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Abstract (in English) 

 
Laminar polymeric films are usually fabricated by coextrusion and blending 

processes. In a coextrusion process, a laminar polymeric film is formed into 

multilayer and parallel structures. In a blending process, on the other hand, the 

laminar polymeric film formed has laminar morphology of dispersed phases in its 

blend film. Because of the wide range of applications of laminar polymeric films as 

packaging materials, studies of the processes for forming, and the characteristics of, 

laminar polymeric films have become increasingly important. In this study, the aims 

are to predict the properties of the multilayer film and investigate the effect of 

adhesive on the laminar polymeric film. 

In Chapters 2 and 3, we successfully fabricated three-layer (A/B/C) films, 

comprising high-density polyethylene (HDPE), tie layer [high-density 

polyethylene-grafted maleic anhydride (HDPE-g-MAH]], and polyamide-6 (PA-6), by 

a coextrusion blown-film process. The tensile behavior of the three-layer film can also 

be predicted from its component layers by using an additive rule and an empirical 

constitutive equation — 
m
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true stress, the true strain, and the true strain rate, respectively, K and γε are constants, 

and m is the strain rate sensitivity — and a simplified constitutive equation — 

)exp(0 TT εγσσ ⋅= , where εT, σ0, and γ are the true strain, true yield stress and 

the strain hardening parameter, respectively — over the range of plastic deformation. 

There exists a good agreement between the experimental and predicted data at low 

crosshead speeds, but there is a relatively large discrepancy between them at high 

speeds, for both constitutive equations, because of the heat generated during 
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deformation. The valid strain range for the latter is smaller, however, than that for the 

former. On the other hand, the series model was examined to predict permeability of 

HDPE/tie/PA-6 three-layer film; there exists a good agreement between experimental 

data and this model for predicting both gas and water vapor permeabilities of 

three-layer films containing various volume fractions of PA-6. 

Conventionally, one or more tie layers are used in coextrusion processes, e.g., in the 

preparation of HDPE/tie/PA-6 mentioned above, but having additional tie layers in a 

coextruded film makes the fabrication process more complex and expensive. To 

eliminate the need for tie layer(s) and to reduce the number of layers, we have also 

successfully fabricated three-layer (A/B/A) films, comprising a varying content of 

ethylene–vinyl alcohol copolymer (EVOH) as the internal layer and blends of 

low-density polyethylene (LDPE) and adhesive [low-density ethylene grafted with 

maleic anhydride (LDPE-g-MAH]] as the external layers, by a coextrusion 

blown-film process. In Chapter 4 ,we describe our investigation of the mechanical 

properties and compare their oxygen and water vapor permeabilities to a series model 

reflecting the content of adhesive. The peel strength increased sharply at 

LDPE-g-MAH content > 12.5 wt%; we associate this increase with a promotion of 

adhesion between layers that arises from the formation of ester bonds, as determined 

by FTIR spectroscopy, between EVOH and LDPE-g-MAH. The tensile strength did 

not change significantly upon increasing the LDPE-g-MAH content, but it had a small 

effect on elongation and modulus in both the machine and transverse directions. Tear 

strength decreased continuously, in both directions, upon increasing the 

LDPE-g-MAH content. The oxygen permeabilities of the three-layer films remained 

almost constant upon varying the amount of LDPE-g-MAH and all followed the series 

model. The water vapor permeabilities of the three-layer films, however, were 

affected by the degree of hydrogen bonding, which we analyzed by FTIR 
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spectroscopy, to result in a discrepancy between the experimental findings and the 

series model, especially when the EVOH content was increased. 

An alternative process to fabricate laminar polymeric film is the blending process. In 

Chapter 5, we investigated the morphological, thermal, barrier, and mechanical 

properties of low-density polyethylene/ethylene–vinyl alcohol blend (LDPE/EVOH; 

85/15 wt%) in highly and biaxially oriented blown films. We used linear low-density 

polyethylene-grafted maleic anhydride (LDPE-g-MAH) in various amounts as the 

compatibilizer for this immiscible system. Thermal analyses of the blend films 

indicated that their melting temperatures, crystallization temperatures, and heats of 

fusion remain almost constant upon varying the amount of compatibilizer. The 

addition of the compatibilizer did not adversely affect the inherent properties of the 

blends, especially their barrier properties, through constraint effects of the grafted 

EVOH (EVOH-g-LD). The heat of fusion of EVOH obtained during the first heating 

was much higher than that of the second as a result of the stress-induced 

crystallization that occurs during the blown-film process. Oxygen permeation 

measurements demonstated that the oxygen barrier properties of both highly and 

biaxially oriented blown films decrease upon increasing the amount of compatibilizer, 

although morphological analysis indicated that the blends exhibit better laminar 

dispersion of the EVOH phase in the LDPE. The increase in oxygen permeability 

results from the formation of microvoids at the interface between the two phases 

during the blown-film process. Mechanical measurements indicated that there exists 

an optimal amount of LDPE-g-MAH at which both the tensile and tear properties are 

maximized in both the machine and transverse directions. 
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Abstract (in Chinese) 
 

多層化結構高分子薄膜是一種單一結構的薄膜產品，包含了兩種或

兩種以上的高分子，彼此之間形成多層化且平行的結構。高分子薄膜

通常用於包裝用途，例如食品包裝、葯品包裝及化妝品包裝，這些用

途的包裝膜特性需求通常不只一種，而單一材料所製備的高分子薄膜

又無法提供多樣化的性質。因此將兩種或兩種以上高分子結合成多層

化結構的薄膜產品就應運而生了。多層化結構高分子薄膜的製備方式

通常有兩種，一種為共擠押製備，另一種為混鍊製程，本研究將對這

兩種製程所製備的薄膜特性做分析研究。 

由共擠押製程所製備具有多重性質的多層化結構高分子薄膜，其整

體性質的表現則是來自於各層性質的貢獻。本研究以 HDPE/tie/PA-6

為例，來驗證性質預估的方法，由各層的性質來預估任何不同厚度組

成三層薄膜的拉伸性質及氣體穿透速率，若這預估的方法有效，對於

在薄膜組成的設計與搭配上，將會是一個非常經濟及有效率的方法。

用 series model 來預估氣體穿透率（包含氮氣、氧氣、二氧化碳及水

蒸氣），與實驗值有非常好的吻合性。在拉伸性質方面，首先找到適

當的構成方程式來描述薄膜的拉伸行為，而構成方程式中用來描述三

層薄膜拉伸行為的各個參數，可經由各層參數及 additive rule 來進行

預估，從實驗值與預估值的比較結果來看，在低速的拉伸測試時，有

很好的吻性，但在高速拉伸時，由於黏滯熱（viscous dissipation）的

產生，導致了實驗值與預估值之間的不一致。 

在一般的共擠押製程中，由於黏著層的層數佔將近一半的層數，如

五層薄膜 LDPE/tie/EVOH/tie/LDPE，而黏著層的主要功能為界面黏

著，對整體的性質表現無實值的貢獻，因此在本研究中，將黏著層的
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塑料混鍊至 LDPE 塑料中而當成混鍊層（blend layer），如此不僅可

增加 LDPE 與 EVOH 的接著性，並藉此將原有的五層減少為三層薄膜，

而形成 blend/EVOH/blend 的三層高分子薄膜，如此也可降低共擠押

模具的設計成本，簡化製程上的操作。在固定混鍊層與 EVOH 的厚度

比例下，界面黏著力，隨著黏著塑料在 LDPE 中含量的增加，黏著力

愈強，由 FTIR 的分析圖來看，這是由於黏著劑的馬來酸酐與 EVOH 的

氫氧基反應形成化學鍵-酯基（ester band）所造成的結果。而在拉

伸強度的表現上，黏著塑料含量的改變並沒有造成明顯的變化，在撕

裂強度，卻隨著黏著劑含量的增加，而明顯的下降。在氧氣穿透率方

面，在固定黏著劑的含量下，改變混鍊層與 EVOH 的厚度比例，氧氣

穿透率有很明顯的下降。而在水蒸氣穿透率方面，則是呈現持平，而

並沒有如預期般的上升，這是由於在 EVOH 中氫鍵的產生，由 FTIR 中

可知，隨著 EVOH 的增加，氫鍵的逐漸的增強，因此造成水分子不易

穿透，因此呈現持平的結果。 

另外在本研究中，欲利用另一種製程，製備具有多層化形態的高分子

薄膜，使這單一薄膜同時具有各成份的特性，此種製程為混鍊製程。

欲混鍊的材料為高阻氧性的材料-EVOH、高阻水氣材料-LDPE 以及相

容劑-LDPE-g-MAH，經由單螺桿塑化後進入吹袋模具，而製備成薄膜。

由 SEM 圖來看，隨著相容劑含量的增加，分散相 EVOH 的長度逐漸的

變短，但層化的數目也愈多。另外由 OM 圖來看，分散相 EVOH 的形狀

則是逐漸由類似長條纖維狀而變成小顆粒的圓球狀。由 DSC 的分析圖

得知，在第一次升溫掃描時所求得的熔化熱比第二次高了許多，這是

由於在製備薄膜的程中造成了順向結晶（ stress-induced 

crystallization）所造成。在氧氣阻隔性方面並不如預期般的有明

顯的下降，這是由於在製備薄膜的過程中，因為高度的雙延伸，造成
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分散相與連續相之間產生微微孔洞（microvoid）所導致的結果。在

拉伸性質方面，縱向（MD）的拉伸強度在相容劑為 1phr 時，有一極

大值，這是由於此時較為剛性的 EVOH 的形狀呈現長條狀，因此具有

纖繀強化（fiber-reinforcement）的作用，隨著相容劑的增加，EVOH

的形狀呈現圓球會，此作用便消失，再加上兩相的界面產生了微孔

洞，因此強度便下降。在 TD（縱向）的拉伸強度，應會隨著相容劑

的增加而逐漸的增加，但是在高含量的時候，卻呈現持平的趨勢，這

是由於微小孔洞將強度有所抵消所致。 
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Chapter 1 

 

Introduction 

 

1.1 Laminar Polymeric Films 

 

Polymeric films comprise one of the most important types of products created in 

the polymer industry. A large percentage of these films are used in the packaging 

industry. A very wide range of criteria must be applied when considering the type of 

film to be used for a particular purpose. In general, however, these criteria fall into 

three broad groups. The first group is basically concerned with the strength of the 

films, such as their tensile, impact, and tear strengths and their stiffnesses. The second 

group of properties may be classed broadly as the films’ transmission properties, 

which include their permeabilities toward gases, vapors, and odors. Light 

transmission is also included here; it covers properties such as the “see-through” 

clarity and haze. For convenience, other optical properties, such as a film’s gloss, also 

are dealt with in this section. These first two groups deal with those properties that are 

important to the final end-use performance. The third and final group includes the 

properties that are more concerned with the performance of the films during the 

converting and packaging processes; these properties include the film’s coefficient of 

friction, blocking, heat sealability, and crease-of-flex resistance [1]. 

One of the most important requirements for the use of plastics as packaging films is 

their impermeability to gases and hydrocarbons. Their mechanical properties should 

also meet product specifications. In most cases, one polymeric material cannot offer 
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all of the properties required; therefore, a combination of polymers is employed to 

produce polymeric films that have laminar structures. Usually, the laminar polymeric 

film is prepared by either a coextrusion or blending process; the details of the two 

processes are described in the following sections. 

To explain the versatility of laminar polymer films, it is convenient to provide an 

example here. Polyethylene is an excellent moisture barrier for packaging and its low 

cost, strength, and ease of processing make it suitable for many applications. Its 

inability, however, to act as a barrier for oxygen, aromatics, and oils limits its 

potential applications. On the other hand, ethylene–vinyl alcohol copolymer (EVOH) 

possesses excellent barrier properties toward oxygen, aromatics, and oils [2–5]. 

Unfortunately, EVOH is highly sensitive to moisture, which alters its ability to act as 

an oxygen barrier [6,7]. A laminar film processed from these two films through a 

coextrusion or blending process would possess a combination of the advantageous 

properties of each material. The word “laminar”, which originates from studies of 

transport phenomena, describes a smooth, uniform, non-turbulent flow of a gas or 

liquid in two or more parallel layers, with little mixing between layers. For films 

possessing laminar structures, the term describes component polymers that are 

positioned in uniformly parallel arrangements with respect to one another without 

intermixing. 

 

1.2 The Coextrusion Process 

 

1.2.1 Introduction 

Conventionally, polymeric films having laminar structures are fabricated by either a 

coextrusion or lamination process. The attractions of the coextrusion process lie on 

both economic and technical grounds. It is a single-step process that starts from two 
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or more polymers that are simultaneously extruded and shaped in a single die to form 

a laminar polymeric film or sheet. The laminar polymeric films produced by the 

coextrusion process may also be called multilayer films. Figure 1-1 displays a typical 

laminar polymeric film fabricated by a coextrusion process; it comprises a functional 

layer, a bonding (or tie) layer, and a support layer [8]. The functional layers, 

ethylene-vinyl alcohol copolymer (EVOH) and Poly(vinylidene chloride) (PVDC), 

provides excellent oxygen barrier properties; the bonding layer is a thermoplastic, 

extrudable polymer that adheres to the otherwise incompatible polymers; the tasks of 

support layers in the coextrusion process are to achieve good mechanical strength, 

weldability, moisture barrier, transparency or colorability, and printability properties 

in the final laminar film, as well as to improve the conversion behavior. Each layer 

contributes different properties that improve the overall performance of the film. 

Table 1-1 lists the material combinations and special properties of important of 

coextruded blown films. 

Coextrusion has developed into an important polymer fabrication process and it 

provides large growth opportunities for the polymer industry. The applications of 

coextruded multilayer polymers are challenging those of such traditional materials as 

metals, glasses, papers, and textiles. Coextrusion allows the ready manufacture of 

products having layers thinner than can be made and handled from their individual 

layers. Consequently only the necessary thickness of a high-performance polymer is 

required to meet the particular specifications of the product. Layers may be used, for 

example, to place colors, bury recyle, screen ultraviolet radiation, provide barrier 

properties, minimize die-face buildup, and to control the film’s surface properties. 

Additives, such as antiblock, antislip, and antistatic agents, can be placed in specific 

layer positions. High-melt-strength layers can carry low-melt-strength materials 

during fabrication. The largest market for coextruded films and sheets is the 
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packaging industry; for example, two- or three-layer films are used as trash bags and 

five-to-nine-layer structures as flexible and semi-rigid packages. As many polymers 

as are necessary may be used to obtain the desired heat sealibility, barrier properties, 

chemical resistance, toughness, formability, and aesthetic appearance. Growing 

markets for applications of the coextrusion process are in the automotive, construction, 

appliance, and photoelectronics industries, and in food and medical packaging. 

The choice of whether to use the blown or flat film process normally depends on 

the desired rate and final properties of the structure. Flat-film lines can typically run at 

a higher rate than can blown-film lines because the cooling efficiency of a chill roll is 

higher than that of the air used to cool the bubble. The flat film process, however,  

produces a product having uniaxial orientation, rather than the biaxial orientation 

produced by the blown film process. In many cases, the biaxial orientation is 

preferred because it produces a film that has more-balanced physical properties. The 

biaxial orientation can be also achieved by using a tentering process, but it comes 

with a higher cost and requires complicated steps. In our studies, we prepared laminar 

polymeric films by coextrusion blown-film processes. 

 

1.2.2 Methods of Coextruding Films 

There are two fundamentally different methods for coextruding films, namely, the 

coextrusion blown-film and coextrusion flat-film processes. The capital and operating 

costs for a coextrusion blown film process and a flat-die, chill-roll casting process 

depend on the product mix and utilization. Equipment suppliers provide comparative 

economic evaluations for specific products. The extruder used before the die and the 

take-off equipment used afterwards are standard equipment applied to the single-layer 

film manufacture of both blown and flat films. 

The coextrusion blown-film process is based on the principle of two or more 
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polymers that have been plasticized and homogenized in separated extruders, fed into 

a coextrusion blown-film die to form a tubular structure, blown into a bubble, cooled 

and passed through the collapse frame, and collected by a winder. Figure 1-2 depicts 

the setup of a coextrusion blown-film process. The design of coextrusion blown-film 

die used most commonly today is that of a multimanifold spiral mandrel (Figure 1-3). 

This die consists of several concentric manifolds, one located within another. The 

manifolds are supported and secured through the base of the die. Each manifold 

consists of a flow channel that spirals around the mandrel, which allows the melt 

polymer to flow down the channel or leak across a land area to the next channel. This 

flow pattern smoothes out the flow of the polymer and minimizes any weld lines in 

the final film. Another type of coextrusion blown film die is the stackable plate die 

(Figure 1-4). In this type of die, each layer is spread uniformly and formed into a tube 

in a single plate. The plates are then stacked on top of one another and the layers are 

added sequentially. This type of die is becoming popular for specific applications 

because the number of layers can be adjusted by simply changing the number of 

plates in the die. The major disadvantage for this type of die is that a large separating 

force exists between the plates and, thus, many die bolts are required to hold the 

plates together. This situation means that the plates must have rather large diameters 

to maintain structural integrity and this requirement can produce longer flow paths 

and temperature differentials that can be detrimental to thermally sensitive polymers. 

The coextrusion flat-film process is based on the principle of shaping two or more 

polymers, which have been plasticized and homogenized in separated extruders, into a 

planar structure in a coextrusion flat die, cooling and stabilizing this structure by 

means of roll contact, and then winding it up to a trimmed working width. Figure 1-5 

displays the setup of a coextrusion flat-film process. Two basic types of die used in 

flat-die coextrusion system are the multimanifold and feedblock/single-manifold dies. 
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A hybrid-type die combines feedblocks with a multimanifold die. 

In a multimanifold die (Figure 1-6), each layer incorporates individual manifolds 

that extend to the full width of the die. Each manifold is designed to distribute its 

polymer layer uniformly before combining it with the other layers. The major 

advantage of a multimanifold die is the ability to coextrude polymers that have very 

different viscosities because each layer is spread independently prior to being 

combined. A significant disadvantage of wide multimanifold dies is the difficulty in 

coextruding very thin layers, such as thin cap or thin tie layers. When using a wide die, 

it is difficult to obtain uniformity when the extrusion rate per width is very low; 

additionally, it is expensive and requires the attention of skilled operators. The 

feedblock/single-manifold dies of a flat-die coextrusion system use a feedblock before 

a conventional single manifold (Figure 1-7). A layered melt stream, which is 

prearranged ahead of the die inlet by the feedblock, is extended to the width of the die 

as it is reduced in thickness (Figure 1-8). Polymer melts from each extruder can be 

subdivided into as many layers as desired in the final product. One limitation of the 

use of feedblocks is that polymer viscosities must be matched fairly closely because 

the combined melt stream must spread uniformly within the die. A severe viscosity 

mismatch results in lay nonuniformity; the lower viscosity material tends to flow to 

the die edges. A crude rule of thumb is that polymer viscosities must be matched to 

within a factor of three or four, which is a reasonably broad range for many 

commercially important coextrusion processes. Often, to avoid flow instabilities, 

polymers are intentionally selected that have mismatched viscosities. The layer 

nonuniformity expected to arise from the mismatch is compensated by varying the 

melt temperature, to eliminate the viscosity mismatch, or by using a feedport that has 

a shaped geometry. Combinations of feedblocks and a multimanifold die are also used 

commercially. The multimanifold die can incorporate the same design principles as 
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the feedblock: i.e., vanes separating individual manifolds within the die. In a sense, 

the multimanifold die is a wide feedblock. A feedblock may be attached to one or 

more manifold inlets, as indicated in Figure 1-9. With this system, it is possible to 

coextrude polymers that have widely different viscosities and processing 

temperatures. 

 

1.2.3 Layer Nonuniformity in Coextrusion Processes 

Polymer rheology information is critical for designing coextrusion dies and 

feedblocks. The flow characteristics of the polymer must be considered when 

selecting materials for coextruded products. The viscosities of non-Newtonian 

polymers depend on the extrusion temperature and shear rate, both of which are 

factors that may vary within the coextrusion die. The shear rate dependence is further 

complicated because it is determined by the position and thickness of a polymer layer 

in the melt stream. The die or feedblock that has the best design does not necessarily 

ensure a commercially acceptable product. Layered melt streams flowing through a 

coextrusion die can spread nonuniformly or can become unstable, which can lead to 

layer nonuniformities — and even intermixing of layers — under certain conditions. 

The causes of layer deformation are related to non-Newtonian flow properties of 

polymers and viscoelastic interactions. Previous studies have shown that variations in 

layer thicknesses during coextrusion processes can arise from many causes, with 

several of the primary ones being interlayer instability, viscous encapsulation, and 

elastic layer rearrangement.  

 

1.2.3.1 Interlayer Instability 

Interfacial instability is an unsteady-state process in which the interface location 

between layers varies locally in a transient manner. Interface distortion due to flow 
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instability can cause thickness nonuniformities in the individual layers while still 

maintaining a product that has constant thickness. These instabilities result in irregular 

interfaces — and even layer intermixing in severe cases. At very low flow rates, the 

interface is smooth, as indicated in Figure 1-10(a). At moderate output rates, 

low-amplitude waviness of the interface is observed [see Figure 1-10(b]]; this 

waviness is barely noticeable to the eye and may not interfere with the function of the 

multilayer film. At higher output rates, layer distortion becomes more severe [Figure 

1-10(c]]. If a large-amplitude waveform develops in the flowing multilayer stream 

within the die, the velocity gradient can carry the crest forward and convert it into a 

fold. Multiple folding results in an extremely jumbled, intermixed interface. This type 

of instability, which commonly is called “zigzag instability”, has been observed in 

tubular blown-film, multimanifold, and feedblock/single manifold dies. This 

instability develops in the die land; its onset can be correlated with a critical 

interfacial shear stress for a particular polymer system [9]. The most important 

variables that influence this instability are the skin-layer viscosity, skin-to-core 

thickness ratio, total extrusion rate, and die gap. Although the interfacial shear stress 

does not cause instability, elasticity is related to shear stress; the interfacial stress is 

used to correlate variables for a particular system. Interfacial instability in a number 

of coextruded polymer systems has been correlated experimentally with their 

viscosity ratios and elasticity ratios [10], and a simplified rheology review is available 

[11]. Other studies have focused on viscosity differences [12–14], surface tension [15], 

critical stress levels [9,16,17], viscosity model parameters [18–20], and elasticity 

[21–29]. Other types of instabilities may exist: for example, a problem has been 

observed in the feedblock coextrusion of axisymmetric sheets [30]. A wavy interface 

is also characteristic of this instability, but the wave pattern is more regular when 

viewed from the surface. The instability, which commonly is called “wave instability”, 
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originates in the die, well ahead of the die land; the internal die geometry influences 

both the severity and the pattern. For a given die geometry, the severity of instability 

increases with structure asymmetry; some polymers are more susceptible to unstable 

flow than are others. It has been suggested that this type of instability may be related 

to the extensional rheological properties of the polymers used in the coextruded 

structure [31]. Figure 1-11 provides examples of both zigzag and wave instabilities. 

No complete predictive theory exists that explains these complicated rheological 

interactions, but the accumulated experience of polymer producers, equipment 

suppliers, and experienced fabricators provides guidance in polymer selection. 

 

1.2.3.2 Viscous Encapsulation 

The importance of viscosity matching for layer uniformity was first studied in the 

capillary flow of two polymers for bicomponent fibril production [32–35]. Two 

polymers, which are introduced side by side into a round tube, experience interfacial 

distortion during flow if the viscosities are mismatched. The lower-viscosity polymer 

migrates to regions of highest shear (at the wall) and tends to encapsulate the 

higher-viscosity polymer (Figure 1-12); it is possible for the lower-viscosity polymer 

to totally encapsulate the higher-viscosity polymer. Nature seeks the path of least 

resistance. The degree of interfacial distortion that is due to the viscosity mismatch 

depends on the extent of the difference in viscosity, the shear rate, and the residence 

time. Tubular blown-film dies are more tolerant of viscosity mismatch because the 

layers are arranged concentrically, i.e., there are no ends. Since streamlines cannot 

cross each other, further migration cannot occur, but good die design is required to 

obtain concentric layers. 

 

1.2.3.3 Elastic Layer Rearrangement 
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While matching the viscosities of adjacent layers has proven to be a very important 

requirement, the effect of polymer viscoelasticity on layer thickness uniformity is also 

an important consideration in the coextrusion process [36–40]. It has been shown that, 

in a die that can distort the interface between layers, polymers that are comparatively 

high in elasticity produce secondary flows normal to the primary flow direction 

(Figure 1-13). This effect becomes more pronounced as the width of a flat die 

increases. Appropriate shaping of the die channels can minimize the effect of layer 

interface distortion that is due to elastic effects. Coextruding a structure that contains 

layers of polymers with alternating low and high levels of elasticity can cause 

interface distortion that is due to the differences in elasticity between the layers in the 

flat dies. Typically, this effect is not observed in tubular dies. 

 

1.2.3.4 Solution Method for Layer Deformation Problem 

Zigzag-type interfacial instability can be reduced or eliminated by increasing the 

skin-layer thickness, increasing the die gap, reducing the total rate, or decreasing the 

skin polymer viscosity; these methods may be used singly or in combination. These 

remedies reduce interfacial shear stress, and stable flow results when it is below the 

critical stress for the polymer system being coextruded. Most often, it is the skin layer 

polymer viscosity that is decreased. In feedblock coextrusion, the resultant viscosity 

mismatch imposed by this remedy can cause variations in layer thickness. Shaped 

skin layer feedslots are then typically used to compensate and produce a uniform 

product. A review of techniques used to minimize this type of layer deformation has 

been published [41]. Care should also be taken when designing the joining geometry 

in a feedblock or die. To minimize instabilities, the layers should have similar 

velocities at the merging point. The joining of the layers should occur in a geometry 

that is as parallel as is realistically possible, rather than joining them in a 
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perpendicular manner. The layers should also merge into a channel that is of an 

appropriate height so that it does not force one layer to flow into the other. Wave 

instability is related to the extensional viscosities of the individual layers. This finding 

implies that all of the design criteria mentioned previously for layer joining are also 

important for this type of instability, as is the spreading of the layers in a film or sheet 

die. Since this type of instability is related to extensional viscosity, the rate at which 

the layers are stretched in the die will affect the forces in each layer. In structures 

containing materials that have high extensional viscosities, the die should be designed 

to spread the layers slowly and at a uniform rate; this process will help minimize 

wave pattern instabilities. 

 

1.3 Blending Process 

 

1.3.1 Introduction 

The coextrusion process does have some disadvantages, such as the high cost of 

investing in equipment and the difficulty in process control resulting from 

requirements for multiple extruder and dies, adhesives between layers, and multi-step 

operations. In addition, multilayer composite films have limitations in their 

recyclability because the resins, which have different characteristics, adhere together. 

Recently, diverse techniques have been proposed to produce laminar structures for 

preparing food packaging films, such as sol-gel silica coating [42,43], plasma coating 

[44], and blending [45,46]. Among these techniques, the blending approach for 

improving barrier properties has been recognized as an attractive methodology 

because existing extrusion processing systems can be used without further investment 

of equipment. Blending is a process that combines two or more polymers into a 

polymer blend through mixing. Such a blend is sometimes called an “in situ” 
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composite because of the shaping that occurs in situ during processing. This blend 

system acts as a dispersion of one polymer within the other, with chemical linking 

occurring between dissimilar chains across the interface. In packaging applications, a 

combination of a barrier material (EVOH) and a lower-cost matrix material (PE or PP) 

is fabricated into the polymeric film. Figure 1-14 displays the laminar structure of a 

blend film comprising LDPE as the matrix and EVOH as the dispersed phase. 

 

1.3.2 Factors that Affect Laminar Morphology  

Many properties, such as permeability and mechanical properties, are determined 

by the morphology of the blend film. Generally, the morphology is determined by 

many factors, such as the rheological properties of the component polymers, the 

interfacial tension, the blend composition, and the processing type and its parameters. 

Significant melt-processing parameters include the flow patterns, the shear stresses, 

the mixing history, and the processing temperatures. It has been established that a 

high shear rate, a viscosity ratio (viscosity of dispersed phase/viscosity of matrix) 

smaller than, or close to, unity [45,47,48], and a low interfacial tension are all 

favorable for increasing the level of deformation and breakup of the dispersed-phase 

droplets [49–51]. It is well established that extensional flow is more efficient than 

shear flow in the deformation of the dispersed phase [52–55]. One of the most 

important factors for controlling the blend morphology is modifying the interface 

between the phases by adding a compatibilizer to obtain greater compatibility. 

Improved compatibility ensures an efficient stress transfer from the continuous phase 

to the dispersed phase during the extrusion and stretching process and, consequently, 

it results in greater deformation of the dispersed phase [56].  Thus, the addition of a 

compatibilizer improves the dispersion and, in some cases, enhances the ultimate 

mechanical properties of the blends [57–61]. Usually, there is an optimum content of 
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compatibilizer required to improve the properties [62–64]. 

 

1.3.3 Relation of Laminar Morphology and Properties  

In polymer blend system, improving the barrier properties is achieved through the 

formation of a laminar morphology of the dispersed-phase, barrier material having a 

moderate aspect ratio. This situation arises because of the orientation effect, which 

occurs during the extrusion process, that results in an increase of tortuous paths 

[45,47,62,65–67]. Alternatively, the improvement in mechanical properties is 

achieved through the formation of a laminar morphology of the dispersed-phase, 

reinforced material having a high aspect ratio, such as a fibril-reinforced polymer 

blend [68–70]. The orientation of the dispersed phase in the form of fibrils, which is 

directly related to the stiffness of the phase, has been identified as the key parameter 

for determining the mechanical performance of the entire in situ composite [71]. 

The first successful attempt to produce a blow-molded high-barrier container with 

developed laminar morphology was reported by Subramanian [72]. The results 

showed that PA-6, the barrier resin, could be distributed in the form of large, thin 

sheets, which have laminar structure, in the HDPE matrix by extruding the blends 

under special extrusion conditions. In addition, a PP/EVOH blend film that has higher 

barrier properties was obtained by generating a laminar structure having a larger area 

by using a biaxial orientation film process [62]. Although EVOH exhibits excellent 

gas barrier properties and transparency, it has some drawbacks, such as its high cost, 

low toughness, and difficulty to process [73]. On the other hand, PA is inexpensive 

relative to EVOH and exhibits both high resistance to the permeation of hydrocarbons 

and good toughness. [74]. Thus, polypropylene and polyamide can be blended to 

improve the thermal and mechanical properties of polypropylenes. Furthermore, the 

addition of polyamide to polypropylene results in an improvement in the barrier 
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properties. Polypropylene exhibits excellent barrier properties to moisture, but it is a 

poor barrier toward O2, CO2, and N2. In contrast, polyamide possesses high barrier 

properties toward these gasses and a high resistance toward hydrocarbons [75]. A 

compatibilizer must be used, however, to enhance the interphase adhesion and phase 

stability in immiscible blends of PP and PA [76]. The ultimate barrier property of the 

polymer blend depends on the morphological structure of the dispersed phase, the 

intrinsic barrier property of each component, and the nature of the interface between 

the two phases [66,77,78]. Recently, it was reported that injection-molded PP/PA 

blends having improved barrier properties can be produced by generating a laminar 

morphology of a polyamide-dispersed phase that was induced by shear and 

elongational flows [79]. Following the principles mentioned above, Kamal and 

co-workers [80,81] prepared PP/EVOH blends, which have laminar morphology, 

under controlled processing conditions using a special die designed to incorporate 

converging and diverging sections. In the process of producing this film, however, the 

authors did not obtain a blend film with highly improved barrier properties because 

drawing occurred only in the machine direction during the take-off stage from the die 

to the chilled roll, and it resulted in a laminar film of the dispersed phase having a 

small area. Faisant et al. have also reported that the oxygen permeability of PP/EVOH 

blends can be decreased significantly by inducing fibrillar and laminar morphologies 

of the EVOH phase by operating only under uniaxial drawing between the two roll 

mills. In the processing aspect, the final blend morphology is also determined by an 

orientation operation [46]. Yeo et al. has reported that an improved barrier property 

can be obtained by generating a laminar structure of the dispersed phase in the matrix 

phase of a PP/EVOH blend by applying a biaxially oriented film process [62]. This 

laminar morphology, which is induced by biaxial orientation, results in a significant 

increase in the oxygen barrier properties of PP/EVOH (85/15) blends: by ca. 10 times 
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relative to that of pure PP.  Lee and Kim proposed a indicator, (L × R) × N, of the 

oxygen barrier properties, where L × R is the average dimension of the dispersed 

phase and N is the average number of dispersed phase layers per µm. An optimum 

value of this indicator, which improves the barrier properties, was obtained upon 

adding the compatibilizer [45]. These authors also showed that large predeformed 

domains in the extruder outlet, which have short residence time under high screw rpm 

in the die, favored the formation of well-developed laminar structures that possess 

low oxygen permeabilities. Two different thermotropic liquid crystalline polymers 

(TCLPs), copolyesters, in propylene (PP) were analyzed with particular attention to 

the gas transport and mechanical properties of the extruded blend films [71]. Slight 

improvements of barrier permeability and toughness, with respect to PP, were 

obtained because the TCLPs were formed into the fine dispersions of fibril and 

laminar structures. A ternary blend, including a polyamide (Nylon 46), a thermotropic 

liquid crystalline polymer [TCLP, Poly(ester amide)], and a thermoplastic elastomer 

(EPDM), that has improved tensile properties was prepared by developing a fine 

dispersion of fibril, having a high aspect ratio, and laminar structures of TCLP in a 

shear flow field [82]. Both the tensile strength and modulus of the ternary blend 

increased upon increasing the draw ratio in the flow direction. 

  As we mentioned above, the development of the morphology of the blend is the 

key point that determines the properties of the blend films. 

 

1.4 Objectives 

 

Polymeric films are used widely in the flexible packaging market because of their 

clarity, toughness, light weight, flexibility, low cost, and recyclability [83]. To provide 

adequate shelf life, however, many packaging applications require films that have 
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even higher levels of oxygen and moisture impermeability. Polymeric films that have 

laminar structures, prepared from more than two resins, have both of these barrier 

properties and offer a choice, in addition to metals and glasses, for use in packaging 

applications. Sometimes, the requirements of certain mechanical properties are also 

considered for these applications. Thus, the question of how to achieve such 

requirements in a laminar polymeric film, with respect to the choice of materials and 

the processing methods used, becomes increasingly important. 

We had several objectives at the onset of this research: 

1. To study laminar polymeric films fabricated by different processing methods, 

including coextrusion and blending processes. 

2. To study and predict the permeability and tensile behavior of laminar polymeric 

film fabricated by a coextrusion process. The polymeric film has an A/B/C 

structure, where that A and C represent support and functional layers, respectively, 

and B is the bonding layer. 

3. To reduce the number of layers in a multilayer film fabricated by the coextrusion 

process, we chose to use a blend of support material and bonding material as the 

outer layer to promote the adhesion to the functional layer. The structure of the 

polymeric film is A/B/A, where A represents the blend layer and B the functional 

layer. The processibility and some properties of the film having the A/B/A 

structure were to be investigated. 

4. To study the thermal, barrier, and mechanical properties related to the laminar 

morphology in polymeric films fabricated by the blend process and a subsequent 

blown-film process. 
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Table 1-1 Materials combinations, special properties and important applications of 

coextruded blown films. 
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Figure 1-1 Multilayer laminar structure by coextrusion process 

 

 

 

 
 

Figure 1-2 Coextrusion blown film line. (1) Extruders; (2) die and cooling equipment; 

(3) sizing unit; (4) thickness gauge; (5) take-off unit; (6) film edge control; (7) winder. 
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Figure 1-3 A three-layer multimanifold spiral mandrel blown film die. 

 

 

 

 

 

Figure 1-4 A Stackable blown film die. 

 

 



 1-25

 

 

 

Figure 1-5 Coextrusion flat film line. (1) Extruders; (2) die; (3) casting section; (4) 

winder. 

 

 

 

 

 

Figure 1-6 Cross-sectional view of three-layer multimanifold flat film die. 
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Figure 1-7 A feedblock/single manifold die 

 

 

 

 

 

Figure 1-8 The principle of the feedblock for coextruding multilayer film. Numbaer of 

layers is equal to number of feedports. 

 



 1-27

 

 

 

Figure 1-9 Combination feedblock and multimanifold die system. Feedblock feeds 

center-die manifold. 

 

 

 

 

 

Figure 1-10 Interlayer instability 
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Figure 1-11 Interlayer instability pattern. (a) zig-zag; (b) wave. 

 

 

 

 

Figure 1-12 Viscous encapsulation in coextrusion flat-die. 
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Figure 1-13 Progression of a two-layer polystyrene structure as it flows down a square 

channel. Cuts at axial distances from the entry (a) 5; (b) 20; (c) 30; (d) 40; (e) 50; (f) 

58 cm. 

 

 

        

(a) (b) 

Figure 1-14 Multilayer laminar structure by blending process. (a) top view; (b) side 

view. 
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Chapter 2 

 

Tensile Behavior of HDPE, PA-6, and Three-Layer 

HDPE/tie/PA-6 Films 

 

2.1 Introduction 

 

It is becoming increasingly more common to prepare multilayer structures from 

different polymers to give materials that have multiple properties; i.e., by taking 

advantage of the best property of each individual component. Such multilayer 

extruded products are normally produced by coextrusion into multilayer sheets, blown 

films, cast films, tubes, and containers [1–6].  

Polyethylene (PE) and polyamide 6 (PA-6), which are very popular in the 

packaging industry, are two important polymers often used in coextrusion processes. 

PE is employed widely because of its low price, easy processibility, chemical 

inertness, and high barrier property toward moisture, but its poor barrier properties 

toward oxygen, aromas, and organic solvents limit its applicability [7–10]. On the 

other hand, PA is a good barrier resin toward oxygen, aromas, and organic solvents 

and it has high tensile strength and toughness, but it has the drawbacks of being 

relatively expensive and a poor barrier for water vapor [11–15]. For packaging 

applications, clearly it is a good idea to combine these two resins into a single 

structure by using a coextrusion process to form multilayer films that have multiple 

properties. Because of incompatibility between these two polymers, however, an 

extrudable adhesive is often incorporated into the multilayer structure as a tie layer in 
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the coextrusion process. Kamykowski [16] studied the adhesive properties of 

five-layer coextruded cast films, polypropylene/adhesive/polyamide/adhesive/ 

polypropylene, and found that adhesion generally can be improved upon increasing 

the overall film thickness or the relative amount of adhesive. Homopolymer diluents 

in the adhesive layer result in better adhesion relative to random copolymers. The 

molecular weight of the grafted adhesion polymer has only a small effect on adhesion. 

Tanaka et al. [17] successfully developed a new generation of tie layer adhesives, 

which maintain high adhesive strengths after thermoforming and orientation, by 

combining graft and polymer blending technologies. Adhesion between chemically 

dissimilar polymers was also introduced by blending the component materials and the 

adhesive [18–20]. This method not only provides good adhesion but it also eliminates 

the number of tie layer required in the multilayer process, e.g., the five-layer film 

coextrusion system can be replaced with a three-layer film comprising ethylene-vinyl 

alcohol copolymer (EVOH) as the central layer and low-density polyethylene 

(LDPE)/low-density polyethylene-grafted maleic anhydride (LDPE-g-MAH) blend as 

the external layers to form a three-layer structure, A/B/A (blend/EVOH/blend) [20]. 

One of the most important properties required for packaging applications is tensile 

strength. In this paper, we describe a constitutive equation that can be used to describe 

the plastic deformation of HDPE, PA-6, and three-layer films of the type 

HDPE/tie/PA-6. We have also examined the relationship between the mechanical 

properties of a three-layer film and those of its component layers; an additive rule can 

be used to predict the characteristics of the three-layer film. 
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2.2 Experimental 

 

2.2.1 Materials 

  The materials used in the coextrusion blown-film process were (1) high-density 

polyethylene (HDPE), (2) polyamide-6 (PA-6), and (3) adhesive, high-density 

polyethylene-grafted maleic anhydride (HDPE-g-MAH). HDPE was supplied in pellet 

form (HDPE 9001) by Formosa Plastic Corp. (Taiwan); its melt index (M.I.) is 0.05 

g/10 min (190 °C, 2.16 kg) and its density is 0.95 g/cm3. PA-6 (Novamid 1030) was 

provided in pellet form by Mitsubishi Engineering Plastic Co. (Japan); its M.I. is 5 

g/10 min (240 °C, 2.16 kg) and its density is 1.14 g/cm3. The adhesive (Modic-AP 

H503) was obtained in pellet form from Mitsubishi Chemical Corp. (Japan); its M.I. 

and density are 1.5 g/10 min (190 °C, 2.16 kg) and 0.95 g/cm3, respectively. 

 

2.2.2 Preparation of Multilayer Films 

  Because of the hydrophilicity of PA-6, we dried this polymer in a vacuum oven for 

12 h at 90 °C before processing. HDPE, PA-6, and HDPE-g-MAH were fed separately 

into their individual extruders and coextruded through a three-layer coextrusion 

blown-film die (inner diameter = 97.6 mm; gap thickness = 1.2 mm) at 250 °C. The 

three-layer film was inflated and cooled with air and stretched using a take-up device 

after leaving the exit of the die. Monolayers of PA-6 and HDPE films were also 

prepared using the same blown-film equipment. Four different compositions of the 

component layers were prepared and the overall thickness of each three-layer 

multilayer film was ca. 140 µm. Table 2-1 displays the thicknesses and volume 

fractions of the PA-6 layers; the compositions of all the three-layer films were 

controlled by using gear pumps precisely and steadily and the individual thicknesses 

of the component layers of the multilayer product were determined by using an 
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ultrasonic thickness measurement instrument (Quinsonic, ElektroPhysik). During the 

coextrusion process, the tie layer generally was very thin (ca. 5 µm) and the main 

molecular structure was HDPE; therefore, in this study we consider the tie layer to be 

part of the HDPE layer and neglect its effects on the tensile behavior of the product. 

 

2.2.3 Measuring Tensile Behavior 

The uniaxial tensile measurements were conducted using a Hung-Ta Instrument 

2102AP with test samples that were 40 mm long and 20 mm wide. Samples were 

tested with crosshead speeds of 4, 40, and 400 mm/min at a temperature of 25 °C and 

a relative humidity of 50%. Engineering stress–strain curves were determined from 

load-extension data based on the original geometry of the test sample. Measurements 

were taken on five replicate samples; average values are reported. 

We calculated the engineering stress and strain by considering the original 

geometry of the sample films; in fact, however, the cross-sectional area of a film 

sample changed continuously during the deformation process. The engineering stress 

and strain cannot represent the actual stress and strain at any one instance; it is 

necessary to plot the true stress–strain curves to describe the tensile behavior. If the 

deformation behavior was homogeneous, and a constant volume is assumed during 

deformation, we calculated the true strain, εT, and the true stress, σT, by 

)1ln( ET εε +=  (2.1) 

)1( EET εσσ +=  (2.2) 

where εE and σE are the engineering strain and the engineering stress, respectively 

[22,23]. On the other hand, when the deformation was heterogeneous, i.e., a neck 

formed, we marked the surface of each sample film with a set of 199 points, which 

were positioned 0.2 mm apart along the 40-mm gauge length of the specimen, before 
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testing [23]. The evolution of the specimen profile during a test was recorded 

continuously during the measurement using a CCD video camera, which was 

connected to a computer and coupled with a microscope mounted on a screw-driven 

device. The true stress and strain were determined by measuring the local deformation 

in the neck region from photographs obtained by a frame grabber during the 

experiment. Assuming that the sample maintained a constant volume during 

deformation, the true stress and true strain were calculated by 

)1ln( LT εε +=  (2.3) 

)1( LengT εσσ +=  (2.4) 

where εL is the longitudinal strain of the displacement between two markers in the 

neck region. These markers were monitored along the central axis; the cross section of 

the sample was rectangular, so that the effect of triaxiality during necking could be 

ignored [23, 24]. 

 

2.3 Constitutive Equation for Plastic Deformation 

 

  The constitutive equation that describes the plastic deformation for thermoplastics 

was first proposed by G’Sell and Jonas [25] in the following form: 

m

TTT K
•

⋅⎟
⎠
⎞

⎜
⎝
⎛ ⋅⋅= εεγσ

2
exp  (2.5) 

Tεγγ ε ⋅=  (2.6) 

where σT and εT are the true stress and strain, respectively, K and γε are constants,
•

Tε  

is true strain rate, and γ and m are the strain hardening coefficient and the strain rate 

sensitivity, respectively. The parameters γ and m are defined [26] as: 
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T
T

Tm
εε

σ
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

∂

∂
≡ •

ln

ln  (2.7) 

•⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂

∂
≡

T
T

T

ε
ε

σγ ln  (2.8) 

Equation (2.5), which incorporates the influence of the strain rate into the strain 

hardening equation [27], has been used to describe the plastic deformation of ductile 

metals. To calculate the parameters of the constitutive equation, G’Sell et al. 

employed an hourglass-shaped test specimen and developed a sophisticated procedure 

in which the strain was measured at the narrowest part of the specimen by passing a 

taut wire around its circumference [25] and monitoring it using a video interface [28]. 

A constant true strain rate, denoted 
•

Tε , is then maintained by regulating the 

crosshead speed using a computer through these two interfaces. By applying these 

two techniques, the parameter m could be obtained as the slope of the linear 

relationship of the natural logarithm of true strain rate (ln
•

Tε ) versus the natural 

logarithm of true stress (lnσT) curve at constant strain; the parameters γε and K could 

also be obtained as the slope and intercept, respectively, of the plot of the linear 

relationship between the natural logarithm of )/(
•

m
TT εσ  versus the square of εT at 

constant strain rate. In this study, we made an effort to obtain the parameters of the 

equation from the engineering data by using only a conventional tensile machine and 

a CCD video camera without any aiding interface. The detailed procedure is described 

in a later section below. 

First, we transformed Equation (2.5) into the form of a natural logarithm: 

TTT mK
•

⋅+⋅+= εεγσ ε ln
2

lnln 2  (2.9) 
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where dt
d

d
d

dt
d E

E

TT
T

ε
ε
εεε ⋅==

•

    for homogeneously deformation (2.10) 

and    dt
d

d
d

dt
d L

E

TT
T

ε
ε
εεε ⋅==

•

    for inhomogeneously deformation (2.11) 

Substituting Equations (2.1) and (2.10) into Equation (2.9): 

K
dt

dmm

dt
dmmK

dt
dmK

E
ET

E

E
T

E

E
TT

lnln)1ln(
2

         

ln)
1

1ln(
2

ln         

)
1

1ln(
2

lnln

2

2

2

+⋅++⋅−⋅=

⋅+
+

⋅+⋅+=

⋅
+

⋅+⋅+=

εεεγ

ε
ε

εγ

ε
ε

εγσ

ε

ε

ε

 

Hence, 
•

⋅++⋅−⋅= ETTT mKm εεε
γ

σ ε lnln
2

ln 2  (2.12) 

We also treated Equation (2.11) with the same procedure we applied to Equation (2.10) 

to obtain the following result: 

•

⋅++⋅−⋅= LTTT mKm εεε
γ

σ ε lnln
2

ln 2  (2.13) 

where 
dt

d E
E

ε
ε =

•

 is the engineering strain rate for homogeneous deformation, which 

can be calculated from the crosshead speed and the original gauge length and 

dt
d L

L
ε

ε =
•

 is the longitudinal strain rate in the neck region for inhomogeneous 

deformation calculated from the measured data and time. Thus, using this 

mathematical approach, we transformed Equation (2.5) into the second-order 

polynomial equations, Equations (2.12) and (2.13), each of which has the form of a 

quadratic equation [Equation (2.14)]. 

cbxaxy ++= 2  (2.14) 

Fitting Equations (2.12) and (2.13) to the data of the plot of lnσT versus εT by a 

least-squares approximation allows all of the parameters, including K, m and γε, to be 
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obtained: 

•

⋅+=−== EmKcmba ε
γ ε lnln  ,  ,
2

 for homogeneous deformation (2.15) 

•

⋅+=−== LmKcmba ε
γ ε lnln  ,  ,
2

 for inhomogeneous deformation (2.16) 

 

2.4 Results and Discussion 

 

Figure 2-1 presents the engineering stress–strain curves for the monolayer films of 

HDPE recorded at three crosshead speeds (4, 40, and 400 mm/min). We observe that 

the HDPE film deforms inhomogeneously at these crosshead speeds; a significant 

load drop occurs; it is associated with the formation of a stable neck at the central 

cross-section. The load drop is followed by the cold drawing process, which is 

associated with neck propagation along the specimen. At a high level of strain, the 

engineering stress increases rapidly with increasing engineering strain arising from 

the molecular alignment [29]. The true stress–strain curves for HDPE films at various 

crosshead speeds were determined by measuring the local strain at the neck region 

and applying Equations (2.3) and (2.4). Figure 2-2 displays the true stress–strain 

curves of the HDPE films at the three crosshead speeds. Figure 2-3 displays both the 

experimental data and the fitted curves of lnσT versus εT recorded at various 

crosshead speeds. A reasonable second-order polynomial relationship exists for the 

HDPE film over the range of true strains from 0.45 to 2.4 (correlation coefficients are 

all > 0.98) after the least-squares approximation. We calculated the corresponding 

parameters of Equation (2.5) for the HDPE film at the various crosshead speeds using 

Equation (2.16); Table 2-2 summarizes the results. We observe that, upon increasing 

the crosshead speed, γε decreases, m does not change significantly, and K increases. 

Figure 2-4 displays the results of applying the parameters to Equation (2.5); we 
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obtained the modeling curves for the true stress–strain, where we estimated the true 

strain rate by constructing a plot of true strain versus time. When the deformation was 

homogeneous, the time was obtained from the extension rate and the true strain rate 

was taken as the slope in the strain range of plastic deformation, 0.45–2.4, as 

presented in Figure 2-5. When a neck was formed, the time was obtained directly 

from the video recording, and the true strain rate was taken as the highest slope of the 

plot of the true strain versus time [30]. The HDPE film deformed inhomogeneously at 

all crosshead speeds; Table 2-3 lists the true strain rates at the various crosshead 

speeds. To allow comparisons to be made between the experimental data and the fitted 

results, Figure 2-4 also displays the experimental true stress–strain data. We observe 

that a good correlation exists between the modeling curves and the experimental data 

in the range of plastic deformation of the HDPE films. 

Figure 2-6 indicates that the PA-6 film displays obviously different tensile behavior 

when compared to the HDPE film. The PA-6 film exhibits a higher level of 

engineering stress and deforms homogeneously at the lower crosshead speeds, i.e., 4 

and 40 mm/min. At higher levels of strain, in common with the results for the HDPE 

film, the engineering stress increases rapidly upon increasing the engineering strain as 

a result of molecular alignment; the true stress–strain curve was determined using 

Equations (2.1) and (2.2). At the highest crosshead speed (i.e., 400 mm/min), however, 

the deformation mode changes from homogeneous to inhomogeneous and the true 

stress–strain curve was calculated, as it was for the HDPE film, by using Equations 

(2.3) and (2.4). As indicated in Figure 2-7, a reasonable second-order polynomial 

relationship appears to exist in the plot of lnσT versus εT for the PA-6 film over the 

range of true strains from 0.45 to 1.8 (correlation coefficients are all > 0.98) after the 

least-squares approximation. Table 2-2 summarizes the corresponding parameters of 

Equation (2.5) for the PA-6 film at the various crosshead speeds, which we calculated 
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using Equation (2.15) for crosshead speeds of 4 and 40 mm/min and Equation (2.16) 

for the crosshead speed of 400 mm/min. As shown in Table 2-2, the value of γε 

decreases upon increasing the crosshead speed, but the values of m and K increase. 

Figure 2-8 presents a comparison between the experimental true stress–strain curves 

and those obtained by modeling; Table 2-3 lists the true strain rate used to calculate 

the modeling curves. A good agreement also exists between the experimental and 

modeled data over the range of plastic deformation of the PA-6 films. 

Figure 2-9 presents a plot of the engineering and true stress–strain curves of the 

three-layer films containing various volume fractions of PA-6 at a crosshead speed of 

40 mm/min. It is clear that all of these curves lie between those obtained for the 

monolayer HDPE and PA-6 films. The stress level increases upon increasing the 

volume fraction of the PA-6 layer. In the range of volume fractions of PA-6 that we 

investigated, all of the three-layer films deform inhomogeneously at the crosshead 

speed. As shown in Figure 2-10(a), a reasonable second-order polynomial relationship 

appears to exist in the plot of lnσT versus εT for the three-layer film over the range of 

true strains from 0.45 to 2.1 (correlation coefficients are all > 0.98) after the 

least-squares approximation, as it did for both the HDPE and PA-6 films at a 

crosshead speed 40 mm/min. None of the three-layer films fractured when the 

experiments were terminated at a true strain of 2.1. Table 2-2 also presents the 

corresponding parameters of the constitutive equation for the three-layer films 

recorded at various crosshead speeds. As we observe in Table 2-2, the value of γε 

decreases upon increasing the crosshead speed, but the values of m and K both 

increase, and the values of all of these parameters lie between those obtained when 

using the HDPE and PA-6 films. Figure 2-10(b) presents a comparison of the 

modeling curves and experimental true stress–strain data obtained at a crosshead 

speed of 40 mm/min; Table 2-3 lists the true strain rates of the three-layer films at 
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various volume fractions of PA-6 that we used to model the curves. Good agreements 

also exist, as they did for the HDPE and PA-6 films, between the experimental data 

and the modeling curves over the range of plastic deformation for the three-layer 

films having various volume fractions of PA-6. 

To determine whether there is a relationship between the properties of the 

three-layer films and its component layers (HDPE and PA-6), we employed an 

additive rule [21] to examine them: 

66 −−+= PAPAHDPEHDPEM σασασ   (2.17) 

where σM is the true stress of a three-layer film, σHDPE and σHPA-6 are the true stresses 

of the HDPE and PA-6 layers, respectively, and αHDPE and αPA-6 are the volume 

fractions of the HDPE (including the tie layer) and PA-6 layers, respectively. 

From Equations (2.5) and (2.17), we determine that the relationship between the 

true stress–strain of the three-layer and individual component layer films is: 

6

)
2

exp()
2

exp(

)
2

exp(

26
66

2

2

−•
−

−−

•

•

⋅⋅+⋅⋅

=⋅⋅

PAHDPE

M

m

TT
PA

PAPA

m

TT
HDPE

HDPEHDPE

m

TT
M

M

KK

K

εεγαεεγα

εεγ

εε

ε

 (2.18) 

where KM and γεM are constants for the three-layer film; mM is the strain rate 

sensitivity of the three-layer film; KHDPE and γεHDPE are constants for the HDPE film; 

mHDPE is the strain rate sensitivity of the HDPE film; KPA-6 and γεPA-6 are constants for 

the PA-6 film; and mPA-6 is the strain rate sensitivity of the PA-6 film. 

The strain hardening coefficient, γM, and strain rate sensitivity, m, of the three-layer 

film are defined [26] as: 

ε
σ

σ
εγ

∂
∂

= M

M
M

1)(  (2.19) 
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•

•

∂

∂
=

ε

σ
σ
ε M

M

M
Mm  (2.20) 

From Equations (2.6), (2.18) and (2.19), the relationship between the constants, γε, of 

the three-layer and individual component layer films is 

66

666

−−

−−−

+
+

=
PAPAHDPEHDPE

PAPAPAHDPEHDPEHDPE
M σασα

σαγσαγγ εε
ε   (2.21) 

From Equations (2.18) and (2.20), the relationship of between the strain rate 

sensitivities, m, of the three-layer and individual component layer films is 

66

666

−−

−−−

+
+

=
PAPAHDPEHDPE

PAPAPAHDPEHDPEHDPE
M

mmm
σασα

σασα
 (2.22) 

From Equations (2.21) and (2.22), we observe that both the constants of the HDPE 

and PA-6 films are weighting factors that can be used to calculate the corresponding 

two constants of the three-layer films. We also wished to examine the relationship 

between the constant K of the three-layer film and those of its component layers by 

using the additive rule. In this study, we employed two forms of the additive rule to 

calculate the value of K for the three-layer film based on those values of its 

component parts: 

66 lnlnln −−+= PAPAHDPEHDPEM KKK αα  (2.23) 

66 −−+= PAPAHDPEHDPEM KKK αα  (2.24) 

Figure 2-11 indicates that a better agreement exists between the experimental data and 

the values calculated using the additive rule based on Equation (2.23) than that based 

on Equation (2.24). 

We calculated the parameters, γM, m, and K, of the three-layer films having various 

volume fractions of PA-6 by the additive rule using the parameters of the individual 

component layers listed in Table 2-2. Figures 2-12~2-14 present the relationship 
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between these parameters obtained by the additive rule and those obtained 

experimentally (from Table 2-2) with respect to the compositions of films. Good 

agreements exist between the experimental data and the results using the additive-rule 

model for both the strain hardening parameter and the true yield stress at low 

crosshead speeds, which suggests that this rule can be used to accurately predict the 

plastic deformation of the three-layer films. A larger discrepancy exists, however, 

between the modeled and experimental data for both these parameters of the 

three-layer films at the highest crosshead speed. This discrepancy is due to the 

generation of heat during the deformation process [31]; heat would cause a decrease 

in the stress required to produce a given strain and would result in a discrepancy 

between the experimental data and that obtained using the additive rule. 

 

2.5 Conclusions 

 

In this study, we successfully fabricated HDPE/tie/PA-6 three-layer films, having a 

typical A/B/C multilayer structure, by a coextrusion blown-film process. We 

investigated the plastic deformation behavior of the component layer films and the 

three-layer films. The PA-6 films deformed homogeneously at low crosshead speeds, 

but deformed inhomogeneously at the highest crosshead speed. On the other hand, the 

HDPE and three-layer films all deformed inhomogeneously at each crosshead speed 

we studied. We employed a constitutive equation to describe the tensile behavior of 

the films over the range of plastic deformation. The tensile behavior of the component 

layers and multilayer films at various crosshead speeds can be expressed precisely by 

using a constitutive equation that has three parameters in the true stress–strain 

relationship: γM, m, and K. We examined the relationships between the parameters of 

the monolayers of the component layers and those of the three-layer films by using an 
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additive rule. By using the rule, we can also predict—with good agreements in the 

true stress–strain relationship—the tensile behavior of the three-layer film from that 

of each individual component, but a larger discrepancy exists between the modeled 

and experimental data at high crosshead speed because heat is generated during the 

deformation process. 
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Table 2-1 Thickness and volume fraction of the PA-6 layer in each three-layer film. 

Thickness of PA-6 layer (µm) Volume fraction of PA-6 layer (%) 

14 10 

28 20 

42 30 

63 45 
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Table 2-2 The parameters K, γε, and m of the constitutive equation for the HDPE, 

PA-6, and three-layer films recorded at various crosshead speeds. 

Crosshead Speed (mm/min) 

4 40 400 
Volume fraction of 

PA-6 layer (%) K γε m K γε m K γε m 

       0 (HDPE) 36.67 0.70 0.028 40.12 0.64 0.024 43.54 0.62 0.029

10 38.34 0.88 0.028 42.60 0.82 0.028 45.74 0.77 0.038

20 43.02 1.03 0.029 46.53 0.94 0.035 47.31 0.85 0.045

30 44.26 1.16 0.032 50.15 1.03 0.039 52.14 0.96 0.048

45 50.31 1.27 0.030 56.26 1.15 0.043 57.42 1.02 0.054

      100 (PA-6) 70.24 1.46 0.031 87.77 1.36 0.049 97.52 1.26 0.072
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Table 2-3 True strain rates T

•

ε  (1/s) of the HDPE, PA-6, and three-layer films 

recorded at various crosshead speeds. 

 Crosshead speed (mm/min) 

4 40 400 Volume fraction of 

PA-6 layer (%) 
T

•

ε  T

•

ε  T

•

ε  

        0 (HDPE) 0.0040 0.030 0.40 

10 0.0030 0.025 0.40 

20 0.0030 0.023 0.40 

30 0.0025 0.020 0.37 

45 0.0020 0.020 0.35 

     100 (PA-6) 0.0007 0.0049 0.30 
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Figure 2-1 Engineering stress–strain curves of the HDPE film recorded at various 

crosshead speeds. 
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Figure 2-2 True stress–strain curves of the HDPE film recorded at various crosshead 

speeds. 
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Figure 2-3 Modeling the value of ln(true stress)-strain of the HDPE film at various 

crosshead speeds. 
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Figure 2-4 Comparison between the modeling curves and the experimental true 

stress–strain data for the HDPE film recorded at various crosshead speeds. 
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Figure 2-5 True strain as a function of time for the HDPE film recorded at various 

crosshead speeds. 
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Figure 2-6 Engineering stress–strain curves of the PA-6 film recorded at various 

crosshead speeds. 
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Figure 2-7 Modeling the value of ln(true stress)-strain of the PA-6 film at various 

crosshead speeds. 

 

 

 

 

 

 

 

 

 

 

 

 



 2-26

0.0 0.3 0.6 0.9 1.2 1.5 1.8
0

100

200

300

400

500

600

700

 

  400 mm min-1

    40 mm min-1

      4 mm min-1

Line:modeling curves
Symbol:experimental data

True Strain

Tr
ue

 S
tr

es
s 

(M
Pa

)

 

 

Figure 2-8 Comparison between the modeling curves and the experimental true 

stress–strain data for the PA-6 film. 
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Figure 2-9 Engineering stress–strain curves of the three-layer films, having various 

volume fractions of PA-6, recorded at a crosshead speed of 40 mm/min. 
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Figure 2-10(a) Modeling curves of ln(true stress)-true strain and experimental data 

recorded at a crosshead speed of 40 mm/min. 
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Figure 2-10(b) Modeling curves of true stress-true strain and experimental data 

recorded at a crosshead speed of 40 mm/min. 
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Figure 2-11 Comparisons of the relationships between Equations (20) and (21) and 

the experimental data. 
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Figure 2-12(a) Comparison between the values of K of the three-layer films, having 

various volume fractions of PA-6, determined using the additive rule and that from the 

experimental data at crosshead speeds of 4 mm/min. 
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Figure 2-12(b) Comparison between the values of K of the three-layer films, having 

various volume fractions of PA-6, determined using the additive rule and that from the 

experimental data at crosshead speeds of 40 mm/min. 
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Figure 2-12(c) Comparison between the values of K of the three-layer films, having 

various volume fractions of PA-6, determined using the additive rule and that from the 

experimental data at crosshead speeds of 400 mm/min. 
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Figure 2-13(a) Comparison between the values of γε of the three-layer films, having 

various volume fractions of PA-6, determined using the additive rule and that from the 

experimental data at crosshead speeds of 4 mm/min. 
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Figure 2-13(b) Comparison between the values of γε of the three-layer films, having 

various volume fractions of PA-6, determined using the additive rule and that from the 

experimental data at crosshead speeds of 40 mm/min. 
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Figure 2-13(c) Comparison between the values of m of the three-layer films, having 

various volume fractions of PA-6, determined using the additive rule and that from the 

experimental data at crosshead speeds 400 mm/min. 
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Figure 2-14(a) Comparison between the values of m of the three-layer films, having 

various volume fractions of PA-6, determined using the additive rule and that from the 

experimental data at crosshead speeds of 4 mm/min. 
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Figure 2-14(b) Comparison between the values of m of the three-layer films, having 

various volume fractions of PA-6, determined using the additive rule and that from the 

experimental data at crosshead speeds of 40 mm/min. 
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Figure 2-14(c) Comparison between the values of m of the three-layer films, having 

various volume fractions of PA-6, determined using the additive rule and that from the 

experimental data at crosshead speeds of 400 mm/min. 
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Chapter 3 

 

Predicting the Permeability and Tensile Behavior of 

HDPE/tie/PA-6 Three-layer Films 

 

3.1 Introduction 

 

It is more common to introduce multilayer structure comprising different polymers 

to form a product with multiple properties. Each property takes the advantages of the 

best property of each individual component. Normally, a multilayer extruded product 

can be produced by a coextrusion into the types of multilayer sheets, blown films, cast 

films, tubing, and containers [1–5].  

Polyethylene (PE) and polyamide 6 (PA-6) are two important classes of polymers 

used in coextrusion that are very popular in the packaging industry. PE is employed 

widely because of its low price, easy processibility, chemical inertness and high 

barrier properties toward moisture, but its poor barrier property toward oxygen, 

aromas and organic solvents limits its applicability [6-9]. On the other hand, PA is a 

good barrier resin toward oxygen, aromas, and organic solvents and it has high tensile 

strength and toughness, but is relatively expensive and a poor barrier for water vapor 

[10-13]. In packaging application, it is reasonable to combine these two resins into a 

single structure by using a coextrusion process to form multilayer films with multiple 

properties. However, an extrudable adhesive is often incorporated into the multilayer 

structure as tie layer in the coextrusion process due to the incompatibility between 

these two polymers. Kamykowski [14] studied the adhesive properties of five-layer, 
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polypropylene/ adhesive/ polyamide/ adhesive/ polypropylene, coextruded cast films 

and found that adhesion can be generally improved upon increasing the overall film 

thickness or the relative amount of the adhesive. Homopolymer diluents in the 

adhesive layer have better adhesion property than random copolymers. The molecular 

weight of the grafted polymer of adhesive has a small effect on adhesion. By 

combining graft and polymer blending, Tanaka et al. [15] have successfully developed 

a new generation of tie layer adhesives that maintain high adhesive strengths after 

thermoforming and orientation. Blend of component material and adhesive as both the 

adhesion promoting layer and support layer was used to eliminate the tie layer and 

provide adhesion between the chemical dissimilar layers [16-18], e.g. the five-layer 

film coextrusion system was replaced with a three-layer film comprising EVOH as the 

central layer and LDPE/LDPE-g-MAH blends as the external layers to form a 

three-layer structure, A/B/A (blend/EVOH/blend) [18]. 

In packaging application, the permeability and tensile strength are the two most 

important properties. These two properties of the monolayer with single material 

regarding to HDPE and PA-6 were reported in previous literatures [13,19-23]. With 

the goal of constructing a method for effectively predicting the specific properties of a 

multilayer structure from the properties of its individual component materials. In this 

paper we use a three-layer film, HDPE/tie/PA-6, to examine the permeabilities of 

nitrogen (N2), oxygen (O2), carbon dioxide (CO2), and water vapor and tensile 

properties of three-layer films fabricated via a coextruded blown-film process using a 

series model [24] and an additive rule [25] as predicting methods, respectively. The 

aim of the study is to provide an economical and efficient tool for designing the 

compositions of the multilayer sheets, films and containers to achieve the desired 

properties by coextrusion process. 
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3.2 Experimental 

 

3.2.1 Materials 

  The materials used in the coextrusion blown-film process were: (1) high-density 

polyethylene (HDPE); (2) polyamide-6 (PA-6); (3) adhesive, high-density 

polyethylene-grafted maleic anhydride (HDPE-g-MAH). HDPE was supplied in pellet 

form by Formosa Plastic Corp. (Taiwan), HDPE 9001. The melt index (M.I.) is 0.05 

g/10min (190 °C, 2.16 kg); the density is 0.95 g/cm. The PA-6 was provided in pellet 

form by Mitsubishi Engineering Plastic Co. (Japan), Novamid 1030. The M.I. is 5 

g/10min (240 °C, 2.16 kg); the density is 1.14 g/cm3. The adhesive was obtained in 

pellet form from Mitsubishi Chemical Corp. (Japan), Modic-AP H503. The M.I. is 1.5 

g/10min (190 °C, 2.16 kg); the density is 0.93 g/cm. 

 

3.2.2 Preparation of Multilayer Films 

  Because of the hydrophilic property of PA-6, the polymer was dried in a vacuum 

oven for 12 hours at 90 °C before processing. HDPE, PA-6, and HDPE-g-MAH were 

fed separately into their individual extruders and coextruded through a three-layer 

coextrusion blown-film die (inner diameter = 97.6 mm; gap thickness = 1.2 mm) at 

250 °C. The three-layer film was inflated and cooled with air and stretched by a 

take-up device after leaving the exit of the die. Monolayers of PA-6 and HDPE films 

were also prepared using the same blown-film equipment. All samples were placed in 

cabinet for 14 days maintained at 25 °C. Four different compositions of the 

component layers were prepared and the overall thickness of three-layer multilayered 

films was ca. 140 µm. Table 3-1 presents the thicknesses and volume fractions of the 

PA-6 layers; the compositions of all the three-layer films were controlled by using 

gear pumps precisely and steadily and the individual thicknesses of the component 
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layers were measured by using ultrasonic thickness measurement (Quinsonic, 

ElektroPhysik). Because the tie layer generally was very thin (ca. 5 µm in this study) 

in the coextrusion process, and the main molecular structure was HDPE, we consider 

the tie layer to be part of the HDPE layer and neglect its effect on permeability and 

tensile behavior in this study. 

 

3.2.3 Permeability Measurement 

The gas permeability, including that toward nitrogen (N2), oxygen (O2), and carbon 

dioxide (CO2), was measured using a Lyssy L-100-5000 Gas Permeability Tester [26], 

following the ASTM Standard Method D1434. The gas permeability of the samples 

was measured at 23 °C and a relative humidity of 0%. Water vapor permeability was 

measured using a Lyssy L-80-5000 Water Vapor Permeability Tester [27], following 

the ASTM Standard Method E96. The permeability of the samples was measured at 

38 °C and a relative humidity of 90%. The temperatures of both measurements were 

controlled by a water bath. Measurements were taken on 5 replicate samples; average 

values are reported. 

 

3.2.4 Tensile Behavior Measurement 

The uniaxial tensile behaviors of test samples with dimension of 40 mm long and 

20 mm wide were measured by using a Hung-Ta Instrument, Model 2102AP. Three 

crosshead speeds, 4, 40 and 400 mm/min, were employed to test samples at a 

temperature of 25 °C and a relative humidity of 50%. Engineering stress–strain curves 

were determined from load-displacement data based on the original geometry of test 

sample. Measurements were taken on 5 replicate samples.  

We calculated the engineering stress and strain by employing the original geometry 

of the sample film, but the cross-sectional area of a film sample changed continuously 
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during actual deformation. So, the engineering stress and strain cannot represent the 

actual stress and strain at any instance during deformation. It is necessary and more 

instructive to plot the true stress–strain curves to describe the tensile behavior. If the 

test sample deformed homogeneously, the constancy of volume was assumed during 

deformation and the true strain, Tε , and the true stress, σT, were calculated by 

)1ln( ET εε +=          (3.1) 

)1( EET εσσ +=          (3.2) 

where Eε and σE are the engineering strain and the engineering stress, respectively 

[19,28]. On the other hand, if the deformation was inhomogeneous, i.e., a neck 

formed, the surface of each sample film was marked with a set of 199 points, which 

were positioned 0.2mm apart along the 40mm gauge length of the specimen before 

testing [31]. The evolution of the specimen profile during a test was recorded 

continuously during the measurement with the aid of a CCD video camera, which was 

connected to a computer and coupled with a microscope mounted on a screw-driven 

device. The true stress and strain were determined by measuring the local deformation 

in the neck region from photographs obtained by a frame grabber during the 

experiment. Assuming that the sample kept constant volume during deformation, the 

true stress and true strain were calculated by 

)1ln( LT εε +=                              (3.3) 

)1( LET εσσ +=                              (3.4) 

where Lε is the longitudinal strain of the displacement between two markers in the 

neck region. These markers were monitored along the central axis and the 

cross-section of sample was rectangular so that the effect of triaxiality during necking 
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could be ignored [31, 32]. 

 

3.3 Results and Discussion 

 

3.3.1 Permeability 

Table 3-2 lists the gas permeabilities, including N2, O2, and CO2, of PA-6 and 

HDPE films. We obviously see that the PA-6 film performs much better barrier 

properties than HDPE toward all these gases, with permeabilities for both films 

increasing in the order CO2 > N2 > O2. Table 3-2 also displays the gas permeabilities 

of three-layer films with various volume fraction of the PA-6 layer. The values of gas 

permeabilities of these three-layer films all lie between those of the individual 

component layers for all the gases. As expected, the permeability toward all gases 

decreased upon increasing the volume fraction of the PA-6 layer. In order to predict 

the gas permeability of a three-layer film from that of its individual component layers, 

we empolyed a series model [24] due to the lamellar structure of these films. 

6

61

−

−+=
PA

PA

HDPE

HDPE

M PPP
αα                             (3.5) 

where PM is the permeability of the three-layer film, PHDPE and PPA-6 are the 

permeabilities of the monolayer films of HDPE and PA-6, respectively, and αHDPE and 

αHPA-6 are the volume fractions of HDPE (including the tie layer) and PA-6 in the 

three-layer film, respectively. The gas permeabilities of three-layer films toward N2, 

O2, and CO2 are presented in Figures 3-1~3-3, respectively, for both the series model 

and the experimental data. There exists a good agreement between the model’s 

predictions and the experimental data for all these gases. 

Table 3-3 lists the water vapor permeabilities of HDPE and PA-6films. In contrast 

to their gas permeabilities, we see that the HDPE film has a much better water vapor 
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barrier property than that of PA-6. Table 3-3 also presents the water vapor 

permeabilities of the three-layer films as a function of the volume fraction of the PA-6 

layer. Similarly to the gas permeabilities, the values of water vapor permeabilities all 

lie between those of the individual component layers. Figure 3-4 displays the water 

vapor permeabilities of the three-layer films as a function of the volume fraction of 

the PA-6 layer. For the sake of comparison, this figure also presents the predictions 

obtained by the model using Equation (3.5). The water vapor permeabilities increase 

upon increasing the PA-6 content and agree reasonably well with the series model.. 

 

3.3.2 Tensile Behavior 

The engineering stress–strain curves for the monolayer films of HDPE and PA-6 

were showed in Figure 3-5. We see that the HDPE film deforms inhomogeneously at 

these three crosshead speeds, 4, 40 and 400 mm/min. A significant load drop can be 

seen to occur which is associated with stable neck formation at the central 

cross-section. The load drop is followed by the cold drawing, which is associated with 

neck propagation along the specimen. The true stress-strain curve was determined by 

measuring the local strain during neck region and applying Equations (3.3) and (3.4). 

On the other hand, the PA-6 film shows the obviously different tensile behavior 

compared to HDPE films. The PA-6 film exhibits a higher level of engineering stress 

and deforms homogeneously at low level of crosshead speeds, i.e. 4 and 40 mm/min. 

At higher level of strain, the engineering stress increases rapidly with the increase of 

engineering strain due to the molecular alignment [33]; this effect is known as strain 

hardening. The true stress-strain curve was calculated using Equation (3.1) and (3.2). 

However, at high level of crosshead speed, i.e. 400 mm/min, the deformation mode 

changes from homogeneous to inhomogeneous and the true stress-strain curve was 

determined as HDPE. Figure 3-6 displays the true stress–strain curves of the PA-6 and 
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HDPE films.  

To model the deformation behavior of film, we employed the following empirical 

constitutive equation [19,29]:  

)exp(0 TT εγσσ ⋅=             (3.6) 

where σ0 and γ are the true yield stress and the strain hardening parameter, 

respectively. The constitutive equation can also be presented in the following form: 

TT εγσσ ⋅+= 0lnln            (3.7) 

From Equation (3.7), the relationship of the natural logarithm of true stress (lnσ) and 

true strain ( Tε ) should be linear in the region of plastic deformation. By treating the 

least-squares approximation to the plot of the lnσ versus Tε , the slope and intercept 

correspond to the strain hardening parameter (γ) and the natural logarithm of the true 

yield stress (lnσ0), respectively. Figure 3-7 displays the fitted curves and experimental 

data of the lnσ versus Tε  for the HDPE and PA-6 films. A linear relationship for 

both films appears to exist over the range of true strains from 0.25 to 1.40 with the 

correlation coefficients all > 0.99 with respect to the approximation. The 

corresponding parameters of the constitutive equation for the HDPE and PA-6 films at 

various crosshead speeds are summarized in Table 3-4. For comparison, Figure 3-8 

displays both the experimental true stress–strain data and the modeling curves. We 

could see that a good agreement exists between the modeling curves and experimental 

data for the range of plastic deformation of the HDPE and PA-6 films. 

Figure 3-9 presents a plot of the engineering and true stress–strain curves of 

three-layer films with various volume fractions of PA-6 at crosshead speed of 40 

mm/min. It is clear that these curves all lie between those obtained for monolayers of 

HDPE and PA-6 films. The stress level increases upon increasing the volume fraction 
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of the PA-6 layer and, in addition, the strain hardening behavior due to the molecular 

alignment becomes more obvious. In the range of volume fractions of PA-6 that we 

investigated, all the three-layer films deform inhomogeneously at the crosshead speed. 

As shown in Figure 3-10, a linear relationship also appears to exist for the three-layer 

films over the same range of true strains (0.25–1.40) as it did for the HDPE and PA-6 

films at crosshead speed 40 mm/min. The correlation coefficients are also all > 0.99 

with respect to the approximation. The corresponding parameters of the constitutive 

equation for the three-layer films at various crosshead speeds are also presented in 

Table 3-4. A comparison of the modeling curves and experimental true stress–strain 

data at crosshead speed of 40 mm/min was shown in Figure 3-11. There also exists a 

good agreement between the experimental data and the modeling curves over the 

range of plastic deformation for the three-layer films with various volume fractions of 

PA-6. 

Similar to what we reported above for predicting permeability, we introduced a 

simple theoretical additive rule model [25] to predict the tensile behavior of a 

three-layer film from those of its individual component layers: 

66 −−+= PAPAHDPEHDPEM σασασ         (3.8) 

where σM is the true stress of a three-layer film, σHDPE and σHPA-6 are the true 

stresses of the HDPE and PA-6 layers, respectively, and αHDPE and αHPA-6 are the 

volume fractions of HDPE (including the tie layer) and PA-6 layers, respectively. 

From Equations (3.6) and (3.8), the relationship between the true stress–strain of 

the three-layer and the individual component layer films is: 

)exp(                            
)exp()exp(

0

6606

THDPEHDPEHDPE

TPAPAPATMoM

εγσα
εγσαεγσ
⋅+

⋅=⋅ −−−
    (3.9) 

where σ0M is the true yield stress of the three-layer film, σ0HDPE and σ0PA-6 are the true 
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yield stresses of the HDPE and PA-6 layers, respectively, and γM, γHDPE and γPA-6, are 

the strain hardening parameters of the three-layer film, HDPE, and PA-6 layers, 

respectively. It is reasonable to assume that the true yield stress of the three-layer film 

alone follows the additive rule:  

HDPEHDPEPAPAM 06060 σασασ += −−                 (3.10) 

and the strain hardening parameter of the three-layer film is defined as [30]: 

[ ]
ε

εγσαεγσα
ε
σεγ

∂
⋅+⋅∂

=

∂
∂

=

−−− )exp()exp(           

ln)(

06606 HDPEHDPEHDPEPAPAPA

M
M

 (2.11) 

We calculated the parameters σ0M and γM for the additive rule by using the parameters 

of the individual component layers in Table 3-4. Figure 3-12 presents the dependence 

of these parameters obtained by additive rule and the experimental data (from Table 

3-4) with respect to the compositions of films. We can see that a good agreement 

exists between the experimental data and the additive-rule model for both strain 

hardening parameter and true yield stress at low level of crosshead speeds, which 

suggests that this rule can be used to accurately predict the plastic deformation of the 

three-layer films. But a larger discrepancy existed between the model and 

experimental data at high crosshead speed for both these parameters of the three-layer 

films at high level of crosshead speed. This is due to the generation of heat during 

deformation [34]. The heat would cause a decrease in the stress to produce a given 

strain, which resulted in the discrepancy between experimental data and additive rule. 

 

3.4 Conclusions 

 

In this study, we have successfully fabricated HDPE/tie/PA-6 three-layer films, 
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typical multilayer structure A/B/C, by a coextrusion blown-film process. We have 

investigated the three gases, including N2, O2, and CO2, and water vapor 

permeabilities. We found that predicting both the gas and water vapor permeability of 

the three-layer films with respect to the volume fraction of PA-6 based upon those of 

the individual component layer films occurs in good agreement with the experimental 

data when using the series model. On the other hand, a constitutive equation was 

employed to describe the tensile behavior of the films over the range of plastic 

deformation. The tensile behavior of the component layer and multilayer films at 

various crosshead speeds can be precisely expressed by a constitutive equation having 

two parameters in the true stress–strain relationship, i.e., the true yield stress and the 

strain hardening parameter. We examined the relationships between the parameters of 

the monolayers of the component layers and those of the three-layer films by using an 

additive rule. By using the rule, we can also predict the tensile properties, including 

the true yield stress and strain hardening, of the three-layer film from those of the 

individual component layers with good agreements in the true stress–strain 

relationship. But there was a larger discrepancy between the model and experimental 

data at high crosshead speed due to the generation of heat during deformation. 

In summary, we could design efficiently the compositions of the multilayer 

structure to achieve specific permeability and/or tensile property by employing these 

model predictions before processing. 
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Table 3-1 Thickness and volume fraction of PA-6 layer in three-layer films 

Thickness of PA-6 layer (µm) Volume fraction of PA-6 layer (%) 

14 10 

28 20 

42 30 

63 45 
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Table 3-2 Gas Permeabilities of monolayer PA-6, monolayer HDPE and three-layer 

films. 

 Permeability (ml-mm/m2-day-atm) 

Volume fraction of PA-6 (%) N2 O2 CO2 

0 (HDPE) 1.26 9.28 17.41 

10 1.21 6.73 16.20 

20 1.07 4.61 13.22 

30 0.87 4.10 12.66 

45 0.82 2.94 10.37 

100 (PA-6) 0.55 1.73 7.50 
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Table 3-3 Water Vapor Permeabilities of monolayer PA-6, monolayer HDPE and 

three-layer films. 

Volume fraction of PA-6 layer (%) Permeability × 102 (g-mm/m2-day) 

0 (HDPE) 2.71 

10 2.82 

20 3.53 

30 4.00 

45 5.01 

100 (PA-6) 987.52 
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Table 3-4 True yield stress (σ0) and strain hardening parameter (γ)of HDPE, PA-6 and 

three-layer films at various crosshead speeds. 

Crosshead Speed (mm/min) 

4 40 400 
Volume fraction of 

PA-6 layer (%) σ0 (MPa) γ σ0 (MPa) γ σ0 (MPa) γ 

0 (HDPE) 21.54 0.80 23.57 0.78 26.20 0.75 

10 22.20 0.87 25.79 0.86 27.66 0.78 

20 24.78 0.91 27.66 0.89 30.88 0.81 

30 25.66 0.97 30.88 0.92 34.47 0.84 

45 29.67 1.02 33.78 0.97 38.09 0.86 

100 (PA-6) 38.09 1.15 48.43 1.10 55.70 0.99 
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Figure 3-1 Nitrogen (N2) permeabilities of three-layer films with various content of 

PA-6 layer. 
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Figure 3-2 Oxygen (O2) permeabilities of three-layer films with various content of 

PA-6 layer. 
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Figure 3-3 Carbon dioxide (CO2) permeabilities of three-layer films with various 

content of PA-6 layer. 
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Figure 3-4 Water vapor permeabilities of three-layer films with various content of 

PA-6 layer. 
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Figure 3-5(a) Engineering stress-strain curves of HDPE film at various crosshead 

speeds. 
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Figure 3-5(b) Engineering stress-strain curves of PA-6 films at various crosshead 

speeds.  
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Figure 3-6(a) True stress-strain curves of HDPE films at various crosshead speeds. 
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Figure 3-6(b) True stress-strain curves of PA-6 films at various crosshead speeds.  
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Figure 3-7(a) Modeling and experimental data of Ln true stress-strain of HDPE films 

at various crosshead speeds. 
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Figure 3-7(b) Modeling and experimental data of Ln true stress-strain of PA-6 films at 

various crosshead speeds. 
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Figure 3-8(a) Comparison of true stress-strain curves between modeling curves and 

experimental data of HDPE films at various crosshead speeds. 
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Figure 3-8(b) Comparison of true stress-strain curves between modeling curves and 

experimental data of PA-6 films at various crosshead speeds. 
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Figure 3-9(a) Engineering stress-strain curves of three-layer films as a function of 

volume fraction of PA-6 layer at crosshead speed 40 mm/min. Thick solid lines 

represent the component layer of PA-6 and HDPE, respectively. 
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Figure 3-9(b) True stress-strain curves of three-layer films as a function of volume 

fraction of PA-6 layer at crosshead speed 40 mm/min. Thick solid lines represent the 

component layer of PA-6 and HDPE, respectively.  
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Figure 3-10 Modeling and experimental data of Ln true stress-strain of three-layer 

films as a function of volume fraction of PA-6 layer at crosshead speed 40 mm/min. 
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Figure 3-11 Comparison of true stress-strain curves between modeling curves and 

experimental data of three-layer films as a function of volume fraction of PA-6 layer 

at crosshead speed 40 mm/min. 
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Figure 3-12(a) Comparison of strain hardening parameter between additive rule and 

experimental data as a function of PA-6 content at crosshead speed of 4 m/min. 
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Figure 3-12(b) Comparison of strain hardening parameter between additive rule and 

experimental data as a function of PA-6 content at crosshead speed of 40 mm/min. 
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 (c) 

Figure 3-12(c) Comparison of strain hardening parameter between additive rule and 

experimental data as a function of PA-6 content at crosshead speed of 400 mm/min. 
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Figure 3-13(a) Comparison of true yield stress between additive rule and experimental 

data as a function of PA-6 content at crosshead speed of 4 mm/min. 
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Figure 3-13(b) Comparison of true yield stress between additive rule and 

experimental data as a function of PA-6 content at crosshead speed of 40 mm/min. 
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Figure 3-13(c) Comparison of true yield stress between additive rule and experimental 

data as a function of PA-6 content at crosshead speed of 400 mm/min. 
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Chapter 4 

 

Adhesion, Permeability and Mechanical Properties of 

Multilayered Blown Films using Maleated Low-Density 

Polyethylene Blends as Adhesion-Promoting Layers 

 

4.1 Introduction 

 

Coextrusion is a process in which two or more polymers are extruded simultaneously 

and joined together to form a single structure having different properties in each layer 

and to achieve a broad range of properties that are not available in any of the individual 

materials alone. In recent years, the packaging and container industries have paid 

increasing attention to the development of new or improved products formed by 

coextrusion, such as multilayer sheets, multilayer films, and multilayer containers [1–3]. 

The number of layers comprising these materials depends on the required end-use 

properties and the availability of polymer combinations suitable for specific 

applications. 

Recently, it has become common [4,5] in food packaging technology to coextrude 

multilayer films consisting of distinct layers that are barriers for oxygen and moisture. 

Polyethylene is an excellent moisture barrier for packaging, and its low cost, strength 

and ease of processing make it suitable for many applications. Its inability, however, to 

act as a barrier for oxygen, aromatics, and oils limits its potential applications. On the 

other hand, ethylene–vinyl alcohol copolymer (EVOH) possesses excellent barrier 
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properties to oxygen, aromatics, and oils [6–9]. Unfortunately, EVOH is highly 

sensitive to moisture, which alters its ability to acts as an oxygen barrier [10,11]. 

Therefore, using coextrusion to combine polyethylene and EVOH in a multilayer 

structure is very attractive for many demanding packaging applications, such as for food, 

drugs, and cosmetics. Typical commercial multilayer barrier films for food packaging 

contain EVOH as an oxygen barrier layer and polyethylene resins as the moisture 

barrier layer. This film possesses a multilayer structure in which outer PE layers protect 

an inner EVOH layer from continuous exposure to moisture. Because of the chemical 

dissimilarities between PE and EVOH, however, an extrudable adhesive polymer must 

be incorporated into the film as a tie layer that promotes adhesion. Graft copolymers are 

widely recognized as novel potential adhesive polymers for imparting improved 

adhesion. These copolymers are synthesized mainly by modifying polyolefin resins 

through the addition of functionality. This process is achieved by adding acid or 

anhydride units to polyolefins through grafting or by direct synthesis of copolymers. 

Tanaka et al. [12] have successfully developed a new generation of tie layer adhesives, 

by combining graft and polymer blending, that maintain high adhesive strengths after 

thermoforming and orientation. Botros studied three-layer films, tie/EVOH/tie, using a 

coextrusion cast-film process [13] and found that the tie layers bind to EVOH through 

covalent and hydrogen bonding. The failure mechanisms of the three-layer films were 

of a mixed cohesive/adhesive type. Kim et al. [14] have investigated the mechanical and 

transport properties of various combinations of two-layer films, including LDPE/tie, 

Nylon 6/tie and LDPE/Nylon 6. The tensile strength and modulus of a coextruded film 

follows the additivity rule and its permeability follows the inverse additivity rule [15]. 

Kamykowski studied the adhesive properties of five-layer coextruded cast films [16] 

and found that the adhesion properties generally improved upon increasing the overall 
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film thickness or the relative amount of the adhesive (maleic anhydride-grafted 

polypropylene). The molecular weight of the grafted resin had a small effect on 

adhesion. Homopolymer diluents outperform random copolymer diluents in their 

adhesion properties. 

Having additional tie layers in a coextruded film makes the fabrication process more 

complex and expensive, because of the need in the coextrusion system for a specially 

designed die and additional extruders for the adhesive polymers. An alternative 

approach has been reported that overcomes this disadvantage by replacing the five-layer 

film coextrusion system with a three-layer film comprising EVOH as the central layer 

and LLDPE/LLDPE-g-MAH blends as the external layers [17,18].  

In this paper, we report a method to eliminate the need for tie layers by using blends 

of low-density polyethylene (LDPE) and linear low-density polyethylene grafted with 

maleic anhydride (LDPE-g-MAH) that promote adhesion between LDPE and EVOH in 

coextruded three-layer blown films. We investigated the mechanical properties of the 

films, including their peel strengths, tensile properties, and tear strengths, and compared 

their oxygen and water vapor permeability to theoretical predictions [19]. These blown 

films could be a viable option for reducing the number of film layers in coextrusion 

processing. 

 

4.2 Experimental 

 

4.2.1 Materials  

  Commercial-grade, low-density polyethylene [LDPE, 6030F, M. I. (g/10 min, 190 °C, 

2.16 kg) = 0.27, density = 0.922 g/cm3] was supplied in pellet form by Formosa Plastic 

Corp. (Taiwan). The ethylene–vinyl alcohol copolymer [EVOH, F101A, ethylene 
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content (mol %) = 32, M. I. (g/10 min, 190 °C, 2.16 kg) = 1.6, density = 1.19 g/cm3] 

was provided in pellet form by Kuraray Co. (Japan). The adhesive, Modic-AP L502, 

was obtained in pellet form from Mitsubishi Chemical Corp. (Japan). It is a low-density 

polyethylene-grafted maleic anhydride [LDPE-g-MAH, M. I. (g/10 min, 190 °C, 2.16 

kg) = 1.0, density = 0.93g/cm3]. 

 

4.2.2 Preparing Blends  

LDPE-g-MAH was dried in a vacuum oven for 24 h period at 50 °C before blending. 

Blends of LDPE with different amounts of LDPE-g-MAH (0, 5, 7.5, 10, 12.5, 15, 20, 

and 25 wt%) were prepared in pellet form by melt mixing in a twin-screw extruder 

operating at 210 °C and 40 rpm. 

 

4.2.3 Preparing Multilayer Films 

Prior to processing, EVOH was dried in a vacuum oven for 24 h at 60 °C. The 

extruded blends (the external layers) were coextruded with EVOH (the internal layer) 

through a three-layer coextrusion blown-film die (inner diameter = 97.6 mm; gap 

thickness = 1.2 mm) at 230 °C. A 42-mm-diameter extruder (L/D = 28) was used for the 

extruded blends and a 25-mm-diameter extruder (L/D = 28) was used for EVOH. All 

extruders were attached with gear pumps to control the thickness of individual 

component layers precisely. The ratios of take-off and blow-up were 3.5 and 2.5, 

respectively. Three-layer films were fabricated with EVOH as the internal layer (overall 

16.6 wt%) and blends of LDPE and LDPE-g-MAH (0, 5, 7.5, 10, 12.5, 15, 20 or 25 

wt% of LDPE) as the external layers (overall 83.4 wt%). The thickness of all the 

three-layer films produced, irrespective of the relative amount of LDPE-g-MAH, was 

150 µm (blend, 130 µm; EVOH, 20 µm). We also prepared three-layer films having 
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overall EVOH content of 7.9, 13, 17.1, 21.2 or 24.4 wt% (internal layer) and a blend of 

LDPE with 15-wt% of LDPE-g-MAH (external layers). Table 4-1 shows the thicknesses 

of these three-layer films with respect to the EVOH content. To allow theoretical 

predictions to be made, we also prepared monolayer film samples of LDPE, EVOH and 

LDPE-g-MAH under the same processing conditions. 

 

4.2.4 Preparing Specimens for Measuring Peel Strengths 

Film samples were cut into strips (25 mm × 300 mm) and delamination was initiated 

at one end by soaking the tips of each strip in formic acid (HCOOH) for ca. 4 h.  The 

corner of a strip was pulled repeatedly with tweezers until we observed a slight 

indication of delamination. The delamination was then propagated throughout the width 

of the strip. The peel strengths of the three-layer films were measured at 23 °C by 

T-type using a tensile tester with a crosshead speed of 25.4 cm/min, following the 

procedure described in ASTM D1876. At least ten samples were tested to obtain 

average values. 

 

4.2.5 Analysis by FTIR Spectroscopy 

The interactions at the interface between the layers of the blend and EVOH were 

analyzed by Fourier transform infrared (FTIR) spectroscopy as a function of the content 

of LDPE-g-MAH and EVOH using a Bio-Rad FTS-165. At least 32 scans at a 

resolution of 4 cm–1 were signal-averaged. The hydrogen bonding was also analyzed by 

FTIR spectroscopy. 

 

4.2.6 Measuring Tensile Properties 

The tensile properties of the three-layer films, including tensile strength, tensile 
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modulus and ultimate elongation, were measured by a tensile tester at 23 °C and a 

relative humidity of 50% in both the machine direction (MD) and the transverse 

direction (TD), following the procedure described in ASTM D882. At least ten samples 

were tested to obtain average values. 

 

4.2.7 Measuring Tear Strength 

The tear strengths of the three-layer films were measured by a tensile tester at 23 °C 

and a relative humidity of 50% in both the machine direction (MD) and the transverse 

direction (TD), following the procedure described in ASTM D1938. At least ten 

samples were tested to obtain average values. 

 

4.2.8 Measuring Oxygen Permeability  

The oxygen permeability properties of the three-layer films were measured using a 

Lyssy L-100-5000 Gas Permeability Tester [20], following the ASTM D1434. The 

oxygen permeability of the films was measured at 23 °C and a relative humidity of 0%. 

The temperature was controlled by a water bath. 

 

4.2.9 Measuring Water Vapor Permeability 

Water vapor permeability properties of the three-layer films were measured using 

Lyssy L-80-5000 Water Vapor Permeability Tester [21], following the ASTM E96. The 

water vapor permeability of the films was measured at 38 °C and a relative humidity of 

90%. The temperature was controlled by a water bath. 
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4.3 Results and Discussion 

 

  Table 4-2 lists the tensile, tear and barrier properties of individual component 

materials. It is seen that the LDPE-g-MAH exhibit almost the same values in all 

mechanical and barrier properties as LDPE. The EVOH has much better tensile strength, 

modulus, tear strength and oxygen barrier property than both LDPE and 

LDPE-g-MAHH. On the other hand, LDPE and LDPE-g-MAH exhibit higher tensile 

elongation and water vapor barrier property. We assume that these properties of the 

blends are not affected significantly by the relative amount of LDPE-g-MAH in LDPE 

due to the same level of properties as shown in Table 4-2. 

 

4.3.1 Peel Properties 

Figure 4-1 shows the peel strength as a function of the relative amount of 

LDPE-g-MAH. The peel strength increased slightly upon increasing the amount of 

LDPE-g-MAH and then increased sharply when the amount of LDPE-g-MAH was 

greater than 12.5 wt%. When the LDPE-g-MAH content was above 15 wt%, we 

observed in the three-layer films a concomitant elongation and break in the blend layer 

of the film in addition to peeling at the interface between layers of EVOH and blend. As 

mentioned above, this observation indicates that good adhesion exists between the blend 

and EVOH layers and, as a result, it changes the failure mechanism from adhesive to 

cohesive. 

The interactions at the interface between the blend and EVOH layers were analyzed 

by FTIR spectroscopy as shown in Figure 4-2. Table 4-3 lists the absorbances of the 

ester bands near 1710 cm–1 and the hydroxyl bands near 3350 cm–1. We observe a 

continuous increase in the intensity of the ester absorbance and a decrease in that of the 
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hydroxyl absorbance upon increasing the amount of LDPE-g-MAH. The increase in the 

ester band absorbance is attributed to covalent bonding between the carbonyl groups in 

LDPE-g-MAH and the hydroxyl groups in EVOH. These stronger interactions lead to 

an increase in the adhesion between the blend and EVOH layers, which is a property 

supported by the increasing peel strengths shown in Figure 4-1. 

 

4.3.2 Tensile Properties 

Figure 4-3 shows the tensile properties in both the machine direction (MD) and the 

transverse direction (TD) as a function of the amount of LDPE-g-MAH (0 to 25 wt%). 

In Figure 4-3(a), we see that the tensile strength does not change significantly in either 

the MD or the TD upon changing the relative amount of LDPE-g-MAH. The tensile 

strengths of three-layer films, however, are all lower than those of the films of the 

individual materials (see table 4-2). These results are much different from those reported 

for three-layer films of LDPE/tie/PS [15] and two-layer films of LDPE/tie, Nylon 6/tie 

and LDPE/Nylon 6 [14]. In these previous studies, the tensile strengths of the two- or 

three-layer films were found to follow the additivity rule [15]. Figure 4-3(b) shows that 

the elongation at break increases slightly as the relative amount of LDPE-g-MAH 

increases. It is believed that high-elongation materials, such as LDPE or LDPE-g-MAH, 

as shown in Table 4-2, block transverse crack propagation in the EVOH layer, which 

causes the elongation to be about twice that of the separate single EVOH film in both 

the MD and TD [15]. Figure 4-3(c) shows that the tensile modulus increases initially — 

up to 10 wt% for the MD and 5 wt% for the TD — with increasing the relative amount 

of LDPE-g-MAH, and then it stays constant This property is due to the much higher 

tensile modulus of EVOH, as shown in Table 4-3, which leads to improved tensile 

moduli for the three-layer films as a result of strong adhesion between LDPE and 
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EVOH. 

 

4.3.3 Tear Properties 

Figure 4-4 presents the tear strengths of the three-layer films investigated in both the 

MD and TD. A continuous decrease in tear strength is observed upon increasing the 

relative amount of LDPE-g-MAH. This property is due to the poor tear resistance of 

EVOH (see Table 4-2) and the increase in adhesion, i.e., the increase of the degree of 

chemical bonding. The crack propagation in EVOH continues relatively easily and this 

failure mechanism transfers to the blend layers because of the chemical bonding in the 

three-layer film structures. Thus, the better the adhesion, the easier it becomes for crack 

growth to occur through the entire three-layer film, which results in lower tear strengths. 

 

4.3.4 Oxygen Permeability 

  Figure 4-5 presents the oxygen permeabilities of the three-layer films as a function of 

the relative amount of LDPE-g-MAH, and shows that it is almost constant. For the sake 

of comparison, this figure also shows the theoretical predictions of oxygen 

permeabilities using the inverse additivity rule [19]:  

EVOH

EVOH

blend

blend

layerthree PPP
ϕϕ

+=
−

1
 (4.1) 

where ϕ is the volume fraction and P is the oxygen permeability. Table 4-2 lists the 

oxygen permeabilities of the individual component materials. A good agreement exists 

between the experimental and theoretical data. Figure 4-6 displays the experimental and 

theoretical oxygen permeabilities of the three-layer films as a function of EVOH content. 

As expected, the permeability decreases with increasing the relative amount of EVOH, 

and it agrees reasonably well with the theoretical prediction. 
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4.3.5 Water Vapor Permeability 

Figures 4-7 and 4-8 present the water vapor permeabilities of the three-layer films as 

a function of the relative amounts of LDPE-g-MAH and EVOH, respectively. For the 

sake of comparison, the two figures also show the theoretical predictions made by 

Equation (4.1) and data of individual component materials (see Table 4-2). In Figure 4-7, 

we see that the water vapor permeability of the three-layer films is almost constant with 

respect to the LDPE-g-MAH content, but a significant discrepancy exists between the 

experimental data and the theoretical prediction. Figure 4-8 shows that upon increasing 

the EVOH content the water vapor permeability of the three-layer films decreases 

slightly and the discrepancy between the experimental data and theoretical prediction 

becomes larger. From these observations, we conclude that a constant relative amount of 

EVOH leads to an almost constant discrepancy between the experimental and 

theoretical data, but that increasing levels of EVOH result in larger discrepancies. This 

feature may be due to the increased amount of intramolecular hydrogen bonding in the 

EVOH layer, which allows barely any water vapor to pass through the three-layer films. 

Figure 4-9 shows the IR absorption spectra, viewed in the region of the hydroxyl band, 

of the three-layer films as a function of EVOH content. With increasing EVOH content, 

the absorption peaks of the hydroxyl bands near 3350 cm–1 shift towards lower 

wavenumbers as a result of the increasing degree of intramolecular hydrogen bonding 

[22,23]. The magnitude of the band shift is proportional to the strength of hydrogen 

bonding. The increased strength of hydrogen bonding makes it more difficult for water 

vapor to pass through the films, and results in a larger discrepancy observed between 

the experimental data and the theoretical prediction. 
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4.4 Conclusions 

 

We have fabricated three-layer films, consisting of EVOH as the internal layer and 

blends of low-density polyethylene and low-density ethylene grafted with maleic 

anhydride (LDPE-g-MAH) as external layers, by a coextruded blown-film process. By 

investigating the adhesion, permeability and mechanical properties, we make the 

following conclusions: (1) The adhesion of three-layer films, consisting of incompatible 

layers, can be improved by using blends of maleated low-density polyethylene and 

low-density polyethylene as a result of ester bond formation, which can be analyzed by 

FTIR spectroscopy. (2) The tensile strength does not change with increasing 

LDPE-g-MAH content, but it results in a slight increase in elongation of both the MD 

and TD. The modulus is only slightly increased at low levels of the LDPE-g-MAH 

content, and is almost constant in the MD and TD when the amount of LDPE-g-MAH is 

greater than 10 and 5 wt%, respectively. (3) The tear strengths in both the MD and TD 

decrease significantly with increasing LDPE-g-MAH content as a result of the greater 

ease of crack propagation in EVOH that is transferred to the entire three-layer film by 

the improved adhesion. (4) The oxygen permeabilities of the three-layer films follow 

the inverse additivity rule upon varying the EVOH and LDPE-g-MAH contents. The 

water vapor permeabilities of the three-layer films, however, did not follow this rule 

because increasing degrees of hydrogen bonding result in reduced permeability. 
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Table 4-1 Thickness of Individual Layers of Three-layer Films with various EVOH 

contents. 

Sample No. 
Composition (wt%) 

Blend*/EVOH 

Layer Thickness (μm) 

Blend/EVOH 

1 92.1/7.9 136/9 

2 87/13 130/15 

3 82.9/17.1 125/20 

4 78.8/21.2 120/25 

5 75.6/24.4 116/29 

* blend = LDPE (85wt%) / LDPE-g-MAH (15wt%) 
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Table 4-2 Properties of films for Individual Component Materials. 

Material 

Property LDPE 

(130μm) 

LDPE-g-MAH 

(130μm) 

EVOH 

(20μm) 

Tensile Strength MD/TD (MPa) 24.2/21.4 23.6/20.6 63/45 

Tensile Elongation MD/TD (%) 670/720 690/750 280/210 

Tensile Modulus MD/TD (MPa) 205/220 220/235 1590/1610 

Tear Strength MD/TD (N) 9.9/12 10.3/12.4 <0.1/<0.1 

Oxygen Permeabilitya 

(ml-mm/m2-24hr-atm)×102 
1300 1250 11 

Water Vapor Permeabilityb 

(g-mm/m2-24hr)×102 
9 8.7 700 

a 23℃, 0% relative humidity 

b 38℃, 90% relative humidity 
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Table 4-3 IR absorbance of hydroxyl and ester bands of three-layer films with different 

LDPE-g-MAH contents.  

LDPE-g-MAH content (wt%) Hydroxyl Band 

3350cm-1 

Ester Band 

1710 cm-1 

0 623.9 0.461 

5 610.2 0.547 

7.5 600.7 0.583 

10 592.8 0.616 

12.5 587 0.671 

15 575.7 0.714 

20 560.1 0.789 
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Figure 4-1 Peel Strength between LDPE/LDPE-g-MAH blend and EVOH of three-layer 

films as a function of LDPE-g-MAH content. 
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Figure 4-2(a) IR absorption spectra of three-layer films at the hydroxyl band with 

various LDPE-g-MAH contents. 
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(b) 

Figure 4-2(b) IR absorption spectra of three-layer films at the ester band with various 

LDPE-g-MAH contents. 
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Figure 4-3(a) Strength at break of three-layer films as a function of LDPE-g-MAH 

content for both MD and TD. 
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Figure 4-3(b) Elongation at break of three-layer films as a function of LDPE-g-MAH 

content for both MD and TD. 
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(c) 

Figure 4-3(c) Modulus of three-layer films as a function of LDPE-g-MAH content for 

both MD and TD. 
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Figure 4-4 Tear strength of three-layer films as a function LDPE-g-MAH content for 

both MD and TD. 
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Figure 4-5 Oxygen permeabilities of three-layer films as a function of LDPE-g-MAH 

content. 
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Figure 4-6 Oxygen permeability of three-layer films as a function of EVOH content. 
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Figure 4-7 Water vapor permeability of three-layer films as a function of LDPE-g-MAH 

content. 

 

 

 

 

 

 

 



 4-27

 

 

 

8 10 12 14 16 18 20 22 24
0

4

8

12

16

 

 Experimental Data
 Theoretical Prediction

Amoung of EVOH (wt%)

W
at

er
 V

ap
or

 P
er

m
ea

bi
lit

y 
x1

02 (g
-m

m
/m

2 -2
4h

r)

 

 
Figure 4-8 Water vapor permeability of three-layer films as a function of EVOH 

content. 
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Figure 4-9 IR absorption spectra of three-layer films at the hydroxyl band with various 

EVOH contents. 
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Chapter 5 

 

Morphological, Thermal, Barrier and Mechanical 

Properties of LDPE/EVOH Blends in Extruded Blown Films 

 

5.1 Introduction 

 

Plastic materials with good gas- and solvent-barrier properties offer a variety of 

advantages over metals and glasses for use in applications such as packaging films 

and containers. The most important requirement for the use of plastics in food 

packaging films is their impermeability to gases (i.e., the barrier property). 

Mechanical properties, especially tensile and tear properties, should also meet final 

product specifications. No single polymeric material, however, can offer all of the 

required properties and, therefore, a combination of polymers is generally employed. 

Polyolefins, such as polyethylene (PE) and polypropylene (PP), are the most widely 

used resins applied as films for packaging because of their good mechanical and 

barrier properties towards moisture. Ethylene–vinyl alcohol copolymer (EVOH) has 

excellent gas-barrier properties and resistance to oil and organic solvents [1–4]. It is 

very sensitive to moisture, however, and loses its gas-barrier properties at high 

relative humidity because water acts as a plasticizer, weakening the hydrogen bonding 

between the polymer molecules [5–8]. Thus, in modern food packaging technology, it 

is common to coextrude multilayer films that consist of distinct layers that act as 

barriers to both moisture and gas. Coextruded multilayer films have been made by 

processing cap materials (such as PE or PP), tie resins, and the center barrier resins 
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[such as EVOH or PA (polyamide)] through their respective extruders and a feedblock, 

and then through a die to give typical five-layer films [9]. This technology, however, 

comes at a high cost and requires a complex degree of control, and the final product is 

not recyclable. A current alternative approach, employing polymer blends, appears to 

be beneficial for designing materials from a combination of a barrier material (EVOH) 

and a lower-cost matrix material (PE or PP). The blend processing can occur in a 

single-step operation and offers process versatility and low product cost [10,11]. The 

ultimate behavior of the polymer blend depends largely on the morphology of the 

blend. Previous studies have established that the formation of a laminar morphology 

in a polymer blend increases the tortuous path, which improves the barrier properties. 

[12–14]. The morphology of a polymer blend is determined by many factors, such as 

the interfacial tension, the blend composition, the viscosity ratio of the components, 

the blending sequence, and the processing conditions, which include the temperature, 

residence time, flow history, shear stress, and draw ratio [12–19].  

One of the most important methods for controlling the blend morphology is 

modifying the interface between the phases, by addition of a compatibilizer, to obtain 

greater compatibility [20,34]. The compatibilizer may reduce the interfacial tension 

and, hence, increase the adhesion between phases and, as a result, allow a finer 

dispersion, a more stable morphology, and an improvement in mechanical [15, 

21–24,35,36] and barrier properties [12–14]. The compatibilizer also affects the 

crystallization and melting behavior of the polymer blend [15,25,26]. 

Previous reports have described the preparation of samples of blend films that are 

relatively very thick—several hundreds of microns [15,19,27]—but, in most 

applications, films are usually required to have a thickness of about a hundred 

microns or less.  In this paper, we report relatively thinner film blends fabricated by 

an extruded blown-film process, using conventional processing conditions to produce 
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highly and biaxially oriented films. We investigated the effects that the compatibilizer 

has on the morphological, thermal, barrier, and mechanical properties of 

LDPE/EVOH blend films. 

 

5.2 Experimental 

 

5.2.1 Materials 

  Commercial grade low-density polyethylene [LDPE, 6030F, M. I. (g/10 min, 190 

°C, 2.16 kg) = 0.27, density = 0.922 g/cm3] was supplied by Formosa Plastic Corp. 

(Taiwan) in pellet form. The ethylene–vinyl alcohol copolymer was provided in pellet 

form [EVOH, F101A, ethylene content (mol%) = 32, M. I. (g/10 min, 190 °C, 2.16 kg) 

= 1.6, density = 1.19 g/cm3] by Kuraray Co. (Japan). The compatibilizer, Modic-AP 

L502, was obtained from Mitsubishi Chemical Corp. (Japan). It is a low-density 

polyethylene-grafted maleic anhydride (LDPE-g-MAH).  

 

5.2.2 Blend Film Preparation 

In each blend, the weight ratio of LDPE to EVOH was 85:15, and the amount of the 

compatibilizer was 0, 0.5, 1, 2, 4, 6, 8 or 10 phr. All components were premixed by 

tumbling and then fed simultaneously into the single-screw extruder (diameter = 

42mm, L/D = 28) attached to the blown-film die (inner diameter = 76 mm; gap 

thickness = 1.2 mm). The temperature profiles for the three heating sections of the 

extruder barrel and die were set at 190, 210, 230, and 240 °C, and the screw speed 

was 45 rpm. Above the exit of the die, the blend films were inflated and cooled with 

air and stretched by a take-off device. The ratios of take-off (take-off linear rate/linear 

rate of extrusion) and blow-up (diameter of bubble/diameter of blown-film die) were 

8 and 2.6, respectively, and the frost-line height was 40 cm. Because of its 
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hygroscopic behavior, EVOH was dried carefully in a vacuum oven for 24 h at 60 °C 

before blending. For comparison, pure EVOH and LDPE films were prepared under 

the same processing conditions. 

 

5.2.3 Morphological Analysis 

We used two methods to obtain information on the different morphological 

behavior of the LDPE/EVOH blends upon the addition of LDPE-g-MAH. In the first 

method, specimens were prepared by fracturing the blend films cryogenically. The 

fracture surface was coated with a thin layer of gold and observed by scanning 

electron microscopy (SEM). In the second method, the blend films were placed 

between a pair of glass slides and treated in hot xylene, which resulted in selective 

dissolution of the LDPE matrix and separation of the EVOH dispersed phase. The 

separated EVOH domains were examined with an optical microscope (OM) so that 

we could determine the actual shape of the dispersed EVOH domains. 

 

5.2.4 Thermal Analysis 

Differential scanning calorimetry (DSC, TA instruments Q10) was used to study the   

melting temperature and crystallization of the blend films. In each heating cycle, the 

temperature was increased from 30 to 220 °C at a rate of 10°/min, maintained at 220 

°C for a period of 5 minutes, and then cooled to 40 °C at –2°/min to erase the thermal 

history. 

 

5.2.5 Permeability Measurements 

The oxygen-permeability properties of blend films were measured using a Lyssy 

L-100-5000 Gas Permeability Tester, following the ASTM Standard Method D1434. 

The oxygen permeability of the blend films were measured at 23 °C with a relative 
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humidity of 0%. The temperature of both the testers was controlled by a water bath. 

The detailed procedure of tester is summarized in Ref. [29]. 

 

5.2.6 Mechanical Measurements 

  The mechanical measurements, including tensile and tear properties, of the blend 

samples were performed using a tensile tester at room temperature, following the 

procedures described in ASTM D882 and D1938, respectively. For both 

measurements, at least ten samples were tested in both the machine and transverse 

directions. 

 

5.3 Results and Discussion 

 

5.3.1 Morphological Characterization 

In this study, the compatibilizer (LDPE-g-MAH) was used to reduce the interfacial 

tension and, hence, to increase the adhesion between the two immiscible phases of 

LDPE and EVOH. Furthermore, it also prevents coalescence of the dispersed particles 

during the melt flow through a die after the dispersed domains have been crushed by 

the high shear stress induced by screw rotation in the extruder [20]. Figure 5-1 shows 

SEM images of the morphological changes across the film thickness of the 

LDPE/EVOH blend films prepared with varying amounts of compatibilizer (from 0 to 

8 phr). We observe more and thinner EVOH layers (laminar-like structures) when the 

amount of compatibilizer was increased. Figure 5-2 shows the optical micrographs of 

the LDPE/EVOH blend films prepared with various amounts of compatibilizer (from 

0 to 10 phr). We see that the dispersed EVOH domain deforms into fibrils in the 

LDPE matrix when the amount of compatibilizer is small. This effect is due to 

efficient transfer of shear stress from the LDPE matrix to the dispersed EVOH 
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domain during extrusion and, subsequently, by the high drawing and cooling rates 

[16,28]. As the amount of compatibilizer is increased, the shape of the dispersed 

EVOH domain changes gradually from fibrils to small spherulites. This change is due 

to the fact that the increasing amount of compatibilizer results in a decrease in the 

interfacial tension and leads to smaller EVOH domains; it is difficult to deform the 

small particles during the extrusion and subsequent drawing and blowing processes 

[30,31]. 

 

5.3.2 Melting and Crystallization 

  Figures 5-3 and 5-4 show the first and second heating thermograms of 

LDPE/EVOH blend films having varying amounts of compatibilizer. The endothermic 

peak temperatures of both LDPE and EOVH are not changed significantly upon 

addition of the compatibilizer and remain almost constant during both heating cycles. 

In addition, these temperatures are roughly the same as those of the corresponding 

bulk polymers. The heat of fusion of LDPE remained constant upon the addition of 

the compatibilizer, but that of EVOH slightly increased and then remained constant 

when the amount of compatibilizer was greater than 4 phr. These results for LDPE are 

the same as those found by Lee and Kim [15], but our results for EVOH are 

somewhat different from their findings that the endothermic peak temperature and 

heat of fusion for EVOH decrease with increasing amounts compatibilizer as a result 

of constraint effects of the grafted EVOH in the dispersed EVOH phase. We observed 

no depression of either the melting temperature or the heat of fusion of EVOH. These 

results could be due to the existence of chemical bonds that form only at the surface 

of the EVOH domains, which is a situation that will not result in constraint effects of 

the grafted EVOH (EVOH-g-LD) or destruction of the inherent properties of EVOH. 

Figure 5-5 displays the melting peak temperatures of LDPE/EVOH blend films 
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during the first and second heating cycles. The melting peak temperatures of the 

second heating cycle were higher by ca. 1 °C than those of the first for both LDPE 

and EVOH at all amounts of compatibilizer. The temperature difference may be due 

to the different cooling rates between the blown-film process and the DSC cooling 

process. Since the cooling rate in the DSC program is much slower than that in the 

blown-film process, the polymer chains of both LDPE and EVOH can crystallize 

better, which leads to the higher melting temperatures. 

Figure 5-6 displays a comparison between the heats of fusion of the first and 

second heating cycles. The heats of fusion of LDPE for both heating cycles are very 

close, but the heat of fusion of EVOH for the first heating cycle is much higher than 

that of the second, which is an observation that we attribute to stress-induced 

crystallization resulting from stretching and molecular alignment (high and biaxial 

orientation) of the blown films during the blown-film process. This phenomenon 

explains why the heat of fusion of the uncompatibilized LDPE/EVOH blend films is 

slightly smaller than those of the compatibilized ones, as shown in Figures 5-3 and 

5-4. The transfer of stress from the LDPE matrix to the dispersed EVOH domain in 

the uncompatibilized LDPE/EVOH blend is less than that of the compatibilized 

LDPE/EVOH blend during the extrusion and subsequently high drawing and blowing 

processes. 

Figure 5-7 shows the cooling thermograms of LDPE/EVOH blend films having 

varying amounts of compatibilizer. The exothermic peak temperatures of both LDPE 

and EVOH do not change significantly upon addition of the compatibilizer and 

remain at almost a constant temperature during both the first and second heating 

cycles. Additionally, these temperatures are roughly equal to the values of the 

corresponding bulk polymers. The heats of crystallization also remain constant for 

both LDPE and EVOH, which is a situation that can be explained using the same 



 5-8

reasoning we used in discussing Figures 5-3 and 5-4. 

 

5.3.3 Oxygen Barrier Properties 

Figure 5-8 displays the effect of compatibilizer content on the oxygen permeability 

of LDPE/EVOH blend films, which are highly and biaxially oriented (blow-up ratio: 

2.6; take-off ratio: 8). As indicated, the oxygen permeability is initially reduced upon 

the addition of compatibilizer. As the amount of compatibilizer increases, the oxygen 

permeability also increases slightly. There existed a better barrier oxygen property of 

blend films than that of pure LDPE as shown in Figure 5-8. 

The results of oxygen permeability measurements of the compatibilized 

LDPE/EVOH blend films fabricated by high- and biaxial-oriented blown-film 

processes differ somewhat from those of PP/EVOH [19]. For PP/EVOH, there exists 

an optimal amount of compatibilizer for obtaining maximized barrier properties in 

well-developed laminar structures of blend films that were fabricated by the biaxially 

stretched cast-film process with a draw ratio of 3.5 × 3.5 at 160 °C. In our current 

study, although the blend films have well-developed laminar structures upon adding 

the compatibilizer, as shown in Figures 5-1 and 5-2, their oxygen permeabilities 

increase slightly as the amount of compatibilizer increases. This effect may be due to 

the poor miscibility between LDPE-g-MAH and LDPE/EVOH blend films fabricated 

by the blown-film process (highly and biaxially stretched), which results in the 

formation of microvoids during cooling because of the large difference in 

crystallization temperatures, as shown in Figure 5-7. During cooling in the blown-film 

process, the dispersed EVOH domain crystallizes earlier than does LDPE and 

becomes a heterogeneity in the LDPE matrix, which causes the stress of the matrix, 

induced by the high and biaxial orientation, to transfer to the EVOH domains by 

compatibilizer difficultly and results in a concentration of stress at the interface of the 
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two phases, which results in microvoids forming there. Although the EVOH domain 

yields more and thinner dispersed phases as the amount of compatibilizer increases, 

resulting in an increase in the contour length of the interface between the two phases 

as shown in Figure 5-2, this phenomenon increases the likelihood of microvoid 

formation during cooling and increases the oxygen permeability slightly. 

In this study, uncompatibilized blend films were observed having poor barrier 

properties because oxygen molecules can diffuse easily through the microvoids 

formed at the interface between the two immiscible phases during the biaxially 

oriented blown film process.  

 

5.3.4 Mechanical Properties 

5.3.4.1 Tensile Properties 

The tensile properties of our blend films in both the machine direction (MD) and 

the transverse direction (TD) are displayed in Figures 5-9 and 5-10. In Figure 5-9, we 

see that the MD tensile strength at the break of the blend films initially increases with 

increasing compatibilizer content of up to 1 phr, and then decreases and stays constant. 

Moreover, we have found that the addition of a compatibilizer to be a method for 

improving the mechanical properties of immiscible blends, and that the optimal 

compatibilizer content for maximizing MD tensile strength at the break is also a result 

of the morphology as shown in Figure 5-2. In Figure 5-2(c), the shapes of the 

dispersed EVOH domains are elongated fibrils aligned to the MD and the strength of 

the pure EVOH film is much higher than that of LDPE (Table 5-1). Thus, we believe 

that systems of LDPE/EVOH blends having low amounts of compatibilizer behave 

like fibril-reinforced composites [24,32,33]. As the shape of the dispersed EVOH 

domains changes from fibrils to spherulites, as shown in Figure 5-2, the effect of the 

fibril reinforcement disappears and the tensile strength decreases. The TD tensile 
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strength at break of the blend films increases upon increasing the compatibilizer 

content. Increasing the compatibilizer content results in reduction of the dispersed 

EVOH domain size, which leads to less stress concentrating at the interface between 

the dispersed phase and the matrix phase and results in increasing tensile strength in 

the TD. The elongation at break in the MD and TD initially increases with increasing 

compatibilizer content and then stays constant, as shown in Figure 5-10, which we 

attribute to enhancement of the interfacial adhesion between the LDPE and EVOH 

phases. 

 

5.3.4.2 Tear Properties 

Figure 5-11 displays the tear propagation strength in both the MD and TD. The MD 

tear propagation strength varies with the compatibilizer content, as does the TD 

tensile strength. On the other hand, the TD tear propagation strength varies with the 

amount of compatibilizer, as does that MD tensile strength. As a result, the failure 

mechanism of tear propagation in the MD and TD are like those of the tensile failure 

in the TD and MD, respectively. The TD tear strength has a much higher value than 

that of the MD, which is a phenomenon that is due to the high degree of orientation of 

the molecules in the MD. 

 

5.4 Conclusions 

 

  In this study, LDPE/EVOH blend films, highly and biaxially oriented, were 

fabricated successfully by a blown-film process. By investigating the morphological, 

thermal, barrier, and mechanical properties of LDPE/EVOH blend films with respect 

to their compatibilizer content, we reach the following conclusions: (1) In the 

LDPE/EVOH binary system, the EVOH domains have fibril-like structures at low 
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amounts of compatibilizer and are spherulite-like at high levels. When the amount of 

compatibilizer increases, the EVOH domains yield more and thinner EVOH layers, 

which result from lower interfacial tension. (2) The melting and crystallization 

processes do not change significantly with the addition of the compatibilizer because 

there is little or no constraint effect of the grafted EVOH (EVOH-g-LD). (3) There is 

a large difference in the heat of fusion between the first and second heating cycles. 

During the blown-film process, high and biaxial orientation leads to stress-induced 

crystallization. The processing and thermal history is faded during the DSC 

isothermal program prior to the second heating cycle, which results in a lower heat of 

fusion than in the first. There is also a difference in the cooling rates of the blown-film 

process and the DSC program. The cooling rate in the DSC program (2°/min) is much 

slower than that in the blown-film process, and so the polymer chains of both LDPE 

and EVOH can crystallize more perfectly, which leads to higher melting temperatures. 

(4) Oxygen permeability of the LDPE/EVOH blend films is reduced slightly upon 

increasing the amount of compatibilizer as a result of the presence of microvoids 

between the two phases. The microvoids, which form during cooling in the 

blown-film process, result in more gas being able to pass through the LDPE/EVOH 

blend films and, hence, they increase the oxygen permeability. (5) We found that there 

is an optimal level of compatibilizer content (1 phr) for maximizing the MD tensile 

strength and elongation. On the other hand, increasing the amount of compatibilizer 

results in an increase in the TD tensile strength and elongation. The trend of tear 

strength with respect to the amounts of compatibilizer is similar to that observed for 

the tensile strength. 
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Table 5-1 Tensile properties of pure LDPE and EVOH films for both MD (machine 

direction) and TD (transverse direction) (ASTM D882). 

 

Material Tensile Strength 

at Break 

(MPa) 

MD 

Tensile Strength 

at Break 

(MPa) 

TD 

Elongation  

at Break 

(%) 

MD 

Elongation 

at Break 

(%) 

TD 

LDPE 28 29 550 650 

EVOH 60 55 270 250 
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                (a)                                  (b) 

    

                 (c)                                 (d) 

Figure 5-1 SEM micrographs of LDPE/EVOH blend films with various 

compatibilizer contents; (a) 0 phr, (b) 1 phr, (c) 4 phr and (d) 8 phr. 
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    (a)         (b) 

      

    (c)         (d) 

   

     (e) 

Figure 5-2 Optical micrographs of LDPE/EVOH blend films with various 

compatibilizer contents; (a) 0 phr, (b) 0.5 phr, (c) 1 phr, (d) 6 phr and (e) 10phr. 
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Figure 5-3(a) The DSC 1st heating thermograms of LDPE/EVOH blend films with 

various compatibilizer contents.  
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Figure 5-3(b) The melting peak temperature of LDPE/EVOH blend films with various 

compatibilizer in DSC 1st heating thermograms.  
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Figure 5-3(c) The heat of fusion of LDPE/EVOH blend films with various 

compatibilizer in DSC 1st heating thermograms.  
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Figure 5-4(a) The DSC 2nd heating thermograms of LDPE/EVOH blend films with 

various compatibilizer contents. 
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Figure 5-4(b) The melting peak temperature of LDPE/EVOH blend films with various 

compatibilizer in DSC 2nd heating thermograms. 
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Figure 5-4(c) The heat of fusion of LDPE/EVOH blend films with various 

compatibilizer in DSC 2nd heating thermograms.  
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Figure 5-5 Melting peak temperatures of 1st and 2nd heating of LDPE/EVOH blend 

films with various compatibilizer contents. 
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Figure 5-6 Heat of fusions of 1st and 2nd heating of LDPE/EVOH blend films with 

various compatibilizer contents. 
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Figure 5-7(a) The DSC cooling thermograms of LDPE/EVOH blend films with 

various compatibilizer contents (cooling rate = 2℃/min). 
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Figure 5-7(b) The crystallization peak temperature (Tc) of LDPE/EVOH blend films 

with various compatibilizer contents (cooling rate = 2℃/min) in the DSC cooling 

thermograms. 
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Figure 5-8 Oxygen permeability of LDPE/EVOH blend films with various 

compatibilizer contents. Dash line represents the oxygen permeability of LDPE. 
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Figure 5-9 Tensile strength at break of LDPE/EVOH blend films with various 

compatibilizer contents for both MD (machine direction) and TD (transverse 

direction). 
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Figure 5-10 Elongation at break of LDPE/EVOH blend films with various 

compatibilizer contents for both MD (machine direction) and TD (transverse 

direction). 
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Figure 5-11 Tear propagation resistance of LDPE/EVOH blend films with various 

compatibilizer contents for both MD (machine direction) and TD (transverse 

direction). 
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Chapter 6 

 

Conclusions and Future Work 

 

In this study, we have successfully fabricated laminar polymeric films by 

coextrusion and blending processes. For a typical multilayer structure, HDPE/tie/PA-6 

(A/B/C), which we fabricated by coextrusion, we investigated and predicted the film’s 

permeability and tensile behavior. For another type of multilayer structure, 

blend/EVOH/blend (A/B/A), we investigated the adhesion, mechanical, and barrier 

properties. In addition, we also investigated a laminar polymeric film, LDPE/EVOH 

blend, which we fabricated by blending and a subsequent blown-film process, with 

respect to its morphological, thermal, barrier, and mechanical properties. According to 

the research undertaken during this study, we arise at the following conclusions: 

 

For the HDPE/tie/PA-6 film 

1. We have investigated the permeabilities of three gases, N2, O2, and CO2, and water 

vapor. We found that predictions of both the gas and water vapor permeabilities of 

the three-layer films with respect to the volume fraction of PA-6, based upon those 

of the individual component layer films, can be made in good agreement with the 

experimental data when using a series model. 

2. We employed a constitutive equation (equation A) to describe the tensile behavior 

of the films over the range of plastic deformation. The tensile behavior of the 

component layers and multilayer films at various crosshead speeds can be 

expressed precisely by using a constitutive equation that has three parameters in 
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the true stress–strain relationship: γM, m, and K. 

3. We examined the relationships between the parameters of the monolayers of the 

component layers and those of the three-layer films by using an additive rule. By 

using this rule, we can also predict — with good agreements in the true 

stress–strain relationship — the tensile behavior of the three-layer film from that 

of each individual component, but a larger discrepancy exists between the 

modeled and experimental data at a high crosshead speed because heat is 

generated during the deformation process. 

4. We also employed a simplified constitutive equation (equation B), which has two 

parameters, γ and σ0, based on the equation A, to describe the tensile behavior of 

the films over the range of plastic deformation and to predict the parameters of the 

three-layer films from those of the monolayers of the component layers. The 

results are similar to those mentioned in point 3 above. The validity of the strain 

range for equation B (from 0.3 to 1.4), however, is much smaller than that for A 

(from 0.45 to 2.1).  

5. In essence, we can efficiently design the compositions of a multilayer structure to 

achieve specific permeability and/or tensile properties by employing these model 

predictions before processing. 

 

For the blend/EVOH/blend films 

1. The adhesion of three-layer films, consisting of incompatible layers, can be 

improved by using blends of maleated low-density polyethylene and low-density 

polyethylene. This improvement arises as a result of ester bond formation, which 

we analyzed by FTIR spectroscopy. 

2. The tensile strength does not change upon increasing the LDPE-g-MAH content, 

but it results in a slight increase in the elongation of both the MD and TD. 
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3. The modulus is increased only slightly at low levels of LDPE-g-MAH content, 

and remains almost constant in the MD and TD when the amount of 

LDPE-g-MAH is greater than 10 and 5 wt%, respectively. 

4. The tear strengths in both the MD and TD decrease significantly upon increasing 

the LDPE-g-MAH content as a result of the greater ease of crack propagation in 

EVOH that is transferred to the entire three-layer film by the improved adhesion. 

5. The oxygen permeabilities of the three-layer films follow an inverse additive rule 

upon varying the EVOH and LDPE-g-MAH contents. 

6. The water vapor permeabilities of the three-layer films, however, do not follow 

this rule because increasing degrees of hydrogen bonding result in reduced 

permeability. 

 

For the LDPE/EVOH blend films 

1. In the LDPE/EVOH binary system, the EVOH domains have fibril-like structures 

at low levels of compatibilizer and are spherulite-like at high levels. When the 

amount of compatibilizer increases, the EVOH domains yield more and thinner 

EVOH layers, which result from the lower interfacial tension. 

2. The melting and crystallization processes do not change significantly upon the 

addition of the compatibilizer because there is little or no constraint effect of the 

grafted EVOH (EVOH-g-LD). 

3. There is a large difference in the heat of fusion between the first and second 

heating cycles. During the blown-film process, high and biaxial orientation leads 

to stress-induced crystallization. The processing and thermal history is faded 

during the DSC isothermal program prior to the second heating cycle, which 

results in a lower heat of fusion than in the first. There is also a difference in the 

cooling rates of the blown-film process and the DSC program. The cooling rate in 
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the DSC program (2°/min) is much slower than that in the blown-film process, 

and so the polymer chains of both LDPE and EVOH can crystallize more perfectly, 

which leads to higher melting temperatures. 

4. Oxygen permeability of the LDPE/EVOH blend films is reduced slightly upon 

increasing the amount of compatibilizer, as a result of the presence of microvoids 

between the two phases. The microvoids, which form during cooling in the 

blown-film process, result in more gas being able to pass through the 

LDPE/EVOH blend films and, hence, they increase the oxygen permeability. 

5. We found that there is an optimal level of compatibilizer content (1 phr) for 

maximizing the tensile strength and elongation in the MD. On the other hand, 

increasing the amount of compatibilizer results in an increase in the tensile 

strength and elongation in the TD. The trend of tear strength with respect to the 

amounts of compatibilizer is similar to that observed for the tensile strength. 

 

Laminar structures can be produced that incorporate several or tens of layers by using 

coextrusion and blending processes. In recent years, laminar structures that require 

hundreds or thousands of layers have been fabricated to produce unique properties. 

Among these properties are enhancements in mechanical, barrier, and optical 

properties. Microlayer technologies are being developed that use layer generators to 

produce laminar structures comprising hundreds or thousands of layers. In microlayer 

structures, the layers are very thin and this situation can easily lead to instability 

between each layer; such instability can result in the poor performance of the final 

product. Thus, technologies for the design of layer generators and for the control of 

processing conditions remain a significant challenge. 
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