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ABSTRACT: The material consisting of alternating layers of a linear low density polyethylene (LLDPE)/polystyrene (PS) blend (90/

10 wt/wt) and pure poly(methylmethacrylate) (PMMA) was prepared through layer-multiplying extrusion. The LLDPE/PS light-

scattering films were obtained by peeling off the PMMA layers. Morphological examination demonstrated that the PS particles were

dispersed as spherical domains in all the LLDPE/PS layers and the average diameter increased from skin to core layers. When a laser

beam was vertically incident on the individual layers, the one located in the skin layer had a stronger light-scattering pattern than

that located in the core layer. All the LLDPE/PS films had a similar transmittance close to 90%, while the haze tended to decrease

from the skin layer toward the core layer. The Mie’s scattering theory was applied to analyze the influence of morphological evolution

on the light scattering behaviors. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43826.
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INTRODUCTION

Light diffusing films are translucent films which can scatter

incident light in different directions. They have been widely

used in the backlight unit of liquid crystal display (LCD)

devices to assure uniform luminance.1–3 In addition, they can

also save cost and energy due to reduced consumption of light

bulbs when applied in electroluminescent signs or LED lumina-

ries.4 With the improvement of living standards, the demand

for light-scattering films has been increasing gradually.5 Further-

more, light diffusing materials can also be applied in other

fields, including sunroofs, skylights, covers for automotive

lights, etc.6

Typically, light diffusing materials are manufactured by dispers-

ing inorganic particles, such as BaSO4, CaCO3, TiO2, and

ZnO,7,8 in a polymer matrix. The scattering ability is deter-

mined by the difference of refractive indices between particles

and matrix as well as the concentration. However, effective light

diffusing materials should have excellent light transmission and

good scattering properties. A large difference of refractive indi-

ces and high concentration may result in negative effects on the

light transmission.9 It has been found that the combination of

both organic polymer particles and inorganic particles in a ther-

moplastic matrix leads to an increased transmission with good

light scattering.10–12 Low concentrations of the inorganic par-

ticles with suitable organic particles can achieve good light

scattering effects,13 but there are also several problems: it is dif-

ficult to disperse these particles uniformly in the matrix; since

inorganic particles are hard and irregularly shaped, they will

abrade the surface of the processing equipment; and the cost of

organic particles is relatively high due to their complicated syn-

thesis processes.

The application of polymeric blends to produce light scattering

materials can avoid the above-mentioned problems and it has

attracted extensive interest during recent years.1,14–17 These

incompatible compositions comprise a transparent polymer as

matrix, and a polymer with a different index of refraction as

the dispersed phase. The light scattering ability depends largely

on the morphology of the light diffusing sheet.18 However, a

skin-core structure is frequently observed in a polymer blend

system after melt processing.19–23 Fellahi et al.,22 for instance,

highlighted a significant skin-core structure of injection molded

high density polyethylene/polyamide-6 blend in which the dis-

persed phase was highly oriented in the subskin and spherical

in the core. A similar structure was also observed by Yang

et al.23 for a typical skin-core heterogeneous distribution of

microfibrils was preserved in the polycarbonate matrix after the

extrusion process. The relationship between microstructure and

optical properties can be studied only if the microstructure of

the composite is uniform. To our best knowledge, the skin-core

structure cannot be separated layer by layer through
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conventional methods. Therefore, few reports to our knowledge

have focused on studying the influence of the skin-core struc-

ture on optical properties.

Recently, an advanced force-assembly processing technology,

layer-multiplying coextrusion, has been developed to prepare

materials with alternating layers.24–27 If the adjacent layers are

incompatible, each layer can be peeled from the original multi-

layer specimen completely (Figure 1), which provides a conven-

ient way to obtain the skin and core layers of an extrudate.

Hence, an 16-layer material consisting of alternating layers of a

linear low density polyethylene (LLDPE)/polystyrene (PS) blend

(90/10 wt/wt) and pure poly(methylmethacrylate) (PMMA) was

prepared in this work. The LLDPE/PS films located at the skin

and core layers of the multilayer extrudate were obtained by

peeling off the PMMA layers. The morphological development

of PS from the skin to core layers and its influence on light dif-

fusing properties for the individual layers was investigated and

analyzed based on the Mie’s scattering theory.

EXPERIMENTAL

Materials

LLDPE, grade 318B was provided by Saudi Basic Industry Corp.

(Saudi Arabia) with a melt flow rate of 3.0 g/10 min (190 8C/

2.16 kg) and a density of 0.918 g/cm3. PS, grade 383M was pro-

vided by Chi-Mei Corp. (China) with a melt flow rate of 3.0 g/

10 min (200 8C/5 kg) and a density of 1.05 g/cm3. The refractive

indices of the LLDPE and PS were measured by using an Abbe

refractometer (WYA (2WAJ), Shanghai Precision and Scientific

Instrument Corp., China). All specimens were prepared by com-

pression molding at 200 8C with a mirror surface. The mirror

surface faced the refracting prism of the refractometer and a-

bromonaphthalene was employed as contacting liquid between

the mirror surface and the refracting prism to minimize the sur-

face reflection and to avoid the total reflection at the surface of

the specimen. In this work, the measured refractive index of

LLDPE and PS were 1.5100 and 1.5895, respectively. PMMA,

grade CM211 was purchased from Chi-Mei Corp. (China) with

a melt flow rate of 16 g/10 min (230 8C/3.8 kg) and a density of

1.19 g/cm3.

Samples Preparation

LLDPE was blended with 10 wt % PS using a twin-screw

extruder and then granulated. The temperature gradient was var-

ied between 150 and 190 8C from hopper to die. Subsequently,

PMMA and LLDPE/PS pellets were coextruded using a layer-

multiplying coextrusion device. The details of this device were

introduced in previous papers.24–27 16-layer (LLDPE/PS)/PMMA

sheets consisting of 8 LLDPE/PS blend layers and 8 PMMA layers

were fabricated. The temperatures of the two extruders were set

as 220 8C for LLDPE/PS blend, 240 8C for the PMMA. PMMA is

incompatible with the LLDPE/PS blend, thus the LLDPE/PS films

can easily be feeling off from adjacent PMMA layers. And they

are labeled as 16-1, 16-3, 16-5, 16-7. . .16-15 from the top surface

to the opposite side surface as schematically shown in Figure

1(a). In this work, 16-1, 16-3, 16-5, and 16-7 were chosen to

study the PS morphology development from the skin to core

layers of the original multilayer extrudate. The thickness of each

LLDPE/PS film was maintained around 80 mm.

Morphological Observation

The layer structure of the extrudate material and the morpholo-

gies of the LLDPE/PS layers were observed through scanning

Figure 1. (a) Schematic of layer-multiplying extrusion (A, B: extruder; C: connector; D: coextrusion block; E: layer multiplying elements; F: die); (b) the

SEM image of 16-layer (LLDPE/PS)/PMMA extrudate. [Colour figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

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

Figure 2. Optical system of the transmittance-haze instrument: (1) source;

(2) condenser; (3) aperture; (4) modulator; (5) lens; (6) sample; (7) inte-

grating sphere; (8) photocell; (9) reflectance standard; (10) emergent win-

dow; (11) entrance window.
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electron microscopy (SEM, Inspect F, FEI Co. Ltd., The

Netherlands). The specimen was immersed in liquid nitrogen

for 3 h and then the surface along the extrusion direction was

sputtered with a thin layer of gold for observation.

Optical Measurements

Transmittance (T) and haze (H) were measured using a

Transmittance-Haze testing instrument (WGT-S, Shanghai Pre-

cision and Scientific Instrument Corp., China), according to

ASTM D1003-61. As schematically shown in Figure 2, all trans-

mitted light (T) including direct (linear) transmittance and

scattered (diffused) transmittance within the hemisphere scope

can be trapped using the integrating sphere. Haze (H) is defined

as the portion of light which is scattered by more than 2.58after

passing through a sample.28 They can be written as:

T5
It

I0

(1)

H5
ðIt Þ90

2:5

It

(2)

where It and I0 are the intensity of the transmitted and incident

light, respectively. ðItÞ90
2:5 is the intensity of the transmitted light

with scattering angle more than 2.58.

As shown in Figure 3 the scattering characteristics were meas-

ured using an optical test platform consisting of a He–Ne laser

(k 5 633 nm, red), attenuation sheet, specimen, receiving

screen, and CCD camera. In a dark room, a laser beam with

suitable light intensity was vertically incident on the specimen,

with the scattered beams being projected on the receiving

screen. The pattern on the receiving screen was recorded by a

CCD camera. Based on the scattering pattern, the scattering

angle and the distribution of the transmitted light intensity can

be obtained. As shown in Figure 4, the scattering angle (u) of

the transmitted light can be theoretically calculated with the fol-

low equation:

u5tan 21 x=Lð Þ (3)

where x is the radius of the scattering pattern, and L indicates

the distance between the specimen and the receiving screen.

Furthermore, the light intensity at each pixel can be obtained

through the image analysis of Origin software. The relative light

intensity equals to the light intensity at each pixel divided by

the largest light intensity in the scattering pattern. Then, the

distribution of the relative light intensity can be achieved by

plotting of the relative light intensity at every pixel versus u.

RESULTS AND DISCUSSION

Morphological Characterization

Figure 1(b) presents the layer structure of the extrudate mate-

rial, it can be seen that PMMA is indeed incompatible with the

LLDPE/PS blend, thus the LLDPE/PS films can be easily peeled

from each multilayer specimen. Furthermore, the typical mor-

phological observation of the LLDPE/PS blend from the skin

layer (16-1) to core layer (16-7) is shown in Figure 5. Due to

the higher viscosity at the processing temperature, the PS par-

ticles were dispersed as circular domains in the LLDPE matrix.

The average diameter (�d) of the particles was calculated by

measuring more than 200 particles for each sample. The results

Figure 3. Schematic of light scattering testing instrument.

Figure 4. Schematic diagram for the relationship between relative light intensity and scattering angle.
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Figure 5. SEM photos of LLDPE/PS samples and statistical diameters distribution of PS phase: a. 16–1; b. 16–3; c. 16–5; d. 16–7.
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presented in Figure 5, shows that �d increased from the skin

layer (3.55 mm) to core layer (4.36 mm). It is known that during

the extrusion process, the skin melt sustains the maximum

shearing stress which may promote the breakup of the dispersed

phase resulting in a smaller particle size than that in the core

layer. Meanwhile, the number concentration of the particles (N)

which is one of the most important parameters for determining

the scattering properties was calculated through the following

equation:

N5
6U

pðd3Þ
(4)

where A is the volume fraction of the scattering phase, and d is

the particle diameter. For the weight fraction of PS fixed at

10 wt %, the ratio of the number concentration is:

N1621 :N1623 :N1625 :N1627 5 3:78 :2:99 :2:40 :2:04

which indicates that the number of scattering centers decreases

from skin to core layers.

Optical Properties

With the laser beam vertically incident on the specimens, Figure

6 shows the scattering patterns of the LLDPE/PS blend from the

skin layer (16-1) to core layer (16-7). Compared with that of

the pure LLDPE sample, the optical scattering patterns of the

LLDPE/PS blend films were much larger in diameter, with the

light spread over a much wider angle, which means the incident

laser beam was strongly scattered. Hence, we can reach the con-

clusion that the sphere-like PS particles dispersed in the LLDPE

enhanced the light scattering. For further comparing the scatter-

ing characteristics of the LLDPE/PS blend films from skin layer

(16-1) to core layer (16-7), the relative light intensities as a

function of scattering angles are plotted in Figure 7. The relative

light intensity is defined as the measured intensity divided by

the maximum value in each scattering profile displayed in Fig-

ure 6. Hence, the scattering pattern can be quantitatively char-

acterized by the half intensity width which is defined as the

angular width when the corresponding relative light intensity is

0.5. The results show that the half intensity width of 16-1, 16-3,

Figure 6. The photographs of scattering patterns: a. laser beam; b. pure LLDPE; c. 16-1; d. 16-3; e. 16-5; f. 16-7.

Figure 7. The relative light intensity as a function of scattering angles.

Figure 8. The transmittance and haze of the LLDPE/PS blend layers from

skin to core.
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16-5, and 16-7 were 22.058, 19.248, 18.538, and 17.758, respec-

tively. This result indicates that the light scattering area

increased from core layer to skin layer of the LLDPE/PS blend.

Actually, a good light-scattering material must have high trans-

mittance (T) and excellent haze (H). Figure 8 shows the T and

H values of the LLDPE/PS blend layers from skin layer (16-1)

to core layer (16-7). It can be noted that all four specimens had

a similar T value, about 90%, while the H value tended to

decrease from skin layer toward core layer and reaches the mini-

mum in the 16-7 layer (84%). This result suggests that the par-

ticle size of PS phase plays a significant role in the H value of

the LLDPE matrix.

Mie’s Scattering Theory

As shown in Figure 5, the PS particles with different size were

mainly dispersed as spherical domains in the LLDPE matrix,

and the refractive index of PS and LLDPE were accurately meas-

ured by an Abbe refractometer. Meanwhile, for the sake of sim-

plicity, we assume that the PS particles dispersed in LLDPE

matrix have the same diameters. Hence, the light scattering

characteristics of the spherical particles are theoretically ana-

lyzed using Mie’s scattering theory.29,30 According to the Mie’s

scattering theory, the light scattering intensity profile of a parti-

cle can be calculated as follows:

I a;m; uð Þ5k2ði11i2Þ=8p2 (5)

i15js1j25

�����
X1

t51

2t11

t t11ð Þ am
P1

m cos uð Þ
sin u

1bm
dP1

m cos uð Þ
du

� ������
2

(6)

i25js2j25

�����
X1

t51

2t11

t t11ð Þ bm
P1

m cos uð Þ
sin u

1am
dP1

m cos uð Þ
du

� ������
2

(7)

am5
�wt mað Þwt að Þ2mwt mað Þ �wt að Þ
�wt mað Þft að Þ2mwt mað Þ �ft að Þ

(8)

bm5
m �wt mað Þwt að Þ2wt mað Þ �wt að Þ

�mwt mað Þft að Þ2wt mað Þ �ft að Þ
(9)

a52prnm=k0 (10)

m5ns=nm (11)

where I is the scattering intensity, a is the size parameter, m is

relative refractive index between particle (ns) and matrix (nm). r

denotes particle radius and k denotes wavelength in the matrix.

P1
m cos uð Þ is a Legendre polynomial, and wt, ft are the first two

orders of the Riccati–Bessel functions. Figure 9 displays the light

scattering profiles of two particles with different diameters

based on eq. (5), corresponding to the number average diame-

ters of the PS particles dispersed in 16-1 and 16-7, respectively.

It can be noticed that the forward directional (29082908) scat-

tering profiles were predominant for the two particles, which

corresponds to the high transmittance of the LLDPE/PS blend

from skin layer to core layer as shown in Figure 8. On the other

hand, the number concentration of PS particles reduces from

16-1 to 16-7 resulting in the decrease of the scattering centers,

which is considered to contribute to the decrease of haze from

skin layer to core layer. Furthermore, it needs to be mentioned

that there were numerous PS particles dispersed in LLDPE

matrix so that the multiple scattering should be considered.

However, due to a wide size distribution of particles and the

interference effect between adjacent particles, the accurate pre-

diction of the multiple scattering is generally complicated.31,32

More detailed investigation will be carried on in our future

work.

CONCLUSIONS

In this work samples consisting of alternating layers of LLDPE/

PS and pure PMMA were prepared through layer-multiplying

coextrusion. The LLDPE/PS blends were obtained by peeling off

the PMMA layers. The morphological observations showed that

the PS particles were dispersed as spherical domains in the

LLDPE matrix and the average diameter increased from the

skin to core layer, induced by the gradient of shearing stress in

the extruding process. When a laser beam was vertically incident

on each LLDPE/PS film, it was strongly scattered. Compared

with the film located in the core layer, the one located in the

Figure 9. Calculated Mie scattering diagrams of two particles with different sizes, (a) d 5 3.55 mm; (b) d 5 4.63 mm. Red lines are magnified diagrams

beside which magnification are marked. The refractive index: ns 5 1.5895, nm 5 1.5100. The wavelength incident light is 633 nm. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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skin layer has a larger width at half intensity denoting a wider

angle of light scattering. Besides, all of LLDPE/PS films had a

similar T value, close to 90%, while the H value tended to

decrease from the skin layer to the core layer.
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