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Application of Adhesion Model for 
Developing Hot Melt Adhesives Bonded 
to Polyolefin Surfaces* 

M. F. TSE 
Polymer Science Division, Baytown Polymers Center, Exxon Chemical Company, 
Baytown, Texas 77522, USA 

(Rrceiued M u c h  1 I ,  1994; infina/,forrn J u l y  20, 1994) 

We have found that the adhesive strength, P,  of hot melt adhesives (HMAs) based on semi-crystalline 
polymers can be described by the following equation:' 

P = PoBD ( 1 )  

previously derived for tack of pressure sensitive adhesives (PSAS).' .~ In this equation, Po is the interfacial 
adhesion between the adhesive and the substrate, B is the bonding term, and D is the debonding term. This 
adhesion model is then applied to the development of HMA formulations based on Exxon Chemical's 
olefinic polymers and Escorez" tackifiers, bonded to Escorene" polypropylene and polyethylene substrate 
surfaces. Two olefinic polymers, Escorene' EVA polymer (ethylene/vinyl acetate copolymer) and ExactrM 
polymer, will be used. EVA polymer is the industrial leader in HMA applications, whereas ExactTM polymer 
is a new family of linear ethylene copolymer products made using a new class of proprietary catalysts. 
Therefore,performanceof HMAs based on EVA polymer and ExactrM polymer is compared in the context of 
the Po, B, and D terms of our adhesion model. The interfacial adhesion Po term of these HMAs is generally 
governed by the surface tensions of the three HMA components: polymer, tackifier and wax. The bonding 
term, B, depends on the bonding temperature exponentially, and increases with the bonding time to a power 
of 1/6-1/2 at short bonding time. During the HMA bonding process, the low melt viscosity of the HMA 
facilitates sufficient spreading on a microscopically rough substrate surface. Therefore, the bonding term B is 
independent of the bonding pressure. The debonding term, D ,  depends on adhesive bulk properties. It is 
related to viscoelastic loss tangent in the industrial peel frequency range when the HMA/substrate assembly 
exhibitsan apparent interfacial failure (AIF) mode, but to the tensile draw ratio a t  break of the bulk adhesive 
when the HMA/substrate assembly exhibits a mixed cohesive/apparent interfacial failure (CF/AIF) mode. 
Overall, compared with HMAs based on EVA polymers, HMAs based on ExactTM polymers show higher 
viscosity and inferior tensile strength, but better bond strength to polyolefin surfaces, higher strain at break, 
and lower yield stress. 

KEY WORDS adhesion model; hot melt adhesive; polyolefin substrate; tackifier; surface tension; inter- 
diffusion; loss tangent; polymers 

1.  INTRODUCTION 

A. Hot Melt Adhesives 

HMAs are usually formulated from a semi-crystalline polymer, a tackifier and a wax. 
They are compounded and applied in the molten state at elevated temperatures. The 

* Previously presented at the International Symposium on Hot Melts (Port Jerome, France, November 8, 
1993). 
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150 M. F. TSE 

resultant properties are obtained when the adhesive is cooled to a tough and flexible 
solid to form the bond with the substrate surface. The polymer provides filmability, 
strength, flexibility and high temperature resistance. The tackifier contributes specific 
adhesion and surface wetting characteristics during the bonding process. The wax 
functions as a hot melt solvent to lower viscosity, alters HMA surface characteristics 
and controls adhesive set time/open time. 

B. Adhesion Models 

The design of adhesive systems has been practiced as an art rather than as a science for 
many years. However, about a couple decades ago, Gent and coworkers4-' began their 
efforts to examine the factors contributing to the strength of an adhesive bond. They 
proposed that the bond strength for the interface of a crosslinked, rubbery adhesive and 
a rigid substrate can be expressed by the following equation: 

P = P o F  

In the above equation, Po is the interfacial (or intrinsic) adhesion (attractive forces 
at adhesive/substrate interface: van der Waals, electrostatic, hydrogen bonding, acid- 
base, covalent chemical bonding and others). F is a rheological loss function of the 
bulk adhesive which depends strongly on rate and temperature. Essentially, F measures 
the energy dissipated in viscoelastic and plastic deformations at the crack tip (peel 
front). The physical significance of Eqs. (1) and (2) is that material around the crack 
tip of the adhesive joint can be subjected to a stress and strain environment for 
dissipating input mechanical energy, while the interfacial bonds (surface anchoring 
such as chemical bonds, physical bonds, or other intrinsic forces) acting ahead of 
the crack tip remain unbroken. Also, when the viscoelastic and plastic energy losses are 
negligible (such as the case of a very brittle adhesive), F will be approaching unity, 
and the measured bond strength, P ,  is equal to the intrinsic adhesion, Po. Despite 
the physical soundness of Eq. (2) ,  these researchers did not disclose the exact functional 
form of F .  

By studying the joint strength of a model elastomer/treated aluminum assembly, 
Carre and Schultz' proposed a model with the energy of separation described by the 
product of three terms: the reversible energy of adhesion or cohesion, Po, a molecular 
dissipation factor related to the degree of crosslinking of the elastomer, g(M,) ,  and a 
macroscopic dissipation factor due to viscoelastic losses, F:  

This approach allowed them to explain the widely-different bond strengths observed 
for various surface treatments of the metal substrate. They attributed these large 
differences to the various degrees of crosslinking of the elastomer in the vicinity of the 
interface, the degree of crosslinking being higher near the interface than in the bulk. 
When peel is performed under near-equilibrium conditions (low rate of separation 
and/or high temperature), F will approach unity and P = Pog(M,). Therefore, they 
equated Pog(M,) to the threshold value of energy of separation when measured at 
equilibrium. Again, similar to the studies of Gent and they did not 
describe the explicit form of F.  
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ADHESION MODEL FOR H O T  MELT ADHESIVES 151 

For organic adhesives on common polymeric substrates, the interfacial adhesion is 
typically of the order of 0.1 J/m2 (6 x 10-41b/in). This could be deduced from the fact 
that the sum of surface tensions of most polymeric adhesives and substrates is in the 
range of 50-100mJ/m2 = 0.05-0.1 J/m2. However, due to rheological energy dissi- 
pation in the crack tip, most practical measures of joint strength yield separation 
energies of 102-104 J/m2 (0.6-60 lb/in), which are several orders of magnitude larger 
than the interfacial adhesion. Therefore, an explicit form of F is very important in the 
practice of adhesion science and technology. By recognizing this need, hypo- 
thesized that the pressure sensitive tack of the block copolymeric PSA/stainless steel 
interface can be described by Eq. (1). 

For the sake of illustration, we consider a T-peel specimen of an adhesive bonded 
between two pieces of a substrate. The adhesive test method in which two strips of an 
adhesive joint are peeled apart symmetrically, at 180" in opposite directions, is referred 
to as "T-peeling". If we assume that the separated substrates are not elongated significantly 
(less than about 10%) under the peel force, F ,  the adhesive fracture energy is given by 

(4) 

where w is the width of the bonded strips, and P is the peel strength. The peel strength, 
P, consists of two terms: 

(1) 

The first term is the debonding energy to overcome surface anchoring. This term is 
normally very small, and is the product of the interfacial adhesion, Po, and the bonding 
term, B. The second term is the energy dissipation in the adhesive, which is usually 
large, expressed by the product of Po, B, and D'. D' can be considered as an energy 
dissipation term. Energy dissipation is the amount of energy absorbed by the bulk 
adhesive to keep this energy from being transferred to the interface to break the interfacial 
bond. In other words, it functions like a shock absorber or an energy sink. After a simple 
rearrangement, the last equation can be transformed back to Eq. (l), if D = 1 + D'. 

For block copolymeric PSA/stainless steel assemblies, we have found that, when the 
PSAs fulfill the Dahlquist criterion,' B = constant, and the debonding function, D, can 
be represented by 

( la )  

where K ,  and K ,  are constants, and G" is the loss modulus of the bulk adhesive at the 
reduced frequency uTw corresponding to the separation speed of the particular PSA 
t e ~ t . ~ ' ~  We believe that Eq. (1) is general and could be applied to other PSAs, such as 
those based on emulsion acrylics and radiation-cured polymers. Yang' deduced the 
following relationships for emulsion acrylic PSA data: 

G, = 2F/w = 2 P  

P = P,B + PoBD' = P,BD 

D = K ,  log G"(u,u) + K ,  

B - 1/G' (1b) 
and 

D - (C, G" + C,) 

for fitting Eq. (1). The G' value was determined at PSA bonding frequency, 1 s-', 
proposed by D a h l q ~ i s t . ~  The G" value was determined at PSA debonding f r e q ~ e n c y . ~ . ~  
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152 M. F. TSE 

C. Adhesive Bond Formation 

Voyutskii' and VaseninI2 proposed that autohesion and adhesion of polymers are 
due to mutual diffusion of polymer molecules across the interface. By assuming that 
bond strength is proportional to the product of number of molecules intersecting the 
interface and the depth of penetration (the latter being obtained by applying the proper 
boundary conditions to Fick's second law), they arrived at the following expression for 
adhesive fracture energy: 

G, - t l l4  

where t is the contact time. 
Kausch et al. l 3  in Lausanne, Switzerland, performed compact tension tests on re- 

healed and welded glassy polymers (PMMA/PMMA, SAN/SAN, and PMMA/SAN). 
At temperatures above T,, fracture energy per unit  area at the interface increased with 
contact time in the form: 

G, - t 1 /2  

Both de Gennes14 and Wool,' using somewhat different arguments, derived the above 
expression theoretically based on the reptation model of chain dynamics.' 

Recently, de Gennes" derived the following expression for G ,  of an adhesive joint 
formed by contacting two slightly incompatible polymers 1 and 2: 

G,  - (R~N, ) "2exp  [ - N,c?(A~)~  N,/RT] (7) 

where R is the gas constant, T is the temperature, N, is Avogadro's number, N, is the 
number of monomers in an entanglement chain, a is the size of a polymer repeat unit, 
and Ab is the solubility parameter difference between polymers 1 and 2 as described by 
the Hildebrand-Scott relation:" 

x = Flory interaction parameter = [ ~ t ~ ( A d ) ~ / k T ]  (8) 

The Flory interaction parameter is the energy required for a repeat unit of polymer 1 
to diffuse into polymer 2 divided by kT,  where k is the Boltzmann's constant. His 
assumptions are: (1) N ,  is of similar magnitude for polymers 1 and 2, (2) x << 1 so that the 
interface is diffuse, and (3) adhesive joint formation between 1 and 2 requires some 
portion of the chains in polymer 2, for example, to have a length at the interface larger 
than aN,. 

Also, the interfacial thickness, I, can be described by: 

I = a x - 1 ' 2  (9) 

II EXPERIMENTAL 

A. Materials 

Figure 1 is a brief introduction of the polymers, the tackifiers, and the wax used in this 
study. The EVA polymer has a vinyl acetate content of 28 wt. %, and a melt index of 32. 
The ExactTM polymer, which has a melt index of 31, is a linear ethylene copolymer 
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POLYMERS 

Escorene 
Acetate; MI = 32); Exxon Chemical 
ExactTM Polymer: MI = 31; Exxon Chemical 

Hydrocarbon Tackifiers 
Feeds From Petroleum Sources; Lewis Acid Or Thermal Polymerization 

7750: EthyleneNinyl Acetate Copolymer (28 Wt.% Vinyl 

TACKIFIERS 

Tackifier (Exxon Chemical) Type CPC Mw DSC T, , OC 
Escorefl 1310LC Aliphatic 1460 46 
Escorez@ 2393 AliphaticAromatic 995 4.5 
ECR-327 Hydrogenated Cyclic 340 -1 3 

Rosin Derivatives 
Mixtures Of Abietic Acids Modified Via Disproportionation, 
Polymerization, Hydrogenation, Or Esterification 
Rosin Ester: Mn = 810, Mw= 970; DSC Tg = 53OC 

Wax 
Petroleum Wax: Arktowax@ 165; Mn = 410, Mw = 460; DSC Tm = 68OC 

FIGURE 1 Description of polymers, tackifiers, and wax. 

made using Exxon Chemical’s new class of proprietary catalysts. It has a narrow 
composition distribution and a narrow molecular weight distribution. 

EscorezR hydrocarbon tackifiers are cationic or thermally polymerized from mono- 
mer feeds obtained from petroleum sources. Figure 1 shows some tackifiers used in this 
study. M ,  is the weight average molecular weight determined by GPC. T,  is the glass 
transition temperature determined by DSC. 

The other type of tackifier is based on rosin acid obtained from pine trees. Various 
chemical methods are used to modify rosin acid to make it more stable and non- 
crystallized. One example is a rosin ester obtained by reacting a multi-functional 
alcohol with the rosin acid. The product used in this study has a M ,  of 810, M ,  of 970, 
and a DSC T,  of 53°C. 

Only one type of wax, Aristowax” 165, was used in this study. It has a M ,  of410, M ,  
of 460, and a DSC melting point, T,, of 68°C. 

B. Surface Tension Measurements 

A pendant drop tensiometer, which was designed by Koberstein at University of 
Connecticut, was used to measure surface tensions of the HMA components. It 
involves determining the shape of a fluid drop which hangs from the bottom of a 
vertical capillary tube in air. The drop profile is governed by the force balance between 
gravity pulling the fluid down ( p g  = gravitational force per unit fluid volume) and the 
fluid/air interfacial tension (y) holding the drop in place: 
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154 M. F. TSE 

where a = radius of curvature at drop apex, p = fluid density, g = gravitational con- 
stant and B2 = shape factor. 

C. Specimen Preparation, Viscoelastic and Stress-Strain Measurements 

Three different formulations were used, as shown in Figure 2. Each adhesive blend 
was prepared by hot melt blending. A simple description of the polypropylene (PP), 
polyethylene (PE) and aluminum (Al) substrates was also given. 

For the preparation of the T-peel specimens, a thin sheet of adhesive sample was 
laminated between two pieces of the substrate in a positive pressure, Teflon-coated 
mold. Adhesive thickness, t,, was controlled at 6 mils = 152 pm. The laminate was then 
cut into 1/2" = 1.3 cm wide specimens. All the 7'-peel measurements were done at a 
separation speed of u = 2"/min = 847 pm/s. 

Therefore, the adhesive in the vicinity of the separation zone could experience an 
approximate debonding frequency,f, (expressed in s -  1):2q3 

f = u/2t, (10) 

Under the above conditions,f= 2.8 Hz. 
Specimens for viscoelastic and tensile stress-strain studies were made by compres- 

sion-molding the adhesive material between Teflon-coated aluminum foil. Isothermal 
dynamic mechanical experiments were performed using the Polymer Laboratories 
DMTA over a wide range of temperatures. For tensile stress-strain measurements, 
the molded samples were die-cut into micro-dumbbell specimens (ASTM 01708). A 
crosshead speed of 2"/min = 847 pm/s was used. The stress was calculated based on the 
undeformed cross-sectional area of the tensile specimens. 

ADHESIVES (Ingredients In Parts Bv Weight) 

Escorenea 7750 
Exact" Polymer 
Escore9 1 3 1 0 LC 
Escore9 2393 

Rosin Ester 
Ariaowax@ 165 
Irganoxe 1010 

ECR-327 

HMA 1 
45 
- 

10 
0.5 

HMA 2 
45 - 

- 
45 
10 
0.5 

HMA 3 

45 
22 

33 

- 

- 
- 
- 

0.5 

SUBSTRATES 
PP: EscorenP 4252; Mn - 80K, M,- 297K; DSC 1, - 163-C; Thickness - 130 prn; Exxon Chemical 

PE: Escored LD117.08; MI - 1.5-2.0; Density - 0.93 glcrn'; Thickness - 130 p; Euon Chemical 

Al: Reynolds? 667; Shiny Side For HMA Bonding; Thickness - 20 pm; Reynolds Metals 

FIGURE 2 Adhesive formulations a n d  substrates used in this work. 
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111 RESULTS AND DISCUSSION 

A. HMA Interfacial Adhesion 

According to thermodynamics, Po can be written as follows: 

Po Iv Y, + Y, - Y o ,  

where ya = surface tension of the adhesive, y, = surface tension of the substrate, and 
y,, = interfacial tension between the adhesive and the substrate. This interfacial 
adhesion term, Po, although small in magnitude, could influence P strongly due to the 
multiplicative nature of Eq. (1). 

A simple rule to design an adhesive for bonding a given substrate is by comparing the 
values of Y, and ys. If the adhesive has a higher surface tension than the substrate, 
wetting is less likely to occur. On  the other hand, if the adhesive has a lower surface 
tension than the substrate, wetting will occur more readily. 

Figure 3 shows the surface tension as a function of temperature for the various HMA 
components determined by the pendant drop method. The magnitude of surface 
tension in decreasing order is: EVA, rosin ester, ECR-327, PE, Escorez 2393, Escorez 
1310LC, P P  and paraffin wax. Therefore, when we blend tackifier and wax with EVA, 
according to thermodynamics, the lower surface tension and lower molecular weight 
wax or tackifier may bloom to the EVA surface. 

All these surface tensions were measured in the molten state. The data of surface 
tension uersus temperature T for each material obeys a linear relation described by the 
following equation: 

y = - (dy /dT)  T + Constant 

A simple guiding hypothesis for optimizing the interfacial adhesion term, Po,  of the 
adhesive/substrate system is shown in Figure 4. The Po term should be highly 

\ ECR-327 

f " 27 

Rosin Ester 

.O\\ EVA n\ 

19 i 

40 60 80 loo 120 140 160 180 200 
Temperature. 'C 

F I G U R E  3 Surface tension uersus temperature of H M A  components measured by pendant drop method. 
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I56 M. F. TSE 

Surface Of Polymer/ Surfare Of 
Polymer Tackifier Tackifier Blend Substrate Po Example -- 

P P P P High EVA/REtoAl 

N-P N-P N-P N-P High EdEs to PP 

P N-P N-P N-P Medium WNEs to PP 

P P P N-P low WA/RE to PP 

N-P N-P N-P P low EdEs to Al 

Es: EscorezB Tackifier Ex: Exact" Polymer P P  Polypropylene 
EVA: EscorenE 7750 R E  RosinEster Al: Aluminum 

FIGURE 4 A guiding hypothesis for optimizing interfacial adhesion. 

dependent on the polar/non-polar nature of the HMA and the substrate. We have 
shown in a previous study' that the surface of the EVA/Escorez" tackifier blend is 
enriched in tackifier, which, in this case, is non-polar, and of low molecular weight and 
low surface tension compared with the EVA polymer. For the ExactTM polymer/rosin 
ester blend, we speculate that the surface of the blend is enriched in polymer due to the 
non-polar nature of this polymer. 

B. HMA Bonding Process 

1 Effects of Bonding Temperature We quantify the bonding term B in Eq. (1) by 
studying the effects of bonding temperature, T,,, on peel strength in Figure 5. Bonding 
time and bonding pressure were kept at  10 s and 40 psi (0.28 MPa), respectively. For 
HMA 2 bonded to PP, peel strength behaved differently in three different bonding 
temperature regions: LOO-140°C, 140-170°C and above 170°C. In the low bonding 
temperature region, adhesion increased rather slowly, and the HMA exhibited a 
slip-stick AIF mode. In the intermediate bonding temperature region, adhesion 
increased quite sharply (melting point of the P P  substrate is 163°C according to DSC) 
and the HMA exhibited an AIF mode. In the high bonding temperature region with a 
single data point, adhesion decreased slightly and the adhesive exhibited a mixed 
CF/AIF mode. Similar behavior was observed for HMA 1 bonded to PP. 

Bonding temperature effects on peel strength of HMA 3 to both P P  and PE sub- 
strates are also shown in Figure 5. These HMA/polyolefin assemblies exhibited AIF 
mode without any slip-stick motion. 

Without the consideration of the last data point at 180°C for HMA 2 in Figure 5, the 
peel strength of each HMA/polyolefin substrate system appears to obey the Arrhenius 
behavior: 

P-exp(-  E d / R T , )  (11) 
where R is the gas constant, and Ed is a certain type of activation energy which will be 
discussed in detail in a later part of this section. 
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12 

10 

8 
c 
r= 
9 6  . 
2 4  
& 

2 

0 

Bonding Pressure = 40 psi, Bonding Time = 10 s 
- 
- 
- 

60 80 100 120 140 160 180 200 
Bonding Temperature, O C  

Ped Strength - Exp (-Ed /RTb ), R - Gas Constant 
HMA Substrate a, k c a U d e  En, kcaVmole - 

1 PP 20.8 11.6 
2 PP 12.8 11.7 
3 PE 10.8 9.72 
3 PP 1.58 9.72 

E,,- Activdon Energy For ROW; 4- Activation Energy For lnterdiffuoh? 
Ped Strength - Constant For HMA Adhered To lmmiscibk Aluminum Surface 

Changes in peel strength with bonding temperature for HMAs 2 and 3; PP and A1 substrates, FIGURE 5 
bonding time = 10s and bonding pressure = 40 psi (0.28 MPa). 

An expression such as Eq. (1 1) may lead one to think that HMA bond strength would 
be controlled by wetting flow of the adhesives if Ed had a value similar to E,, activation 
energy of flow of the HMA. However, according to the table shown in Figure 5, E,’s 
of these HMAs obtained by rheological measurements (Figure 6; zero shear viscos- 
ity - exp (EJRT) )  are not exactly identical to E,. This is not surprising because molten 
HMAs should have good wetting with the substrate surface due to their low viscosities 
at elevated temperatures. Therefore, Ed should represent activation energy of a bonding 
mechanism other than the wetting flow process of the molten HMA. As shown in 
Figure 6, HMAs based on EscoreneR EVA polymer have lower melt viscosities than 
the HMA based on ExactTM polymer. Upon dilution by tackifier (hot melt solvent), 
branched EVA is less viscous than linear ExactTM polymer due to a smaller molecular 
size. 

Another piece of experimental evidence opposing the wetting flow mechanism is 
described as follows. We bonded HMA 2 to the aluminum (Al) substrate at various 
bonding temperatures, under the same bonding conditions of 40 psi (0.28 MPa) and 
10 s. The A1 substrate is assumed to be totally immiscible with the adhesive. Therefore, 
HMA/Al interactions are limited to surface sites. These results compared with those of 
the same HMA bonded to PP  are also shown in Figure 5. It appears that at, or above, 
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Q 

2.1 2.2 2.3 2.4 2.5 
103 n, K-1 

FIGURE 6 Activation energy of flow determined from temperature dependence of zero shear viscosity. 

110°C the HMA viscosity is low enough so that the bulk adhesive flows readily into and 
around the surface features of the immiscible substrate. This will result in peel strength 
independent of the application temperature of the adhesive. 

Without direct evidence, we suspect that Ed may describe a certain type of limited 
interdiffusion between HMA and PP substrate during the bonding process. Especially 
for HMAs 1 and 2 bonded to PP, the sharp transition from low to high bond strength, 
plus the change in failure mode when the bonding temperature approaches T,,, of 
the PP substrate (Figure 5), could suggest an interdiffused layer formed at 
the HMA/PP interface at higher bonding temperatures. There may be some specific 
interactions, such as association or neutralization, between EVA and rosin ester 
in HMA 2. These may enhance chain diffusion to a limited degree into PP, resulting 
in a lower Ed compared with that of HMA 1. Of course, the lower Ed values for 
HMA 3/polyolefin substrate systems could indicate a greater degree of compati- 
bility between adhesive and substrate during HMA bonding. Limited interdiffusion 
of these systems could occur more readily than for the EVA HMA/polyolefin substrate 
systems. 

To understand further the dependence of peel strength on HMA/polyolefin substrate 
compatibility, we rewrite Eq. (7) in the following form: 

P = A(RTb)”* exp( - B/RT,)  

where A is a constant and B = N , L Y ~ ( A ~ ) ~ N , .  Using A and B as the two adjus- 
table parameters, we arrive at the solid curves in Figure 7 which are the best fit of 
the experimental data to the last equation. These A and B values are also shown in 
Figure 7. 
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12 

10 

a 

-' 6 
P, c 
k 4  

2 

0 

0 I HMA3IPP 

i - o 20 40 60 a0 1 0 0  120 140 160 180 

HMA Substrate A, (moldl)1~ib/in 6, I/mole 
1 PP 664 11923 

Tbr OC 
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FIGURE 7 
of the four HMA/polyolefin substrate systems. 

Solid curves are best fit to the equation derived by de  Gennes (Ref. 17) for the experimental data  

As shown in Figure 8, we used literature values of entanglement molecular 
weights'9920 of 1250, 6900, and 3550 for polyethylene, poly(viny1 acetate) and 1,2- 
polybutadiene [an approximation for poly(butene-l)], respectively. We also used the 
characteristic ratios (C,'s) of the various homopolymer structures*' and the equation: 
a = (2C,)''2(1.54 A )  for vinyl polymers to calculate the sizes of polymer repeat unit 
C5.328, and 5.13A for the EVA and ExactTM polymers, respectively]. In choosing the 
C, value for a given polymer structure, we picked the one with the minimum value to 
simulate ad-solvent or melt condition C5.3 for polyethylene, 7.9 for poly (vinyl acetate) 
and 6.6 for poly(butene- l)]. With the assumption of tackifier(s) or tackifier/wax blend 
as a hot melt solvent for the polymer during the bonding process, we determined the 
values 6f Ah from the values of B for the different HMA/polyolefin substrate systems 
shown in the table of Figure 8. This figure also shows the plot of peel strength data at 
bonding temperatures of 120 and 160°C for the HMA/PE and HMA/PP systems, 
respectively, versus these Ah values. We selected these peel strength values at bonding 
temperatures (120 and 160°C) close to the melting temperatures of the two polyolefin 
substrates, P E  and P P .  This plot clearly indicates that adhesive bond strength drops 
with increasing HMA/substrate incompatibility. 

We calculated the Flory interaction parameter, x, and the interfacial thickness, I, 
from the Ah values according to Eqs. (8) and (9), respectively. Similarly, temperatures of 
120 and 160°C were used for the PE and PP substrates, respectively. The results are 
listed in the table of Figure 8. 
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’01 0 1 

a = (2c_))1n(1.54 A) 5 6 1  

Where I = oo(-H C, = Characteristic Ratio 21 0.1 0.2 0.3 ‘0.4 0.5 

ab. Sd. rar- Wr, 
Ab , d‘‘ Ion* 

HMA Substrate T, OC A25 , cal’” l c ~ n ~ ’ ~  Xx 10’ & A  - 
1 PP 160 0.47 2.33 35 
2 PP 160 0.34 1.25 40 
3 PE 120 0.32 1.06 50 
3 PP 160 0.07 0.044 240 

More Compatible HMAlSubstrate System, Signified By Smaller A 6, 
Has Smaller x, Larger I, And Higher Peel Strength 

FIGURE 8 Thermodynamic and interfacial parameters for HMA/polyolefin interface 

Smaller solubility parameter difference or Flory interaction parameter, x, means 
better HMA/polyolefin substrate compatibility, hence larger interfacial thickness. If 
the interactions are mainly van der Waals attractions, then xis positive. The case x = 0 
corresponds to a HMA with chemical nature very similar to the substrate and the 
above analysis becomes invalid. 

In summary, HMA bonding kinetics differs as compatibility between HMA and 
polyolefin substrate changes. Several basic thermodynamic and interfacial parameters 
could be deduced from these experimental peel strength/bonding temperature rela- 
tions. 

2 EfSects ofBonding Time Our next step to quantify B is to examine the effects of 
bonding time, t, on peel strength. We focused on HMAs 2 and 3 bonded to PP. The 
behavior of HMA 2 (at three different bonding temperatures: 130,150, and 170°C) and 
HMA 3 (at a single bonding temperature: 150°C) is shown in Figure 9. If we assume that 
PP has a thermal diffusivity of 1.6 x 10-3cm2/s, we can calculate that the time for 
complete heat conduction through the 130 pm PP substrate is 0.3 s . ~ ’  The shortest 
bonding time used was 1 s in Figure 9. Therefore, heat transfer to HMA should be 
complete. 

For HMA 2, if we disregard the bonding temperature effects due to the large scatter 
of data points, peel strength appears to increase steadily with bonding time for bonding 
times < 10s. It then levels off to a plateau or drops very slightly at longer bonding 
times. At long bonding times, the HMA/PP assembly appears to have similar bond 
strength independent of the bonding temperature used. Usually the HMA exhibited 
slip-stick AIF mode at short bonding times as the peel strength was still increasing, but 
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HMA 2JAl 
0.2 - A 

0 
0 0 I - 0  9 

0 0.5 1 1.5 2 2.5 3 
log (Bonding Time), s 

Bonding Temperature, O C :  B130 + 150 A 170 
FIGURE 9 
various bonding temperatures. 

Effects of bonding time on peel strength with PP and Al; bonding pressure = 40 psi (0.28 MPa); 

it exhibited AIF mode at long bonding times as the peel strength stayed approximately 
constant. 

The peel strength of HMA 3 showed different behavior. It continued to increase up to 
a bonding time of 300s. This behavior is consistent with the low A6 of the HMA 3/PP 
system described in Figure 8. The adhesive exhibited AIF mode except at the two 
longest bonding times: 120 and 300s. In the latter two cases, the adhesive exhibited 
mixed CF/AIF mode. 

To gain kinetic information for the HMA 2/PP system, we focus on the peel strength 
data shown in Figure 9 at short bonding times. These experimental data can be 
represented by the following equation: 

P = ( C , / C , ) ~ ~ ~ ~  = ( ~ ~ / 0 . 2 4 ) ~ , ~ ~ ,  correlation coefficient = 0.6267 

where to = 0.24 s is the response or induction time for the bond to reach a peel strength 
of 1 lb/in (0.18 kg/cm). The correlation is poor but it provides some scientific insight 
into the bonding process. Because the exponent in the last equation is intermediate 
between 1/4 and 1/2 (see Eqs (4)-(6)), we speculate that the HMA, a mixture of polymer 
(EVA) and oligomeric materials (tackifier and wax), may penetrate into the P P  
substrate, to a limited degree, by combined reptation/Fickian diffusion. 

For the HMA 3/PP system, we have somewhat different behavior: 

P = (t,/t,)0.19 = (tb/0.00013)0.'9, correlation coefficient = 0.9600 

The exponent is slightly larger than 1/6 but smaller than 1/4. Therefore, this behavior 
cannot be explained by both Eqs. ( 5 )  and (6). 
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2 .  

1 '  

By combining the results of this section and Eq. (1 1) for HMAs bonded to PP, the 

(12) 
We also stressed in Section III.B.l that, due to the difference between Ed and E,, bond 

strength is not controlled by the wetting flow of the adhesive. In our case, molten 
HMAs should have good wetting with the substrate surface due to their low viscosities 
at elevated temperatures. 

Similar to what we discussed in Section III.B.l, bonding experiments for the HMA 2 
and A1 assembly have been performed at a bonding temperature of 150°C for various 
bonding times. The results, shown in Figure 9, indicate that peel strength is indepen- 
dent of bonding time. Thus, contrary to Eq. (12), for bonding of the same HMA to an 
immiscible surface 

bonding term in our adhesion model could be described by 

B * eXp( - Ed/RTb)(tb/t,-,)", 116 < m < 112 

B - Constant (13) 
at different bonding times and bonding temperatures. In other words, for the HMA/PP 
system, the adhering materials could be partially miscible with each other so that an 
interphase of interdiffused molecules is possibly formed between them. Again, without 
direct evidence, we suspect that Ed in Eq. (12) may represent the activation energy of 
interdiffusion between HMA and PP substrate. 

3 Effects ofBonding Pressure Figure 10 shows the effects of bonding pressure p b  on 
peel strength of HMAs 1 and 2 bonded to PP at a bonding temperature of 150°C and a 
bonding time of 10 s. It appears that there is no, or a very minimal, increase in adhesive 

1-Peel With PP, IWin 
4 

Bonding Temperature = 150°C, Bonding Time = 10 s 

0 0 
0 0 

0 HMA 2 
- 

- 0 n 
0 u 

HMA 1 
0 

0 1  I I I I I I I 
0 20 40 60 80 100 120 140 160 

Bonding Pressure, psi 

FIGURE 10 High bonding pressure is not required to enhance forced flow for HMAs with low melt 
viscosities. 
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strength with bonding pressure. These two HMAs have low enough viscosities at 150°C 
so that there is an appreciable amount of spreading on the microscopically-rough 
substrate surface. Therefore, higher bonding pressure is not required to enhance forced 
flow. 

C. HMA Debonding Process 

The adhesive and sealant industry has found that the EVA, Escorez& and wax system 
such as HMA 1 is good for bonding to paper but not so good to PP. Therefore, the peel 
strength of this adhesive to PP is quite low (Figure 11). The good bond strength of 
HMA 1 with paper is possibly due to high Po (mechanical interlocking). On the other 
hand, industry finds that, although the EVA, rosin ester and wax system such as HMA 
2 has low Po (Figure 4), it performs better on PP, as shown by a higher energy 
dissipation and a higher peel strength. HMA 3 has high Po (Figure 4) and enhanced 
energy dissipation, hence improved peel test performance of the adhesive to PP. The 
peel strength is over 6lb/in (1.1 kg/cm) uersus 3 lb/in (0.54kg/cm) for the industry EVA 
system. 

Depending on the failure mode of the HMA/substrate system, the debonding term, 
D, represented by the energy dissipation in the bulk adhesive, can be measured either by 
viscoelastic loss tangent (small strain experiment) or by tensile draw ratio at break 
(large strain experiment) as detailed later. Draw ratio at break is defined as [ 1 + strain 
at break]. 

Figure 11 also shows the stress-strain curves of HMAs 2 and 3. Overall, compared 
with HMAs based on EVA polymer, HMAs based on ExactTM polymer show higher 

Adhesive Substrate Po D Peel Strength, I b h  
HMA 1 (N-P) N-P Medium low 1.7 
HMA 2 (P) N-P low High 3.3 
HMA 3 (N-P) N-P High High 6.3 

1200 
1 

1 
$ "J 

e 
t; 800 
t 
2 6 0 0  e 
2400 .s 

200 

0 
P 

0 200 400 600 800 1000 1200 1400 16 

% Strain 

FIGURE 1 1  The role of energy dissipation, D, in HMAs bonded to polypropylene. 
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1 PEEL 1 
TEST I 

IRANGE I 
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- I 

G+l I Adhes4e 

- 
- 
- 
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I 
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I 
I 
I 

I I I I 

melt viscosity (Figure 6) and inferior tensile strength, but better bond strength to 
polyolefins (Figure 7), higher strain at break and lower yield stress. 

One way to measure energy dissipation of the bulk adhesive is by using viscoelastic 
experiments (Figure 12). We placed the adhesive between two parallel plates and 
applied an oscillatory displacement to the The frequency of oscillation was 
varied and the energy dissipation, represented by loss tangent [ = (loss modulus)/ 
(storage modulus)], was measured. We plotted the measured energy dissipation against 
frequency in Figure 12 for two adhesive systems: a good adhesive and a poor adhesive. 
Using Eq. (lo), we calculated a frequency range, which corresponds to the separation 
speeds of the industrial test, as indicated by the two dotted lines. Within this frequency 
range, higher energy dissipation means stronger adhesion. Therefore, if energy dissi- 
pation is a measure of adhesion, it should be directly proportional to an attribute like 
peel strength. 

One example is shown in Figure 13 for HMAs exhibiting AIF mode when peeled 
from PP substrate. We plotted peel strength uersus loss tangent at T-peeling debonding 
frequency for a set of adhesives with similar amount of surface anchoring (similar 
interfacial adhesion term, Po) and identical bonding conditions (identical bonding 
term, B). In this figure, the filled and empty squares represent the EVA HMAs and the 
HMAs formulated from ExactTM polymers, respectively. Here, the data points repre- 
sent HMAs formulated from EVA polymers and ExactTM polymers of different melt 
indices. Also, some of these HMAs have formulations different from those shown in 
Figure 2. We have found in Figure 13 that, the higher the energy dissipation, the better 

1.5 

1 .o 

0.5 

0.0 

FIGURE 12 Peel test interpreted as adhesive energy dissipation at test frequency. 
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165 

0 
L3 

HMA Of Exact" Polymer 
0 

m o  
m =  

L 

0 '  I I I I I I 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

loss Tangent At Debonding Frequency 

FIGURE 13 
the bulk adhesive at T-peel debonding frequency. 

For H M A j P P  bonds which exhibit A I F  mode, bond strength increases with loss tangent of 

is the peel adhesion as expressed by the following equation: 

P - tan8 

Because B =constant, and Po z constant, we can convert the last equation to 

D - tan 6 (Failure Mode: AIF) 

by using Eq. (1). Overall, HMAs of ExactTM polymers show higher values of loss 
tangent at debonding frequency than EVA HMAs, hence higher peel strength to PP. 

On the other hand, Figure 14 shows that, if the failure mode of the HMA is 
CF/AIF, peel strength increases with adhesive draw ratio at break, AB, in accordance 
with: 

Again, the data points shown in Figure 14 represent HMAs formulated from EVA 
polymers and ExactrM polymers of different melt indices. Also, some of these HMAs 
have formulations different from those shown in Figure 2. By using an argument 
identical to that described in the last paragraph, we can convert the last 
equation to 

D - iB (Failure Mode: CF/AIF) 

Overall, HMAs of ExactTM polymers show a higher degree of ductility than EVA 
HMAs, hence higher peel strength to PP. 

In summary, the debonding term D of HMA ruptured in AIF mode appears to 
increase with the loss tangent at  T-peel debonding frequency. O n  the other hand, 
debonding term D of HMA ruptured in CF/AIF mode appears to increase with the 
draw ratio at break of the adhesive. 
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4 I 2 

0 
CI 

HMA Of Exact" Polymer 
0 

I I I I I I I 
4 6 8 10 12 14 16 18 

Adhesive Draw Ratio At Break 
FIGURE 14 
ratio a t  break. 

For HMAjPP bonds which exhibit AIF mode, bond strength increases with adhesive draw 

IV CONCLUSIONS 

The following table summarizes our findings: 

HMA Predictive Model: P = PoBD 

Adhesion Process Controlling Factor Functional Form 

Intrinsic adhesion 

Bonding Bonding time/temperature/pres- B - [exp( - E,/RT,)]  x 
[ t b / t O ) m ]  (1/6 < m < 1/2); 
indep. of p b  
D - tan 6 (AIF) 

Surface & interfacial tensions of 
HMA & substrate; WBL 

sure, substrate physical structure 

Energy loss in HMA & substrate 

Po - W,, - Y. + Ys - Y o ,  

Debonding 
deformation D - AB (CF/AIF) 

In the above table, we show that the interfacial adhesion Po is proportional to the 
thermodynamic work of adhesion, W,,, which is the sum of surface tensions of the 
adhesive and the substrate minus their interfacial tension, all quantities being measured 
at the bonding temperature. WBL stands for weak boundary layer.' The bonding term 
B depends on the bonding temperature Tb exponentially. From this experimental 
relationship, we could deduce the activation energy for limited interdiffusion, Ed. 
Furthermore, we could estimate several useful thermodynamic and interfacial par- 
ameters (solubility parameter difference Ah, Flory interaction parameter, x, and 
interfacial thickness, I) of the HMA/polyolefin substrate systems based on an equation 
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derived by de Gennes.” The bonding term B also varies with the bonding time to the 
power m which has a value between 1/6 and 1/2, representingpossibly different physical 
phenomena at the HMA/PP interface. Due to the very low melt viscosity of the HMA 
at bonding temperature, bonding pressure p b  (or forced flow) has no effects on strength 
of adhesion. The debonding term D depends on adhesive joint failure mode. D of HMA 
ruptured in AIF mode increases with the loss tangent of the adhesive at bond rupture 
frequency, tan 6. D of HMA ruptured in mixed CF/AIF mode increases with adhesive 
draw ratio at break, I, .  

According to Eqs. (la-c), (13) and the above table, Eq. (1) ( P  = P,BD) appears to be 
valid for PSAs, and HMAs based on semi-crystalline polymers. However, functional 
forms of B and D will depend on adhesive type, substrate type and the failure mode of 
the adhesive/substrate system. 
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