
 

ABSTRACT 

JAIN, SIDDHARTH RAVENDRA. Development of Interfacial Adhesion during the 
Thermal Bonding of Nonwovens. (Under the direction of Dr. S. Michielsen, Dr. B. 
Pourdeyhimi and Dr. R. Gorga.) 
 

In this work we have tried to relate the thermal bond strengths with the concepts of chain 

dynamics via interfacial adhesion development at symmetric polymer interfaces. To 

relate structural bond strengths with polymer chain dynamics we need a molecular 

connectivity relation. This requires relation of the microscopic dynamics of chains with 

macroscopic interfacial adhesion measurements. Previous literature does indicate that the 

nonwoven fabric strength reaches a maximum for a particular value of any of the 

following variables: temperature, contact time, pressure and quench rate, while the others 

are kept constant. The rationale for such a behavior has been supported in qualitative 

terms where a fundamental understanding of the polymer physics is lacking. The 

properties of reptation and diffusion of polymer chains to form effective entanglements 

and boost interfacial adhesion has been reviewed. The present work provides a useful 

compendium of valuable inter-relations between the effects of calendar speed and 

calendar temperature on interfacial bond strengths. The varying molecular weights of the 

polymer have been found to affect the thermal bonding process in previous studies. Our 

results for the effect of varying molecular weight on bond strengths are in tandem with 

Wool’s theory for amorphous polymers. We have further extended Wool’s work by 

finding useful co-relations of his theory with symmetric semi-crystalline polymers. An 

interesting trend for the effect of molecular weight on interfacial adhesion has been 

presented. 
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1.  INTRODUCTION 

The Association of the Nonwovens Fabrics Industry (INDA) defines nonwovens as “a 

sheet or web structures bonded together by entangling fibers or filaments (and by 

perforating films) mechanically, thermally or chemically. They are flat, porous sheets that 

are made directly from separate fibers or from molten plastic or plastic film.” 

 

The nonwoven production process starts with web formation. This web is held together 

by inter-fiber friction and entanglements. As mentioned above these fibers then are 

bonded either mechanically (by using water jets i.e. hydroentangling; or needles i.e. 

needle-punching), chemically (use of adhesives and binders) or thermally (using heat 

energy). Heat can be supplied by conduction (calendar rolls), convection (through air and 

impingement bonding) or radiation (infrared heating). Ultrasonic bonding relies on the 

conversion of electromagnetic energy into mechanical energy1, 2. 

 

The purpose of this chapter is to provide basic information related to nonwovens, the 

thermal bonding process and the factors that affect the properties of calendar bonded 

nonwovens. 

 

1.1   Thermal Bonding Basics 

Thermal bonding is one of the most popular methods for bonding fabrics. Thermal 

bonding also known as ‘calendaring’ employs direct contact of the fibers with heat and 

necessary pressure to produce localized bonding in nonwovens. These fabrics may be 



 2

area bonded or point bonded. In area bonding, the nip rolls are smooth and every cross 

over point is considered to be potentially bonded3. In point bonding, the fibers fuse in 

select areas by the rapid application of heat and pressure using patterned calendars4. The 

fibers in the contacted regions which are compressed and fused together constitute ‘bond 

points’. As a result of thermal bonding the initial weak web is transformed into a 

tenacious network of fibers which are strongly welded together. The fiber segments 

between bond points are called ‘bridging fibers’.  

 

1.2   Objectives for Thermal Bonding via Calendaring 

Thermal bonding via calendaring can be done for imparting several qualities to the 

nonwoven. Some of these are listed below5: 

• Caliper: is done to achieve a specific thickness in the substrate and is achieved by 

varying the nip thickness. 

• Density: adjustment in the web is done by compacting the web with at a specific 

pressure to achieve specific weight per unit area in the substrate. 

• Strength: in the web is achieved by area or point bonding at appropriate process 

conditions.  

• Bonding: is done to bind one fiber/web/film/filament to another 

• Permeability: is required for several hygiene applications and is achieved through 

point bonding. 

• Surface finish:  obtained via calendaring gives a smooth appearance to the web and 

enhances its aesthetic appeal. 

• Hand: Good hand is obtained by equalizing the web construction through calendaring. 
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• Surface area: of the web can be increased up to 300 % by using patterned rolls. 

 

1.3   Factors influencing Thermal Bonding 

Factors that dictate the properties of calendar-bonded nonwoven fabrics can be broadly 

categorized as6 : 

1. Process-related factors: These include temperature, pressure and speed of the 

calendar roll, the calendar pattern and quench rate as well as fiber-orientation in 

the web. 

2. Fiber-related factors: These include linear density, length, crimp and finish of the 

fiber and all fiber morphology related attributes which may affect bonding. 

3. Polymer-related factors: These govern the interfacial bonding and adhesion 

between the polymer/fiber or between polymer and binder. These factors typically 

include molecular weight, melting point, glass transition temperature and 

viscosity. 

 

In this work we attempt to understand these polymer related factors. To accomplish this 

we discount the fiber morphology related factors by considering polymer films instead of 

fibers. By subjecting the polymer films to the three prime process-related factors i.e. 

temperature, time and pressure we have endeavored to determine the polymer physics 

behind the thermal bonding process. The effect of polymer molecular weight on bonding 

has also been determined keeping in mind the significant influence of polymer chain 

diffusion and entanglements on bond strengths. Each of these factor and their effects are 

reviewed and discussed in chapter 2. 
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1.4   Objective   

The primary objective of this research is to understand adhesion development at a semi-

crystalline polymer interface. Process control of interfacial adhesion is to be obtained by 

inter-relating the effects of calendar temperature, speed and polymer molecular weight. A 

second objective is to relate these fundamental findings to thermal bonding of nonwovens 

to enhance production rates and product properties. 
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2. LITERATURE REVIEW 

The purpose of this chapter is to assist the reader in deriving useful and relevant 

interrelations between fracture energy, polymer chain reptation and diffusion, 

entanglements and bond strengths during thermal bonding of nonwovens. 

 

2.1   Types of Thermal Bonds 

During thermal bonding in nonwovens, the bonds formed during the process can be 

classified into three types i.e. under-bonded, over-bonded and well-bonded. Michielsen 

et.al.7 analyzed the changes that occur at the bond periphery in thermally point bonded 

nonwovens. For under-bonded fabrics, the fabrics fail at low stress since the bonds 

simply pull apart. Over-bonded fabrics also fail at low stress however, like the well-

bonded fabrics the failure occurs at the bond periphery. Michielsen et.al.7 used Raman 

micro-spectroscopy to show that there is a significant loss of orientation in the bonds 

compared to the bridging fibers. This orientation loss results in losses in modulus and 

strength of the fiber at the bond edge. All these factors were shown to be functions of the 

processing conditions of the fabric.  

 

2.2   Types of Adhesion at polymer interfaces 

The types of adhesion at polymer interfaces have been classified by Wu8 as those related 

to (1) fracture theory; (2) weak boundary layer theory; (3) wetting contact theory; (4) 

chemical adhesion theory  and  (5) diffusion theory. Fracture theory assumes the adhesive 

or peeling strength is determined by the presence of defects. The weak boundary layer 

theory (2) assumes the presence of weak boundary layers near the interface which may be 
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in the form of low molecular weight components and are responsible for the peeling. The 

wetting contact theory (3) bases itself on the effect of thermodynamics at the interface 

where the energy to create new surfaces is responsible for the bond strengths. The 

chemical adhesion theory (4) relies on the density and strength of the chemical bonds that 

bind two or more components at the interface. The diffusion theory (5) considers the 

inter-diffusion of the polymer chains at the interface to predict peel strengths. In 

accordance with the diffusion theory, when two miscible, compatible polymers are placed 

in contact with one another, wetting at the interface occurs followed by diffusion of the 

molecular segments across the interface takes place. Subsequent entanglements with 

other molecules lead to bond formation9, 10. According to Vasenin’s kinetic theory, the 

fracture strength (f) is a function of the adhesion time (t) and can be expressed as: 

qptf =                                                                                                                         (2.1) 

 

where p and q are constants. The value of q was determined to be between 0.25 and 0.20 

and was also verified experimentally. Wool et.al.11 have suggested that for reptation q = 

0.25-0.50. The peel strength may be a combination of one or more adhesion factors 

mentioned above.  

 

In their review of bonding in thermally point bonded nonwovens, Michielsen, 

Pourdeyhimi and Desai12 suggest that bonding occurs through a partial melting of the 

crystals, diffusion of the released chain ends across the interface, entanglement with the 

polymer chains on the opposite side of the interface, and recrystallization of the polymer 

to entrap the polymer chains. To understand the molecular aspects controlling thermal 



 7

bonding it is important to review the effect of the process variables as well as the 

dynamics of the polymer chains affecting the bonding strengths. This has been described 

in detail in the subsequent sections. 

 

2.3   Reptation 

The dynamics of chain motion in a polymer with particular application to the rheological 

properties of polymer melts was developed by de Gennes13 and Doi and Edwards10. This 

theory was described as the Reptation theory and included entangling of random coil 

chains. The word “reptation” in latin means “to creep”, which describes the motion of the 

inter-diffusing chains in a snake like manner. Interfacial strength development at a 

symmetric polymer-polymer interface depends on the structure formed during welding or 

bonding. This is related to the dynamics of the chains that attempt to diffuse across the 

interface. The shape and dynamics of the chains may be divided into five types of time 

regions which include11: 

1. Short range Fickian diffusion of monomers 

2. Rouse relaxation of entanglements 

3. Rouse relaxation of the whole chain 

4. Reptation and 

5. Long range Fickian diffusion 

 

A schematic diagram representing the chain dynamics in different time regions is 

illustrated in Figure 2.1. Figure 2.1.1 illustrates the free rouse relaxation of the chain 

segments between two entanglements, Figure 2.1.2 shows the restricted relaxation time 
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inside a tube. Figure 2.1.3 shows the growth of minor chains by reptation for times less 

than and equal to the reptation time respectively. 

 

 

Figure 2.1 Schematic diagrams showing the chain dynamics in different time regions11 

 

To evaluate the development of strength for amorphous symmetric interfaces, diffusion 

of the chains to a depth equaling the radius of gyration is required in the reptation 
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region14. The reptation model can be described by three fundamental time scales. The 

first time eτ , is the Rouse relaxation time i.e. the relaxation time of the chain segments 

between two entanglements. The second time, ROτ  is related to the Rouse relaxation time 

of the whole chain and describes the propagation of the wriggling motion of the chain 

along the chain contour. The third time, the reptation time rτ , is often referred to as the 

tube renewal time and describes the time required by the chain to escape the initial tube. 

The molecular weight dependencies11, 14 of the three times are expressed in equation 2.2, 

2.3 and 2.4. 

 
2

e eMτ ∼                                  (2.2)                       

2
RO Mτ ∼                       (2.3) 

3
r Mτ ∼                         (2.4) 

 

 

                         Figure 2.2 Chain conformations before and after diffusion15  

 

Figure 2.2 can be used to understand the diffusion of the chains as described by the 

reptation model. At t = 0 the polymer chains are present on either side of the interface 
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plane and have non spherical shapes. At rt τ≈ , the chains cross the interface, adopt more 

spherical configurations and form entanglements with the chains across the interface.  

 

The reptation model15 can be used to describe the motion of a chain that is entangled with 

many other chains. The constraints imposed by entanglements from the neighboring 

chains, confine the chain into a tube like region as depicted in Figure 2.3 at t = 0.  Due to 

thermal fluctuations the chain wriggles around in the tube and coherently moves back and 

forth along the center line of the tube with a certain diffusion coefficient such that at t = t1 

only a portion of the chain has assumed random coil conformation and crossed the 

interface. At t = t2, the minor chains are much longer and have crossed the interface many 

times.  

 

 

Figure 2.3 Disentanglement of a chain from its initial tube near the interface as a function 

of time15 

 

Though it may be easy to picture an entangled network of polymer chains, it is difficult to 

quantitatively define an entanglement16. It has been suggested by several authors17-19 that 
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for entanglements in the bulk, i.e. eM  (Entanglement molecular weight) are controlled 

by the packing of polymer chains. eM  is the distance between two entanglements in a 

polymer chain. The volume of space pervaded by a single chain of molecular weight eM  

is a specific constant of the order of 10 times the volume occupied by the chain. The 

volume pervaded by a chain is important since larger is the volume a coil encompasses 

the more likely it is to entangle with other chains. Two times the value of eM  is 

described to be the Critical molecular weight11 i.e.  ( )2c eM M∼ . For iPP, cM  is 7600 

g/mol. 
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2.4   Relating Pressure and Bond Strength 

It must be mentioned that in our experiments we have not considered the effect of 

varying pressures on bond strength. This is because pressure appears to have little effect 

on bond strength beyond a certain minimum requirement. Though Warner et.al.20 have 

stated that the melting point of isotactic polypropylene is raised by  ~15°C by bonding 

pressure, such an effect has not be observed elsewhere in literature7. Michielsen et. al.12 

have reported that the main effect of pressure is only to compact the web for efficient 

heat transfer via conduction. Since in this work thin polymer films have been used, the 

effect of varying pressures is negligible and hence is maintained constant. 

 

 2.5   Relating Nip Time and Bond Strength 

Warner20 found that the time taken by a nonwoven web in the nip is given by the 

equation: 

[ ]
S

GCRt
2

1
0 )( −

=
                                                                                                   (2.5)    

                                                                                 

where R is the radius of the roll, S is the surface speed of the roll, C0 is the initial 

thickness of the web and G is the nip gap between the lands on the roll. Wang and 

Michielsen12 and Kim et al21 found that the time range to compress, heat and bond the 

web is between 6-60 ms, depending on the line speed as shown in Table 2.1. 
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Table 2.1 Time spent by the web in the heating zone12 

Bonding Speed ft/min (m/s) 25 (0.13) 60 (0.30) 125 (0.654) 250 (1.27)

Time in nip (ms) 60 25 12 6  

 

During the time spent in the nip, the material must heat up and form the bond. 

Experiments13, 22 were conducted on two pieces of the same amorphous polymer brought 

into contact above the Tg. De Gennes9 reported such experiments led to inter-diffusion 

and mechanical strength development. For welding, the intersecting time interval t is 

smaller than the reptation time. Fracture tests performed revealed that G(t) (i.e. the 

fracture energy release rate at time t) saturated after one reptation time rτ  and increased 

at earlier times according to the equation: 

( )
1

2
max rG G t τ=                                                                                                          (2.6) 

 

Wool11 related the time dependence of the bond strength for two uncrosslinked 

elastomers as well as glassy polymers10, 22, 23 in accordance with the reptation theory: 

  ( )
1

4

         

                                 

r
r

r

tt for t

t

σ σ τ
τ

σ τ

∞

∞

⎛ ⎞
= <⎜ ⎟

⎝ ⎠
= >

                                                                          (2.7) 

 

where σ(t) is strength of the bond at time t, σ∞ is the strength at infinite time, and τ d is 

the disentanglement time or reptation time. The dependence of σ∞ on molecular weight 

indicates that strength increases until the entangled molecular weight is 8*Mc, where Mc is 

the critical molecular weight: 
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Furthermore, Wool11 found that the maximum strength of the bond occurs at rt τ=  for M 

≤ 8Mc. However, it must be noted that Wool’s analysis applies to non-crystalline 

polymers and involves molten polymer chains. In nonwovens we largely deal with semi-

crystalline polymers and we require that the polymer does not completely melt to prevent 

the polymers from sticking to the rolls, hence modification of Wools theory is required.  

 

Michielsen, Pourdeyhimi, and Desai12 reported that for a non-crystalline isotactic 

polypropylene chain having molecular weight (M) = 8Mc, the reptation time is between 

2.5 – to 8.8 ms at 132°C. These times are similar to the time that a nonwoven web spends 

in the nip of a calendar. They claim that a strong bond can form if an adequate amount of 

isotactic polypropylene (iPP) chains are melted at such temperatures.  

 

To understand the relation of reptation time and molecular weight, it must be noted that, 

when a polyolefin chain such as iPP melts, it attempts to adopt a so-called “random walk” 

shape. At a polymer-polymer interface such as polypropylene-polypropylene, the 

diffusion of the chains to a distance gR  (radius of gyration) is necessary and sufficient to 

attain the interpenetrated structure of the original state of the melt11. The time to achieve 

this level of interpenetration can be denoted as the welding time ( )Wt  which Wool 
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showed was the same as the reptation time( )rτ . Therefore, when M is greater than Mc, 

indicating highly entangled polymer melts, the welding time is:  

 

3( )Wt reptation M∝                                                                                                   (2.9) 

 

Thus it may be inferred that small differences in molecular weight have a large affect on 

the time needed to achieve the optimum weld conditions through reptation. This can be 

extended to infer that small changes in molecular weight can affect bonding significantly. 

 

2.6   Relating Bond Strength and Molecular Weight  

Wool11 reported that there is a strong analogy between development of adhesive strength 

at the interface and the molecular weight dependence of the fracture toughness of 

amorphous polymers. However, in case of semi-crystalline polymers, the presence of the 

crystalline phase can prohibit the use of linear fracture mechanics. This may be due to 

large plastic deformations. Also, compact chain folded crystals developed due to 

crystallization, upon melting can give rise to an anomalous diffusion behavior24. 

According to Kinloch et.al.25 if the dimensions of the sample are as large as the plastic 

zone behind the crack tip, then defining a geometry-independent parameter for 

characterizing the welding behavior is difficult. Also, unlike amorphous polymers, the 

morphology of the semi-crystalline polymers is dependant on the molar mass. Xue et. 

al.26 also found that for semi-crystalline polymers the rapid transition from a folded chain 

to a random walk configuration above the melting point can have a significant influence 

on the welding behavior.  On welding below the melting point, the fracture energy 
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increased rapidly (i.e. a few minutes) to equal to that of the bulk. This unusual quick 

healing may be due to co-crystallization.  

 

Cole et al.27 have extensively studied adhesion between immiscible polymers in relation 

with the theory of interfacial entanglements. Their data reveals a relation of 2
c entG N∝ , 

where cG  is the critical energy release rate for fracture and entN  is the characteristic 

number of entanglements. They also performed experiments varying the molecular 

weights of one species and found the strengths ( )cG  of the immiscible system using the 

Dual Cantilever Beam propagation test (DCB). Immiscible mixture of polystyrene (PS) 

and poly(methyl methacrylate)  (PMMA) were used for this purpose. The polymers used 

had an 6n eM M> . The eM  values for PS used were 18 kg/mol and for PMMA, it was 

13 kg/mol.  

 

Initially Cole et al. 27 used a fixed PS of nM  110 kg/mol and varied the nM  of PMMA 

from 20 - 475 kg/mol. The results indicated cG  to be independent of molecular weight 

beyond 80 kg/mol. The results of their test are shown in Figure 2.4. In the next set of 

experiments the nM  of PMMA was fixed at 80 kg/mol and the nM of PS was varied 

from 50-110 kg/mol. The results of their test are shown in Figure 2.5. From Figure 2.4, it 

was inferred that the critical mechanical release rate ( )cG  was independent of molecular 

weight beyond 80 kg/mol. In a similar relation, Figure 2.5 showed that cG  independent 

of nM  beyond 90 kg/mol when PMMA nM  is held constant and PS nM  is varied. Thus 
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Cole et.al.27 concluded that polymers having an nM  greater than 6 Me showed a 

molecular weight independent behavior. 
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                    Figure 2.4 Influence of varying Mn of PMMA on PS/PMMA adhesion27 

 



 18

0

2

4

6

8

10

12

14

50K 90K 110K

G
c 
(J/
m
2)

PS (Mn)
 

                       Figure 2.5 Influence of varying  Mn of PS on PS/PMMA adhesion27  

 

The polymers used in our study have an nM  much above6 eM . The effects of molecular 

weight for such conditions are described in chapter 4. 

 

2.7   Relating Temperature and Strength 

Experiments performed by Bhat et.al.28, 29 on thermally bonded polypropylene web 

indicated that the web strength increases with bonding temperature up to a maximum and 
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then decreases. They also found that there was a large difference in the values of the peak 

loads in the machine direction and cross direction. This difference was greater at higher 

temperatures. They concluded this result was due to a change in the failure mechanism.  

 

It has been observed30 that at high temperature/low bonder speed the fibers break at the 

bond edge and are over-bonded.  These fibers have a lower modulus and hence are more 

deformed and subsequently break at the bond edge. Also morphology changes are larger 

and have steeper gradients at high temperatures.  However, at low temperatures/ high 

speeds, the fibers in the nonwovens substrate remain under-bonded; the bonds are not 

fully formed and hence are pulled apart at low stresses.  

 

Imachi31 studied the effect of bonding temperature on the peel strength between PE and 

PP films. He found that the strength reached a maximum near the melting temperature of 

the polymer having a higher melting point. On measuring the contact angle of the low 

density PE droplet on the PP surface, he found a decrease near the melting point of PP.  

 

Shibayama et.al.32 performed 180° peel strength measurements between HDPE, LDPE 

and iPP blends as a function of treatment temperature. They measured the peel strength 

of the films on an Instron and found that the peel strength increased initially with peel 

displacement and then reached a constant value. This behavior is analogous to a stress-

strain behavior for semi-crystalline polymers films, where up to a yield value there is a 

steep rise, then a plateau followed by a second rise related to fracture at the interface. In 

case of peeling however, such a neck is not observed in the plateau region if peeling is a 
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consequence of adhesive failure. For cohesive failures neck deformation is usually 

encountered.  

 

Experiments were also performed to ascertain the effect of cooling rate on the peel 

strength. Some of the HDPE and PP/LPDE blends were quenched in ice water while 

others were cooled slowly at room temperature. A difference in the trend and values for 

strengths were observed and this was related to crystallization kinetics of the polymers. 

HDPE and PP are miscible partially in the molten state, if iϕ  represents the equilibrium 

fraction of each component i in the matrix and if it is less than 0.01, then it was suggested 

that effective entanglements could be created between HDPE and PP in the molten 

state32. These remain intact during the cooling process due to crystallization induced 

phase separation. Hence the effect of the cooling rate may cause difference in the peel 

strengths either by crystallization induced phase separation or entrapment of chain 

entanglements. If the cooling rate was less than the slowly cooled films (i.e. < about 

23°C/min), then inter-domain locking effect has to be considered. Wool11 describes this 

effect as the influx of molten polymer into the component spherulites of the other 

polymer. In this case, due to very slow cooling, nucleation of PP on the PP/HDPE 

interface takes place. This causes some of the molten HDPE to get entrapped in the inter-

spherulite region of PP due to volume contraction. This results in the formation of an 

influx/interlock structure that enhances the peel strength. Optical micrographs revealed 

that the slowly cooled film had well grown spherulites in the substrate which was not the 

case with the quenched films.  
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 2.8   Relating Fracture energy and Crystallization temperature 

 2.8.1  Crystallization studies between glassy and semi-crystalline polymers 

Two popular methods for improving adhesion between immiscible polymers are (a) the 

addition of a pre-made diblock copolymer or (b) formation of a copolymer at the 

interface through in situ reactions. These materials may be pre-blended into one of the 

homopolymer layers or added directly at the interface as a tie layer. Cole and Macosko33 

used a similar method for adhesion reinforcement at a glassy and semi-crystalline 

polymer interface. They also performed fracture toughness measurements using crack 

propagation tests for the poly(styrene-b-ethylene) i.e. PS-PE system. Here different 

weights of PE were used with different crystallinity, namely the Dow Ziegler Natta PE 

(Dow Zn-PE having Mw =160,000 g/mole)), metallocene PE (m-PE having Mw = 115,000 

g/mol) and Exxon Zn-PE (having Mw = 275,000). They33 found that variation in the 

percent crystallinity and the crystallization temperature affect the degree of 

entanglements. It was also found that changes in the semi-crystalline structure, which 

cause an increase in the non-crystalline material, decouple the interface. A decrease in the 

crystalline embedded entanglements gives a significantly lower fracture toughness or 

lower interfacial adhesion. This indicated that co-crystallization along with melt 

miscibility lead to a great improvement in adhesion. A clearer understanding of this can 

be obtained with respect to adhesion between two semi-crystalline polymers as discussed 

below.  
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 2.8.2  Crystallization studies between two semi-crystalline polymers 

It is known that when semi-crystalline polymers are processed between their glass-

transition temperature, Tg, and melting temperature, TM, they crystallize. This takes place 

with the occurrence of the nucleation and growth of spherulites, which affect and alter 

their failure mode. The development of crystals with a chain-folded structure reduces the 

entropy of the polymer near the interface. Hence it may act as a barrier limiting the inter-

diffusion of polymer chains. The competition between inter-diffusion and crystallization 

makes it difficult to interpret the failure modes for semi-crystalline polymers. Research 

done in this area is summarized below. 

 

Lo et. al.34 developed a kinetic model to explain the behavior at semi-crystalline polymer 

interfaces taking into account the effect of crystallization, miscibility and interdiffusion. 

The rate of crystallization is based on the Avrami equation and mutual diffusion 

coefficient is obtained from fast mode theory34. For polymers with molecular weights 

(MW) greater than the entanglement molecular weight (Me), the diffusion coefficient (Di) 

is related to MW by34: 

2

1
iD

M
∝

                                                                                                           (2.10) 

                                                                                                      

The self-diffusion coefficient for iPP is given as34: 

sec)/(101.2 224 cmMxDiPP
−−=                                                                          (2.11) 

 

The crystallization rate for iPP i.e. the rate of change of crystalline iPP can be given as: 
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                                                                                        (2.12) 

 

Where 2Cv  is the volume fraction of crystalline isotactic polypropylene; m and k are 

Avrami parameters. 

 

Lo et al.35studied the adhesion between semi-crystalline polymers i.e. of iPP/PE 

interfaces as a function of annealing conditions. They found that the interfacial width and 

the fracture energy increased with temperature. However, the mechanism depends on 

domination of the different phenomenon (i.e. interdiffusion vs. crystallization) at 

different temperatures. Table 2.2 indicates four regimes based on the TM values of the PE 

(117°C), iPP (153°C) and the miscibility of the components (143°C). 

 

The graph of the interfacial width vs. temperature is shown in Figure 2.6. From the graph 

it is seen that the interfacial width increases with temperature in all regimes, however the 

mechanism differs in each of them as described in Table 2.2. 
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                         Figure 2.6 Effect of temperature on interfacial width35 

 

Table 2.2 Characteristics of the semi-crystalline polymers: iPP/PE interface for different 

temperatures35 

Regime Temperature 
Range (°C) 

Characteristics 

I > 153 Both components are miscible and amorphous 
II 143-153 Both components are miscible, but iPP crystallizes 

III 117-143 Both components are immiscible, and iPP crystallizes 
IV < 117 Both components are immiscible and both crystallize 
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For symmetric interfaces, the polymers are identical and self-diffusion is responsible for 

the behavior at the interface. Wool et.al.11 derived a scaling law for thickness at the 

interface (w) using the minor chain reptation model. According to De Gennes13 at time (t) 

less than the reptation time ( )rτ , the inter-diffusion at the interface is obstructed by the 

neighboring chains. Then the interfacial width developed is a function of time (t) and can 

be expressed as follows:  

 

1
4

1.6 g
r

tw R
τ
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

                                                                                                       (2.13)                               

 

Here Rg
  is the radius of gyration. When the time, rt τ> , then the minor chains are free 

to move through the interface and in such a case the interfacial width becomes a function 

of the self-diffusion coefficient Ds. The above equation is then modified to obtain: 
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                                                                            (2.14) 

 

The role played by crystallization on interfacial width can be explained as follows. Figure 

2.7.1 depicts the polymer annealed at 160°C where the two components are miscible and 

there is no crystallization. The interfacial width depends on the mutual diffusion of iPP 

and PE and was found to be approximately 28.0 nm. When quenched at 140°C, as shown 

in Figure 2.7.2 the interfacial width deceases as a result of immiscibility and fast 

crystallization. After annealing at 140°C, Figure 2.7.3 interdiffusion of PE takes place 

and the width increases. However, this increased width cannot compensate for the lost 
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width at the onset of entanglements at 140°C and therefore equilibrates at approximately 

21 nm. Hence, the interfacial width here is limited by the competing effects due to 

interdiffusion of PE and crystallization of iPP.  

  

 

Figure 2.7 Interfacial behavior during annealing iPP/PE (2.7.1) melted at 160°C, (2.7.2) 

Reduction in interface due to immiscibility of the two components and iPP crystallization 

and (2.7.3) broadened interface due to inter-diffusion of PE35 

 

Lo et. al.34 also found that as Xe (equilibrium degree of crystallization of iPP) increases 

the interfacial width slightly decreases. This is because as Xe increases the volume 

fraction of the crystals at the interface becomes larger thus hindering interdiffusion. 

 

The graph for fracture energy vs. temperature is shown in Figure 2.8. Below TM of both 

the polymers (i.e. below 117°C or regime IV), both iPP and PE crystallize leading to few 

entanglements. Lo et al.35 found that at low temperatures, the PE diffusion is slow and 

iPP nucleation occurs at the interface, hindering the interdiffusion of PE. When the 

temperature is increased, the diffusion of PE is faster which slows the iPP crystallization 

process. Hence, at higher temperatures i.e. between the TM of these two semi-crystalline 

materials (regime II and III), the strength at the interface is determined by the 
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competition between iPP crystallization and interdiffusion of PE to form entanglements. 

Hence PE diffusion leading to successful entanglements dominates at these temperatures, 

leading to stronger interfaces. Above the TM for both the polymers (regime I), iPP and PE 

form a miscible system. Hence, the adhesion at the interface depends only upon the 

interdiffusion of iPP and PE.  
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                                  Figure 2.8 Effect of temperature on fracture energy35  

 

Studies by Wool11 and by Gorga and Narasimhan19 indicate that the fracture energy, CG , 

is linearly proportional to the square of the interfacial width  for amorphous polymers. 

However, the data obtained by Lo et al.35 for semi-crystalline polymer interfaces shows 
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that the same relation between CG  and w is not observed for semi-crystalline polymers. 

However, CG  does increase with w. Hence, it is believed that the crystallinity of iPP 

affects this strengthening mechanism. Also the width of the interface depends upon the 

location of nucleation. Another issue observed with the semi-crystalline polymers was 

polydispersity. This makes the small chains accumulate at the interface and increases the 

interfacial width. These small chains do not form entanglements across the interface and 

adversely affect the strength of the interface. This effect is found to be more apparent at 

higher temperatures, when the difference between the diffusion of small and long chains 

is high. However, studies by Broseta et.al.36 assumed a bimolecular weight distribution to 

study the effect of polymer polydispersity on molecular weight. They concluded that 

small chains accumulate at the interface due to low interfacial tensions. However when 

the polymer chains on either side of the interface are very long then the polydispersity 

effects can be ignored. 

 

The role of crystallization in adhesion was further studied by Poon et.al.37 for different 

molecular weights. They found that a higher molecular weight gave rise to more 

entanglement bridges and thus higher adhesion. For low molecular weights the shorter 

and fewer crystallizable chain segments had a smaller contribution to chain 

disentanglement.  

 

The experiments performed in our study are similar to those mentioned above except that 

we use polymer films to simulate thermal bonding. Since the cantilever test is impractical 
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on films, we use the peel-adhesion test (performed on the Instron) to measure the 

interfacial strength at various temperatures. 

 

2.9   Role of epitaxial orientation and entanglements 

For semi-crystalline polymers such as isotactic polypropylene (iPP) and polyamide 6 

(PA6), epitaxial crystallization of iPP on the PA6 substrate has been observed by Laurens 

and coworkers38, 39. The degree of epitaxy is found to be dependant on similar factors as 

the fracture toughness of assemblies. This section deals with the role of epitaxial 

orientation in reinforcement of the polymer assemblies.  

 

In the case of polymer pairs, whether they are miscible or immiscible, the lack of 

entanglements between the two types of chains leads to mechanically weak interfaces. 

For an immiscible pair, a compatibilzer can be added to strengthen the interface. This 

prevents interfacial failure between the two phases. This additive, which is often a 

diblock copolymer, acts as a molecular connector that is entangled with chains on both 

sides of the interface. Its presence decreases the interfacial tension between the two 

polymers, stabilizing a finely dispersed morphology in the blend and also increasing the 

mechanical strength of the interface. In the case of miscible polymers, a compatibilizer is 

not needed. 

 

The molecular characteristics for effective reinforcements are not clear for semi-

crystalline polymers. A useful model to describe this is the interface between isotactic 

polypropylene (iPP) and Polyamide 6 (PA6). This interface is reinforced with an iPP-
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PA6 diblock copolymer formed in situ. A chemical reaction takes place between the -

NH2 end of the polyamide chains and the succinic anhydride groups that are grafted onto 

the polypropylene. A representation of the bond formation is depicted in the equation 

below:  

 

  (2.15) 

 

 

Maleic anhydride is grafted onto iPP, to form iPP-g-MA, which converts the maleic 

anhydride to a succinic anhydride. This is then grafted onto a Nylon 6,6 surface. A bond 

is formed between the -NH2 ends of the polyamide and the succinic anhydride functional 

group of iPP-g-MA. Although the ultimate product we expect at the interface is an imide, 

the important step is the formation of the succinamidic acid, since this step creates the 

bond at the interface. 

 

Poon et. al.37 found that entanglement bridges provided better adhesion than epitaxially 

crystallized lamellae. They measured the adhesion between PP/homogeneously catalyzed 

mPE (metallocene-polyethylene) and between PP/heterogeneously catalyzed ZnPE 

(Zielger-Natta polyethylene). The adhesion was found to be high in the former case 

because of their higher miscibility with PP. In the latter, the formation of an amorphous 

layer at the interface was found to adversely affect adhesion. Hence mPE was blended 

with ZnPE in various proportions to counter the amorphous layer.  As seen in Figure 2.9, 

there was a change in the nature of the curve from continuous to saw-tooth to continuous 
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again with increasing mPE content in the blend. Poon et. al 37 explained this phenomenon 

by stating that for low mPE content and poor adhesion elastic energy in the beam arms 

was dissipated by crack propagation resulting in a continuous curve.  At higher mPE 

content and better adhesion the elastic energy required to initiate the crack was much 

higher than the energy required for crack propagation. This release and storage of energy 

lead to a saw tooth crack propagation. At even higher mPE content, the very good 

adhesion resulted in a continuous curve because the excess energy was dissipated through 

the plastic deformation of the beam arm. This raised concerns about the contribution of 

plastic deformation in peel strength measurements. Data reported by Ebeling et.al.40, 41 

indicate that at low peel rates, plastic deformation is reduced such that it often produces a 

rate independent cG . Hence by just blending 25%mPE with ZnPE, the amorphous layer 

at the PP/PE blend interface disappeared and caused epitaxial crystallization of PE on PP 

increasing the value of G from 140 J/m2  to 630 J/m2.  
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                                             Figure 2.9 Steady state peel curve region37 

 

Though ethylene copolymers are considered to be immiscible, some amount of chain 

inter-diffusion and entanglement at the melt interface does take place. Helfand et. al.37, 

42estimated that this interpenetration depth is given as: 

   

                                                                                                        (2.16) 

 

where b is the bond length and PP PEχ −  is the interaction parameter for the two PP/PE 

polymers. Poon et.al.43explained their results emphasizing the role of entanglements. This 

is well depicted in Figure 2.10.  The poor adhesion of ZnPE and PP was due to the 

aggregation of low molecular weight, highly branched fractions at the interface. Also the 

low molecular weight tail of ZnPE contains high concentration of short chain branches. 

PEPP

bd
−

=
χ6
2
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These short chains are driven to the interface by entropic contribution to the chemical 

potential. Their high branch content contributes to an enthalpic advantage. But these low 

molecular weight chains cannot form entanglements required for good adhesion. In 

contrast to ZnPE, homogeneous copolymers do not contain low molecular weight 

fractions with compositions that differ from the bulk. Hence the melt interface between 

the polymers is easily accessible to interdiffusion of the bulk chains. However, it must be 

mentioned that the availability of the bulk chains to inter-diffuse does not necessarily 

lead to good interfacial adhesion. The extent to which entanglement bridges are formed in 

the melt and are entrapped after solidification also depends on the short chain branch 

(SCB) content.  

 

 

                              Figure 2.10 Model for the interface of PP with PE Blends37  

 

Entanglement bridges formed during the melt stage by inter-diffusion may be lost during 

cooling because of crystallization. During the cooling of the melt, crystallization of PP 

results in the disentanglement of the PP chains from the copolymer chains. However, 
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these copolymer chains can remain entangled in the non-amorphous regions of PP32. This 

disentanglement is faster when the laminate is cooled slowly at a lower temperature. 

Hence it may be inferred from above and through work done by Chang et. al.44 that the 

level of interfacial adhesion achieved between ZNPE bulk chains and PP due to chain 

entanglements is higher than by epitaxial crystallization.  

 

Earlier work has indicated that, under most experimental conditions, the influence of the 

connecting chains on the fracture toughness of such assemblies in semi-crystalline 

polymers is similar to that observed in glassy polymers. Work done by Laurens and 

coworkers38, 39 involves analysis of the fracture toughness between two semi-crystalline 

polymers. Fracture toughness measurements on iPP/PA6 and sPP/PA6 were carried out to 

understand the role played by the structure of the copolymer and the crystalline 

orientation at the interface in the mechanical reinforcement of these assemblies.  

 

For adhesion reinforcement, an optimal copolymer design has been suggested. Such a 

copolymer would involve a molecular architecture as similar as possible to that of the PP 

matrix. It should also be long enough to bridge the crystalline lamellae in the PP part of 

the sample and transfer the stress as far as possible from the interface. The role played by 

the length of the copolymer chains in the reinforcement of the polymer interfaces was 

also analyzed. For glassy assemblies, the optimum copolymer length is approximately 4-

5 Me, where Me is the entanglement molecular weight. The chains need to be long enough 

to entangle with the matrix and to have a sufficient surface density, ∑, of the copolymer 

at the interface.  As suggested by Laurens et al.39 in semi-crystalline polymers, the key 
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parameter is probably not Me, but rather the mass necessary to achieve interlamellar 

links. The copolymers they used had a PP block with Mn greater than 3Me. In iPP the 

critical length for efficient connections between the lamellae in the bulk has recently been 

estimated to be Mw = M´C ≈ 200 kg/mol. 

 

In accordance with Laurens and coworkers38, 39 ∑ is not the only important parameter for 

reinforcement of these interfaces. The molecular weight of the PP block, the time and 

temperature are all significant. For instance, to reinforce the interface, long copolymer 

chains, i.e. about 135-140 kg/mol, appear to be more efficient than the short ones i.e. 60-

70 kg/mol.  This has been linked to the ability of these chains to link several lamellae in 

the vicinity of the interface due to the epitaxial orientation that brings the lamellae closer 

to one another. These interlamellar links allow the stress to be transferred at longer 

distances and may account for high adhesion as well as extended deformation in the 

samples.  

 

For long copolymers, the applied stress is sufficient to activate bulk plastic deformation. 

The critical energy release rate, CG  for breaking this interface was found to be 

proportional to ∑2. Experiments on a system containing iPP/PA6 block copolymers with 

long iPP blocks showed that annealing above the melting temperature of PA6 resulted in 

a strong increase in the efficiency of the copolymer in enhancing the fracture toughness. 

This enhanced toughness was not observed for assemblies between glassy polymers and 

is presumably related to the semi-crystalline nature of the polymers. Boucher45 suggested 

that this could be the result of the presence of the β phase of iPP near the interface. 
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However, subsequent experiments did not support this hypothesis. Transmission electron 

microscopy revealed insignificant differences in the microstructure between samples 

annealed above or below the PA6 melting temperature. The increase in the fracture 

toughness cannot be explained by the change in the microstructure at the interface or by 

the modification of the crystal structure in the bulk iPP phase. This strongly suggests that 

the crystalline structure in the immediate vicinity of the interface plays a role in the 

strengthening effect45. This enhanced strengthening may be due to the coupling in the 

same crystallite between the chains of iPP and iPP-PA6 block copolymer. 

 

Laurens and coworkers38 observed epitaxial crystallization of iPP on the PA6 substrate. 

However, it is not clear how this epitaxial crystallization affects the mechanical 

reinforcement of the interface. Peterman et al.46 explained that the epitaxially re-

crystallized lamellae of one polymer can bridge the soft amorphous regions in the 

substrate lamellar structures of the other polymer, thus enhancing the mechanical 

resistance of the weaker amorphous zones. However such an explanation may be 

inadequate to explain the observed behaviors in the iPP/PA6 interfaces, where none of 

the polymers are pre-oriented. Though strong epitaxy at iPP/PA6 interface was observed 

when functionalized syndiotactic polypropylene, sPPf was used to reinforce the interface 

the corresponding adhesion was poor. This implies that epitaxy and bridging of the softer 

zones by the epitaxially crystallized lamellae are not sufficient by themselves to promote 

strong adhesion at the iPP-PA6 interface. This further implies that miscibility and co-

crystallization of the PP block of the copolymer and the PP matrix appear necessary for a 

good interfacial adhesion. Co-crystallization, a clear orientation at the interface and good 
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adhesion was observed in the sPP/sPPf /PA6 system. However, a strong increase in the 

orientation degree observed for temperatures above 221°C could not be correlated with 

comparable adhesion enhancement as in the case of iPP/PA6 systems containing 

functionalized iPP chains of high molecular weights. This means that the degree of 

orientation does not play a direct role in the mechanical reinforcement of the sPP/PA6 

interface. It was concluded by the authors that the reason for this could be the smaller 

length of the sPP chains, since better correlation was observed between epitaxy and 

strength for higher molecular weight iPPf.  

 

The annealing conditions and the presence of the copolymer strongly influence the degree 

of orientation. The epitaxy is found to be more effective above the melting temperature of 

PA6. The above mentioned results indicate that the degree of epitaxy is influenced by the 

same factors as the fracture toughness of macroscopic assemblies. This includes the 

surface density of the copolymer, the length of the iPP block of this copolymer and the 

annealing temperature. Also correlations between the occurrence of epitaxy and enhanced 

mechanical properties have been suggested earlier by Kestenbach et al.47.Work done by 

Lee and Schultz48 and Muratoglu et.al.49 have shown the improvement of mechanical 

properties of iPP/PE or iPP/Polybutadiene due to epitaxial orientation. The results also 

indicate that the copolymer was able to enhance the adhesion between the iPP/PA6 and 

not the sPP/PA6. This can be due to the lack of miscibility of the sPPf in the PP matrix 

and its inability to develop entanglements and co-crystallization with the matrix.  
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This further validates the importance of mechanical coupling via entanglements or co-

crystallization for effective adhesion reinforcement at the interface. 

 

From the above literature we also infer that the optimum process conditions for high 

adhesion between the semi-crystalline polymers could be those leading to maximum 

epitaxy at the interface. This would involve heat treatment above the melting temperature 

of both PP and PA6 and a fast cooling rate, both conditions that are usually employed in 

industrial environments. 

 

2.10   Relating fracture energy to entanglements 

Fracture energy is a direct indication of strength at the polymer interface50. We 

conceptualize that reptation leading to entanglements promote adhesion. It is therefore 

important to understand the relation between fracture energy and entanglements at the 

interface. To interpret this data, understanding the fracture mechanism at these interfaces 

is also important. This section is a summary of the above mentioned relations. 

 

For non-reinforced systems, the fracture energy increases with interfacial width (w). 

There are three distinct regimes corresponding to the different failure mechanisms. As w 

increases, the mechanism progresses from chain pullout to a combination of pullout and 

scission (through the formation of fibrils and crazes) to pure scission (via crazing). In 

such interfaces, chain pullout and scission are the only two failure mechanisms observed 

during the transition from pull out to crazing19, 45, 51. 
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Mikos and Peppas52 presented a stochastic model to evaluate brittle fracture properties of 

polymers such that their molecular weight was higher than the molecular weight between 

entanglements. 

 

 

               Figure 2.11 Effective and non-effective chain crossings of a fracture plane52  

 

This model used the chain cross density, i.e. the number of polymer chains crossing a unit 

fracture surface. This can be better understood from Figure 2.11. Mikos and Peppas 

calculated the number of chain segments, Neff, that cross a plane, are entangled about it, 

and, as a result, are able to support stresses. They assumed that these chain entanglements 

are located at equal distances along a polymer chain. The degree of polymerization 

between the two consecutive entanglements was assumed to be constant upon 

deformation in brittle fracture. The total number of effective crossings Neff was found to 

scale as 

21
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Gorga and Narasimhan19 predicted a model to calculate areal chain density of an 

entangled chain, ∑, for an A/A interface at equilibrium: 
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where ρ is the polymer density, b is the segment length, Na is Avogadro’s number, M is 

the number average molecular weight, and Mo is the monomer molecular weight and Me 

is the entanglement molecular weight. In developing this equation, they solved the 

stochastic Chapman-Kolmogorov equation with the assumption that the process is 

Markovian. 

 

Gorga and Narasimhan19proposed that ∑eff, i.e. the number of entanglements across the 

interface per unit area, is given as: 

 

                                                                                                      (2.19)                                

  

where χ is Flory Huggins interaction parameter. ∑AB is the weighed averages of ∑. Ne is 

the weight average of Ne-av such that Ne-av is the average degree of polymerizations 

between entanglements for both species. In our current work, A = B = iPP, so that:  

 

 ∑AB = ∑iPP and Ne-av = Ne-iPP.                                                                                     (2.20)                  

 

The relation of ∑eff (the number of entanglements across the interface per unit area) to the 

macroscopic fracture energy was also studied by Gorga and Narasimhan19. Combining 

the relation for fracture energy in the crazing regime (Gc-crazing) as proposed by Sha et. 

χaveN
ABeff e −−Σ=Σ
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al.53 and the fracture energy by chain pull-out (Gc-pullout) as proposed by Creton et al.54, 55 

and Wool11 the following expression in equation 2.21 can be realized: 
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− +=
2
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                                                              (2.21)                                

 

It is thus seen that the transition from pull out to crazing is a combination of energy 

dissipation mechanisms, where Gc-pullout would dominate when the interfacial width (w) is 

small with respect to the entanglement length, Le, and Gc-crazing dominates when w is large 

with respect to Le. The exponential in the above equation is used to weigh  

Gc-crazing as a function of miscibility. It is directly proportional to the probability of 

entanglements, Γ. 

 

This model was analyzed by Gorga and Narasimhan19 using a PS/PBS system and a 

PMMA/P(S-r-MMA) system. This model predicts GC at an interface for both chain pull 

out and crazing failure mechanisms. Therefore equation 2.21 states that within the limit 

of w = 0, χ ≥ χS (where χ is the Flory-Huggins interaction parameter) no entanglement 

takes place. In this case, Gc = Gc-pullout and the system remains immiscible. As χ → χS the 

system becomes more miscible. As a result the interfacial width increases, and the 

probability to form entanglements increases. During the transition from an immiscible 

system to a miscible system, the fracture mechanism is a combination of chain pullout 

and scission via crazing. When the system is completely miscible, crazing is the 

dominant mechanism of failure and Gc = Gc-crazing. 
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We are attempting to use this model to help us understand the fracture toughness of the 

iPP-iPP polymer interface during our T peel test experiments performed on the Instron. 

 

2.11   Tensile deformation of semi-crystalline polymers 

Semi-crystalline polymers exhibit complicated deformation behaviors when subjected to 

tensile forces. At smaller deformations, the process may include intra-lamellar slipping of 

crystalline blocks. Whereas at strain levels exceeding the yield strain, a stress induced 

crystalline block disaggregation-recrystallization process may occur. Men et.al.56 have 

performed various stress-strain experiments to understand this phenomenon. They are 

discussed below. 

 

Polypropylene as discussed earlier, like any other semi-crystalline polymer is composed 

of crystalline lamellae with embedded amorphous entangled polymeric chains. There are 

several chains emerging from the crystalline lamellae into the interlamellar region giving 

rise to an amorphous polymeric phase56. This interlamellar region is composed of highly 

entangled polymeric chains, since most of the entanglements that occur during melting 

are preserved after the cooling process. When subjected to tensile deformation above the 

gT , these semi-crystalline polymers exhibit large plasticity and complicated deformation 

behaviors. According to Men et.al.56 when stretching of a semi-crystalline polymer, the 

forces are transmitted via the crystalline region. This is because above the gT , the 

entangled melt is fluid in nature. Stretching leads to reduction in the entropy of the 

amorphous phase due to gradual orientation of the amorphous chains along the stretching 

direction. The system has a tendency to recover to an isotropic state of more optimized 
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entropy, giving rise to a retracting force. This force is transferred to the crystallites 

through the intermediate molecules linking the two phases. Further, at a specific point the 

stress which is transferred to the crystallites reaches a value above those of the crystalline 

blocks. Here the instability causes the deformation mechanism to change from block 

slippage to disaggregation- recrystallization in nature. A higher entanglement density is 

indicative of a higher stress that is generated for stretching the sample. The 

recrystallization and drawing processes lead to an assembly of oriented crystallites. 

Hence, the above deformation mechanism change in semi-crystalline polymers occurs 

due to the modulus of the entangled melt and the crystal block stability56. 
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3. EXPERIMENTAL 

This section provides a summary of the types of polymers used in the study, the 

characterization of such polymers, the procedure for thermal bonding and the method 

employed for bond strength measurement. Further, it also discusses the process 

conditions observed to determine the individual effects of each process parameter on the 

strength of the thermal bond. 

 

3.1   Polymer Selection 

The polymers used in this study were obtained from Sigma Aldrich. They consisted of 

several molecular weights of polypropylene pellets, ranging from 95,000 g/mol to 

580,000 g/mol as shown in Table 3.1. As reported earlier the theoretical critical 

molecular weight (MC) for polypropylene is 7600 g/mol.  Hence these molecular weights 

were chosen such that their values were higher than 8*MC. All the chemicals used were 

as received and had minimal or no additives present. This was important, since the 

presence of additives would alter the results for interfacial strengths developed at the 

polymer interfaces. These polymer pellets were then converted into polymer films using a 

single screw extruder (courtesy of Sunoco Chemicals). The processing system used was a 

Haake Rheocord 9000 with a T type film die. The details for the processing conditions 

employed during extrusion can be obtained from Appendix 8 (Table 8.1). The films 

formed had an average thickness of 124 microns with a standard deviation of 15 microns. 
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                    Table 3.1 Range of polypropylene molecular weights used in this study 

Sr. No. Mw Mn Mw/Mn

1 580,000 166,000 3.49
2 340,000 97,000 3.51
3 250,000 67,000 3.73
4 190,000 50,000 3.80
5 170,000 39,535 4.30
6 95,000 21,700 4.38  

 

3.2   Polymer Characterization 

3.2.1   Using Differential Scanning Calorimetry (DSC) 

The polypropylenes received were characterized using the Perkin Elmer Differential 

Scanning Calorimeter (DSC). The rate of heating was 20°C/ min. A sample weight 

between 3-5 mg was used for testing and the DSC curves were normalized for the weight 

of the sample. The onsets as well as melting points were similar for all six types of 

polypropylene used. The melting point was in the vicinity of 159°C. In addition, DSC 

analyses was also done for the Nylon 6,6 sample used in the study. The DSC curves for 

the various samples can be found in Appendix 8.0. 

 

3.2.2   Using Gel Permeation Chromatography (GPC) 

One of the prime factors investigated in this study is the effect of molecular weight on 

bond strengths. Hence Gel Permeation Chromatography (GPC) was done to determine 

the weight average molecular weight, number average molecular weight and the 
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molecular weight distribution of the polypropylene polymers. This was performed for us 

by Sunoco Chemicals.  

 

3.2.3   Melt Flow Index 

The melt flow indices for the pellets as well as the extruded films were determined. This 

was done using the ASTM D1238, 203C, 2.16 kg standard by Sunoco Chemicals. 

 

3.3   Simulating Bonding 

The polypropylene samples were thermally bonded in a Kannegiesser fusion bonder. The 

thermal bonds produced were tested using the T peel test and Lap shear test. Hence 

depending upon the test to be conducted on them, there were some minor changes in the 

sample preparation and bonding procedure. These are discussed in detail below:  

 

3.3.1   Thermal bonding for T peel Test 

Strips of the sample iPP film to be bonded were cut to a dimension of 6 x 1 inches. Two 

strips were placed face-to-face and passed between the rolls of a Kannegiesser fusion 

bonder. Bonding was done at a pre-determined temperature, pressure and calendar speed. 

A small piece of the nylon film was also placed between the films at one end to facilitate 

separation of the ends so that they could be inserted into the Instron jaws for mechanical 

testing of the bond strengths. To prevent the melting and subsequent sticking of the iPP 

films to the rolls at higher temperatures, they were enveloped within a Nylon 6,6 film 

(N66). This did not affect the interfacial bonding between the iPP films, since at these 

temperatures N66 has almost zero adhesion with iPP. The temperature at the interface 
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was measured using temperature sensitive thermo-labels.  These thermo-labels were 

obtained from the Paper Thermometer Company. The labels consisted of temperature 

rows ranging from 99°C to 182°C at regular intervals of 6°C each. A particular 

temperature row on the label turned black when its temperature was equal to the 

temperature at the interface. A slight variation within ±3°C of the set temperature was 

observed.  

 

3.3.2   Thermal bonding for Lap Shear Test 

Bonding for the lap shear tests was similar to the procedure described above with slight 

variations.  Two iPP films having dimensions of 3 x 1 inches each were bonded such that 

only 1 x 1 inches of the films were in contact.  Hence only 1 x 1 inch portion of the two 

overlapping films in contact were bonded. The remaining ends of the film were free so 

that they could be inserted into the jaws of an Instron.  

 

3.4   Bond Strength Measurements 

The samples were tested for bond strengths in an Instron mechanical tester. Two types of 

tests were performed for measuring the bond strength. They are as follows:  

 

3.4.1   The T Peel Test 

Here the previously thermally bonded samples were tested in the T peel configuration for 

interfacial adhesion development. The ASTM D1876-01 was used as a guide for testing. 

Depending on the magnitude of the bond strengths expected, the two available load cells 

used were ±100 N and ±2 KN. The film ends from each side of the bonded interface were 
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clamped in the jaws of the Instron at a gauge length of 15 mm. The Instron then peeled 

the specimen apart at a crosshead speed of 6 mm/min. It must be noted that since the film 

thickness was in the µm scale, the error that may have been produced due to bending of 

the films is negligible. The load was observed until the specimen failed or until it peeled 

up to an extension of 100 mm. A plot of load vs. extension was obtained and analyzed for 

bond strength. A schematic of this test is illustrated in Figure 3.1. 

 

                                        Figure 3.1 Schematic diagram for the T-Peel Test 

 

3.4.2   The Lap Shear Test 

Here the previously thermally bonded samples were tested for shear strengths. ASTM D 

5868-01 was used as a guide for testing. For this particular test the gauge length was 

fixed at 45 mm and the extension rate was 0.125 inches/min. The two free ends were 

inserted into the Instron with the bonded interface in plane with the jaws of the Instron. 

The test was conducted until the bond sheared within the interfacial bonded area or at the 
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bond periphery. The corresponding load at break was recorded. A schematic of this test is 

illustrated in Figure 3.2. 

 

 

                                  Figure 3.2 Schematic diagram for the Lap Shear Test 

 

3.5   Factors Affecting Bond Strengths    

It has been mentioned in chapter 2 that several factors affect the strength of the bond. 

Primarily these may be categorized as calendar temperature, pressure, speed and polymer 

molecular weight. Among these variables, the effect of pressure is to compact the web 

and cause conduction to take place. In our study this has been maintained constant. The 

influence of the remaining three variables has been studied in details as described in this 

section. 

 



 50

 

 3.5.1   Temperature Effect 

 To understand the influence of temperature on interfacial adhesion, the remaining three 

variables i.e. pressure, speed and molecular weight were held constant. The calendar 

pressure was maintained at 4 bars and speed was fixed at 8 m/min. Tests were conducted 

on the polypropylene of molecular weight 170,000 g/mol. The temperature of the 

calendar was varied between 110°C to 160°C for intervals of 10°C. A total of 60 samples 

were tested to determine the effect of temperature on bond strengths. 

 

3.5.2   Speed Effect 

The influence of speed on interfacial adhesion was analyzed by varying the calendar 

speed between 4 m/min and 10 m/min. The pressure was maintained at 4 bars and 

polypropylene of molecular weight 170,000 g/mol was tested. After obtaining pertinent 

data from the temperature series, the effect of speed was tested between the temperature 

range of 145°C -165°C. The calendar speed was varied to be 4, 6, 8 and 10 m/min. A 

total of 55 samples were tested to determine the effect of speed on bond strengths. 

 

3.5.3   Molecular Weight Effect 

After analyzing the effect of calendar temperature and calendar speed on bond strengths 

we were able to narrow down our processing parameters to determine the effect of 

polymer molecular weight. This has been explained in detail below: 

 

 



 51

3.5.3.1   Custom Design in JMP 6.0 

To analyze the effect of polymer molecular weight in the thermal bonding process, 

initially a custom design approach was employed using the design of experiments feature 

in JMP 6.0. A design was generated such that the effect of polymer molecular weight on 

interfacial strengths could be studied with a minimum number of trial runs. For this 

design; temperature, speed (corresponds to time in calendar) and molecular weight were 

selected as the continuous variables. The temperature range considered was between 

145°C-155°C, the speed was 6, 8 and 10 m/min and the molecular weight range was 

between 190,000 - 580,000 g/mol.  Due to sample restrictions, 12 runs were chosen. A 

total of 60 samples were tested. The design generated by JMP is shown in Table 3.2. 

 

                                  Table 3.2 Custom Design generated in JMP 6.0 

Trial 
Number

Temperature 
(°C)

Speed      
(m/min)

Molecular Weight 
(1000 g/mol)

1 150 8 340
2 155 6 340
3 150 8 250
4 150 6 190
5 145 6 250
6 145 6 580
7 150 10 580
8 155 10 250
9 155 10 190
10 155 8 580
11 145 10 340
12 145 8 190  
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3.5.3.2   Full Factorial Design for Molecular Weight in JMP 6.0  

After obtaining relevant data from the custom design approach, a temperature of 155°C 

was chosen and a full factorial experiment was done for molecular weights 190,000; 

250,000 and 580,000 g/mol. The calendar speeds chosen were 6, 8 and 10 m/min. A total 

of 60 samples were tested. The full factorial design in JMP produced the following 

combination of trials as depicted in Table 3.3. 

Table 3.3 Full Factorial generated by JMP 6.0 for Molecular Weight at specific calendar 

temperatures and speeds 

Trial 
Number

Speed      
(m/min)

Molecular Weight 
(1000 g/mol)

1 6 190
2 6 250
3 6 340
4 6 580
5 8 190
6 8 250
7 8 340
8 8 580
9 10 190
10 10 250
11 10 340
12 10 580  

 

 

Data obtained from the above experiments helped us narrow our processing parameters 

for temperature, speed and molecular weight. Hence specific experiments were done for 

the entire range of molecular weights at temperatures of 150°C and 152.5°C and for 
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average speeds of 6 and 8 m/minute. A total of 75 samples were tested under these 

conditions. 

 

The experimental setup was further modified for each set of trials such that one sample of 

each molecular weight along with a temperature indicator were all passed through the 

thermal calendar at the same time. This helped nullify any inaccuracies due to the 

calendar heaters going on/off during a single bonding process. Further the sample 

position was rotated for every run to eliminate any errors due to varying temperatures 

along the calendar width. This setup ensured identical process conditions throughout the 

molecular weight series, thus successfully isolating differences in strengths to be a 

function of molecular weight alone.  
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 4. RESULTS AND DISCUSSIONS 

This chapter provides detailed results to explain the effect of calendar temperature, 

calendar speed and polymer molecular weight on interfacial adhesion development. 

 

4.1   Data Interpretation 

After thermally bonding the samples, they were tested for bond strengths/interfacial 

adhesion using the T peel test and the lap shear test, as explained in section 3.4. These 

measurements were extracted from the load vs. extension data produced during Instron 

testing. To obtain the data related to bond strengths, the graph of load vs. extension was 

plotted for each sample and the peak values obtained from the curve were recorded. Since 

experiments were conducted for a range of calendar temperatures, speeds and polymer 

molecular weights, the number of peaks produced varied considerably depending upon 

the process conditions. Hence to accomplish successful extraction of these peaks, 

statistical software, SAS was used. For a specific data set and for a combination of 

process conditions, an algorithm was designed that located a peak value based on a fixed 

number of data points within a range. For process conditions favorable for peeling, 

several thousands data points were produced having a data acquisition rate of 20 ms. The 

algorithm in SAS initially scanned the first 200 data points and identified a provisional 

local maximum. It then compared this value to 200 points before and after it and then 

designated this maximum as the peak value and proceeded to the next 200 data points. 

During experimentation it was realized that varying process conditions produced varying 

number of peaks. Hence a counter was incorporated in the program that could be varied 

depending on the number of peaks present in the data. For example, if there were few 
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peaks present, the counter was set to a low value of 100. In such a case, the program 

located a maximum with respect to 100 data points adjacent to it and denoted it as a peak. 

On the contrary, if several peaks were present and were spaced far apart from one another, 

then the counter was set to 500. In such a case a peak was detected as the maxima with 

respect to 500 adjacent data points. Details of the SAS program algorithm can be 

obtained from Appendix 8.0 (Table 8.2). Figure 4.1 illustrates the raw Instron data 

analyzed using SAS 9.1 for a single thermally bonded specimen. The stars on the peaks 

denote the data points that were extracted for statistical analysis. A mean value as well as 

standard deviation was calculated for the bond strength obtained for each sample run 

through the calendar. 

 

 

                             Figure 4.1 A typical SAS curve indicating stars at the peak value 
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4.2   Temperature Series 

The influence of temperature on the strength of the bond is depicted in Figure 4.2. As 

described in section 3.5.1 to determine the temperature effect on bonding; the pressure, 

speed and polymer molecular weight were kept constant. 10 samples each were bonded 

and tested for temperatures in the range of 110-160°C. To determine the bond strengths 

of these 60 samples, SAS used as described above in section 4.1. The mean and standard 

error of the bond strengths were calculated for each temperature. This is shown in Table 

4.1. 

 

 



 57

0

2

4

6

8

10

12

14

16

0 20 40 60 80 100

130
140

150

160

Extension (mm)
 

Figure 4.2  Nature of curves produced for a single set of process conditions to determine 

the Effect of varying Temperatures on Bond Strengths for MW = 170,000 g/mol bonded 

at a speed of 8 m/min and 4N pressure 

 

 

 

 



 58

Table 4.1 Mean Bond strength values as a function of temperature for iPP of Mw = 

170,000 g/mol bonded at a speed of 8 m/min and 4N pressure 

120 0.374 0.058

130 1.005 0.154

140 2.807 0.395
150 4.340 0.254

Temperature 

(Degree C)

 Mean Bond 

Strength (N)

Standard Error 

(peak strengths)

 

 

A representative curve produced for each temperature in the range of 110°-160°C is 

shown in Figure 4.2. From Figure 4.2 it is observed that for lower temperatures in the 

range of 110°C - 130°C, the strength of the bond was very weak i.e. below 1 N. At 140°C, 

a slight increase in bond strength was observed. Further at 150°C, a significant 

improvement in bond strengths was seen in the vicinity to 4.3 N. For even higher 

temperatures i.e. in the vicinity of 160°C, the polymer film tore during the peel test. 

Though bond strength values were determined for the entire temperature range from 110-

160°C at intervals of 10°C, Table 4.1 only reports the values for temperatures 120, 130, 

140 and 150°C. This is because for temperature below 120°C, the bond strengths were 

very weak i.e. below 0.20 N and difficult to calculate. At 160°C, the test did not exhibit a 

peel type behavior hence the peel strengths could not be measured at such high 

temperatures either. To understand the behavior of the temperature effect, it is important 

to know the interfacial polymer temperature reached during bonding. These temperatures 

were calculated using temperature sensitive thermo-labels. The results obtained have 

been discussed later in section 4.4.2. 
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Figure 4.3 Interfacial Adhesion measurements as a function of calendar temperature for 

iPP of MW = 170,000 g/mol 

 

Figure 4.3 illustrates bond strength values vs. temperature obtained by plotting the values 

of strengths obtained from Table 4.1. In accordance with work done by Michielsen 

et.al.12 thermal bonding requires the interfacial temperature at the midpoint to be equal to 

or greater than ~ 132°C. From Figure 4.3, a sharp increase in bond strength is observed 

between 130°C and 150°C and hence this is in line with predictions made by Michielsen 

et.al. The reason for this behavior is related to the greater fraction of iPP melted at these 



 60

temperatures giving higher strengths. This will be discussed in section 4.4.2. Strengths in 

the vicinity of 160°C have not been reported here since they do not exhibit a peel type 

behavior. The nature of the test at 160°C is similar to a tensile test, an example of which 

is shown in the next section. The DSC data for this polymer indicates a peak melting 

point of ~160°C. At such high temperatures, a large fraction of the polymer is molten as 

observed from the DSC in Figure 4.4. As a result the iPP polymers fuse at the interface to 

form very strong bonds such that the strength of the bond is greater than or equal to the 

film strength. Based on the strengths at 160°C, it can be inferred that beyond the melting 

point of the polymer, over-bonded conditions prevail. Such conditions do produce very 

high peak strengths but would significantly damage and adversely affect the polymer 

structure producing weaker nonwovens.  In contrast, the highest acceptable bond 

strengths were obtained at 150°C via the T peel test. Although previous literature28 does 

mention 150°C as the preferred bonding temperature, sufficient explanation has not be 

given in this regard.  
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                                     Figure 4.4: DSC curve for iPP of Mw = 170,000 g/mol 

 

4.3   Speed Series 

To determine the effect of varying calendar speeds on the bond strengths several 

experiments were performed as depicted in Table 4.2. The polymer molecular weight was 

kept constant at 170,000 g/mol. The calendar had an upper speed limit of 10 m/min. The 

time spent by the polymer in the heating zone was measured with a stop watch. The 

values have been plotted in Figure 4.5 depicting the time spent by the polymer in the nip 

vs. the speed of the calendar. Based on these values speeds of 4, 6, 8 and 10 m/min were 

chosen for experimentation. 
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Table 4.2 Process conditions and bonding method for determining speed effect at 

constant MW 170,000 g/mol 

Temperature Speed
(°C) (m/min)
165 4 T Peel Lap Shear
165 6 T Peel Lap Shear
165 8 T Peel Lap Shear
165 10 T Peel Lap Shear
150 4 T Peel Lap Shear
150 6 T Peel Lap Shear
150 8 T Peel Lap Shear
150 10 T Peel Lap Shear
145 10 × Lap Shear

Type of Test
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Figure 4.5 Time spent by the polymer in the nip as a function of varying calendar speeds 

 

In section 4.2 for the temperature series the range of temperatures used varied between 

110°C to 160°C. It was found that to form thermal bonds having significant strengths the 

interfacial temperature must be above 140°C. Based on successful inferences from the 

temperature series, this range was reduced to 145°C – 165°C. Since these bonded films 

were analyzed using two different tests, they have been individually discussed below: 
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4.3.1   Inferences from the T Peel Test  

In accordance with Table 4.2, the bond strengths were initially tested using T peel test at 

165°C. The values of strength obtained from this test have been graphed in Figure 4.6 

and Figure 4.7. Three samples each were tested at speeds 4, 6, 8 and 10 m/min. From 

these Figures no particular trend is seen with respect to the varying speeds. Most of the 

samples exhibit a peak value and then completely fail indicated by a rapid drop in the 

curve. The reason for this behavior is a tensile tear observed in the film. Interestingly 

however, some samples indicate a peak-drop in strength followed by a sudden rise again. 

The second peak observed in this case is due to the propagation of a tear at the interface. 

This tear extends either horizontally or vertically across the interface. The strong 

adhesion at the interface causes the polymer to fail by a mechanism which is not 

characteristic of a peel behavior. This indicates that the bond strength is greater than the 

film strength. From the above results it is inferred that 165°C produces over-bonded 

conditions and the strengths measured indicate failure strengths and not bond strengths. 
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Figure 4.6 Failure strength vs. Calendar speed 4 and 6 m/min for iPP of MW = 170,000 

g/mol at a Temperature of 165°C 
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Figure 4.7 Failure strength vs. Calendar speed 8 and 10 m/min for iPP of MW = 170,000 

g/mol at a Temperature of 165°C 

 

As a result the temperature was reduced and optimized to 150°C. The bond strengths 

observed at this temperature as a function of speed are shown in Figure 4.8. The natures 

of the curves produced are characteristic of peel adhesion testing. The several peaks 

obtained, indicated that bonds were formed at several points.  
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Figure 4.8 Bond strength as function of speed for iPP of MW = 170,000 g/mol at a 

temperature of 150°C for a single experimental run 

 

The bond strength data was statistically analyzed in SAS. This data was then plotted as a 

function of the time spent by the polymer in the heating zone of the calendar raised to 0.5. 

This is illustrated in Figure 4.9. It is observed that when the time spent (t) in the heating 

zone of the calendar is 10 sec (i.e. 0.5t  = 3.16 sec in Figure 4.9), the interfacial adhesion 

is low. As the time spent increases 2.4 times from 10 sec to 24 sec, the interfacial 

adhesion increases almost 12 times to ~ 13 N. This can be related to the amount of 
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polymer melted at the interface. Figure 4.10 and Figure 4.11 are microscopic images of 

the polymer interface at 30X magnification taken after interfacial adhesion testing. Figure 

4.10 depicts the interface when the time spent by the polymer in the nip is 9.4 seconds 

(i.e. corresponds to bonding speeds of 10 m/min). Here we observe that near the bond 

peak, the amount of polymer melted is much less. In comparison, Figure 4.11 depicts 

significant amount of melted polymer. This indicates that greater the time spent by the 

polymer in the calendar nip, higher is melting and greater is the bond strengths. A high 

residence time (i.e. 24.61 sec) assists the necessary melting of the chains to be released 

from the crystal, overlap with the polymer chains across the interface and form strong 

thermal bonds. On the contrary, a lower residence time (i.e. 9.4 sec), slows the melting 

causing the chains to be locked up in the iPP crystal structure leading to lower bond 

strengths. It is important that too much melting does not take place, since this will lead to 

over-bonded conditions causing the polymer interface to fail via tensile tear.  
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Figure 4.9 Interfacial adhesion vs. time spent by the polymer in the calendar nip at 

temperature 150°C for Mw = 170,000 g/mol 
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Figure 4.10 Melted bond area observed at 30X magnification for temperature 150°C, 

speed of 10 m/min and Mw = 170,000 g/mol 

 

 

 

Figure 4.11 Melted bond area observed at 30X magnification for temperature 150°C, 

speed of 4 m/min and Mw = 170,000 g/mol 

 

Figure 4.9 depicts a linear dependence of interfacial adhesion with 0.5t . This is consistent 

with previous work done by many authors57-60. Guerin et.al.58 observed a square root time 

dependence of adhesion energy for a PS/PS interface indicative of a reptation like process. 

Wool11 and Boika et.al.50 also observed a linear dependence of adhesive energy with 0.5t  

No Melting

Melting trace at bond peak 1 mm 

Significant Melting at bond peak

No Melting

1 mm 
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as well as Jud et.al.61 observed such a dependence for compatible PMMA and 25% AN 

copolymer. Such a behavior is in correspondence with the minor chain diffusion model. 

Our results are consistent with work done by previous studies and suggest that reptation 

induced by the release of chain segments due to partial melting plays a significant role in 

interfacial adhesion enhancement.  

 

 4.3.2   Inferences from the Lap Shear Test 

The lap shear tests for the bonded films at 165°C indicated over-bonding conditions, 

similar to the T peel test as discussed in section 4.3.1. Since the bonds in this case broke 

at the film portion and not the interfacial bonded area, the test was found to be 

inappropriate for over-bonded conditions. Figure 4.12 depicts the nature of the curves 

produced for interfacial adhesion as a function of speed. 
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Figure 4.12 Nature of curves produced in a Lap Shear Test for a single set of process 

conditions for MW = 170,000 g/mol 

 

For lower speeds of 4 and 6 m/min, the strength curves almost reach a peak and then drop 

in a stepwise fashion. For higher speeds the curvature during drop is less until at speed 10 

m/min there is a sudden drop. Here again no particular trend is seen as a function of 

speed and it is difficult to make consistent measurements. The reason for such a behavior 

may be related to the very high temperatures at the interface. Since the interfacial 

temperature was greater than the melting point of the polymer, excessive melting took 
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place causing rapid interdiffusion and thus broadening of the interfacial width to such an 

extent that the interface almost disappeared. This was observed during lap shear testing, 

where the composite layer had fused into a single layer making the interface detection 

difficult to observe with the naked eye. As a result, the bonded area begins tearing 

together as a single composite layer. The fracture energy used up by the interface to tear 

the sample is inconsistent choosing its tear direction randomly. This results in an 

inconsistent stepwise drop in the strength as observed in Figure 4.12. 

 

Having obtained such extreme results, the lap shear tests were then performed for varying 

speeds at lower temperatures. Even at temperatures 15°C lower i.e.150°C the films 

snapped at the bond edge or the single film portion indicating a tensile test. However they 

did not exhibit any tear which was observed for higher temperatures of 165°C. Only few 

of the polymer films sheared in the interfacial bond area making it difficult to provide 

any significant statistical result. 

 

As a result, the lap shear tests were performed for weakly bonded films at a lower 

temperature of 145°C and the highest speeds of 10 m/min. The films finally sheared in 

the bonded area. The results of these lap shear tests are shown in Figure 4.13.  
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Figure 4.13 Nature of Lap shear curve for Thermal bonding conditions for temperature 

145°C and speed 10m/min 

 

The above experiments for analyzing bond strengths indicate that the lap shear tests seem 

to exhibit a better representation of the under-bonded region only. This is because for 

over-bonded regions, the bond strength is greater than the film strength resulting in film 

failure. In such cases, the peel test is a preferred alternative. Similar results were obtained 

by Boika et.al.50  for PS/PS interfaces. While studying molecular mobility and adhesion 

in polymers Boika et. al.50 found that the lap shear joint geometry was more useful for 

lower temperatures with weaker polymer interfaces, while the T peel geometry was a 

better test for stronger interfaces. Similarly, our experiments depicted in Figure 4.14 
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indicate that for high temperatures i.e. 155°C or strongly bonded interfaces, the 

interfacial strength cannot be measured by the lap shear test since the polymer exhibits a 

tensile failure. For lower temperature such as 150°C, partial lap shear testing is possible. 

For still lower temperatures i.e. 145°C or weakly bonded interfaces all the samples tested 

could be measured using the lap shear geometry. Our results are in tandem with previous 

research signifying the use of a lap shear geometry for weakly bonded interfaces and a T 

peel test for relatively stronger polymer interfaces. 
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Figure 4.14: Interfacial Adhesion values with respect to bonding temperatures for iPP = 

170,000 g/mol indicating specific Lap Shear tests 

. 

4.4   Molecular Weight Series 

The previous sections discussed the individual effect of temperature and speed on bond 

strengths. To evaluate them molecular weight was kept constant at 170,000 g/mol. To 

understand and determine the inter-related effects of temperature-speed-molecular weight 

several experiments were done over a range of molecular weights. As mentioned in the 

Experimental section, isotactic polypropylenes of molecular weights in the range of 
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190,000-580,000 g/mol were obtained from Sigma Aldrich. The melt flow values for 

these polymers via ASTM D1238 are shown in Table 4.3. Characterization using Size 

Exclusion Chromatography provided results listed in Table 4.4 (Courtesy: Dr. Andy 

Campbell, Sunoco Chemicals). 

 

                                   Table 4.3 Melt Flow Values via ASTM D1238 

Pellet Melt Flow 0.5 4 12 35

Pellet Melt Flow 0.55 4.4 12.1 34.8
Film Melt Flow 1.02 7.60 19.20 44.10

Sigma Aldrich

Melt Flow [ ASTM D1238 ]

 

 

Variation in the melt flows from Table 4.3 indicates that the some degrading of the 

polymer takes place during the extrusion process. 

 

Table 4.4 Size Exclusion Chromatography results for the iPP (in kg/mol) obtained from 

Sigma Aldrich 

Mw 580 340 250 190
Mw/Mn 3.49 3.51 3.73 3.80

Mw 499 304 223 177
Mw/Mn 4.19 4.82 4.42 3.05
Mz 1529 976 737 403
Mz+1 2960 2122 1619 718

Sigma Aldrich

Size Exclusion  Chromatography
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Using the above MW values of 499, 304, 223 and 177 g/mol the effect of molecular 

weight will be explained in this section. It must be noted that although the 95,000 g/mol 

was bonded and tested for strengths, the polymer films were very brittle and snapped at 

the Instron grips with minimal application of load making interfacial strength 

determination difficult to measure.   

 

4.4.1   Inter-relating Temperature and Speed 

The experiments performed using the DOE in JMP 6.0 for categorical variables of 

temperature 145°C, 150°C and 155°C and calendar speed 6, 8 and 10 m/min yielded the 

following Interfacial Adhesion values shown in Table 4.5. 
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Table 4.5 Interfacial Adhesion values obtained for the DOE performed in JMP 6.0 for 

Interfacial Adhesion as the response and Temperature and Speed as the categorical 

variables 

Temperature 
(degree C) 

Speed 
(m/min) 

Molecular 
Weight (g/mol) 

Interfacial 
Adhesion (N) 

155  10  250000  1.81 
155  10  250000  2.17 
145  6  250000  0.82 
145  6  250000  3.52 
145  6  250000  1.49 
145  6  250000  1.22 
145  6  250000  1.30 
145  8  190000  2.71 
145  8  190000  0.58 
145  8  190000  1.67 
145  8  190000  1.49 
145  8  190000  0.44 
145  10  340000  0.42 
145  10  340000  0.27 
145  10  340000  0.33 
145  10  340000  0.28 
145  10  340000  0.44 
150  8  340000  2.05 
150  8  250000  3.70 
150  8  250000  3.85 
150  10  580000  0.30 
150  10  580000  0.50 
150  10  580000  0.35 
150  10  580000  0.40 
150  10  580000  0.35 
155  8  580000  6.52 
155  8  580000  5.09 
145  6  580000  0.46 
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Table 4.5 (continued) 

Temperature 
(degree C) 

Speed 
(m/min) 

Molecular 
Weight (g/mol) 

Interfacial 
Adhesion (N) 

155  8  580000  15.03 
150  6  190000  2.38 
150  6  190000  4.05 
150  6  190000  4.15 
150  6  190000  2.00 
150  6  190000  7.49 
155  10  250000  2.19 
155  10  250000  4.66 
155  8  580000  19.04 
155  10  250000  2.35 
155  10  190000  1.67 
155  10  190000  2.71 
155  10  190000  5.85 
155  10  190000  3.71 
155  6  580000  9.00 
155  6  580000  15.00 
155  6  580000  10.00 
155  6  580000  7.00 
155  8  250000  3.50 
155  8  250000  6.00 
155  10  250000  12.50 
155  10  250000  15.50 
155  10  250000  7.00 
155  10  250000  11.50 
155  10  250000  5.00 
150  8  340000  1.84 
150  8  340000  1.35 
150  8  340000  1.62 
150  8  340000  1.16 
145  6  580000  0.31 
145  6  580000  0.65 
145  6  580000  0.26 
145  6  580000  0.75 
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The results of these experiments are graphically illustrated in Figure 4.15 and Figure 4.16. 
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Figure 4.15 Effect of increase in speed at different temperatures averaged throughout the 

molecular weight ranging from 177,000 - 499,000 g/mol 
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Figure 4.16 Effect of increase in temperature at different speeds averaged throughout the 

molecular weight ranging from 177,000 - 499,000 g/mol 

 

From Figure 4.15 it is inferred that as calendar speed increases from 6 m/min to 10 

m/min the interfacial adhesion decreases. Such a trend was observed for temperatures of 
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145°C, 150°C and 155°C. This was expected, since at higher speeds, less time was spent 

by the polymer in the nip resulting in less heating and less time for thermal diffusion and 

thus weaker bond strengths. The effect of calendar speed was less visible at temperature 

of 145°C, since the bond strengths are weaker and hence change in speeds has a minor 

effect on the strengths. The effect of speed is more distinguishable at a temperature of 

150°C due to improved bonding taking place at this temperature. Further, at 155°C, this 

effect is most pronounced since the temperature reached at the polymer interface is 

higher with more partial melting leading to stronger bond formations.  

 

Figure 4.16 highlights the effect of increase in temperature at specific calendar speeds of 

6, 8 and 10 m/min. The calendar temperature was maintained constant at 145°C, 150°C 

and 155°C. Similar experiments performed by Cho et.el.62 during self bonding of 

Poly(ether ether) ketone (PEEK) revealed high interfacial strengths for longer bonding 

times and higher temperatures. This was because at higher temperatures the activated 

polymer chains could diffuse faster and entangle with each other compared to lower 

temperatures. For similar reasons Figure 4.16 shows that at specific speeds with an 

increase in temperature of the calendar the interfacial adhesion increased. This effect was 

more pronounced at lower speeds of 6 m/min (i.e. higher nip times) compared to higher 

speeds of 10 m/min (i.e. lower nip times). 

 

4.4.2   Inter-relating Interfacial Adhesion with Crystal fraction melted 

The melting curves of the DSC were used to derive useful interrelations between 

interfacial adhesion and the amount of iPP crystal melted during bond formation. From 
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the DSC analysis, the fraction of iPP melted was calculated for each molecular weight. 

The onsets as well as the melting points were found to be similar within the range of 

molecular weights tested (i.e. 177-499 kg/mol) as shown in Appendix 8.0. The melting 

point was found to be ~159°C with an onset of melting ~140°C. It must be mentioned 

that although melting starts ~140°C as observed in the graph, the DSC instrument 

software, Perkin Elmer indicates the onset to be ~148°C. Perkin Elmer defines the onset 

as “the beginning of any transition that is distinguished by a significant change in the 

baseline”. The software performs a second derivative and looks for the biggest difference 

thus arriving at 148°C. By integrating the area under the curve for various temperatures, 

the fraction of iPP melted was found for each specific temperature. This is shown in 

Table 4.6. The values of fraction melted vs. temperature are depicted in Figure 4.17. 

 

 

Table 4.6 Fraction of iPP melted at each temperature obtained from DSC along with the 

standard deviation in these values for MW 177, 223, 304 and 499 kg/mol 

140 0.01 0.01
145 0.05 0.01
150 0.15 0.02
155 0.37 0.02
160 0.78 0.03
165 1.00 0.00

Temperature 
(Degree C)

Fraction 
Melted

Standard 
Deviation
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Figure 4.17 Fraction of iPP melted at each temperature from DSC analysis for MW 177, 

223, 304 and 499 kg/mol 

 

From Figure 4.17, we infer that at ~ 140°C, the fraction melted is ~0.  For a 5°C increase 

in temperature from 140°C to 145°C, the fraction of iPP melted was only 0.05 or 5%.  

For a further 5°C increase the melting increases to 15% at 150°C. Beyond 150°C the 

fraction of iPP melted increased significantly such that at 155°C, it doubles to 0.37 of 

melted crystal fraction. In semi-crystalline polymers the motion of the chain is restricted 

by the crystals. If crX  is the fraction of crystalline material at room temperature, then 1-

crX  is the fraction of the free chain segments in the non-crystalline region. As the 
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temperature is raised towards the melting point  ( )MT , the fraction of the chain segments 

increase slowly such that at 165°C, the fraction of these segments is approximately 1.  

 

By obtaining the fraction melted from Figure 4.17 for temperatures 145°C, 150°C and 

155°C and plotting them against the interfacial adhesion values for our experiments 

described in the earlier section 4.4.1 yields Figure 4.18. From Figure 4.18 it is observed 

that higher is the calendar set point temperature, greater is the interfacial adhesion. The 

interfacial adhesion values seem to be higher for lower speeds (i.e. 6 m/min) and greater 

nip times compared to higher speeds (i.e. 10 m/min) and shorter nip times. 
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                   Figure 4.18 Interfacial Adhesion vs. the Calendar set point temperature 

 

 However the actual crystal fraction melted should depend on the temperature reached at 

the polymer interface. We calculated this interfacial temperature for each experimental 

run using thermo-labels as described in chapter 3. Hence Figure 4.18 needs to be 

corrected for interfacial adhesion obtained as a function of actual interfacial temperatures. 

Based on the temperature readings obtained from the thermo-labels, the actual fraction 

melted for a combination of temperatures and speeds are shown in Table 4.7 
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Table 4.7: Crystal Fraction melted for a combination of calendar speed and temperature 

Speed (m/min)
6 8 10

Temperature (°C)
145 0.05 0.025 0
150 0.15 0.05 0.025
155 0.375 0.22 0.15

FRACTION MELTED

 

 

The actual crystal fraction melted from Table 4.7 with the interfacial adhesion values are 

shown in Figure 4.19. 
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Figure 4.19 Interfacial Adhesion vs. Fraction of iPP crystal melted after interfacial 

temperature measurements using thermo-labels 

 

Figure 4.19 reveals that the strength at the polymer interfaces must be a function of the 

polymer interfacial temperature and not the set calendar temperature. This is because at 

higher speeds the polymer interface does not reach the set calendar temperature; hence 

the crystal fraction melted is lesser thus giving lower interfacial strengths. Consequently 

the above result helps us decipher useful interrelations between the melting observed via 

DSC with bond strengths observed via the thermal bonding process.  

 

4.4.3   Molecular Weight Effect 

To determine the specific effect of varying molecular weight on interfacial adhesion, 

thermal bonding and testing were done for molecular weights 177, 223, 304 and 499 

kg/mol. The temperature was kept constant at 150°C and the calendar speed was 8 m/min. 

The Wool’s theory11, 12 of strength dependence in relation with molecular weight at 

infinite time is expressed in equation 4.1.1  
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where 1CG  is the fracture energy or interfacial adhesion and CM  is the critical molecular 

weight. For iPP CM  is 7600 g/mol14. For times equivalent to the reptation time, Wool 

predicted the following relation in equation 4.1.2. 

 

( )
1

2

1 1                         ∞

⎛ ⎞
= ≤⎜ ⎟

⎝ ⎠
C C r

r

tG t G for t τ
τ

                                                  (4.1.2) 

 

where 1 ∞CG  is the strength at infinite time. Based on these equations we tested our bond 

strengths as a function of time in the calendar heating zone and polymer molecular 

weight. The bond strength results via the T peel test for the 60 samples of isotactic 

polypropylene tested revealed the following values as depicted in Table 4.8. 

 

Table 4.8 Mean Interfacial Adhesion values obtained for iPP within MW range 177 - 499 

kg/mol at Calendar S= 8 m/min and T =150°C 

177 3.35 0.86

223 2.26 1.12

304 2.59 1.59
499 2.03 0.73

 Mean Interfacial 

Adhesion (N)

Standard Error 

(IA)

Molecular Weight 

(kg/mol)

 

 

 

The data indicated a considerable scatter for interfacial adhesion values. Initially the 

values for the strengths obtained for each molecular weight were analyzed using SAS to 
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test whether they differed statistically. A hypothesis test was done assuming that 

interfacial adhesion is independent of molecular weight. The null ( )0H   and alternate 

( )1H  hypothesis was such that: 

 

( )0H  = interfacial adhesion values were same for all molecular weights tested 

( )1H  = interfacial adhesion values were different for the range of molecular weights 

tested. 

 

The results for the test are shown in Table 4.9. The p-value was < 0.0001 thus rejecting 

the null hypothesis. This indicated that the variation in strengths for different molecular 

weights was statistically significant.  
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                           Table 4.9 SAS Output for Hypothesis Test of varying Molecular Weight on Interfacial Adhesion 

 
 
 

The GLM Procedure 
 

Dependent Variable: IA 
 
                                               Sum of 
       Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
       Model                        1     393.4709915     393.4709915     272.73    <.0001 
 
       Error                       58      83.6762285       1.4426936 
 
       Uncorrected Total           59     477.1472200 
 
 
                        R-Square     Coeff Var      Root MSE       IA Mean 
 
                        0.000000      46.51111      1.201122      2.582441 
 
 
       Source                      DF       Type I SS     Mean Square    F Value    Pr > F 
 
       Intercept                    1     393.4709915     393.4709915     272.73    <.0001 
 
 
       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
 
       Intercept                    1     393.4709915     393.4709915     272.73    <.0001 
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Visual and graphical analysis of the data indicated an exponentially decaying behavior of 

strength with respect to molecular weight. Wool11 suggested that for consistency with the 

reptation model, fracture energy ( )1CG  (i.e. synonymous to interfacial adhesion) can be 

expressed as a function of time (t) and molecular weight (M) as: 

 

1 1
2 2

1CG t M
−

∼                                                                                                          (4.2) 

 

The relation of 
1

2
1CG t∼  was found to be consistent with our experimental results and is 

discussed in section 4.3. To determine the individual effect of molecular weight, 

experiments were performed at a constant nip time of 12.37 seconds as described above. 

Hence the relation of ( )1CG  with only molecular weight alone can be denoted as: 

 

1 = n
CG KM                                                                                                              (4.3) 

 

Where K is a constant and n is the exponential of molecular weight to be determined. 

Curve fitting our results from Table 4.8 for a set of 60 samples with the generic form of 

equation 4.3 yields Figure 4.20. The SAS output for this curve fit is shown in Appendix 

8.0 (Table 8.3). We obtained a K value of 28.5 and the exponential of M as -0.425. This 

seemed to be very similar to the exponential of -0.5 predicted by Wool in equation 4.3. 
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This exponential was then tested for statistical significance. The null hypothesis ( )0H  

and alternate hypothesis ( )1H  were: 

 

( )0H  = There is no significant difference between 0.425M −  and 0.5M −  

( )1H  = The difference is significant 

 

The results for this hypothesis test are shown in Table 4.10. Using a 95% confidence 

interval, we obtained a p-value >>> 0.05. This indicates that we cannot reject the null 

hypothesis implying that there is no significant difference between 0.425M −  and  0.5M − . 

Based on these results we can conclude that the interfacial adhesion varies with the 

square root of the molecular weight i.e. 
1

2
1

−
∼CG M  and is consistent with Wool’s 

reptation theory for CM M> .  

 

      Table 4.10 SAS Output Result for Hypothesis Test of Molecular Weight exponentials 

 

                                                                         Standard 

                Parameter            Estimate               Error                 t Value            Pr > |t| 

  

               [n – (–0.5)]             0.5-0.42                 0.1156               0.64          0.567 
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Figure 4.20 Curve fit obtained by fitting the experimental data points from Table 4.7 with 

equation G1C ~ M-0.425 consistent with Wool’s Theory11 

 

The Figure 4.20 obtained from the above mentioned results illustrates that as the 

molecular weight increase from 177 kg/mol to 499 kg/mol, the interfacial adhesion 

decreases. There may be several reasons for such a behavior that can be extracted from 

previous literature.  
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The effects of chain reptation and diffusion are inter-related. For CM M> , reptation 

( )rτ  and self-diffusion34 co-efficient ( )SD  of the polymer chains vary with molecular 

weight as: 

 

3
r Mτ ∼                                                                                                                  (4.4) 

2
SD M −∼                                                                                                               (4.5) 

 

This suggests that the reptation time is ~22 times greater for the highest molecular weight 

polypropylene i.e. 499,000 g/mol compared to the lowest 177,000 g/mol. This means that 

the time taken by a longer polymer chain to escape the initial tube and reptate across the 

interface is greater. Hence the highest molecular weight polypropylene chain requires 

more time to be available for entanglements. Further, based on the self-diffusion 

coefficient, the longer chains take more time to diffuse and form entanglements with the 

chains on the opposite side. This suggests that at a given time and temperature, the 

shorter chains reptate and diffuse faster to form entanglements at the interface and thus 

yield larger interfacial adhesion values. 

 

In addition, crystallization may play a role in developing interfacial adhesion. Although 

the effect of crystallization has not been studied in this work, its effect is evident based 

on the semi-crystalline nature of polypropylene. Work done by several authors35, 63 33 

suggest that the strength at semi-crystalline polymers is influenced by the competition 

between inter-diffusion and crystallization. As the molecular weight increases the 

viscosity increases which lead to slower rates of crystallization.  Ibhadon63 studied the 
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effect of reptation on the crystallization behavior of iPP. Crystallization growth rate is a 

result of two processes or factors: the nucleation rate of initiating stems on the substrate 

and the growth of the crystal. Both of these are molecular weight dependant, because the 

longer molecules i.e. (higher molecular weight molecules) must be extracted from the 

melt into the growth front; a process that requires energy. The reptating behavior of a 

chain permits it to be removed from the entangled melt by the force of crystallization and 

be pulled into the growth front.  The effect of reptation on the process of crystallization is 

to lower the growth rate of the crystal. This is done in a manner that is inversely 

proportional to the molecular weight at a given T∆  and is achieved by reducing the 

nucleation and substrate completion rates63. This means that the shorter polypropylene 

chain molecules (i.e. lower molecular weight chains) enter the substrate faster than the 

longer ones (i.e. higher molecular weight chains) because of their faster substrate 

completion rates.  

 

Summarizing chapter 4 via section 4.2, 4.3 and 4.4 it is inferred that interfacial adhesion 

is a function of the temperature reached at the polymer interface during thermal bonding. 

Greater is the crystal fraction melted at the interfacial temperature, higher is the 

interfacial adhesion. Adhesion measurements at the interface are consistent with Wools 

findings such that adhesion is directly proportional to the square root of the time spent by 

the polymer in the calendar nip and inversely proportional to the square root of the 

polymer molecular weight.  
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5. CONCLUSION 

In this work we have attempted to determine the individual and inter-related effect of 

calendar temperature, time and polymer molecular weight on interfacial strengths.  

 

Experiments related to the temperature effect have narrowed down the bonding window 

in terms of the temperature requirements for thermal bonding. Our experiments reveal 

that bonding strengths at the interface are a function of the temperature reached by the 

polymer at the interface and not the set calendar temperature. Further, significant bond 

strengths are achieved in the proximity of the onset of melting for the polymer and are 

directly dependant on the crystal fraction melted at that temperature. Polymer chains in 

semi-crystalline polymers are entrapped in the crystalline structure hindering their motion. 

With an increase in temperature these crystals are broken releasing chain segments which 

are now available to diffuse across the interface and form entanglements with the 

polymer chains across the interface. Our experiments revealed that significant adhesion is 

achieved when the interfacial temperature is between 150°C - 155°C. The calendar speed 

must be adjusted such that the crystal fraction melted for polypropylene is greater than 

0.15. 

 

Thermal bonding performed by varying the calendar speeds indicated that the polymer 

needs to spend sufficient time in the calendar nip to be well bonded. The time must be 

sufficient to partially melt the crystal and induce the release of chain segments. Our 

experiments revealed bond strengths which had a square root dependence with time 

indicating that reptation of chains leading to diffusion across the interface took place to 
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form entanglements. Literature in this area confirms that for times equal to and greater 

than the reptation time, entanglements are the primary source of adhesion and that 

diffusion is the mechanism by which the chains cross the interface. 

 

The influence of inter-related bonding temperatures and speeds for a range of molecular 

weights within 177,000 and 499,000 g/mol has been demonstrated in our research. The 

combination for high strengths involving low speeds/low temperatures and high 

speed/high temperatures is found to be consistent within the range of molecular weights 

tested.  

 

The effects of polymer molecular weight on bond strengths were tested for molecular 

weights beyond 8 times the critical molecular weight (i.e. 8 CM M> ). Our experiments 

indicated an exponentially decreasing trend of interfacial adhesion with increasing 

molecular weight. The interfacial strength was found to be inversely proportional to the 

square root of molecular weight consistent with Wool’s reptation model. Potential 

reasons for such a behavior have been reviewed in chapter 4. Our results provide a 

foundation for the selection of specific melt flow polypropylene in the range of 177,000-

499,000 g/mol to control strength at the interface. 
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6.  RECOMMENDATIONS FOR FUTURE RESEARCH 

1. Extensive literature relating polymer structure and strength is available for compatible 

and non-compatible polymer interfaces for amorphous polymers. However, 

quantitative data relating symmetric semi-crystalline interfaces in lacking and can 

contribute to a valuable area of future research.  

 

2. Interfacial adhesion is of critical importance for bicomponent nonwovens. Semi-

crystalline polymers such as polypropylene, polyester and polyamides are some of the 

prominent substrates used in this regard. Though diffusion and entanglements is one 

of the most common sources of adhesion, the effect of co-crystallization on the 

strengths of these interfaces is also significant. The role played by the competing 

effects of interdiffusion and crystallization towards interfacial strength is a valuable 

resource. The present work can be extended using Forward Recoil Elastic 

Spectroscopy (FRES) and Transmission Electron Microscopy (TEM) to study 

information pertaining to interfacial width and monomer interdiffusion depth for 

semi-crystalline polymers 

 

3. Our experiments have indicated the effect of polymer molecular weight on interfacial 

strengths. However, this is limited to regions above the critical molecular weight for 

that characteristic polymer. Theoretically the effect of molecular weight is proposed 

to have a strong dependence on adhesion below 170,000 g/mol. Quantifying this 

relation can provide invaluable information for optimum polymer selection above ~35 

MF based on the interfacial strength requirement for the product.  
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                                             8. APPENDICES 
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                           Table 8.1 Processing conditions for isotactic polypropylene in Haake Rheocord 9000 Extrusion System 

                      HAAKE SYSTEMS 90                       HAAKE SYSTEMS 90
                           Run Conditions                            Run Conditions
REQUEST # 2500809-A MATERIAL: NCRC SRJ #1 .5 MF REQUEST # 2500809-B MATERIAL: NCRC SRJ #2 4 MF

Temperature in c Temperature in c
Channel : 1 2 3 4 5 6 Channel : 1 2 3 4 5 6

Melt Temp : Melt Temp :
Set Temp : 180 200 200 200 Set Temp : 180 200 200 200
Deviation : Deviation :

Cooling : x x x Cooling : x x x

Pressure Pressure
Channel : 1 2 3 4 5 Channel : 1 2 3 4 5

Pressure : 960 psi Pressure : 427 psi

Extruder Torque Extruder Torque
Speed : 35 2834 Speed : 35 1006

Winder Chill Roll Winder Chill Roll
Speed : 25 15 Speed : 25 15

REQUEST # 2500809-C MATERIAL: NCRC SRJ #3 12 MF REQUEST # 2500809-D MATERIAL: NCRC SRJ #4 35 MF

Temperature in c Temperature in c
Channel : 1 2 3 4 5 6 Channel : 1 2 3 4 5 6

Melt Temp : Melt Temp :
Set Temp : 180 200 200 200 Set Temp : 180 200 200 200
Deviation : Deviation :

Cooling : x x x Cooling : x x x

Pressure Pressure
Channel : 1 2 3 4 5 Channel : 1 2 3 4 5

Pressure : 230 psi Pressure : 99 psi

Extruder Torque Extruder Torque
Speed : 35 652 Speed : 35 423

Winder Chill Roll Winder Chill Roll
Speed : 25 15 Speed : 25 15
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                                                            Figure 8.1 DSC Result for iPP of MW = 177, 000 g/mol 
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                                                                    Figure 8.2 DSC Result for iPP of MW = 223,000 g/mol 
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                                                                   Figure 8.3 DSC Result for iPP of MW = 304,000 g/mol 
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                                                                Figure 8.4 DSC Result for iPP of MW = 499,000 g/mol 
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Table 8.2 SAS Algorithm for Peak Strength determination  

options mprint; 
%include "C:\Documents and Settings\Sid\Desktop\My SAS Files\SAS 
Stuff\SAS commands\saspeak.sas"; 
options mprint; 
%macro t(jmp_file=,w=); 
 
PROC IMPORT OUT= WORK.run1 
                DATAFILE= "&jmp_file" 
                DBMS=JMP REPLACE; 
RUN; 
 
data _null_; 
set run1 end=last; 
where test_type ^= ""  
and ptf ^=""  
and column_3 ^=""; 
pattern="/^\d*.*\d+/"; 
drop pattern; 
if not prxmatch(pattern,test_type) then do; put _all_; n+1;end; 
if last then call symputx("ndat",n,'l');  
run; 
 
data  %do i=1 %to &ndat; 
      d&i 
   %end; 
   ; 
set run1 end=last; 
retain pattern "/^\d*.*\d+/"; 
where test_type ^= ""  
and ptf ^=""  
and column_3 ^=""; 
 
drop pattern; 
if not prxmatch(pattern,test_type) then do; n+1; end; 
else do; 
    extension=input(ptf,8.); 
    load=input(column_3,8.); 
 select(n); 
 %do i=1 %to &ndat; 
 when(&i) output d&i;   
 %end; 
 end; 
end; 
keep extension load; 
run;  
 
%do i=1 %to &ndat; 
 %cdat(w=&w,dsn=d&i,pfx=&i); 
%end; 
 
%mend 
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                                          Table 8.3 SAS Output for Curve Fit  

 

                        R-Square     Coeff Var      Root MSE      lia Mean 

 

                        0.871427      9.427667      0.089816      0.952688 

 

       Source                      DF       Type I SS     Mean Square    F Value    Pr > F 

 

       lmw                          1      0.10935097      0.10935097      13.56    0.0665 

 

       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 

 

       lmw                          1      0.10935097      0.10935097      13.56    0.0665 

 

 

                                                                    Standard 

      Parameter               Estimate               Error              t Value              Pr > |t| 

 

        Intercept              3.350199450        0.65273154          5.13                   0.0359 

        lmw                    -0.425978996        0.11569958         -3.68                   0.06 

 

 


