite film, PMMA-g-TiO2/PVDF composite film

and CB/PMMA-g-TiO2/PVDF composite film. The solutions

were prepared as follows: (1) for pure PVDF system, 1 g (0.57

cm3) PVDF was added into 10 mL DMF solvent, the mixture

was stirred for 1 h at 508C and a homogeneous solution was

obtained. (2) For unmodified-TiO2/PVDF system, TiO2 was dis-

persed into 10 mL DMF first and ultrasonicated for 30 min.

After that, PVDF was added into the solution, the mixture was

stirred for 1 h at 508C and a homogeneous suspension was

obtained. According to the different TiO2 volume fraction (1%,

3%, 5%, 10%, 15%, 20%, and 25%) relative to the total volume

of TiO2 and PVDF (0.57 cm3), the samples were named Vp1,

Vp3, Vp5, Vp10, Vp15, Vp20, and Vp25, respectively. (3) For

PMMA-g-TiO2/PVDF system, PMMA-g-TiO2 was dispersed into

10 mL DMF first by magnetic stirring 12 h under 508C, then,

the suspension was ultrasonicated for 10 min. After that, PVDF

was added into the solution, the mixture was stirred for 1 h at

508C and a homogeneous suspension was obtained. According

to the different TiO2 volume fraction (1%, 3%, 5%, 10%, 15%,

20%, and 25%) relative to the total volume of PMMA-g-TiO2

and PVDF (0.57 cm3), the samples were named V1, V3, V5,

V10, V15, V20, and V25, respectively. (4) For CB/PMMA-g-

TiO2/PVDF system, PMMA-g-TiO2 was first dispersed into

10 mL DMF solvent by magnetic stirring 12 h under 508C, then

CB was added into the dispersion, and the suspension was

ultrasonicated for 10 min. After that, PVDF was added into the

solution, the mixture was stirred for 1 h at 508C and a homoge-

neous suspension was obtained. The TiO2 volume fraction rela-

tive to the total volume of PMMA-g-TiO2 and PVDF

(0.57 cm3) was 10%. According to the different CB concentra-

tion relative to solid constituent (0.57 cm3), such as 1 3 1024

g/cm3, 2 3 1024 g/cm3, 4 3 1024 g/cm3 the samples were

named V10-1, V10-2, and V10-4, respectively. The composite

films were fabricated by pouring the suspension onto glass sub-

strate which kept in horizontal level and coating with a casting

knife. The prepared wet coating were carefully evaporated at

608C in an oven for 30 min, then, heated to 1908C by 58C/min

to remove any remaining traces of the solvent and then cooled

down to room temperature naturally. The thickness of the films

was controlled through the slit height of the casting knife.

Characterizations

Microscopy. The morphology of PMMA-g-TiO2 and pristine

TiO2 particles were studied using a transmission electron micro-

scope (TEM) (JEOL JEM-1011) operated at an acceleration

voltage of 200 kV. A drop of the dilute solution of the homoge-

neous PMMA-g-TiO2/DMF suspension on the carbon coated

copper grid was initially dried in air at 308C and finally dried

under vacuum at 308C for 2 days. Scanning electron microscopy

(SEM) images about dispersion state of PMMA-g-TiO2 and

pristine TiO2 particles in PVDF matrix were obtained using an

XL30ESEM-FEG scanning electron microscope at an accelera-

tion voltage of 20 kV. The samples were coated by gold.

Spectroscopy. Fourier transform infrared (FTIR) spectra of pris-

tine and grafted TiO2 were obtained on a Perkin Elmer 1600

spectrometer. Dried solids were pressed with KBr and the discs

were scanned in the range of 4000–400 cm21 with a resolution

of 2 cm21.

Thermal Study. Thermogravimetric analysis (TGA) traces were

obtained on a Perkin Elmer Pyris 6 thermogravimetric analyzer

with a heating rate of 108C/min1 over the temperature range

of 308C–7008C under the dry flow of O2 at the rate of

20 mL/min1.

Gel Permeation Chromatography (GPC) Characterization.

The molecular weight and molecular weight distribution were

determined by GPC equipped with a 5 mm MIXED-C PL

gel column (300 3 7.5 mm). Polystyrene was used as a calibra-

tion standard and DMF as the eluent with a flow rate of

1.00 mL/min.

Dynamic Mechanical Property. Dynamic mechanical tests were

performed on a DMA/SDTA861e (Mettler Toledo) in tension

mode. The samples were installed on the small tension clamp of

the calibrated instrument. The samples were heated from

2808C to 1258C at a heating rate of 38C/min. The storage mod-

ulus, loss modulus, and tan d values were measured at a con-

stant frequency of 1 Hz, force amplitude value of 5 N, and

displacement amplitude value of 10 lm.

Optical Properties. The CR is a common and simple index to

evaluate the opacity of film, which is defined as:

CR5
Rb

Rw

3100%

where Rb and Rw are the reflectance of the film measured on,

respectively, black and white substrates.36 It is assumed that

when the CR reaches 98%, the human eye cannot distinguish

any further changes in opacity.2 The TAPPI opacity of the

PVDF based composite films was measured using a covering

power meter (C84-III) with a quartz tungsten-halogen lamp fil-

tered for illumination at 572 nm. Five different sites were meas-

ured and the average value was achieved as the final value. Film

thickness was measured using a screw micrometer.
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Measurements of the diffuse reflectance and diffuse transmit-

tance of the films were made by using a Labsphere model RSA-

PE-19 on a Perkin–Elmer Lambda 950 UV/VIS spectrophotom-

eter with reflectance spectroscopy accessory (integrating sphere).

The instrument is a dual-beam one, and uses a halogen lamp

for illumination at wavelengths longer than 319 nm and a deu-

terium lamp at shorter wavelengths. Data were acquired over

the wavelength range of 400–800 nm. The scan rate was

100 nm/min, and data were taken at 1 nm intervals. The nomi-

nal band pass was 2 nm, corresponding to an actual spectral

bandwidth ranging from 2.02 nm at short wavelengths to

1.69 nm at long wavelengths. For transmittance measurements

the light was directly incident on the composite film sample,

and nothing was placed in the reference beam.

Mechanical Property. Tensile tests were carried out on solvent

cast films of uniform thickness using a universal testing

machine (Instron 1121 testing machine) at a strain rate of

5 mm/min at room temperature (308C). At least five samples of

each type were drawn to fracture to observe the reproducibility.

RESULTS AND DISCUSSION

Synthesis and Characterization of PMMA-g-TiO2 Hybrid

Particles

The PVDF based composite films were fabricated by solution

casting, as shown in Scheme 1. The detailed fabrication proce-

dure is shown in the “Experimental” section. First, the TiO2

pigment was grafted with PMMA via ATRP. FTIR measurement

is a useful method to confirm the successful synthesis of

PMMA-g-TiO2. Figure 1 shows the FTIR spectra of pristine and

grafted TiO2. In the spectrum of pristine TiO2 [Figure 1(a)],

the appearance of a strong peak at low frequencies (below

900 cm21) is due to the vibration absorbance from TiAO/OAO

bonds in TiO2 lattice. The broad peak between 3200 and

3600 cm21 are due to the stretching vibrations of the AOH

group on the surface of TiO2 particles. In Figure 1(b), there was

a peak at 1130 cm21 corresponding to the SiAO stretching fre-

quency, which conform to the binding of ethoxy functional

groups in 3-APTS to the free hydroxyl groups on TiO2 surface.

The characteristic absorption peaks of amide groups, C@O

bond and NAH bond stretching vibration, appeared at

1633 cm21 and 1527 cm21 in the FTIR spectrum of TiO2ABr,

respectively [Figure 1(c)]. This confirm to the immobilization

of 2-bromoisobutyryl groups onto the surface of TiO2. Com-

pared with the TiO2-Br, the FTIR spectrum of PMMA-g-TiO2

[Figure 1(d)] shown several new adsorption peaks. The sharp

peak at 1730 cm21 is assigned to the C@O bond stretching

vibration of PMMA. The peaks at 2994 cm21 and 2948 cm21

are corresponding to CAH bond stretching vibrations of the

CH3 and CH2 groups of grafted PMMA. In addition, the char-

acteristic peaks in 1150–1250 cm21 region are corresponding to

the stretching vibrations of CAOAC in PMMA. These results

indicate that PMMA was grafted successfully onto the surface of

TiO2 through ATRP reaction. Furthermore, the peak around

3429 cm21 is assigned to the stretching vibration of hydroxyl

groups, which suggests the residue of hydroxyl groups on the

surface of TiO2 after the grafting modification.

The successful modification of TiO2 particles by ATRP can also

be proved by morphological evidences by comparing TEM

images of unmodified-TiO2 and PMMA-g-TiO2 particles as

indicated in Figure 2. The black area was attributed to TiO2.

Compared with unmodified-TiO2 particles [Figure 2(a)], TiO2

particles in PMMA-g-TiO2 [Figure 2(b)] appeared a new gray

Scheme 1. Fabrication procedure of the composite film. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 1. FTIR spectra of (a) unmodified-TiO2, (b) TiO2-NH2, (c) TiO2-

Br, and (d) PMMA-g-TiO2. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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shell area with the thickness around 10 nm, which arise from

the grafted PMMA.

The TGA results shown in Figure 3 demonstrate the grafting

ratio of initiator and PMMA. The difference in weight loss

between unmodified-TiO2 and surface-grafted TiO2 was

ascribed to the amount of grafted organic compounds. As

shown in Figure 3(a), the pristine TiO2, which was dried at

1008C under vacuum for 24 h, displays no weight loss through

the whole experimental temperatures. Instead, TiO2ABr shows

weight loss of 5.77 wt % in Figure 3(b). The thermogram of

PMMA-g-TiO2 [Figure 3(c)] exhibited a major decomposition

event at about 3508C, which was due to the decomposition of

grafted PMMA. The whole grafting ratio of the TiO2 was 23.06

wt % [Figure 3(c)], so the grafted PMMA content on TiO2 sur-

face estimated by the weight loss was nearly 17.29 wt %.

Gel permeation chromatography (GPC) was employed to deter-

mine the relative molecular weight (Mn) and molecular weight

distribution (Mw/Mn) of PMMA grafted from the TiO2 surface

(the polymer was cleaved from the TiO2 surface with hydro-

fluoric acid). From the GPC result shown in Figure 4, it can be

seen that the value of Mn is 244,652 g/mol and Mw/Mn is 1.90.

The molecular weight distribution is unimodal and relative nar-

row, indicating that the ATRP process is performed in a con-

trolled manner. The relatively high molecular weight facilitates

the dispersion stability of PMMA-g-TiO2 in the PVDF/DMF

solution which resulted in the good pigment distribution and

good mechanical properties of the composite film.

The Structure and Morphology of the PVDF Based

Composite Films

Figure 5 shows the SEM micrographs of the fracture surface

and film surface of the unmodified-TiO2/PVDF and PMMA-g-

TiO2/PVDF composite films, and the results demonstrated the

disperse state of TiO2 particles in the bulk phase and surface

layer. The effect of surface modification on the dispersion of

TiO2 can be revealed by a representative comparison between

the samples of Vp10 and V10. For Vp10 [Figure 5(a1,a2)], it is

observed that most of the particles dispersed in the form of

Figure 2. Representative TEM images of unmodified-TiO2 (a), and PMMA-g-TiO2 (b). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 3. TGA curves for (a) unmodified-TiO2, (b) TiO2-Br, and (c)

PMMA-g-TiO2. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 4. GPC curve of grafted PMMA after the cleavage. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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clusters or agglomerations both in the bulk phase and the sur-

face layer of the composite film. (Similar dispersion state can be

seen in the other samples and it became worse at higher con-

centrations, which are not shown here.) As to V10 [Figure

5(b1,b2)], however, a completely different picture can be seen

that almost all of the TiO2 particles dispersed uniformly as indi-

vidual particle both in the bulk phase and in the surface layer.

These results proved that surface modification improved the

dispersion of TiO2 in the PVDF because of the good compati-

bility between PMMA and PVDF.29–32 For V20 (Figure

5(c1,c2)], we can see that the same excellent dispersion main-

tained as the TiO2 concentration reached up to 20%. In the

magnification images inserted, it can be found that each TiO2

particles was wrapped by the matrix polymer, which further dis-

played the excellent affinity between PMMA-g-TiO2 and PVDF.

The good dispersion of particles in the polymer can be further

testified by the dynamic mechanical analysis (DMA) measure-

ment, which is an effective method to investigate the micro-

structure of the polymer and composites by measuring the glass

transition temperature (Tg). In addition to tan d, the loss mod-

ulus (E00) indicating the energy lost as heat is another parameter

to determine Tg. Figure 6 shows the E00–temperature plots for

pure PVDF, unmodified, and PMMA grafted TiO2/PVDF com-

posite films. The curve of pure PVDF exhibited only one transi-

tion (denoted as TrI) around 2358C, which was the Tg of the

PVDF. However, a new peak appeared around 608C and its area

Figure 5. SEM images of the fracture surface of Vp10 (a1), V10 (b1), V25 (c1) and film upper surface of Vp10 (a2), V10 (b2), V25 (c2). [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Variation of loss modulus as a function of temperature for

PVDF based composites films: V0 (Pure PVDF), V5, V10, V15, V20, V25,

and Vp10. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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became lager as the amount of PMMA-g-TiO2 incorporated into

the PVDF increased. This new peak (TrII) was attributed to the

glass transition of the mixed amorphous phase of PVDF and

PMMA.37–39 (The new peak was not very clear in the sample of

V1 and V3 for the very small amount of the mixed phase.) It is

reasonable to speculate that this mixed phase existed as the inter-

phase between the TiO2 and PVDF matrix and played a role of

improving the affinity of TiO2 to PVDF and preventing a direct

contact between TiO2 particles. The curve of Vp10 was nearly

identical with pure PVDF without any new peak appears around

608C (the other samples of unmodified-TiO2/PVDF composites

exhibited the similar curves which are not shown here), which

supports the fact of no interaction between unmodified-TiO2 and

PVDF, responsible for the bad dispersion.

Influence of Dispersion State on the Optical Properties of the

Composite Films

CR is the characteristic parameter of the opacity. When the CR

reaches 98% the film is completely opaque.2 Figure 7 displays

the effect of pigment dispersion state and PVCs on the CR of

the PVDF composite film with a thickness of 20 lm. The CR of

PMMA-g-TiO2/PVDF samples was higher than the unmodified-

TiO2/PVDF samples at all experimental pigment concentrations.

However, the difference became smaller until the PVCs reached

20%, after which the CR of unmodified-TiO2/PVDF samples dra-

matically decreased. The CR increments of both the two systems

decreased gradually as the PVCs increased and the increment was

even very small during 15%–25% PVCs for the PMMA-g-TiO2/

PVDF samples. These results can be explained by the multiple scat-

tering and dependent scattering effect of light. For TiO2/PVDF sys-

tem, the opaqueness is only derived from the light scattering by the

TiO2 particles. The mechanism can be shown in the Figure 8(a), for

the evenly dispersed system, as the incident light strikes the TiO2

particle, partial light is reflected for the multiple scattering. As the

PVCs increases, the increased scatter centers enhance the multiple

scattering, which means higher CR. However, as the PVCs further

increases, the reduced inter-particle distance results in the depend-

ent scattering effect and reduces the particle’s scattering efficiency.

The positive effect of the increased scatter centers will be offset by

the decreased scattering efficiency, so the increment of CR

decreases. For the unmodified-TiO2/PVDF samples, TiO2 particles

dispersed in the form of clusters or agglomerations as indicated in

the SEM picture [Figure 5(a1,a2)] and modeled in the Figure 8(b).

For samples with the same PVCs, the inter-particle distance in the

clusters is far smaller than the evenly dispersed samples. The

dependent scattering effect take place earlier and stronger for the

bad dispersion samples, results in higher CRs for the PMMA-g-

TiO2/PVDF samples than the unmodified-TiO2/PVDF ones. How-

ever, as the filling fraction increases, the difference of average inter-

particle distance between ideal dispersion and bad dispersion

becomes smaller, so the difference of CR decreases. It can be con-

clude that improving the pigment dispersion plays a greater role for

the low PVCs systems than high PVCs ones in enhancing the opac-

ity. The sharp decrease of CR for Vp25 is partly because of the

strong dependent scattering, and another important reason is that

the whole agglomerate can be seen as a single particle with a lager

diameter and much less scattering efficiency for the too small inter-

particle distance and even contacted with each other between some

particles [as depicted in Figure 8(c)].

The Optical Properties of the CB/PMMA-g-TiO2/PVDF

Composite Films

As depicted in Figure 7 that, improving the dispersion of pig-

ment can effectively increase the CR of the composite films.

Figure 7. Effect of dispersion state and PVCs on the CR when the thick-

ness of film is 20 lm. The dashed line represents 98% CR. [Color figure

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

com.]

Figure 8. A schematic diagram of the influence of dispersion state on the scattering effect. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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However, no samples exceeded the critical value of 98%. In

addition, a further increase of the PVCs had very limited effect

on improving the opacity as the PVCs exceeded 10%. Therefore,

how to enhance the opacity for a TiO2 concentration no more

than 10% is of great theoretical and practical significance. Few

experimental studies concerned the opacity of thin films with

both scattering and absorption effect. Figure 9 demonstrated

the influence of absorption effect and film thickness on the

opacity of the composite films with 10% TiO2. For the sample

of V10 without CB, CR never exceeded 98% at all experimental

thickness, but an addition of very small amount of CB remark-

ably increased the CR. At a constant film thickness, CR

increased as a function of enhanced CB concentration. For

example, when the concentration of CB was 2 3 1024 g/cm3

the CR exceeded 98% for the 20 lm thick film and when the

film thickness was greater than 25 lm, only 1 3 1024 g/cm3

CB concentration was needed to make CR greater than 98%.

This is because that partly light was absorbed by the CB as the

light propagating in the film and the transmittance decreased

with the CB concentrations increased. Besides, the CR monoto-

nously increased as functions of the film thickness because

more light was reflected and absorbed due to the increased

amount of scattering and absorption entities as the thickness

increased, which resulted in a lower diffuse light transmittance.

In the following, the detailed optical properties will be

discussed.

Figure 10 shows the reflectance and transmittance spectra of the

composite films. The reflectance decreased as the wavelength

increased. That’s because that the refractive index of TiO2

decreases with increasing wavelength, which results in the

decreased of scattering efficiency and reflectance. Both reflec-

tance and transmittance were weakened with the increasing

amount of CB due to the enhanced absorption efficiency. (Sam-

ples with different film thickness displayed similar profiles,

which were not shown here.)

In order to discuss the influence of CB on the optical properties

more deeply, we defined concepts that total diffuse reflectance,

total diffuse transmittance and total absorbance. For conven-

ience, we also use the name of reflectance, transmittance, and

absorbance henceforth. Reflectance was calculated by the inte-

gral area ratio of reflectance spectrum curve against the ideal

spectrum curve with 100% reflectance at all wavelengths of visi-

ble light (400–800 nm), and the same calculation method was

conducted for transmittance. The total absorbance was calcu-

lated by subtracting the total reflectance and transmittance from

100%. An inspection into Figures 11 and 12 shows the reflec-

tance, transmittance, and absorptance of the film. At a fixed

film thickness, the reflectance and transmittance decreased as

the CB concentration increased for the enhancement of the

absorptance. As to the samples with the same CB concentration

and different thicknesses, the transmittance displayed a monoto-

nous decrease as the thickness increased. That is because the

number of scattering and absorbing centers increased as the

thickness increased which means more light is reflected and

absorbed. Both the enhanced scattering and absorption effect

result in the decreased transmittance, as shown in Figure 13 as

a schematic illustration of the propagation process of light in

Figure 9. The variation of the CR as a function of the film thickness with

different CB concentrations. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 10. The reflectance and transmittance spectrum of the composite

film with different CB concentration at a constant TiO2 volume concen-

tration 10% and fixed thickness 20 lm. [Color figure can be viewed in

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

Figure 11. The total reflectance and transmittance as a function of the

film thickness with different CB concentrations. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the composite film. It is noted that the reflectance process is

very complex. When there was no CB, for sample V10, the

reflectance increased monotonously as a function of thickness

for the increased scattering centers results in more light been

reflected. However, the reflectance of V10-1 and V10-2 kept

unchanged with the increasing thickness after the thickness

exceeded 20 lm. For the sample V10-4, the reflectance was even

unchanged at all experimental thickness. This phenomenon can

be explained by the compromise between two had contrary

effect on the reflectance, that is, multiple scattering and absorp-

tion. As shown in Figure 13, the increased thickness means

more scattering centers which result in more light propagating

backward, however, the increased number of absorbing centers

result in more light being absorbed. Therefore, there must be a

critical thickness, d0 (Figure 13). When the thickness is smaller

than d0, as the thickness increased, the enhancement of scatter-

ing effects is stronger than the enhancement of absorbing effect,
so the reflectance increases as the thickness increased, however,

the increment of reflectance decreases gradually to zero when

the thickness is d0. Similarly, when the thickness exceeds d0, the

enhancement of scattering effects will be all offset by the

absorbing effect. In other words, once the penetration depth of

some light exceeds d0, this part of light could not reach the

upper surface of the film to return to the viewer’s eyes anymore

because of its being completely absorbed by the CB in the prop-

agation process backward. Therefore, the reflectance kept

unchanged for a higher thickness. It was clear that a larger CB

concentration led to a smaller critical thickness.

The Mechanical Properties of the Composite Films

The mechanical properties of the composite films as a function

of volume fraction of TiO2 are displayed in Figure 14. From the

plots in Figure 14(a), it is clear that, the tensile strength of

TiO2/PVDF composite decreased as the TiO2 concentration

increased, conforming to the usual results that incorporation of

pigment has negative effect on the mechanical properties of the

composites. This can be attributed to the poor TiO2 dispersion

and weak TiO2/matrix load transfer due to the strong cohesive

Figure 12. The total absorbance as a function of the film thickness with

different CB concentrations. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 13. A schematic diagram of light propagating in the composite

film. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 14. Mechanical properties of PVDF composites film at different

TiO2 concentrations: (a) tensile strength, (b) elongation at break, respec-

tively, specially the CB concentration of the CB/PMMA-g-TiO2/PVDF

samples were 4 3 1024 g/cm3. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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forces among the TiO2 particles and the chemical inertness of

the pristine TiO2 particles inducing weak interfacial adhesion

with the polymer matrix. The tensile strength of PMMA-g-

TiO2/PVDF systems changed little as the TiO2 concentration

increased. It is because the PMMA, which was anchored to the

TiO2 surface, has excellent miscibility with PVDF due to its spe-

cific interaction between the C@O group of PMMA and the

CF2 group of PVDF, it not only improved the dispersion of the

TiO2 particles (as the SEM results displayed) but also enhanced

the interfacial adhesion between the TiO2 and PVDF matrix,

both of which results in a more uniform stress distribution and

minimizes the presence of stress-concentration centers. As

shown in Figure 14(b), the elongation at break decreased as pig-

ment concentration increased both for the TiO2/PVDF and

PMMA-g-TiO2/PVDF samples. However the decrement of

PMMA-g-TiO2/PVDF sample was smaller than the TiO2/PVDF

samples as the TiO2 concentration was lower than 20% for the

better load transfer between pigment and PVDF matrix of the

modified-TiO2 system. Trace amount of CB has little effect on

the mechanical properties of the composite films, as shown in

the Figure 14, the tensile strength and elongation at break of

CB/PMMA-g-TiO2/PVDF samples, in which the CB concentra-

tion were 4 3 1024 g/cm3, were similar to the PMMA-g-TiO2/

PVDF samples, because the amount of CB was too small to

have any effect on the mechanical properties of the composites.

CONCLUSIONS

Surface graft modification was a useful way to improve pigment

dispersion and enhancing the interfacial interaction between the

pigment fillers and polymer matrix, which was beneficial to

improve the opacity and mechanical properties of the composite

films. However, improving the pigment dispersion played a

greater role for the low PVCs systems than high PVCs systems

on increasing the opacity because of the smaller difference in

average inter-particle distance between two types system and the

strong dependent scattering effect at high PVCs samples. Adding

minute amounts of CB into the PMMA-g-TiO2/PVDF compo-

sites could significantly improve the opacity of the composite

film based on the combination of the scattering effect and

absorbing effect, which can greatly increase the TiO2 utilization

efficiency. It was also found that there was a critical thickness

d0 for the CB/PMMA-g-TiO2/PVDF composite films. The reflec-

tance would increase as the enhanced thickness when the thick-

ness was smaller than d0, otherwise, the reflectance would keep

constant. However, the absorption monotonously increase and

the transmittance monotonously decrease as the film thickness

increased. In conclusion, a novel method was utilized to manu-

facture completely opaque white plastic film with relatively

lower pigment filling fractions, and both the impact factors and

the mechanism were deeply discussed.
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