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The results of an investigation into the mechanisms and debonding energy associated 
with the cling between thin polymeric films and various substrates are presented in this 
paper. The thermodynamic work of adhesion as well as electrostatic attraction appar- 
ently play significant roles in the cling of a film to a substrate. Peel tests are conducted 
and strain energy release rates are determined which show different debonding energies 
for the various film-substrate combinations. 

Keywords: Cling; polymeric films; adhesion; surface energetics; contact electrification; 
electrostatics; peel test; energy release rate 

1 INTRODUCTION 

Thin polymer films often exhibit weak adhesion when brought into 
contact with other materials. The primary objective of this work is to 
gain an understanding about the attraction or cling of these flexible 
polymeric films to rigid substrates. Cling between film and substrate 
can be analyzed in terms of a global energy balance approach [l], 
assigning the total debond energy associated with cling to various attrac- 
tive mechanisms and factors. The attractive mechanisms associated with 
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286 C. L. RANDOW et al. 

cling have been examined for other adhesive problems; in particular, a 
number of authors have investigated the role of van der Waals and 
electrostatic attractive forces [2,3,4]. This study examines the role of 
thermodynamic and electrostatic forces, energy dissipation due to 
plastic or viscoelastic deformation of the films, material polarity, 
material transfer, and surface roughness on the observed cling of thin 
polymeric films to various substrates. 

Three polymer films were investigated in this study: plasticized 
poly(viny1 chloride), low density polyethylene, and plasticized poly- 
(vinylidene chloride). The films are commercially available and are 
typically used for food packaging. The substrates examined were 
Pyrex glass, stainless steel, high and low density polyethylene, and 
polypropylene. The substrates were chosen to be representative of 
materials often wrapped with these polymer films. 

Experiments were conducted to investigate the roles which the attract- 
ive mechanisms and factors play in the overall cling of a film to a 
substrate. Initially, material properties of the films were determined and 
surface analyses of the substrates were conducted. Contact angle meas- 
urements and peel tests were utilized to determine the thermodynamic 
contribution to the work of adhesion and the fracture energy associated 
with the separating film-substrate combinations. Conclusions are pres- 
ented from the results of these investigations regarding the various adhe- 
sive mechanisms and the behavior of the various films. 

2 PREVIOUS WORK 

In considering the phenomenon of cling between two materials, it is 
useful to employ the classic conservation of energy principle. The 
amount of cling between two materials, defined as the amount of 
energy required to separate the two materials from each other, is 
quantified by utilizing an energy balance approach to examine how 
the debonding energy is expended. In addition, the contribution of the 
various attractive mechanisms to the total cling may also be inves- 
tigated with this methodology. An energy balance equation for the 
peeling of a thin polymeric film from a substrate is given by 
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CLING OF THIN POLYMERIC FILMS 287 

where 6W is the work input of the system and 6U is the stored strain 
energy. The energy terms expended in the debonding of the film are 
on the right-hand side of the equation. This energy is associated with 
the thermodynamic work of adhesion ( Wa), electrostatic attractive for- 
ces (Ye), and dissipation associated with plastic (Y,) and viscoelastic 
(YJ deformation of the film for a differential area, 6A. 

2.1 Work of Adhesion ( W,) 

The work of adhesion is a thermodynamic quantity that describes the 
work done in bringing together or separating two materials [ S ] .  It is 
worth noting that van der Waals forces act over distances on the 
order of 10.nm or less [ 6 ] .  Although the work associated with peel 
tests is typically two to three orders of magnitude higher than the 
thermodynamic work, it is believed that the thermodynamic work of 
adhesion plays a major role in the total work of separating two ma- 
terials [3,7]. Since the total energy required to peel polymer films 
without an adhesive from substrates is small, the work of adhesion 
may be an even greater contributor to overall adhesion than is typi- 
cally found in other material systems. 

2.2 Electrostatic Attraction (Ye) 

The role of electrostatic attraction in adhesion has been examined for 
many systems [2,4,8,9,10,11]. It was quite obvious in preparing the 
test specimens for this study that electrostatic attractive and repulsive 
forces were present. The polymer films traveled across large distances 
to contact other surfaces due to electrostatic attractive forces which 
act over distances of more than 2 cm, orders of magnitude greater 
than the effective range of van der Waals forces. It is necessary to 
consider both how the electrostatic attractive forces develop and how 
they contribute to adhesion. 

An electric field develops when a difference in net charge exists 
between two materials due to an imbalance between electrons or ions. 
The charge distribution associated with two materials will generally 
contribute towards both the attraction and repulsion of the two surfa- 
ces. An electric field which develops as a result of contact electrification 
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will contribute only towards the attraction of the two surfaces since 
the charges are opposite [12]. 

Although contact electrification between insulators has not been 
widely studied, it has been suggested that the process is similar to 
contact electrification between metals and insulators [ 131. When two 
materials are brought into contact, charge is transferred from one to 
the other. If the materials are separated, an electric field develops 
across the separation distance as shown in Figure 1. This electric field 
produces attractive forces between the materials which decrease as the 
separation distance increases since the materials are of finite dimen- 
sion. It should be noted that, unlike metals, identical insulating 
materials may still transfer charge due to patches of varying charge 
present on the material surface and asymmetry inherently present 
when two materials are brought into contact [14]. 

The thickness of the film may also affect the amount of charge 
transferred since the charge may penetrate into the polymer. The 
depth of charge penetration is dependent on the material system and 
the type of contact. Based on the work of Fabish, Saltsburg and Hair 
[15], the films studied in this project were all of a thickness greater 
than charge is capable of penetrating under single contact conditions; 
therefore, the thickness of each of the various films does not limit the 
amount of charge transferred. 

The electric field between two materials remains until the charge is 
discharged. This will occur when the charge finds a path to ground. 
For example, water could condense from the air and create a path to 
some grounded source'. In this work, a path is created through ions in 
the air produced with an ion generator to neutralize the charge on the 
films and on the substrates prior to contact. It is also possible for the 
charge to break down in the air [16] or to be neutralized by electron 
tunneliqg [17]. 

The attractive and repulsive components of an electrostatic charge 
are observed to act over large distances. Although the breakdown 
voltage increases as the separation of two plates increases, the magni- 
tude of the electric field is limited by the distance separating the two 
surfaces and the environment. The maximum sustainable electric field 
between two plates decreases as the separation distance between the 
two surfaces increases due to charge breakdown in air [16]. Because 
of charge breakdown and in6reased opportunities for dissipation of 
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the charge [2], it is valuable to make a distinction between the effects 
of electrostatic attraction acting within an electrostatic process zone 
(located near the crack tip) and acting across the larger separation 
distances of the post-peel region as shown in Figure l(c). 

2.3 Plastic Deformation (Y,) 

It is also possible that the films may be undergoing plastic deforma- 
tion. Since the films are thin (16-21 pm), it is extremely difficult to 
observe permanent deformation. A ramification of this in the energy 
balance approach is that a portion of the energy measured in debon- 
ding the film from the substrate could actually be dissipated in plastic 
deformation. This energy would have to be accounted for in the ex- 
perimentally-measured strain energy release rate. 

The dissipative component due to plastic deformation during peel 
tests has been primarily studied for 90" and 180" constant angle tests, 
assuming elastic-perfectly plastic film behavior [ 18,19,20,21]. Making 
use of a non-dimensionalized peel force, v, defined by Kim and Kim 
[19], the following relation from Thouless and Jensen [20] is rewrit- 
ten as 

P 2  
a;t2 

q = -(3 sin28 - cos2 0) + 

FIGURE 1 
and during debonding (c). 

Electrostatic charge before contact of film to substrate (a), during contact (b), 
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where P refers to the load per unit width, CT~ is the yield strength of the 
film, t is the film thickness, E is the elastic modulus of the film, and 0 
is the peel angle. The non-dimensionalized peel force, y ~ ,  is less than or 
equal to one when the film remains elastic and is greater than one 
when plastic deformation occurs. 

2.4 Viscoelastic Effects (Y,J 

It is theoretically possible to attribute a portion of the debond energy to 
viscoelastic dissipation if a relationship between peel rate and measured 
strain energy release rate can be determined. Typically, this phenom- 
enon is due to the time dependency associated with the disentangling 
of long polymer chains. In peel systems, the viscoelastic behavior of 
the film affects both the bending of the film as it debonds from the 
substrate and the stretching of the film in the post-peel region. 

2.5 Factors Influencing Cling 

In addition to the above mechanisms which contribute to adhesion, a 
number of factors also play a role in cling by influencing the attractive 
mechanisms. Both the role of surface roughness and the effect of 
material transfer have been considered in this work. A correlation 
between adhesion and the polarity of the various material systems is 
also suggested. Assessing the contributions of these factors to cling is 
difficult because they often influence more than one attractive mech- 
anism. 

Roughness may be thought of on a variety of scales. In this work, 
roughness was analyzed over areas of 400 pm2. Although roughness 
may also play a role on larger scales, where differences in film rigidity 
may be significant, this aspect was not considered. When considering 
a perfectly smooth material, the contact area would equal the total 
measured area of the contacting materials. Unlike the case for liquids, 
increasing roughness decreases the contact area since the solid films 
are unable to conform to the variations in surface topography. There- 
fore, the energy required to debond a film is modified by the actual 
area of contact. 

Increasing roughness, which leads to decreases in contact area, 
impacts the thermodynamic forces which are highly dependent on 
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separation distance. Also, since liquids are used in the contact angle 
experiments which predict the role of thermodynamic forces in cling, 
the contact angle results must be carefully considered since the films 
and substrates are solids and contact between the two is not intimate. 
Roughness also influences electrostatic charging since the electrostatic 
charge is due primarily to contact electrification when the charge on 
the films and the substrates is neutralized before contact. 

The effect of material transfer between film and substrate was also 
considered. This transfer results from bringing the two materials into 
contact. Earlier studies showed material transfer occurring between 
metal-polymer and polymer-polymer systems [22]. It was shown that 
the amount of material typically transferred exceeded that necessary 
to cause the observed contact charging by several orders of magni- 
tude. Subsequent material contact was shown to produce minimal 
material transfer, although it did produce similar contact charging 
results. Therefore, it has been suggested that material transfer may 
only play a secondary role in contact charging [14]. Material transfer 
may potentially influence the work associated with van der Waals 
attraction. 

The final factor to be considered in the cling of thin polymeric films 
is the effect of material polarity. The degree of polarity is expressed in 
terms of {he polar contribution to the solubility parameter of each 
polymer, which is dependent on the side-groups of the polymer back- 
bone as well as the plasticizer added to the film. This factor may 
influence the degree to which charge is transferred to the polymer 
during contact and retained by the polymer during separation. The 
material polarity is expected to impact the contribution to cling re- 
sulting from electrostatic attraction as well as the contribution result- 
ing from thermodynamic forces. 

3 EXPERIMENTAL PROCEDURES 

Three polymeric films, three polymeric substrates, and two other sub- 
strates were considered in these experiments. All are commercially 
available and widely used. The films studied were polyethylene (PE 
film), plasticized poly(viny1 chloride) (PVC film), and plasticized 
poly(viny1idene chloride) (PVDC film). The three polymer substrates 
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292 C. L. RANDOW et al. 

selected were low density polyethylene (LDPE), high density polyethy- 
lene (HDPE), and polypropylene (PP), A stainless steel and a Pyrex 
glass substrate were also included in the experimental system. To 
analyze the role of surface roughness, three HDPE substrates with 
varying roughness were utilized. 

3.1 Surface Energetics and Material Properties 

The contribution of the thermodynamic work of adhesion to cling was 
investigated by using contact angle measurements to analyze surface 
free energies of the various films and substrates. The contact angle of 
a 5pL droplet of three probe liquids (water, bromo-napthalene and 
formamide) was measured with a goniometer. With knowledge of the 
surface free energies of the probe liquids, the Young-Duprk equation 

was used to determine the work of adhesion, W, , for each liquid-solid 
combination, where y l u  refers to the surface free energy at the liquid- 
vapor interface and cp is the measured contact angle. The spreading 
pressure is assumed to be negligible. The geometric mean equation 

was used to determine the dispersive and polar components of the 
surface energy, where the superscripts d and p refer to dispersive and 
polar, while the subscript s refers to the solid surface. This is done by 
rearranging the geometric mean equation into the following form 

and plotting the left-hand side of Eq. ( 5 )  as a function of (yp, yfU)l/’. 

The data points show a linear relationship and the slope of the line is 
taken as the square root of the polar component of the solid surface 
free energy and the intercept as the square root of the dispersive 
component of the surface free energy [23]. 
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CLING OF THIN POLYMERIC FILMS 293 

The resulting values of the dispersive and polar components of the 
surface free energy were combined in the following manner to deter- 
mine the surface free energy of the material 

Y s  = Y: + Y: 

The total thermodynamic work of’adhesion, W,, between two ma- 
terials is then given by the geometric mean (Eq. (4)) using the surface 
free energy values of the film and substrate. It is important to consider 
that liquid probes were used in determining surface free energies ex- 
perimentally while, in the final system, two solids were placed into 
contact. Therefore, while liquids have the ability to come into intimate 
contact with the solid surface, in cases of solid-solid contact, surface 
roughness plays a critical role in the final contribution of thermo- 
dynamic forces to adhesion. The actual thermodynamic work of ad- 
hesion is then expected to be less than the predicted value, especially 
for increasing surface roughness. 

The stress-strain behavior of the films was investigated by testing 
ASTM D-3588 uniaxial dogbone specimens at ambient temperatures. 
The loading rate was 25 mm per minute. Each film was tested a 
minimum of three times in the machine and transverse directions 
using a Minimat miniature test frame. 

3.2 Peel Testing 

A measure of the cling associated with a particular film-substrate 
combination is the energy required to debond the film from the sub- 
strate. From the results of the peel tests, the debonding energy is 
expressed in terms of a critical strain energy release rate, G,, which is 
defined as [21] 

dU,,, dUs dU,  d U ,  
bda baa bda bda 

G, =- (7) 

where Uext is the external work done, Us is the strain energy, U ,  is the 
dissipated energy, U ,  is the kinetic energy, and bda is the fracture area 
created when the film debonds a length da for a width b. By assuming 
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the strain energy, the dissipated energy, and the kinetic energy to be 
negligible, it is possible to rewrite Eq. (7) as 

G, = ~ ( 1 -  case) (8) 

where P is the load per unit width and 8 is the angle at which peel 
occurs [24]. This equation is valid when the material behaves in a 
linear elastic manner, the substrate is rigid, and the geometry of the 
region around the crack tip does not change as the film peels. In 
determining a critical strain energy release rate, both constant angle 
and constant load experiments were conducted. For the former, a 
critical debonding load was measured; for the latter, a critical angle at 
debond was measured. 

A constant 90" angle peel testing platform was constructed to be 
used in an Instron material testing machine as shown schematically in 
Figure 2(a). These tests were performed under ambient laboratory 
conditions (60 percent relative humidity and 20°C) at rates which 
ranged from 0.1 mm/min to 500 mm/min. The load required to cause 
debonding of the film was used in calculating G,. 

A variable angle peel test was also developed for this study, as 
shown in Figure 2(b). A 4 g mass was attached to the base of the film 
when the film and substrate were completely vertical (this corresponds 
to a constant load of 39.4 mN). By using a stirrer motor attached to a 
series of worm gears, the substrate and film were rotated at an angular 
rate of 0.7" per second until debonding occurred. The angle at which 

I IFilm 

Mass (4 g) 

FIGURE 2 
peel test (b). 

Configurations of the constant 90" angle peel test (a) and the variable angle 
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failure occurred was used in determining G,. The variable angle peel 
test is compact and the experiments were conducted in a temperature 
and humidity controlled chamber, normally at 25 percent relative 
humidity and 30°C. Tests were conducted at up to 60 percent relative 
humidity and showed no difference in measured debonding energies. 

Before each peel test, the substrates (50 mm wide and 150 mm long) 
were cleaned with methanol and passed over a volume static eliminator 
(Chapman VSE 3000) to remove any residual electric charge. The static 
eliminator produces a balanced mixture of positive and negative ions so 
that the substrate isolated from ground will not accumulate any net 
potential greater than 0 & 5 volts. The film was likewise passed over the 
static eliminator before it was applied to the substrate. Any air bubbles 
in the interface were smoothed out before the load was applied in both 
test procedures by lightly rubbing the film. 

As quickly as possible after the film had debonded from the sub- 
strate (within 1-3 seconds) a hand-held electrostatic field meter (Mon- 
roe Electronics Stat-Arc Model 255) was used to measure the surface 
charge density on both the film and the substrate. The residual charge 
measurement gives an indication about the electric field created be- 
tween two surfaces as a result of contact electrification, although some 
charge may well have already dissipated or discharged after debon- 
ding occurred. Therefore, the residual charge may be much different 
from the charge induced by contact electrification. 

It is critical to be able to compare strain energy release rates deter- 
mined for the various tests where peel angles range from less than 20" 
to greater than 100". To ensure that the mode mix between mode I 
and mode I1 fracture remains nearly identical, the phase angle (Y), 
defined as 

was determined for each test, where 0 is the peel angle, w is the 
angular quantity defined by Suo and Hutchinson [25], and E, is the 
applied strain 

P 
E ,  =- 

Et 
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For this work, E ,  was approximately equal to zero. The phase angle is 
a function of the load, the material properties of both the film and the 
substrate, the film thickness, and the peel angle. Over the range of peel 
tests conducted, the phase angle varied between-34" and -38". 
Since this variation is small, it is acceptable to make comparisons 
between the experimentally-determined strain energy release rates for 
the different film-substrate systems. 

3.3 Investigating Electrostatic Attraction 

To investigate the effect of electrostatic attractive forces acting over 
the post-peel region, three peel tests were conducted with varying peel 
angles and bond widths. Varying the bond width was done to high- 
light the edge effects associated with long-range forces. From funda- 
mental physics, the attraction due to an electric field between two 
infinite surfaces is independent of the separation distance of those surfa- 
ces. Since this is not the case for finite surfaces, changing the surface 
area is expected to change the attraction between the two surfaces. 
Different peel angles lead to different separation distances between the 
substrate and the film as the film is peeling. Therefore, changing the 
peel angle is also expected to change the attraction between the surfa- 
ces. Finally, the free-hanging end of the film that'had already debon- 
ded during the variable angle peel test was also observed to see if any 
curvature toward the substrate occurred, an indication of significant 
long-range attractive forces. As will be mentioned later, no such effects 
were observed. 

To analyse charge transfer, the residual charge on both the film and 
the substrate was measured after debonding. Since the charge was 
normally removed before the materials were brought into contact, the 
remaining charge was due primarily to contact electrification but was 
mitigated during the peel process. The sensitivity 'limit on the electro- 
static field meter is 10 V/in. The amount of charge transferred was 
categorized into three general ranges: low charge transfer (less than 
0.5 kV/in), intermediate charge transfer (2.- 5 kV/in), and significant 
charge transfer (in excess of 5 kV/in). Two peel tests were conducted 
with films which were not neutralized before contact with the substra- 
te. This procedure gives insight into the difference between the charge 
due to contact electrification (which produces attractive forces) and 
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the charge inherently present on the film (which produces both at- 
tractive and repulsive forces). 

3.4 Surface Roughness and Material Transfer 

Surface roughness was analyzed with an atomic force microscope (Digi- 
tal Instruments NanoScope I11 Scanning Probe Microscope) and the 
topology of sections of the surface area (20 pm by 20 pm) were re- 
corded. The standard deviation of the vertical deflection of the 
surface with respect to a center plane was calculated to establish a 
hierarchy of surface roughness for each of the substrates. All of the 
surfaces were used as received, with the exception of the roughened 
HDPE, which was milled. 

To investigate the occurrence of material transfer, X-ray photo- 
electron spectroscopy (XPS) was utilized to make chemical surface 
characterization measurements. Experiments were conducted by plac- 
ing and rubbing the films over both low and high energy substrates. 
By analyzing the spectra for the individual elements on clean and 
rubbed surfaces, it is possible to determine the amount and type of 
material transferred. 

4 EXPERIMENTAL RESULTS 

The results from the experiments investigating the factors influencing 
cling are presented first so that their influence in surface energy stu- 
dies and peel tests will be better understood. The surface roughness 
experiments show that the glass, stainless steel, LDPE and HQPE- 
smooth substrates are the smoothest of the materials. The PP substrate 
is somewhat rougher and the HDPE-intermediate even rougher still. 
The HDPE-rough substrate is the roughest of all the materials. The 
standard deviation values, R,, for the various substrates are shown in 
Table I. 

Material transfer results obtained from XPS analysis shows that a 
significant change in the surface oxygen content occurs on the poly- 
meric substrates after rubbing with the PVC films. It was also ob- 
served that the PVC films showed an extremely small transfer of 
hydrocarbon material to the high surface energy substrates. 
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TABLE I Summary of surface roughness results 
~- 

Substrate 

Glass 
Steel 
LDPE 
HDPE-s-mooth 
PP 
HDPE-intermediate 
HDPE-rough 

23 
28 
34 
36 
51 
52 

130 

An estimate of material polarity was used to rank the polymeric 
films and substrates by predicting the polar component of the solubili- 
ty parameter based on the polymer component group contributions 
[26]. The estimates of polarity for the various poIymers suggest that 
the LDPE, HDPE and PP substrates show no contribution from a 
polar component to the solubility parameter. Therefore, these polymer 
substrates were classified as exhibiting low polarity. This result was 
identical for the PE film. Due to the chlorine content of the PVC and 
PVDC polymer chains and because of the added plasticizer in these 
materials, these two films exhibited a high degree of polarity. 

The results from the contact angle experiments determining the 
contribution of the thermodynamic work of adhesion to cling are 
presented in Tables I1 and 111. Contact angle experiments were con- 
ducted four times on each material. Table I1 shows the data from the 
contact angle measurements for the polar and dispersive components 
of the surface free energy of the polymer substrates and films as well as 
the surface free energy values of the three probe liquids [7]. Although 
experiments were conducted for each of the film-substrate combina- 
tions, the work of adhesion values were found to be nearly identical 
for the three films for each of the film-substrate combinations. There- 
fore, the W, values are shown in Table T I T  for each of the substrates. 

The tensile test results for the PVC and PE films show initial elastic 
regions followed by large plastic regions, with ultimate failure at 
strains greater than 100 percent, as shown in Figure3. The PVDC 
films exhibited more brittle behavior, fracturing at less than 20 percent 
strain. By comparing the stress-strain curves obtained from both ma- 
chine and transverse directions, the residual orientation present in the 
films from processing was apparent only in the plastic region of stress- 
strain behavior for the PE film. A summary of the elastic moduli and 
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TABLE I1 Experimentally-determined values of surface free energy 
for each material 

Material y(mJ/m2) y d  Y P  
(mJ / rn2)  ( tnJ /m2)  

Substrates LDPE 
PP 

HDPE-smooth 
HDPE-intermediate 

HDPE-rough 

Films PVC 
PE 

PVDC 

Liquids Water 
Formamide 

Bromo-Napthalene 

38.0 35.1 
38.9 34.7 
35.4 35.1 
37.8 37.0 
38.8 35.8 

48.6 42.7 
49.9 40.8 
48.3 44.5 

(72.2) (22.0) 
(58.3) (32.3) 
(44.6) (44.6) 

2.9 
4.2 
0.3 
0.8 
3.0 

5.9 
9.1 
3.8 

(50.2) 
(26.0) 
(0.0) 

TABLE I11 Experimentally determined thermodynamic 
work of adhesion values for each substrate-film combi- 
nation. Since the value of W, was approximately inde- 
pendent of the film material for each case, the results are 
shown in terms of the substrate material only 

Substrate w, 
( m  Jlm2 f 

LDPE 87 
PP 88 
HDPE-smooth 80 
HDPE-intermediate 84 
HDPE-rough 87 
glass 180t 
steel 250t 

'The work of adhesion values for the glass and steel are ap- 
proximate estimates and an organic layer was assumed to be 
present after cleaning with methanol. 

yield strengths for each of the three films along with an average film 
thickness are presented in Table IV. Because of the thickness of the 
films, it is quite difficult to observe permanent deformation of the films, 
indicative of plastic behavior. With the results shown in Table IV, the 
non-dimensionalized peel force (Eq. (2)) was calculated for each of the 
test systems. The results from this analysis suggest that plastic behav- 
ior may be associated with the variable angle peeling of the PVC film 
from the LDPE substrates. 
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30 

i PVDCFilm 

e- 

ionJ 'pvc Film 

PE Film (Transverse Direction) 

I I 

0.0 1 .o 2.0 3.0 
Strain 

FIGURE 3 Stress-strain curves of PVC, PE (machine and transverse directions), and 
PVDC films. There was no distinction in the machine and transverse directions for the 
PVC and PVDC films. 

TABLE IV Material properties and thickness of poly- 
meric films 

Films Elastic Modulus Yield Strength Thickness 
( M P a )  ( M P a )  ( P m )  

PVC 120 4.6 19 
PE 80 3.5 16 
PVDC 210 9.0 21 

As was previously discussed, the amount of charge present on the 
film and substrate was measured after each test. In all cases where 
intermediate to significant charge transfer occurred, the film retained 
a negative charge while the substrate had a lower positive charge. 
Charge transfer involving PE films was always classified as low. Due 
to the limited sensitivity of the equipment, it was often difficult even to 
measure a surface charge density in these cases. The PVDC films most 
often showed intermediate charge transfer and occasional significant 
charge transfer. The PVC films showed both intermediate and signifi- 
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cant charge transfer. There was no correlation between substrate ma- 
terial and charge transfer, other than that the steel substrate displayed 
very low charge density. This is due to the conductive nature of the 
material. 

The results from the peel tests for the various film-substrate systems 
shown Figures 4 and 5 are given in terms of the critical strain energy 
release rate, G,, with units of mJ/m2. The error bars shown represent 
standard error. The results shown in Figure4 show the values of G,  
for each of the three films on the five substrates determined from the 
variable angle peel test. The substrates are shown in order of rough- 
ness, from smoothest to roughest. (The HDPE substrate used here is 
the smoothest of the three HDPE substrates). 

The effect of varying surface roughness is shown in Figure 5. The 
values are shown for G, for the three films debonding from the surfa- 
ces of HDPE of various roughness during the variable angle peel test. 
It should also be noted that the charge transfer dropped significantly 
for the case of the HDPE-rough substrate. 

In the variable angle peel tests, it was not possible to control the 
rate of peel, but-a  few observations of rate are warranted. For the 
rough HDPE substrate and for the steel substrate, the films remained 

600 

500 

6 7  
E 400 
3 
E 
o 300 
c3 

200 

100 

0 

v 

PVC PE PVDC 
Polymer Films 

FIGURE 4 Critical strain energy release rates for the various film-substrate combina- 
tions. 
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6001 
Smooth Surface 

0 Intermediate Surface 
500 

3 400 E 
5 

300 

200 

100 

0 

uv 

PVC PE PVDC 
Polymer Films 

FIGURE 5 
HDPE surfaces of varying roughness. 

Critical strain energy release rates for the various films on the three 

attached until the critical angle was reached and debonding prog- 
ressed very quickly (greater than 50 mm/s). For the other cases, a 
statistical analysis of peel rate showed no discernible correlation be- 
tween peel rate and strain energy release rate for any of the cases. For 
these film-substrate systems, it was typical for peel rates to vary be- 
tween 1 mm/s and 20 mm/s. 

The tests conducted to highlight the effects of long-range electro- 
static attractive forces showed no difference in the measured strain 
energy release rates. Although substrate widths were varied (between 
50 and 100 mm) and peel angle was varied (65", 90°, and 104") no 
changes in debonding energy were observed. In conjunction with the 
observation of the free-hanging end of the film, it is possible to con- 
clude that long-range attractive forces do not play an observable role 
in the cling of these films to these substrates and that the measured 
cling is due solely to short-range attractive forces, including short- 
range electrostatic attractive forces. 

Tests were also conducted with PVC film and smooth and rough 
HDPE substrates by not removing the charge present on the film 
before contact. For the case of the smooth substrate, there was no 
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observable difference in debonding energy when comparing the results 
with the case where the charge on the film was neutralized. The film, 
with its inherent charge, placed on the roughened substrate showed an 
approximately 50 percent drop in debonding energy when compared 
with the neutralized film case. This is due to the mixed attractive and 
repulsive charge present on the film and the decreased opportunity for 
contact charging resulting from the roughened surface. 

The results from the 90" peel tests conducted to study rate effects on 
measured G, are shown in Figure6. These results have only been 
obtained for the three films attached to the HDPE-smooth substrate. 
The figure shows data points of peel rate uersus measured critical 
strain energy release rate for the three polymer films. The error bars 
represent plus and minus one standard deviation of the experimental 
results (three to ten tests were conducted for each film and rate combi- 
nation). 

5 DISCUSSION 

The greatest variation in strain energy release rates caused by chang- 
ing substrates was due simply to increasing surface roughness. Even 
though the roughest substrate appears smooth to the naked eye, the 
impact of minor surface variations cannot be overstated. This is most 
likely a result of the importance that surface roughness has on 
multiple mechanisms affecting cling. Although the contact angle 
measurements demonstrated little change in W, for increasing rough- 
ness from smooth to rough HDPE, the peel tests showed an average 
decrease in G, of approximately 90 percent from smooth to rough 
HDPE substrates. Due to imperfect wetting, reduced contributions 
from both van der Waals attractive forces and contact electrification 
are expected. 

An exact understanding of the contribution to cling from thermo- 
dynamic forces is difficult since surface roughness leads to major dis- 
crepancies between the predicted work of adhesion from contact angle 
studies and the actual debonding energy as measured by peel tests. In 
fact, the predicted work of adhesion resulting from surface energy 
studies is greater than the measured total work of adhesion for the 
various films attached to the rough HDPE substrates. In order to 
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limit the effect of surface roughness in this conclusion, the studies 
involving the four smoothest substrates are considered (LDPE, 
smooth HDPE, glass, and steel). By considering the predicted work of 
adhesion values determined from contact angle studies as maximum 
limits on the contribution to cling due to van der Waals forces, it is 
possible to attribute the remaining debonding energy to a combina- 
tion of electrostatic attraction and plastic and viscoelastic dissipation. 
TableV shows the approximate contribution to cling due to these 
other mechanisms as a percentage of the total debonding energy for 
the polar films (PVC and PVDC) films, the non-polar film (PE), and 
the four smoothest substrates. 

Since varying the peel angle and the substrate width of a number of 
tests involving the PVC film-HDPE substrate system had no notice- 
able effect on debonding energy, long-range attractive forces are 
believed to have no influence on cling. As was mentioned previously, 
plastic dissipation may only play a role in debonding the PVC film 
from the LDPE substrate. Therefore, electrostatic attractive forces 
acting within the process zone and viscoelastic dissipation play a 
significant role in the adhesion process. From Table V, this com- 
bined contribution to cling between the various substrates and the 
polar films (PVC and PVDC) is similar for each of the substrates and 
higher than the contribution from the non-polar film (PE) for the 
glass and steel substrates. 

It is also interesting to note that, although the PVC and PVDC films 
show relatively similar contributions to cling due to electrostatic attrac- 
tion and viscoelastic effects, the PVC and PE films exhibit similar pat- 
terns of behavior when comparing the experimentally-determined strain 
energy release rates. The values of G, for the PVC and PE films for each 

TABLE V Approximate percentage of contribution to cling 
due to a combination of electrostatic attraction and plastic and 
viscoelastic dissipation 

Substrates Polar Filnis Non-Polar Film 
(PVC and PVDC) ( P E )  

Polymer - 80% - 75% 
(LDPE, HDPE) 
Pyrex Glass - 65% - 50% 
Steel - 45% - 10% 
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h 
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of the various substrates are all within 100 mJ/m2 of one another. The G, 
values for the PVDC film range approximately between 200-500 mJ/m2. 

In addition to information from Ref. 14, all of the films have been 
observed to cause sparking when the film has been repeatedly applied 
to glass substrates. Electrical breakdown was also evident by hearing 
static from an AM radio during peel. Therefore, although each of the 
polymers has the potential to carry significant charge, it is possible 
that the approximately 50 percent higher values of G, associated with 
PVC when compared with PE may be attributed to increased charge 
transfer during contact, increased charge retention during peel, and/or 
the highly polar nature of PVC. 

The three films also show rate dependency for measured G,. As is 
shown in Figure 6, higher peel rates are associated with higher values 
of G,, which is typical for many bonded systems. Since the data are 
shown on log-log scales, the magnitude of the range of debond rates 
and G, is quite large, suggesting that time dependency may play a 
major role. Possible sources of time dependency include the viscoelas- 
tic behavior of the film and the potential for time-dependent electro- 
static discharge. Additional work must be done before suggesting 

0 PE Film 
A PVDC Film 

c I 

0.01 L h 

10 100 1000 
G, (mJ/m2) 

FIGURE6 
substrate. 

Pel1 rate versus G, for the three films attached to the HDPE-smooth 
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more definite conclusions about the source of time-dependent effects, 
whether viscoelastic or electrostatic, on the system. 

6 SUMMARY 

Experimentally-determined values of energy associated with the work 
of adhesion, through contact angle tests, and the total debonding 
energy, through peel tests, were conducted. Surface roughness was a 
dominant factor influencing cling between film and substrate, due 
primarily to its impact on both wetting and contact electrification. 
Under the test conditions of this study, the poly(viny1 chloride) film 
exhibited superior cling to the substrates studied. In addition to the 
work of adhesion, both electrostatic and viscoelastic mechanisms play 
some role in the cling of these polymeric films to the various sub- 
strates. Since the calculated work of adhesion values was primarily 
dependent on the substrate material and not on the film, the superior 
cling of the poly(viny1 chloride) film is likely due to the effects of 
electrostatic attraction and/or the viscoelastic behavior of the film. 
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