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Abstract 

Atomic force microscopy (AFM) is a versatile and powerful analytical tool for research and 

product development in the pressure sensitive adhesive (PSA) industry. With non-contact 

tapping mode AFM, both the topography of the adhesive surface and phase images can be 

obtained. The phase images represent important domain contrast with different viscoelastic, 

friction, and adhesion properties. In this paper, we present three examples of applications of 

AFM phase imaging for materials research and problem solving in the PSA industry:  

1) PSA products with multilayer adhesive technology are emerging because of improved 

adhesive anchorage, barrier, adhesion, and converting performance. AFM phase imaging has 

demonstrated superior layer analysis capability over conventional layer analysis techniques such 

as TEM/SEM (based on elemental contrast), optical microscopy (based on refractive index 

contrast), and FTIR/Raman spectroscopies (based on difference in molecular bonds). In addition 

to layer analysis, the interfacial mixing and layer boundary stability can be examined from AFM 

images. 

2) AFM can be applied to study the nanostructure of tackified PSA. The compatibility of the 

tackifier with acrylate polymer, size and distribution of phase separated tackifier domains, and 

weathering stability of the tackifier/polymer blends can be visualized and quantified from AFM 

phase images.  

3) A PSA label product has experienced a high release issue with the adhesive “locking-up” with 

the liner upon aging. AFM imaging and extensive spectroscopic analysis indicated that the 

tackifier from the adhesive migrated through the adhesive. The phase separated tackifier passed 

through the thin silicone release layer and bonded to the underlying PET liner substrate. 

The selected examples have demonstrated that AFM is a very useful tool to elucidate the nano 

and micro surface structure of pressure sensitive adhesives and products. Such a good 

understanding of the adhesive structure warrants improved PSA product design and rational 

trouble shooting of practical product failures during manufacturing and customer applications.      

  



1. Introduction 

 

Pressure sensitive adhesives (PSA) form adhesive bonds with the application substrate when 

light pressure is applied to bring the PSA products and adherend together. At the bonding state, 

the adhesive is soft enough to flow and wet the adherend to establish interfacial interactions such 

as van der Waals force, hydrogen bonding, static electricity interaction, acid-base interaction, 

etc. At the debonding state, the adhesive possesses certain elastic strength to resist shearing or 

stretching, thus allowing tapes, labels, or other PSA products to hold the bond in a plethora of 

applications. Key PSA properties include initial tack, which defines the holding power of the 

PSA product upon contact with the adherend, peel adhesion, which defines the holding power 

when the PSA products are removed from the adherends, and the shear resistance, which is 

related with the cohesive strength of the adhesive itself
1
.     

 

The performance of PSA is related with both bulk mechanical properties and the surface 

properties of the materials. From the bulk property point of view, the choice of monomers and 

monomer ratios, molecular weight, degree of crosslinking and type of crosslinking, and the 

amount of additives, such as plasticizers, tackifiers, and fillers, can all impact the viscoelastic 

properties of the PSA. Physical tests such as peel, tack and shear, and chemical tests including 

prevalent spectroscopic and chromatographic techniques are readily available to study the bulk 

properties of the adhesive. As to the perspective of PSA surface properties, the surface chemistry 

and contact intimacy between the PSA and adherends are critical to the interfacial bonding 

between the two surfaces. The surface chemistry of PSA can be determined with the choice of 

polymers and common PSA additives. Sometimes, the surface chemistry can also be changed by 

nonpolymeric materials from the PSA materials. For example, surfactants in water based 

emulsion adhesives tend to migrate to the adhesive surface. Silicone is another common 

contaminant, in particular from the PSA products directly coated on silicone release liners. The 

presence of these species is not intentional and often times they will change the surface 

chemistry and form a weak interfacial boundary layer between the adhesive and adherends. More 

complications in the surface chemistry can originate from migration of the additives like 

plasticizer, oil, tackifier, residual monomer, initiator, unreacted and reacted components from the 

facestock, printing ink, and the liner substrate. The presence of these materials can significantly 

change the surface chemistry of the adhesive and impact the adhesion performance even though 

the bulk adhesive still possess good viscoelastic properties. As to the contact intimacy, it is 

simply the match of surface smoothness/roughness of the adhesive and adherends and 

topography similarities between the PSA and adherends. Since PSA also has viscous properties, 

soft adhesives tend to have more flow and thus better wetting and contact upon applying pressure 

or temperature increase.  

 

There are many analytical techniques to probe the surface chemistry of PSA materials. For 

example, Fourier transform infrared (FTIR), near infrared (NIR), and Raman spectroscopy are 



commonly employed to study the molecular bonding of organic and inorganic species. But these 

techniques often penetrate too deep into the bulk and the spectra obtained pertain more or less to 

the bulk chemistry of the PSA. For complicated adhesive formulations, the lack of chemical 

specificity and sensitivity can be disadvantages even though special techniques such as grazing 

angle spectroscopy can be implemented
2
. Time of Flight – Secondary Ion Mass Spectrometry 

(TOF-SIMS) and X-ray Photoelectron spectroscopy (XPS, also known as Electron Spectroscopy 

for Chemical Analysis or ESCA) are the two major techniques to study the surface chemistry 

when only the uppermost molecular layers are of interest to understand the interfacial adhesion 

phenomenon
3, 4

. These surface techniques typically probe only the top 1-10 nanometers of the 

material of interest. Together, TOF-SIMS and XPS can provide quantitative and qualitative 

elemental compositions and molecular identification of the PSA surface. In addition to the 

spectroscopy mode, FTIR, Raman, TOF-SIMS, and XPS also have surface imaging capability, in 

which selected bands or peaks in the spectra can be used for displaying the distribution of certain 

molecules or phases on the materials surfaces
5-8

. Such imaging capabilities are very important to 

understand both the surface chemistry as well as the spacial distribution of the molecular 

components. However, because of the limitation of analytical probe size in these techniques, the 

image resolution of these spectroscopy based imaging techniques is typically limited to several 

micrometers or above. Therefore, domain structures and phase separated domains at 

submicrometer scales cannot be resolved.  

 

Microscopy based techniques such as Scanning Electron Microscopy (SEM) or Transmission 

Electron Microscopy (TEM) have excellent image resolution, down to several nanometers or 

less. Energy Dispersive X-ray Spectroscopy (EDS) or Wavelength Dispersive Spectroscopy 

(WDS) commonly used in electron microscopes can also provide additional elemental 

compositions of the materials. Yet the application of electron microscopy in PSA is not as 

extensive as other materials science. The main reason is that the components in a PSA 

formulation are typically all organic based materials. These materials inherently have low 

elemental contrast to each other due to similar C and O contents in the individual components. 

Staining generally does not work very well because the components in PSA may not necessarily 

have unsaturated double bonds or aromatics. As such, electron microscopy is not very capable to 

resolve the domain or phase morphology of PSA materials unless there is a significant presence 

of inorganic fillers or pigments in the PSA materials
9-10

. As to EDS and WDS, the lack of 

specificity in organic molecule identification and the relatively large penetration depth make 

them less ideal than XPS and TOF-SIMS techniques.   

 

Atomic Force Microscopy (AFM), in comparison with aforementioned techniques, is a very 

attractive technique because it offers a lot more than nanometer resolution topology about the 

surface. AFM provides high resolution images of the sample surface by measuring the deflection 

and torsion of the micro-fabricated elastic cantilever under the interaction between the materials 

surface and probe tip. Advanced modes in AFM such as phase imaging
12

, lateral force mode
13

, 



amplitude modulation
14

, force spectroscopy
15

, force modulation
16

, etc. have continuously 

emerged and have new applications in materials research due to the advancement of hardware 

and software. These advanced imaging modes provide important information about surface 

viscoelastic properties, adhesion properties, electrical properties, magnetic properties, and many 

other properties about the materials surface. These properties can be used to indirectly infer the 

chemical composition of the materials surfaces and thus provide valuable information about the 

surface chemistry at nanometer resolution. Among the advanced imaging modes, phase imaging 

is probably one of the earliest developed yet also the most common imaging method. In phase 

imaging, the excited cantilever oscillation exhibits a phase shift (φ) between the drive and 

response. As the AFM probe scans across the sample surface, the phase at a fixed frequency 

shifts when the cantilever-sample interaction changes due to the local variation of the surface 

physical and chemical properties. More attractive forces will shift the resonance frequency of the 

cantilever to lower frequencies and more repulsive forces will shift the resonance frequency to 

higher frequencies. While phase imaging is a very useful imaging mode, the interpretation of the 

phase images can be very challenging because the phase shift can be determined by a 

convolution of multiple tip-material interactions such as adhesion, stiffness, dissipation, 

viscoelasticity, and electrostatic forces.      

AFM phase imaging has been extensively applied to study latex particles and films for more than 

two decades
17-18

. The application of AFM in studying soft PSA is still not very popular
19-20

. One 

of the main reasons is that soft and sticky PSA surfaces, as well as the nonpolymeric serum 

solids on the adhesive surface, make it difficult to engage the tip and scan across the PSA 

surface. In this paper, we would like to focus on AFM studies of the surface chemistry and 

homogeneity at the micrometer and submicrometer scale. We would like to demonstrate some of 

the recent applications in AFM phase imaging to support PSA production optimization, new PSA 

materials research and development, and product quality related issues.      

2. Experimental  

Tapping mode AFM was performed with a Digital Instruments’ Nanoscope III multimode 

Scanning probe microscope. Topographic and phase images were recorded simultaneously in air 

at ambient conditions. A commercial single crystal silicon cantilever probe SSS-NCHR from 

Nanosensors was oscillated at its characteristic frequencies, which is about 330 kHz. The 

cantilever is 125µm long, 30µm wide, 4µm thick, with a typical tip of radius of <5nm and force 

constant of 42N/m. The tapping force level is related to the ratio of the set-point amplitude to the 

free-oscillation amplitude. Depending on the operating conditions, different levels of tapping 

force were applied to produce accurate and reproducible images. Typically, a moderate force 

with set-point ratio of 0.5-0.7 was adopted. In the phase imaging mode, the spatial variation in 

surface elasticity is detected by monitoring the phase shift associated with the probe’s resonance 

and its proximal interaction with the sample. High phase corresponds to high modulus and low 

phase to low modulus, i.e., the relatively commonly used stiffness contrast. 



 

Cross-section samples were prepared with a RMC MT990 ultramicrotome. The cross-sections 

were trimmed with a Micro Star diamond knife at -40ºC. After trimming, the cross section was 

mounted on AFM disc with fast curing epoxy. Olympus BX51 optical microscope was used to 

check the quality of the cross-sections and identify the surface morphology of the laminate. 

 

FTIR analyses were performed by ATR (Attenuated Total Reflectance) with a Nicolet Magna 

560 spectrometer. A SenIR Durascope ATR accessory equipped with a diamond Dura-disk 

internal reflection element was used. Gel permeation chromatography (GPC) was conducted with 

a Waters 2695 pumping system with a Waters 2414 refractive index detector. The column set 

was three Plgel Mix-C columns of dimensions 300 mm x 7.5 mm from Polymer Labs. The 

mobile phase was THF at 1.0 mL/min and the injection size was 50 μL. Calibration was against a 

set of twelve polystyrene standards obtained from Polymer Labs, ranging from 580 to 1,800,000 

Da. Empower software from Waters was used with the GPC option. Differential scanning 

calorimetry (DSC) thermal analysis was conducted with TA Q2000 Differential Scanning 

Calorimeter. DSC curves were recorded using aluminum crucibles containing about 2mg 

samples under dynamic nitrogen atmosphere. A heating rate of 10°C/minute in the temperature 

range of 50°C to 250°C was applied. 

 

3. Results and discussion 

3.1 Multilayer PSA product analysis with AFM 

A typical laminated PSA label construction  consists of a facestock material, a pressure-sensitive 

adhesive layer, and a coated release liner. Recently with the new development of advanced 

manufacturing technology, multilayer adhesives are actively explored utilizing dual die or 

curtain coating technology to simultaneously coat or co-extrude adhesives onto the release liner. 

Although this would add some complexity in the coating process, such new multilayer PSA 

structure provide expanded functionalities of PSA products and allows more flexibility in 

adhesive formulation. For example, surfactants or other additives can be added to the base 

adhesive layer for aggressive wetting and anchorage to the silicone release liner while the other 

adhesive layer can have a different chemistry suitable for the target facestock substrate. For 

removable applications, the base adhesive layer can have a permanent adhesive to improve the 

anchorage to the facestock substrate and the functional adhesive layer can have characteristic 

removability with no worry about losing anchorage to the facestock and leaving adhesive residue 

on the application substrate. Other benefits of multilayer adhesive technology include reduction 

of manufacturing cost, enhancement of converting performance, and improvement of adhesion 

performance
21-23

.    

The performance of PSA products with multilayer adhesives is closely related to the chemical 

compositions and layer structures of the adhesives. A good understanding of the structure, 



including the ratio of the thickness of each individual adhesive layer and the interface of the 

adhesive layers, is critical for development of cost effective high performance PSA products.  

In the film industry, many imaging techniques are available to resolve the layer structure of 

multilayer films. For example, in optical microscopy, the layer structure can be resolved based 

on the difference of refractive indices of film layers. Raman imaging and FTIR imaging have 

also been applied to image the layer structure based on different vibrational absorption of 

specific functional groups of the organic molecules 
24-25

. The typical resolution of these 

techniques is at the micrometer level. If higher resolution is demanded to resolve the fine 

structure, SEM and TEM can be applied to study either sectioned block face or the cross-section 

to resolve the layer structure. The multilayer films are typically produced using co-extrusion or 

lamination techniques. Usually, there is clear layer boundary between the film layers when the 

two film layers have different compositions. Another way to enhance the layer contrast is to 

apply staining techniques. OsO4 and RuO4 staining have been widely adopted to stain organic 

materials with unsaturated double bonds or aromatic groups
26-28

.         

In comparison with the structural characterization of multilayer polymer films, it is much more 

challenging to identify the multilayer structure of commercial PSA products. During 

manufacturing, the adhesives are typically coated simultaneously in the wet state or coextruded 

in the melt state. As such, the layer boundaries are often diminished due to extensive mixing and 

inter-diffusion at the liquid-liquid interface or the melt-melt interface. Optical microscopy, SEM 

and TEM are not able to resolve the layer structure well without distinct layer boundaries. From 

a chemical composition point of view, the layers may have very similar chemical compositions, 

such as random copolymers of 2-ethyl hexyl acrylate (or iso-octyl acrylate), butyl acrylate, and 

other acrylates. This makes the spectroscopic imaging technique such as FTIR and Raman not 

very useful because no distinct absorption peaks can be chosen to differentiate the layers. 

Common staining technique such as OsO4 and RuO4 staining do not help much in these cases 

because there are either not many unsaturated double bonds in the polymer chain and/or the 

multiple layers share nearly the same molecular chemistry.      

While common conventional microscopy and spectroscopy techniques have difficulties in 

identification of the structure of multilayer adhesives, we demonstrate that Atomic Force 

Microscopy (AFM) phase imaging can be a valuable tool to elucidate subtle structural 

differences between the adhesive layers. Film labels or tape samples can be cross-sectioned by 

ultramicrotomy at -30°C. Paper labels can be cross-sectioned with a sharp razor blade on pre-

cooled samples. The obtained block face was studied with AFM phase image mode. In this 

mode, the spatial variation in surface elasticity is detected by monitoring the phase shift 

associated with the probe’s resonance and its proximal interaction with the sample. Figure 1 

shows the adhesive morphology difference in a dual layer PSA product. Adhesive layer 1 is a 

permanent emulsion adhesive. It displays a cell like structure with distinct cell boundaries. Such 

a cell structure was formed due to incomplete fusion of the latex particle during the coalescence 

stage. The bright network with high phase angle mainly consists of serum solids (mainly 



surfactant)
19-20

. Adhesive layer 2 is a removable PSA. In this layer, wax additives were 

intentionally added into this layer to reduce the adhesion. Spherical particles in the size of 100nm 

to 1µm are distributed throughout the layer.  

 
Figure 1. AFM height and phase image of a commercial dual layer PSA label. Scan size is 15 

µm  x 15µm. 

 

An important application of this imaging technique is to optimize the coating process parameters. 

Ideally, interfacial mixing is undesired because it will compromise the performance of both 

layers. When the viscosity, flowing behavior and drying speed are not optimized, interfacial 

instability and mixing will occur and negatively impact the performance of the product. Figure 

2A shows an example of such interfacial mixing. The label product has two adhesive layers, 

adhesive R and adhesive S. Adhesive S is the tie layer bonding the facestock and adhesive R is 

the functional layer to be applied onto substrate. With standard adhesive formulation, there is 

significant flow instability at the adhesive layer interface. Some of the droplets from adhesive S 

layer breaks and get mixed into the adhesive R. In another coating trial, when a little rheology 

modifier was added in to adhesive R, the interfacial mixing issue was significantly improved and 

the adhesive layer boundaries became well defined (Figure 2B).       

Adhesive 1 

Adhesive 2 



 

(A)                                                                   (B) 

Figure 2. AFM height and phase images of dual layer adhesive labels from pilot coating trials: 

(A) standard adhesive S and R (B) standard adhesive S and modified R with added rheology 

modifier. In both samples, the top layer is the film facestock. The middle layer with a cell-like 

structure is adhesive S and the bottom relatively homogeneous layer is adhesive R. Scan size is 

10 µm x 10µm. 

 

3.2 PSA/tackifier compatibility 

During the formulation of PSAs, a variety of additives such as tackifier, filler, and antioxidant 

can be added to enhance its adhesion and other performance properties. Blending tackifier with 

high molecular weight polymer is probably the most commonly practiced approach to enhance 

the PSA’s adhesion performance, particularly in applications for the low surface energy 

substrates.  

A tackifier is typically a low molecular weight material with relative high glass transition 

temperature (Tg).  Typical number average molecular weight is under 5000 with Tg ranging 

between 0°C to 100°C. In comparison, the base polymers for adhesives usually have Tg below -

20°C and number average molecular weight above 30k. Commercially available tackifier can be 

divided into three groups: hydrocarbon resins such as C5 aliphatic, C9 aromatic resins, and 

mixtures of these are made from petroleum based feedstocks. Rosin resins are derived from 

wood rosin, gum resin, or by-product of the tall oil rosin from paper making process. Terpene 

resins are derived from terpene feedstock either from wood or citrus fruit. In the PSA industry, 

modified rosin such as rosin esters are commonly used due to their excellent compatibility and 

ability to promote tack and adhesion. Rosin esters are produced by reacting rosin acids with 

alcohols such as triethylene glycol, glycerol, and pentaerythritol. Usually the compatibility of 

terpene resins and petroleum resin with the acrylate polymer is poor. Rosin resin, hydrogenated 

rosin ester, and acrylate polymer have better compatibility and thus enhanced peel and shear 

properties.  

The adhesion performance of tackified adhesive is critically depending on the compatibility of 

the PSA polymers with the tackifier.  When the base polymers and tackifier are compatible, the 



blended mixture should have a single uniform phase in which the long chain polymer molecules 

and short chain resin molecules are mixed homogeneously. The higher the compatibility, the 

more efficient will be the tackification. In a compatible resin/polymer system, there is an optimal 

ratio of the resin and polymer. When the tackifier content is low, the physical properties of the 

blends will mainly display the characteristics of the polymers. The tackifier will act like a 

plasticizer to reduce the viscosity of the whole system. As the tackifier resin content keeps 

increasing, the Tg of the whole blend will continue to shift to higher temperature and the 

viscosity will get smaller due to the plasticization effect. The adhesive performance properties 

such as tack, peel, and shear will reach maximum value. Beyond the optimal resin/polymer ratio, 

the physical properties of the materials deteriorate rapidly with quick loss of cohesive strength 

and adhesive property because the tackifier molecules in the system dominate the mechanical 

properties of the system. On the other hand, if the base polymer and tackifier are not compatible, 

then it acts as filler. In this case, the tackifier will phase separate with the polymer matrix and 

form micro domains in the bulk. The overall modulus of the blend will increase yet the Tg of the 

polymer will likely have little or no change.   

The degree of the compatibility of the blends can be determined by measuring the glass 

transition temperature of the blend by DSC
29

.  For compatible blends, there should be one glass 

transition temperature of the blends. The Fox equation can be applied to approximate the Tg of 

compatibilized blend (Equation 1), where the Tg is the glass transition of the blend, Tg1 and Tg2 

are the glass transition temperature of polymer and tackifier resin, respectively, and w1 and w2 

are the weight fraction of the polymer and tackifier resin, respectively. The relative compatibility 

of the tackifier/polymer can be evaluated with the deviation of the calculated Tg with the 

measured values. For incompatible resin/polymer systems, usually two separate glass transition 

temperatures will be observed in the DSC thermogram.  Again, the shift of measured Tg versus 

the Tg of the pure components give a qualitatively clue about the interaction of the polymer with 

tackifier resin. 

1

Tg
=  

w1

Tg1
+   

w2

Tg2
 

                                       (Equation 1) 

A more sensitive technique to evaluate the compatibility of polymer/tackifier resin is Dynamic 

Mechanical Analysis (DMA)
30

. In this technique, a sinusoidal stress is applied to the materials 

and Storage Modulus (G’), Loss Modulus (G’’) and damping (tan δ) between the stress and 

strain can be determined. At temperature below the glass transition temperature, the amorphous 

polymer displays glass behavior and has high storage modulus. Above the glass transition 

temperature, the polymer becomes rubbery and stiffness decrease dramatically and viscosity 

increases significantly.  The glass transition temperature can be determined from the peak 

position of the Tan δ. Similarly to DSC, the compatibility of polymer and tackifier resin can be 

evaluated from the Tg of the blends.  Incompatible blends will show distinct glass transitions for 



each component. If there is certain interaction of the components, the value may change a little 

bit in relation to the pure components. Homogeneous blends exhibit only one glass transition. 

Besides DSC and DMA, there are other optical and spectroscopic techniques to access the 

compatibility of polymer and tackifier resin as well. All of the techniques, including previously 

mentioned DSC and DMA, have some limitations. First of all, most of them are bulk analysis 

techniques. If the degree of phase separation is not severe, these techniques may not be sensitive 

enough to differentiate a slightly incompatible system versus a complete homogeneous system. 

For similar reason, these techniques are not able to detect the initiation of the incompatibility due 

to environmental aging or other gradual change of the adhesive chemistry. Secondly, adhesion is 

a complex phenomenon. It not only depends on the bulk rheological properties of the adhesive, 

but also depends on the surface chemistry of the adhesive. For incompatible polymer/rein blends, 

the size and distribution of the phase separated resin can greatly influence the interfacial 

interaction between the adhesive and substrate and thus the bonding and debonding behavior. In 

contrast, AFM is a very sensitive tool to image the surface morphology and topography of PSA. 

In addition, advanced imaging mode such as phase imaging, adhesion, modulus and friction can 

enhance the component contrast based on different adhesion, viscoelastic and mechanical 

properties of the domains. The size, shape and distribution of the phase separated domains on the 

PSA surface can be distinctly visualized with AFM imaging. Further, the PSA samples can be 

cross-sectioned and studied by AFM from the cross-sectional view so that the bulk morphology 

and structure of the PSA can be studied as well.   

Here we present studies of polymer/tackifier compatibility with AFM phase imaging mode. The 

left hand height image shows the topography of the adhesive surface while the right hand side 

shows the phase image of PSA, which has contrast related with stiffness, viscoelastic property, 

and adhesion between the AFM probe and the surface materials.  

The compatibility of the polymer/tackifier is determined by the solubility parameters, molecular 

weight, and molecular weight distribution of the two components.  Similar to a solution, even in 

a compatible polymer/tackifier blends, often times there is a limit for the polymer to incorporate 

tackifier molecules. Figure 3 shows the surface morphology of an adhesive with different loading 

of tackifier F. When the percentage of tackifier is relatively low at 10% (Figure 3A) and 15% 

(Figure 3B), the adhesive surface is homogeneous. As the tackifier increases to 20%, the system 

becomes incompatible and phase separated domains in the size of 2-4 micrometers appear on the 

adhesive surface (Figure 3C). In fact, in this product, the phase separation is so severe that the 

adhesive laminated on PET film appears hazy due to extensive scattering of light. The other two 

products with lower tackifier loading appear transparent through transmission light. 

  

  

 



 

 

 

Figure 3. Dependence of the adhesive surface morphology on compatibility of the PSA polymer 

and tackifier F. While the PSA is homogeneous at 10% (A) and 15% (B) tackifier loading, as the 

loading of tackifier increases to 20% (C), phase separation of the tackifier rich domain and 

acrylate polymer occurs. The image size is 10µm x10µm. 

Besides chemistry of the components in the blends, different processing conditions and 

production practices during manufacturing may also influence the segregation of 

polymer/tackifier kinetically. Figure 4 shows the morphology difference of the same adhesive 

coated on a PET release liner. The PSA polymer and tackifier have slight phase separation. 

During the drying process, since majority of the solvent escapes from the air side, the solvent 

A 

B 

C 



evaporation process tends to bring over the tackifier and enrich it on the air side of the adhesive. 

As a result, on the adhesive surface at the air side, there are many small high modulus domains in 

the size of a few hundred nanometers (Figure 4A). In contrast, at the liner side, the adhesive 

morphology is quite homogeneous (Figure 4B).  

 

(A)                                                                (B) 

Figure 4. Differences in surface morphology of the same coated adhesive at the (A) air side (B) 

liner surface. The image size is 10µm x 10µm. 

During the coating trials, it was also found that the segregation of the tackier is related with the 

coat weight. Figure 5 shows the adhesive surface morphology of the adhesive coated at different 

coat weight. At 55gsm (Figure 5A), the phase separation of PSA polymer with tackifier is 

negligible. However, when the coat weight is increased to 125gsm (Figure 5B), there is 

significant phase separation of polymer/tackifier, as shown in the micro size tackifier domains in 

the phase images. At higher coat weight, it takes either longer time or higher temperature to drive 

off the solvent in the adhesive. It helps the adhesive to reach its thermodynamic equilibrium 

state, in this case, phase separation of the polymer with tackifier due to incompatibility.  

  

(A)                                                                   (B) 

Figure 5. Dependence of the adhesive surface morphology on the adhesive coat weight, (A) 

55gsm (B) 125gsm. The AFM images of the air sides of the adhesive are presented. The image 

size is 30µm x 30µm. 



Solvent is another major factor that can impact the drying and equilibrium of the adhesive 

blends.  Figure 6 shows the adhesive morphology coated with different batches of the 

formulation. The two batches have the same 35% solid content and adhesive composition with 

the exception that one is diluted with toluene and the other is diluted with n-butyl acetate. 

Toluene is an excellent non-polar aromatic hydrocarbon solvent. It has good solubility to most 

tackifier resins. However, the use of toluene receives increasing environmental pressure due to 

potential toxicological effect. Although not as toxic as benzene or chlorobenzene, inhalation of 

toluene in low to moderate level can still cause tiredness, confusion, nausea, and/or weakness. 

From a health point of view, the alternative n-butylacetate is preferred over toluene as a solvent. 

Comparing to toluene, n-butylacetate has slightly lower surface tension and moderate polarity. It 

is also less volatile due to its higher boiling point and lower vapor pressure comparing to toluene 

(Table 1). From the coating trial results, under the same processing conditions, it is obvious that 

toluene is able to disperse the tackifier resin well in the polymer matrix (Figure 6A) while n-

butylacetate is not as efficient to disperse tackifier resin uniformly into the polymer (Figure 6B).      

Table 1. Major physical property differences between Toluene and n-butyl-acetate 

 Toluene n-butylacetate 

Boiling point (°C) 110.6 126 

Surface energy at 20° C(mN/m) 28.4 25.3 

Vapor pressure at 25°C (mmHg) 28.4 11.8 

Hansen solubility parameters (Mpa
1/2) Total: 18.2 δ D: 18.0 δ p: 1.4 

δ H: 2.0 

Total: 16.8 δ D: 15.1 δ p: 3.7 

δ H: 6.3 

      

 

(A)                                                                   (B) 

Figure 6. Dependence of the adhesive surface morphology on the dilution solvent. The target 

solid content is 35% with different dilution solvent, (A) toluene as dilution solvent (B) n-

butylacetate as dilution solvent. The AFM images of the air sides of the adhesive are presented. 

The image size is 30µm x 30µm. 

For many polymer/tackifier blends, the commercial products may not always reach a 

thermodynamically stable state due to the constraints of the solvent selection, mixing, coating, 



and drying processes. As such, the adhesives may be locked in a kinetically favored metastable 

state, which could gradually transform into a thermodynamically state upon aging or under 

environmental stimuli such as increased temperature. This could cause adhesive and release 

changes over the time, which is usually not desired because of inconsistant  product 

performances. Figure 7 shows an instance of improvement in phase separation in a high 

performance adhesive product. Right after production, there is significant phase separation of the 

tackifier with polymer on the air side of the PSA (Figure 7A). After aging at room temperature 

for three weeks, the air side of the adhesive aged at RT still shows phase separated domains on 

the surface (Figure 7B). However, the size of these domains becomes much smaller than the non-

aged sample. Typical size of the domains is about 100-200 nanometers, comparing to typical size 

of 2µm in the non-aged samples. If the product is subject to heat aging at 40°C for three weeks, 

the adhesive surface becomes homogeneous, as there is nearly no contrast in the phase image 

(Figure 7C).  

 

(A)                                      (B)                                               (C) 

Figure 7. Phase images of the adhesive surface after aging at different conditions: (A) freshly 

exposed, (B) aged at room temperature for 3 weeks, (C) aged at 40°C for 3 weeks. The image 

size is 10µm x 10µm. 

Figure 8 shows an example of increase of phase separation upon environment aging. The PSA is 

a hybrid acrylate rubber polymer with tackifier. The fresh produced products have homogeneous 

surface morphology (Figure 8A). After aging at room temperature for 6 weeks, small domains at 

the size about 100-200 nanometers start to show up on the adhesive surface (Figure 8B). After 8 

weeks, these domains are more distinct on the adhesive surface (Figure 8C). The same adhesive 

is also subject to high temperature aging at 90°C. Similar to room temperature aging, after 6 

weeks, there are some high contrast domains developed in the phase images. These high contrast 

domains can be tackifier rich rubber domains. After 8 weeks aging at 90°C, these high contrast 

domains become more distinct and also the size grows to approximately 1µm.  



 

(B)                                      (B)                                               (C) 

 

          (D)                                           (E) 

Figure 8. Phase images of the hybrid low surface energy adhesive surfaces after aging at 

different conditions: (A) freshly exposed, (B) aged at room temperature for 6 weeks, (C) aged at 

room temperature for 8 weeks, (D) aged at 90°C for 6 weeks and (E) aged at 90°C for 8 weeks. 

The image size is 10µm x 10µm. 

The examples presented in Figure 7 and Figure 8 demonstrate the merits of using AFM phase 

imaging to monitor the structural change of the tackified adhesive. Typically when the 

homogeneity or heterogeneity starts to develop, the overall chemical compositions do not change 

much because it only involves slight rearrangement of the polymer and tackifier in the bulk. The 

majority of bulk test techniques such as spectroscopy, chromatography, rheology, and physical 

testing may not be sensitive enough to identify differences between the non-aged and aged 

samples. But AFM is able to find differences because the fine AFM probe tip only interacts with 

a tiny portion of the materials in localized nanoscale regions. Subtle changes of the 

viscoelasticity and chemical composition in these regions could dramatically impact the 



interaction of the materials with AFM probe, which will ultimately be manifested in the collected 

AFM images.  

3.3 Release issue due to additive migration 

Most PSA products use polydimethylsiloxane (PDMS) as the release coating on a disposable 

paper or film liner. The thin silicone coating provides a low surface energy interface between the 

adhesive and the paper liner. The silicone release coating process can be delivered via solvent, 

water born emulsion, or solventless silicone release systems. The most popular release system is 

thermally cured solventless release based on a mixture of PDMS with unsaturated vinyl groups, 

SiH- terminated crosslinker and Pt hydrosilation catalyst. Alkynols or alkyl maleates are used as 

inhibitors. Sometimes control release additives are used in the release coating to increase the 

release force depending on the requirement of the PSA applications.  Recent advances in thermal 

curing includes faster curing reaction rate with novel polymer molecular structure. The use of 

UV or E-beam curing chemistry is also rapidly evolving. These release systems uses polymers 

and control release resin additives containing photocurable groups such as epoxides, acrylates, or 

vinyl ethers
31-32

. Radiation-cured systems are especially suitable for thermoplastic films like PE 

or OPP because of the thermal instability of these plastics at the temperature ranges normally 

used with thermal curing silicones. 

A release liner is not merely a device to protect and aid delivery of the PSA products. During the 

production, it serves a lot of different purposes including being a substrate for adhesive coating, 

carrier of PSA product during printing and die cutting and delivery of PSA label on articles 

during dispensing. Among such diversified applications, the release force at different processing 

speeds must be optimized within certain range to allow efficient and defect free production. If 

the release is too low, the PSA products may experience flying or early delamination problem 

during the converting process. On the other hand, if the release is too high, converters and 

customers may have problems with matrix stripping, label dispensing issues, or even have 

complete facestock-liner lock-up problems.  

Many possibilities can contribute to the liner release force being out-of-spec. A lot of times, the 

quality of the release liner is the main contributing factor for the high or low release 

performance. In addition, curing systems, the ratio of crosslinker and PDMS polymer with vinyl 

functional groups, the molecular structure of the base polymer, and the concentration of Pt 

catalyst can all influence the curing speed, degree of curing, and silicone anchorage. Processing 

plays a big role in the release liner quality as well. The silicone coat weight, curing temperature 

and liner speed, the coverage of the release coating, and the uniformity of the release coating are 

the major factors for impacting the release performance. Even with good quality release liner, 

post processing such as unwinding and rewinding, coating, and handling can introduce additional 

damages such as scratches, pinholes on the release liner surface. All of these liner related issues 

can cause variance in release performance.        



Since release force originates from the interaction of PSA with silicone, the chemistry and 

physical structure of the adhesive can equally contribute to the release problems. From a 

chemistry point of view, it is known that water based, solvent based, and 100% solids hot melt 

type adhesives have different affinity to the silicone. The typical optimal ratio of crosslinker and 

silicone polymer can be slightly different for these adhesive types. Furthermore, additives in the 

PSA such as tackifier, oil and plasticizer may further complicate the interaction of the PSA with 

silicone release coatings. On the physical side, the adhesive coating thickness and rheological 

properties of the adhesives have critical impact on the energy dissipation during the peeling 

process. Also, if the adhesive is not sufficiently dried, the residual solvent in the adhesive can act 

as a plasticizer to soften the adhesive and change the release profile of the laminates.    

The aforementioned release problems usually happen immediately after production because of 

changes in the chemistry or physical structure of the adhesive and/or the release coatings. A 

more complex type of release problem is gradual release changes over time during storage or 

environmental aging. In some cases, the release change can be caused by the absorption of water 

in the facestock or the release liner paper. Humidity introduces mechanical property change of 

the paper. The absorbed water tends to swell the paper and make it more flexible and thus 

influence the release profile of the laminates. In many other cases, the release change can be 

associated with the stability of the adhesive. The adhesive may undergo slow physical chemical 

changes such as phase separation, additive migration, or hydrolysis that may change its adhesion 

property significantly.  

Figure 9 shows an example of high release build-up over the time. The product’s release 

performance was within spec when freshly made. However, customers were experiencing 

adhesive “lock-up” issues with the liner after several months’ storage in the warehouse. The 

optical micrograph shown in Figure 9 clearly shows adhesive strands connecting the adhesive 

surface and liner surface during peeling.  Furthermore, these adhesive strands connect the black 

dots on both the adhesive and release surface. After peeling off the top label, both optical 

microscopy (Figure 10A) and SEM (Figure 10B) shows that in some of the dot areas, the PET 

liner substrate gets exposed after peeling. Thus the failure could happen in the following 

pathway: during storage or nature aging, there are some migrative species that get concentrated 

at the interface of the adhesive and release liner. The migrative species are able to diffuse into 

the thin silicone release coating and reach over to the PET substrate and develop a strong 

adhesion with the liner substrate. 



 

Figure 9. A PSA product with a “zippy” release problem. The adhesive strands lock to the 

release liner during peeling. 

  

(A)                                                                        (B) 

Figure 10. Optical micrograph (A) and SEM micrograph (B) show the damage of the release 

coating and exposure of the PET liner substrate after peeling off the “zippy” labels. 

In order to further identify the origin and chemistry of the migrative species, a combination of 

AFM, FTIR, DSC, and GPC analytical techniques were applied to study the species. Figure 11 

shows the surface morphology of the adhesive of the zippy label. In the black dot area (Figure 

Facestock adhesive side 

release surface 



11B), there are many submicrometer faceted particles, which appear to be crystalline particles. In 

contrast, at the relatively low release area of the same “zippy” label (Figure 11A), there is no 

such particle. But there are significant amounts of droplet like domains all over the adhesive 

surface. The adhesive surfaces of the “zippy” label and a normal control label were also 

compared by AFM. In the control label, there are many droplet-like domains with a size of about 

several tens of nanometers on the adhesive surfaces (Figure 12B). In contrast, at the normal 

release area of the “zippy” label, the size of the droplet like domains grows much bigger and 

almost forms a continuous phase on the adhesive surface (Figure 12A). Overall, it appears that 

the “zippy” labels have more severe migration than the normal control labels. At the locking-up 

sites, the migrated species further crystallize into particles. AFM was also applied to compare the 

release side of the “zippy” label and a control label. Again, in the black dot areas, there are many 

crystal-like particles on the liner surface (Figure 13B) while on the normal release area, the 

silicone release surface appears more homogeneous without the particles (Figure 13A). 

 

(A)                                                                   (B) 

Figure 11. AFM images of the adhesive surface of the “zippy” label: (A) the normal adhesive 

surface with lower release force (B) the problematic dot area which “locks up” with liner. The 

size of the image is 10 µm x 10µm.   

 

 

(A)                                                                        (B) 

Figure 12. AFM comparison of the adhesive surfaces of (A) “zippy” label (B) normal control 

label. The size of the image is 3 µm x 3µm.  

 



 

(A)                                                                        (B) 

Figure 13. AFM images of the release liner surfaces: (A) the normal release surface (B) the 

problematic dot area on liner surface which locks up with liner. The size of the image is 20 µm x 

20µm.   

 

FTIR was applied to identify the chemistry of the migrated species. As shown in the overlay 

spectra (Figure 14), the adhesive is butyl acrylate based PSA with acrylate acid. The adhesives of 

the “zippy” label and the control label have nearly the same spectra except some difference at 

peak 890cm
-1

. For comparison purposes, the spectrum of tackifier used in the adhesive is also 

shown. Although the tackifier shared many common characteristic IR absorption peaks with the 

adhesive base polymer, it has a quite unique peak at 890cm
-1

. The differences in the FTIR 

spectra of the adhesives from the control and “zippy” labels strongly indicates that there is more 

tackifier on the adhesive surface on the “zippy” labels. Combined with previous AFM data, FTIR 

confirms that the “zippy” label has more tackifier migration to the interface of adhesive and 

silicone release.    

 



Figure 14. Overlay of the FTIR spectra of adhesive surfaces from a “zippy” label and a normal 

control label. The main difference is the peak at 890cm
-1

, which matches with the tackifier used 

in the adhesives. 

The tackifier used in the adhesive formulation is a stabilized rosin ester. It is a complicated 

mixture of isomers and different molecules. DSC thermal analysis of the dried tackifier itself 

shows three melting peaks at 77°C, 135°C, and 162°C (Figure 15).   

 

Figure 15. DSC thermogram of the tackifier used in the adhesives 

In order to further identify which portion of the tackifier molecules contribute to the migration 

and adhesion buildup issue, surface wash of the adhesive surfaces and release surfaces of the 

“zippy” label and control label were collected and analyzed by low range GPC. As shown in 

Figure 16, the LR adhesive, which has the “zippy” problem, has a higher ratio of peaks at 

approximately 564 Da to 375 Da, whereas the MR adhesive with good performance has nearly 

equal size of these two peaks. The LR profile has a good match of the batch of the tackifier used 

in producing the “zippy” label. It seems that the molecules associated with the 564 Da peak are 

responsible for migration and crystallization at the interface of the “zippy” adhesive and release 

liner. Some trial experiments have been conducted to separate the different portions of the 

tackifier based on solubility. At room temperature, the tackifier can be completed dissolved in 

acetone. However, after keeping the solution still at low temperature (-4°C) overnight, some 

crystals precipitated out. The solid crystals and the portion dissolved in the acetone were 

physically separated and analyzed by GPC again at the same setting. As shown in Figure 17, the 

precipitated crystals mainly show strong peak at 560 Da and the dissolved portion in acetone 

have similar GPC profile as the tackifier used in the “zippy” label adhesive. Thus it is evident 

that in the bad batch of tackifier, the portion of the molecules at 560 Da is probably too high. 
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These molecules have less compatibility with the adhesive polymers. Over time, they tend to 

migrate out of the adhesive and further diffuse through the silicone to bond with the PET 

substrate and cause the lock-up issue. More stringent quality control of the incoming tackifier 

from supplier or some improvement of the polymer/tackifier compatibility could resolve the high 

release issue for this product. 

As with 

Figure 16. Overlay of the chromatogram of surface wash from the adhesive surface and release 

liner surface. T3179H is the tackifier and LR is the “zippy” label having the lock-up issue and 

MR is the good control label.  



 

Figure 17. Low range GPC chromatogram of the tackifier, sediment crystal and dissolved 

portion of the tackifier. The sediment crystal has mainly MW portion around the 560 Da peak, 

while the acetone dissolved portion has similar ratio of 560 Da to 375 Da peaks.   

4. Conclusions 

 

The performance of PSA is critically dependent on the surface chemical composition as well as 

the micro and nano structure of the adhesive components. The nanometer sized AFM probe is 

very sensitive to the change of viscoelasticity and adhesion at the submicrometer scale. Phase 

imaging mode in the AFM offers great advantages over other microscopy imaging techniques to 

visualize the domain structure of adhesives. In this report, we demonstrated using AFM phase 

imaging to show the subtle structural difference of different adhesives, which enable us to 

characterize the structure of multilayer adhesives as well as the interfacial boundaries of the 

adhesives. Further, we applied the phase imaging technique to study the surface homogeneity of 

the PSA. Additives like tackifiers may phase separate out from the adhesive polymer matrix due 

to non-optimized formulation, poor processing and handling of the materials, and long term 

aging stability of the adhesive polymer and the tackifier. When such phase separation occurs, 

AFM phase imaging has the advantage to first spot the subtle surface morphology changes of the 

adhesive well before other bulk analytical techniques. Such a sensitive technique allows us to 

better understand the evolution of the adhesive structure and correlate with the performance 

change of the adhesives. 

 

The example of the high release issue also demonstrates that the when AFM is combined with 

other chemical compositional analysis tools such as FTIR and GPC, we will be able to not only 



know the specific chemical compositions of the components, but also the spacial distribution and 

size of these components. Ideally, if spectroscopy techniques can be registered to AFM to 

resolve both the spacial and chemical compositions simultaneously, such a hybrid tool would be 

most useful for materials research demanding nanoscale resolution. Recently, there are a number 

of advances in combining optical spectroscopy and AFM. For example, tip enhance near field 

vibrational spectroscopy such as tip enhanced Raman scattering (TERS)
33

, infrared scattering 

near field optical microscopy (IR s-SNOM)
34-35

, photothermal microscopy
36

, and photoinduced 

force microscopy
37

 have emerged in materials research. Adoption of these techniques  for 

characterizing PSA materials could shed new light beyond our current application of the AFM 

and spectroscopy tools. 
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