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            Indian Journal of Engineering & Materials Sciences Vol. 13, August 2006, pp. 368-384 Overview literature on atomic force microscopy (AFM): Basics and its important applications for polymer characterization R N Jagtap* & A H Ambre Polymer Engineering and Technology Department, Institute of Chemical Technology (UICT), University of Mumbai, Matunga, Mumbai 400 019, India Received 8 November 2004; accepted 9 May 2006 Atomic force microscopy (AFM) is a relatively new technique used for the surface characterization of polymers. It is capable of producing images of a non-conducting polymer surface without any chemical etching or staining. The unique fea- ture of this technique as compared to other microscopy techniques is that we can study the mechanical properties of the polymer surface and it also does not involve the use of electron beam radiation that damages the polymer surface. This paper describes the various applications of atomic force microscopy like evaluation of mechanical properties, determining the chemical composition, studying photo-oxidative degradation of polymers, measuring the surface adhesion forces, studying the thermal phase transitions in polymers and determining the molecular weight and polydispersity index of polymer brushes. These applications have been elucidated with suitable examples. IPC Code: G01N13/16 The chemical properties and topography of polymer surfaces determine the functionality for a wide range of materials such as adhesives, protective coatings, and thin films for packaging, paints and lubricants. Surface and interface properties are becoming in- creasingly important. Scanning electron microscopy and transmission electron microscopy are the most frequently used techniques for surface characteri- zation. These techniques use electron beam as the source of irradiation of the polymer sample. There is a possibility of damaging the polymer sample due to electron beam. Moreover; these techniques provide only two-dimensional images of the polymer surface. A new technique known as Atomic Force Microscopy (AFM) for the surface characterization of the polymer surfaces has been developed. This technique is based on the interatomic forces and is a relatively non- destructive technique as compared to scanning elec- tron microscopy and transmission electron micros- copy. It is also capable of three-dimensional mapping of the surface. The development of AFM began since 1981. Re- searchers at IBM was able to develop scanning tun- neling microscope 1 on the basis of Russell Young’s stylus profiler 2 . A major advancement took place in 1986 when Binning and Quate 3 demonstrated the AFM. The first practical demonstration of the vibrat- ing cantilever technique in an atomic force micro- scope was made by Wickramsinghe 4 in 1987 with an optical interferometer to measure the amplitude of a cantilever‘s vibration. Since then, AFM has contrib- uted to ground-breaking research in investigation of DNA, proteins, and cells in biological studies 5 ; struc- ture and component distribution in polymer science 6 , mechanical properties in material sciences 7 and phar- maceutical sciences 8 . AFM has made rapid strides in the field of syn- thetic polymers, paints and surface coatings and some of its applications with suitable examples have been emphasized in this paper. Principle and working of AFM Atomic force microscopy is used in surface science laboratories to obtain images with atomic resolutions of 10 -10 m or one tenth of nanometer. This type of mi- croscopy can be effectively applied in the field of polymers to study the surface characteristics of a polymer sample. This method is based on a principle which is illustrated in Fig. 1. The instrument is based on the principle that when a tip, integrated to the end of a spring cantilever, is brought within the interatomic separation between the tip and sample, interatomic potentials are developed between the atoms of the tip and the atoms of the sur- face. As the tip moves across the surface, the intera- tomic potentials, force the cantilever to bounce up and —————— *For correspondence (E-mail: [email protected]) 
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Indian Journal of Engineering & Materials Sciences Vol. 13, August 2006, pp. 368-384
 Overview literature on atomic force microscopy (AFM): Basics and its important applications for polymer characterization
 R N Jagtap* & A H Ambre Polymer Engineering and Technology Department, Institute of Chemical Technology (UICT), University of Mumbai,
 Matunga, Mumbai 400 019, India
 Received 8 November 2004; accepted 9 May 2006
 Atomic force microscopy (AFM) is a relatively new technique used for the surface characterization of polymers. It is capable of producing images of a non-conducting polymer surface without any chemical etching or staining. The unique fea-ture of this technique as compared to other microscopy techniques is that we can study the mechanical properties of the polymer surface and it also does not involve the use of electron beam radiation that damages the polymer surface. This paper describes the various applications of atomic force microscopy like evaluation of mechanical properties, determining the chemical composition, studying photo-oxidative degradation of polymers, measuring the surface adhesion forces, studying the thermal phase transitions in polymers and determining the molecular weight and polydispersity index of polymer brushes. These applications have been elucidated with suitable examples.
 IPC Code: G01N13/16
 The chemical properties and topography of polymer surfaces determine the functionality for a wide range of materials such as adhesives, protective coatings, and thin films for packaging, paints and lubricants. Surface and interface properties are becoming in-creasingly important. Scanning electron microscopy and transmission electron microscopy are the most frequently used techniques for surface characteri-zation. These techniques use electron beam as the source of irradiation of the polymer sample. There is a possibility of damaging the polymer sample due to electron beam. Moreover; these techniques provide only two-dimensional images of the polymer surface. A new technique known as Atomic Force Microscopy (AFM) for the surface characterization of the polymer surfaces has been developed. This technique is based on the interatomic forces and is a relatively non-destructive technique as compared to scanning elec-tron microscopy and transmission electron micros-copy. It is also capable of three-dimensional mapping of the surface.
 The development of AFM began since 1981. Re-searchers at IBM was able to develop scanning tun-neling microscope1 on the basis of Russell Young’s stylus profiler2. A major advancement took place in 1986 when Binning and Quate3 demonstrated the AFM. The first practical demonstration of the vibrat-
 ing cantilever technique in an atomic force micro-scope was made by Wickramsinghe4 in 1987 with an optical interferometer to measure the amplitude of a cantilever‘s vibration. Since then, AFM has contrib-uted to ground-breaking research in investigation of DNA, proteins, and cells in biological studies5; struc-ture and component distribution in polymer science6, mechanical properties in material sciences7 and phar-maceutical sciences8.
 AFM has made rapid strides in the field of syn-thetic polymers, paints and surface coatings and some of its applications with suitable examples have been emphasized in this paper. Principle and working of AFM
 Atomic force microscopy is used in surface science laboratories to obtain images with atomic resolutions of 10-10 m or one tenth of nanometer. This type of mi-croscopy can be effectively applied in the field of polymers to study the surface characteristics of a polymer sample. This method is based on a principle which is illustrated in Fig. 1.
 The instrument is based on the principle that when a tip, integrated to the end of a spring cantilever, is brought within the interatomic separation between the tip and sample, interatomic potentials are developed between the atoms of the tip and the atoms of the sur-face. As the tip moves across the surface, the intera-tomic potentials, force the cantilever to bounce up and
 —————— *For correspondence (E-mail: [email protected])
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 down with the changes in contours of the surface. Therefore, by measuring the deflection of the cantile-ver, the topographic features of the surface can be mapped out.
 A basic set-up of AFM is shown in Fig. 2. The atomic force between a sample and tip are measured using a laser and a detector to monitor the cantilever motion. The sample holder moves the sample up and down via a piezoelectric scanning tube so as to main-tain the interaction force to a preselected level. A three-dimensional image can finally be constructed by recording the cantilever motion in the Z-direction as a function of sample’s X and Y position. Theoretically for any material having certain rigidity, such an in-strument is always capable of producing surface im-ages with atomic resolutions. The developments in laser technology have made it possible to detect very minute (atomic level) deflections of the cantilever to be detected easily.
 AFM can be subjected to minor modifications to suit particular applications. For example, the set-up for AFM noise analysis9 of polymer surfaces consists of AFM head, which is fixed to a metal base. The metal base is screwed to three-channel piezoelectric flexure stage for fine approach. The piezo stage has active feedback control with sensors for distance con-trol. A magnetic sample holder is attached to the xyz inertia drive for the coarse approach. This assembly is fixed to the three-channel piezo stage. The set-up is placed in a closed chamber to reduce the thermal drift.
 The laser diode of the AFM head is replaced by HeNe laser connected to the AFM head with a single mode optical fiber. This reduces non-thermal noise which affects the stability of the laser diode. The noise power spectra are obtained with a Fourier analyzer. The spectra are on-line fitted with resonance curves. The cantilever chip is glued to the half moon mount which is held to the magnets in the AFM head. This is depicted in Fig. 3. AFM can be operated in three modes: Contact mode
 In this mode, the probe is dragged across the sur-face10. During scanning, a constant bend in the canti-lever is maintained. A bend in the cantilever corre-sponds to a displacement of the probe tip equal to zt, relative to an undeflected cantilever in its initial posi-tion. The applied normal force is p=kzt, where k is the cantilever spring constant. As the topography of the sample changes, the z-scanner moves the relative po-sition of the tip or the sample to maintain a constant deflection. The motion of the z-scanner is directly proportional to the sample topography. Using this feedback mechanism, the topography of the sample is
 Fig. 1—Principle of AFM.
 Fig. 2—Schematic of the essentials of AFM.
 Fig. 3—Sketch of the experimental set-up for AFM noise based imaging.
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 mapped during scanning by assuming that the motion of the cantilever directly corresponds to the sample topography. There are certain drawbacks associated with this mode of operation such as: (i) There is a possibility of contamination of the surface. Damage and deformation of the samples can occur during con-tact mode imaging in air because significant force has to be applied to overcome the effects of surface con-tamination (surface moisture)11
 . (ii) Combination of normal force and lateral force created by dragging motion of the probe tip across the sample and small contact areas involved result in high contact stresses that can damage either the sample or the tip or both. Non-contact mode
 The cantilever is vibrated near its resonance fre-quency (about 100 kHz). The tip sample separation and amplitude are of the order of 1-10 nm. The tip oscillates just above the surface contamination layer. The resonance frequency and amplitude of oscillating cantilever changes as it approaches the surface due to the interactions with weak long-range forces thus es-sentially imaging the surface. Either the amplitude or the resonance frequency or the amplitude is main-tained constant through the feedback loop and the scanner. The motion of the scanner is used to generate the topographic image. The spring constant ‘k’ is greater than the contact mode to reduce the tendency of the tip to be pulled to the surface by attractive forces. The drawbacks associated with this mode are: (i) Combination of weak interactive van der Waal forces and large spring constants causes the signal to be small, which causes unstable feedback and slower scan speeds. (ii) The lateral resolution is lower than the contact or tapping mode because of the sample tip separation. Tapping mode
 This mode is suitable for imaging of soft samples12. Although the resolution is similar to contact mode, the applied forces are lower. The cantilever oscillates near its resonance frequency, but the oscillation am-plitude is 20-200 nm much greater than the non-contact mode. The tip makes contact with the surface for a very short duration in each oscillation cycle. The tip-sample interaction alters the amplitude, resonance frequency and phase angle of the oscillating lever.
 The amplitude of the cantilever is such that the probe maintains enough energy for the tip to tap through and back out of the surface contamination layer.
 Forces acting on the probe Forces above the horizontal zero axes are repulsive,
 and this occurs at separations less, when two atoms are in contact. Forces such as van der Waal forces are attractive, and occur at separations greater11. When the force measured is attractive, the imaging mode is said to be non-contact. Non-contact modes involve small forces, and if they are tested at some distance from the surface, long-range forces are involved. The resolution is not as good as the contact modes. Elec-trostatic charges and the force separation curves can alter real force separation curve13.
 This extremely simple picture is complicated by three effects. First, there will be a layer of contamina-tion (usually including water) on the sample surface. This layer may be 2-50 nm thick, or may condense in the gap between the tip and the surface even if it is absent elsewhere. As the tip approaches the surface it touches the contamination layer, and the capillary forces pull it towards the surface. These forces can be very much greater than the van der Waal forces, and will depend on the sample and the humidity. At the apparent contact separation, with zero total force, there will be attractive capillary forces around the sur-face of the probe, and a large repulsive force at the tip. The force distance curve will show a hysterisis when there is a contamination present, as the tip will remain wetted up to larger separations as it is with-drawn from the surface.
 The second complication is that the position of the tip is not under direct control. At any point the signal is the deflection (force) for a given position of the cantilever support, not for a given separation between tip and surface. If the slope of the force-separation curve is greater than the value of the cantilever spring constant, and then the deflection will not be stable. As the probe approaches the surface it will suddenly jump towards the surface. There will be a reverse jump at larger separations as the tip is withdrawn from the surface. The tangent lines represent a spring constant (force/distance) of a cantilever and schemati-cally show where this will happen. The jumps occur when the curve becomes vertical, as shown by the arrows. A stiffer spring suppresses the instability but of course the deflections are smaller.
 A jump towards the surface is even more likely when the contamination is present, because then the surface and the probe are joined by a liquid layer and surface tension pulls them together. In this case, the probe jumps to the position where there is a net attrac-tive force, but the tip is in repulsive contact with the
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 surface. Operating the microscope in a good vacuum, in dry gas, or in liquid reduces the effects of surface contamination. Water is often said to be the appropri-ate liquid, but if there is an oily contamination layer on a hydrophobic surface, iso-propanol or other or-ganic solvents may be better than water.
 The third complication is that the measured force-position curve relates to the distance from sample support to the probe support. There are several com-pliant objects in series here. These are the cantilever, the tip, tip-surface contact region and the rest of the sample. The softest of these objects is the cantilever, and it deforms the most. The sample will also deform under the load applied by the tip. If the sample is soft, its mechanical properties will affect the results. These are elastic properties if the deflections are small, plas-tic properties if the local forces are small, plastic forces if local forces are large. Substrate preparation
 The substrate plays an important role in the suc-cessful application of AFM10. It is a surface on which the sample rests. An ideal substrate should be chemi-cally inert, easily prepared, relatively in-expensive, readily modified by wide variety of derivatization methods. It should be composed of large, atomically flat domains. The last attribute is important because molecular entities and other types of nanometer sized objects can be easily obscured when a surface with a roughness on the same scale is imaged. Some of the common substrates used are (i) Mica-mica is ex-tremely flat having an average surface roughness of the order of a few angstroms over an area of few square micrometers. It is relatively inexpensive, and can be easily and routinely prepared. (ii) Gold-gold is used as a thin film or bulk material. Though more costly than mica, gold is remarkably inert and can readily be derivatized by sulphur containing com-pounds (e.g., alkanethiols) to create well ordered ar-
 chitectures of varied compositions, including those with terminal end groups that can serve as coupling agents. Thin film substrates are generally prepared by vapour depositing gold on mica substrates. (iii) Sili-con-silicon like gold is remarkably inert. Generally, these surfaces are modified by using silanes, but they have poor reproducibility due to the sensitivity of the silicon precursors to water. (iv) Hydrogen passivated Si surfaces, which are atomically flat and are easily modified. Comparison of AFM with other microscopy methods
 A comparison of AFM with other methods is given in Table 1. As compared to SEM (scanning electron microscopy) and TEM (transmission electron micros-copy), sample preparation is easy in AFM. The possi-bility of radiation damage of the sample is almost ab-sent as AFM works on the principle of molecular in-teractions. Thus, AFM can be considered to be an al-most ideal surface characterization technique for polymers. Advantages
 (i) AFM produces high-resolution images with a lateral resolution in the range of few nanometers and vertical resolution less than 1 nm. (ii) AFM can be used to produce images from the surface of non-conductors (polymers) without any special prepara-tion to make the sample conducting as required in SEM and TEM. (iii) Simple modification of the AFM allows other properties to be detected. If the sample tip is ferromagnetic, then we can detect the stray magnetic field thus showing the magnetic domain structure of the sample. (iv) AFM gives direct 3-D images of surface structure of polymers. By using lateral force and phase contrast modes, it is possible to differentiate the type of materials at the polymer surface. (v) AFM is well suited for the characteriza-tion of nanocomposite materials. (vi) Radiation dam-
 Table 1 — Comparison of AFM with other microscopy methods
 Technique Features Radiation damage
 Size range of polymer structure
 Best resolution
 Useful magnification
 Sample preparation
 SEM Surface topography Rarely
 serious 10 µm - 0.2 nm 4 nm 20-60000X Easy
 TEM Internal morphology, lamellar and crystalline structures
 Severe 100 µm-10 nm 0.2 nm 3000-250000X Difficult and time-consuming
 AFM Surface topography None 10 µm - 0.2 nm 0.3 nm 3000-250000X Easy
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 age of the sample as observed in SEM and TEM is avoided. (vii) The best resolution obtained is 0.3 nm which is better than SEM. Limitations
 (i) AFM is complex and susceptible to outside in-fluences like contamination of surfaces and instru-mentation control. (ii) In contact mode of AFM imag-ing, there is a possibility that the soft polymer sam-ples may be damaged. Applications of AFM
 Three types of data can be obtained by operating in tapping mode for AFM. Fig. 4 explains this type of data collection and its usefulness. Height data
 The vertical position of the probe tip is monitored by noting changes in the length of the z-axis on the xyz scanning piezo tube. Input voltage to the scanning piezo tube is proportional to the length of the tube. The change in the z-axis is plotted as a topographical map of the sample surface. Height data is a good measure of the height of surface features but does not show distinct edges of these features. Phase data
 This type of imaging monitors the change in phase offset, or phase angle, of the input drive signal (to the drive piezo) with respect to the phase offset of the oscillating cantilever. The phase of the drive signal (i) is compared to the phase of the cantilever response signal, (ii) on the photo diode detector. As seen in (2) of the above Fig. 4, the phase offset between the two signals is defined as zero for the cantilever oscillating freely in air. As the probe tip engages the sample sur-
 face, the phase offset of the oscillating cantilever changes by some angle with respect to the phase off-set of the input drive signal. As regions of differing elasticity are encountered on the sample surface, the phase angle between the two signals changes. These changes in phase offset are due to differing amounts of damping experienced by the probe tip as it rasters across the sample surface. These differences are plot-ted as the so-called 'phase image'. Amplitude data
 The amplitude of the cantilever is monitored by the photo diode detector. The value (rms) of the laser sig-nal on the y-axis of the detector is recorded for each of the 512 segments on a given raster of the probe tip. These values are plotted as an amplitude map of the sample surface. Amplitude images tend to show edges of surface features well.
 Figure 5 shows AFM micrographs of freeze frac-tured styrene-isobutylene-styrene a-b-a block co-polymer film. Nanoindentation of thin polymer films using AFM for meas-urement of mechanical properties
 Recent developments have led to the utilization of the AFM as a nanoindentation device14,7. Nanoinden-tation is a useful tool that allows the direct measure-ment of mechanical properties of thin films15, includ-ing polymer films16,17.
 During operation of the AFM in force mode, the probe tip is first lowered into contact with the sample, then indented into the surface, and finally lifted off the sample surface. Concurrently, a measurement of the probe tip deflection is produced through an optical lever detection system, in which a laser beam is re-flected off the top of the probe and onto a segmented photodiode. A plot of this tip deflection signal (force) as a function of the vertical displacement of the piezo scanner is called a force curve (F-d curve). AFM
 Fig. 4—Three types of data collected by AFM tapping mode.
 Fig. 5—AFM images of fractured styrene-isobutylene-styrene.
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 software has been modified and diamond-tipped stainless steel probes have been developed specifi-cally for indenting and scratching materials with na-noscale spatial resolution. The software modification allows the surface to be imaged in tapping mode im-mediately before and after indentation, which is par-ticularly important for soft engineering materials that can be damaged easily by contact mode AFM. Thus, we can now image the surface in tapping mode, per-haps utilizing phase contrast imaging, indent (or scratch) at specified points, and then image the resid-ual impressions.
 While performing indentation with an AFM canti-lever probe, lateral motion of the probe tip occurs as the cantilever bends. This motion causes the tip to deform a larger area of the sample as the tip shifts to the left as depicted in Fig. 6a. Also, a lateral force constraining this motion builds-up and produces a moment that bends the cantilever in a direction oppos-ing the bending due to the lateral contact force. To compensate for this effect and create "true" vertical motion of the probe tip, a lateral motion factor is in-corporated in the AFM indentation software. This fac-tor is input as an angular measurement in degrees, the tangent of which is equal to the ratio of x-motion to z-motion. Images of the residual impressions left after indenting an epoxy sample using two different types of probes are shown in Fig. 6. In both cases, increas-ing the amount of compensation (from left to right) produces a smaller indent. The amount of compensa-tion will depend largely on the ratio of tip height to
 cantilever length, and thus is larger for the diamond-tipped probe.
 In practice, complete compensation for the lateral tip motion during indentation is difficult to achieve, so the objective of lateral compensation becomes one of minimizing experimental uncertainties. Other ex-perimental uncertainties that limit the use of the AFM as an indentation device include non-linearity, hys-teresis, and creep of the piezoelectric scanners and non-linearity of the photodetector. Despite these tech-nical barriers, achieving quantitative indentation measurements of polymers with nanoscale spatial resolution can be achieved when operational settings are chosen to correctly minimize uncertainties. How-ever, these measurements are generally relative meas-urements because the probes tip shape and, in some cases, the probe spring constant is typically unknown or known only within large uncertainties. Current re-search efforts are aimed at overcoming these technical barriers.
 Properties like elastic modulus and hardness can be evaluated by the analysis of the force displacement curve. Proper use of this technique allows the me-chanical probing of thin films without a significant influence of the underlying substrate.
 AFM nanoindentation can be used for studying the mechanical properties of ultra thin polymer films. For example, AFM nanoindentation was used for measur-ing the elastic modulus and hardness of ultra thin polyelectrolyte multilayer films18. This film was made up of weak polyelectrolyte pair poly (allylamine hy-drochloride)/poly (acrylic acid). These films find a wide range of applications like drug delivery19-21, photonic structures22,23 electrochemical devices24 and wear-retarding coatings25,26. The success of these ap-plications is dependent on mechanical properties which refer indirectly to their robustness in various environments. It is difficult to employ conventional methods of characterization in these cases because a small amount of material is available for characteriza-tion. Moreover, these polyelectrolyte films are depos-ited as thin films in the range of 0.5-14 nm per ad-sorbed bilayer.This increases the influence of underly-ing substrate on the mechanical properties being measured. This drawback can be overcome by using AFM nanoindentation.
 Numerous applications of AFM nanoindentation to polymeric materials can be found, including the iden-tification of phases in polyethylene blends27,28, the characterization of a skin-core phenomenon in a poly-
 Fig. 6—Impressions left behind after indenting an epoxy sample.
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 dimethylsiloxane (PDMS), and elevated-temperature measurements of polymeric composite interphases. Phase imaging/Chemical mapping
 A sharp probe is brought into proximity with the specimen surface. The probe is oscillated vertically near its mechanical resonance frequency. As the probe lightly taps the surface, the amplitude of oscil-lation is reduced and the AFM uses this change in amplitude in order to track the surface topography. In addition to its amplitude, the probe motion can be characterized by its phase relative to a driving oscilla-tor. The phase signal changes when the probe encoun-ters regions of different composition29. Phase shifts are registered as bright and dark regions in phase im-ages, comparable to the way height changes are indi-cated in height images. Fig. 7 elucidates the principle of phase imaging.
 Phase images often show extraordinary contrast for many composite surfaces of technological and scien-tific interest. These include contamination deposits, discontinuous (i.e. defective) thin films, devices built of composite materials (e.g. magnetic recording heads), and cross-sectional specimens of composite materials. Both inorganic and organic materials can be examined. It is found that phase imaging is more convenient and gentler than other methods which are based on contact mode operation. It routinely achieves lateral resolution of 10 nm. As compared to force modulation microscopy which can be used to
 study the viscoelastic properties30,31, phase detection mode of AFM provides enhanced resolution (better than 10 nm versus 100 nm in force modulation mi-croscopy).
 The strong contrast between domains in the images is conspicuous. While the topographic image shows some corresponding features, surface roughness hin-ders the identification of domains. The phase image allows unambiguous resolution of the different mate-rial phases.
 For example, AFM was used with phase detection imaging in order to study the surface micro domain morphology of thick films of triblock copolymers. The copolymer studied was poly (methyl methacry-late)-block-polybutadiene-block-poly (methyl methacrylate) copolymer32,33. Bright and dark areas were observed .The darker areas were the soft polybutadiene phase whereas the darker areas were the hard poly (methyl methacrylate) phase. The darker areas correspond to the zero shift phase (the tip interacting with the surface remains in phase with the piezo driver signal) while the brighter areas represent a 180° phase difference, that is, interaction with the surface makes the tip in phase opposition with the piezo signal. When these images are captured simultaneously with the height images, it is seen that the contrast is significantly increased and the surface morphology appears more clearly as compared to height images. A more satisfactory reason for the above phase dif-ferences are as follows: Due to the softness of PBD, the tip tends to remain in contact with the material and this leads to a delay in tip motion relative to the piezo signal. In contrast, the interaction with harder PMMA is expected to be shorter and the phase lag should remain close to zero. On this basis, the PBD phase will give rise to the brighter areas while the PMMA phase will appear darker.
 Phase imaging was also used to study the phase separation process in thin films of commercial sty-rene-butadiene-styrene triblock copolymers annealed at high vacuum. It is important to note that the phase image of a homogenous polymer shows no phase con-trast. Evaluation of elastic and mechanical properties
 Elastic and mechanical properties can be evaluated by using force mode of atomic force microscopy. It gives direct information on the local mechanical properties of various regions on the sample surface. Unlike tapping mode or contact mode, force mode is a non-imaging mode in which the probe tip is moved
 Fig. 7—Principle of phase imaging.
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 vertically with respect to the sample surface. This mode combines contact mode imaging with a probe tip at a frequency well below resonant frequency. This oscillating force deforms the softer regions more than the harder regions of a heterogenous polymer sample that contrast between these regions are observed. Tip deflection is measured as function of the motion of the piezo scanner in the Z-direction producing a force curve. For example-1 milli Newton force was to dis-tinguish carbon fibers in an epoxy composite with a resolution of 60 nm AFM for evaluating the aging of polymer surfaces by mapping the distribution of adhesion surfaces
 This is feasible by modification of the tip attached to the cantilever. Most commercially available tips have a radius of 30-50 nm and are made from silicon or silicon nitride. These tips have a pyramidal geome-try. While important advances have been achieved by coating tips with hard materials such as nanocrystal-line diamond, many users are finding that the these improvements do not meet their research needs. Fig. 8 shows a modified tip.
 The basis for altering the surface composition of a tip recognizes the importance of intermolecular forces on the outermost few angstroms of the tip-sample mi-cro contact in AFM imaging. Most commercially available tips have surfaces that are poorly controlled from a compositional perspective. This lack of control has three potential consequences. First, the surface of silicon based tips has a large number of silanol groups, which results in surface that can be readily altered by the adventitious adsorption of contami-nants. This contamination can lead to tips with varied surface contamination. Second, uncoated tips may change shape because of wear under prolonged use. Modification that could reduce wear and thus improve the quantitative repeatability of a characterization would clearly be advantageous. Third, because of an uncoated tip is hydrophilic, the strong adherence of
 the tip to a delicate, hydrophilic surface may damage the sample.
 The most popular method of tip modification is through the immobilization of thiol-based monolayers on gold coated tips34,35. While polymer coatings have been reported, polymer coated tips are chemically and morphologically more heterogenous than those modi-fied with monolayer coatings of thiols on gold. The thiol modification procedure involves the vapour deposition of a thin chromium adhesive surface (<5 nm) onto a tip followed by deposition of a thicker gold layer (40-100 nm). The thiol coated tips are than immersed in a dilute solution (0.1 mM) of thiol which yields a covalently bound monolayer that is thiolate analogue of the thiol precursor. These modified tips are chemically and mechanically stable. Various types of terminal functionalities are commercially available or readily synthesized. A potential disadvantage of this type of modification is that the radius of the tip can significantly increase because of metallization. This may lead to a decrease in lateral resolution.
 Organosilanes can also be used for tip modifica-tion. Organosilane ad layers which directly couple to the surface silanol groups of a silicon or silicon nitride tip. The formation of the organosilicon films begins with the hydrolysis of the silane precursors and sur-face silanols result in the formation of two-dimensional lateral network comprised of Si-O-Si bonds. After drying and curing, the silane film is co-valently attached to the tip with a concomitant loss of water. This modification changes the tip without the need for metallization. The major disadvantage is the sensitivity of organosilane to moisture as well as the difficulty in controlling the polymerization process and film thickness. Some examples of chemical force microscopy are explained below.
 Chemical force microscopy was used to study the aging of polymer surfaces at the submicroscopic scale. Adhesion force mapping using tips modified with methyl and hydroxyl terminated alkanethiols was used to probe the chemical composition of polypro-pylene surfaces as a function of time. The adhesion force distributions on polypropylene melt pressed films stabilized with antioxidants, process stabilizing agents and UV light stabilizers were measured. These adhesion force distributions were correlated with the additive distribution at the surface. The modifications of the local adhesion properties on the polymer sur-face due to material aging were also studied.
 The additives used were (i) Additive A, i.e., 2-4-bis (1, 1-dimethylethyl) phenol phosphate used as an an-
 Fig. 8—Modified tip.(x represents one of −CH3, −COOH, CH2OH, NH2 groups
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 tioxidant36,37; (ii) Additive B, i.e., benzenepropanoic acid, 3-5-bis(1,1-dimethylethyl)-4-hydroxy-2, 2-bis[3-[3, 5-bis(1, 1-dimethylethyl)-4-ydroxyphenyl]-1-oxo-propoxy[methyl]-1,3-propanediyl ester) as an antioxi-dant36,37; and (iii) Additive C, i.e., decanedioic acid, bis[(2,2,6,6-tetramethyl-4-piperidinyl)ester] as a UV stabilizer36,37.
 The adhesive interaction between the tip and sam-ple was determined from force versus displacement curves. In these measurements, the deflection is re-corded as the probe tip approaches, contacts, and is then withdrawn from the sample. The observed canti-lever deflection is converted into force using the nominal cantilever spring constant. AFM force curves provide detailed information regarding the strength of the tip-sample interaction in particular local points, but they lacked the two-dimensionality of AFM map-ping. To map the distribution of adhesion forces, the method of ‘force volume imaging’ was used. In this mode the array of force curves can be obtained over the entire scan area. This technique involves taking hundreds or thousands of force curves over the course of a raster scan. Each force curve is measured at a unique x-y position in the area and force curves from an array of x-y points are combined into three-dimensional arrays of force data. Force volume en-ables the investigation of spatial distribution of the interaction force between the tip and the surface.
 The adhesion map has been obtained by using methyl terminated tip in water. This figure shows the lateral distribution of pull-off forces. The majority of the pull-off forces correspond to a low adhesion force, around 1 nN (bright color). This is close to the typical adhesion force measured on additive C (1.8 nN). Small areas present a higher pull-off force (10-20 nN). They can be interpreted as areas where polypro-pylene or other additives (additive A and additive B) are apparent. The diameter of these areas varies be-tween 300 mm and 1.5 µm. The measure part of the external surface area is thus covered by an external layer of additive C, and the adhesion force measured by AFM corresponds to the adhesion force obtained on pure additive C. A few regions of PP were poly-propylene surface are not densely covered by additive C. Bright areas correspond to adhesion forces around 1 nN and dark areas correspond to forces between 10 and 20 nN. The distribution adhesion forces show two maxima around 1 and 16 nN. It elucidates that in this area the surface is made of additive C islands on ei-ther pure polypropylene or antioxidants.
 Thus, it is also possible to locally detect additives on the surface of polymers like polypropylene by us-ing chemically modified AFM tips. Evaluation of changes in nanoscale mechanical properties of polymer composites due to ά-radiation
 This application of AFM is explained with the help of following example38. The local mechanical proper-ties of silica-reinforced silicone composites were in-vestigated using modified AFM. Elastic modulus measurements (1.5 ± 0.1 MPa) were consistent with bulk measurements (1.9 MPa) and changes in the modulus at the surface of the composite samples (E 4 1.5-3.5 MPa) were observed as a result of ά-irradiation (dose 4 1.7 × 1010 - 2.0 × 1012 ά/cm2). The sensitivity of the technique was demonstrated by a detectable change in modulus at even the small dose of 1.7 × 1010 ά/cm2. The penetration depth of the ά-particles into the material, estimated to be 22±2 mm from the sample edge, was determined by cross-section depth profiling; and modeling of the ion pene-tration depth using transport of ions in matter codes (24.4 ± 0.4 mm) closely matched experimental obser-vations. The polymer matrix used in this study was a random copolymer of dimethyl (90.7 wt.%), diphenyl (9.0 wt. %), and methyl vinyl (0.31 wt. %) siloxanes. This base polymer was compounded into a reinforced composite by milling with a mixture of 21.6 wt.% fumed silica. 4.0 wt.% precipitated silica and 6.8 wt.% ethoxy-endblocked siloxane processing aid.
 The silicone matrix is observed along with silica particles embedded at various depths beneath the sur-face. The elastic modulus of the polymer composite was determined to be approximately 1.5 ± 0.1 MPa, which was consistent with bulk property values. A series of measurements were made across the surface of the silicone samples, and Fig. 9 shows that the sur-face properties of the material vary considerably due to the presence of embedded silica particles. These particles are known to increase the local elastic modulus of the composite by a factor of two or more. The variations depend upon the depth of penetration of silica particles below the surface, with the deeper more covered particles showing less variation in E (elastic modulus). Nanoscale mapping of mechanical properties of polymer sur-faces by means of AFM noise analysis
 According to Einstein, the diffusion coefficient of a particle is directly proportional to the viscosity in its environment39. Thermal diffusion, by nature, is a gen-
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 tle process. While it is not strictly guaranteed that thermal diffusion leaves the range of linear response, it is true in most cases of practical interest. Linear response in this context means that the force is di-rectly proportional to the displacement or the speed at all times. Via the Einstein relation the diffusion of the probe particle provides access to the local viscosity. The extension of this approach has been extensively discussed in the context of light scattering40 and single particle tracking41 on colloidal dispersions.
 Nanoscale mapping is a conceptually related ap-proach, where the fluctuating object is not a colloidal sphere but rather the cantilever of an atomic force microscope42-45. The analysis of the data is similar to the data in single particle nanorheology. AFM noise analysis differs from nanorheology on the following points. (i) The AFM tip can only access surfaces, whereas the colloidal particles can be located any-where in the bulk. (ii) The precise positioning of the AFM tip is relatively easy. Colloidal particles have to be positioned by using a optical or a magnetic tweezer. Nanorheology is performed without active positioning of the probe. (iii) The AFM tip is freely suspended, whereas the colloidal particles diffuse freely. In case of AFM, the noise power spectrum is a resonance curve. The surface properties are inferred from the shift of the resonance parameters. (iv) AFM is more sensitive since it is based on optical lever technique. Example
 This method was used to study the spatially re-solved fibrillation of the latex films46. Polymer latex films were investigated with this instrument perform-
 ing mechanical imaging based on the thermal motion of the cantilever of the atomic force microscope. In low viscosity environments, the power spectral den-sity of the cantilever’s Brownian motion is given by the resonance curves. From the resonance frequency, the bandwidth, and the amplitude, the spring constant and drag coefficient of the cantilever was obtained. These parameters change when the cantilever makes contact with the sample and provides information on the sample’s mechanical properties. This instrument had three positions Nano positioning capability with feedback control. The noise power spectra were ana-lyzed in real time. The imaging capabilities were em-ployed to correlate the surface topography of polymer (polyacrylate) latex films with the film’s ability to produce filaments on pulling with the AFM tip. The surface had a granular structure due to incomplete coalescence of the neighbouring particles. The mi-cromechanical properties of elongated filaments de-pend on the spatial position of the AFM tip. Most filaments originated from the centre of the underlying particle. The mechanical properties of the filaments as a function of pulling distances are characterized by plateaus and steps.
 The data was obtained in the form of curves or plots of resonant frequency, bandwidth, spring constants, and static force versus the vertical displacement of the piezo z travel. Black and gray dots are seen in these curves. The black dots corre-spond to a case where a film has been success- fully picked up and elongated for about 1 μm. The gray dots correspond to an ‘unsuccessful pull’. In this case, no filament is pulled out of the film and the tip jumps out of contact immediately. This difference is the basis for the quantification of fibrillation ability of the material. The likelihood of drawing a filament out of the film is correlated with the position and the age of the sample.
 The power spectra (dots) and fits with resonance curves (lines) as a function of vertical piezo travel is obtained. The changes of the resonance curves reflect changes of the mechanical properties of the tip sample system. On retraction the resonance frequency is in-creased, indicating an increased spring constant. This is illustrated in Fig. 10.
 Figure 11 shows that resonant frequency is the quantity with the smallest scatter as compared to bandwidth, spring constant and static force. Resonant frequency is closely related to the spring constant.
 Fig. 9—Elastic modulus profile of the composite surface showing variations in local mechanical properties due to submerged silica particles.
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 Fig. 10—Noise power spectra for AFM noise analysis.
 Fig. 11—Representative data set showing variation of resonant frequency, bandwidth, and spring constant and static force with
 vertical displacement of the tip. Evaluation of photo-oxidative degradation in polymers by AFM
 AFM was used to study the photo-oxidative degra-dation in polyisoprene by force versus distance analy-sis47 and is explained as follows. Force versus distance analysis
 Analysis in the force versus distance mode F-d mode probed the changes in the tip to surface adhe-sion. Adhesion was observed to increase as a result of exposure to UV radiation. Figure 12 shows the typical response of the lever to adhesive interactions in air for a standard film, polyisoprene surface and an exposed polyisoprene surface. The ‘snap on’ feature is differ-ent for the three surfaces, indicating that the samples have different surface stiffness or surface chemistry. The standard DLC (diamond like carbon) film has the lowest snap on force of 7 nN. The corresponding val-ues for the polyisoprene and exposed polyisoprene surfaces was 16 nN and 34 nN respectively.
 The difference in snap on forces for the polyiso-prene and exposed polyisoprene films is associated with the combination of the depth of penetration and the differences in surface chemistry. Such differences will be reflected in the respective surface energies, and thus affect the strength of the adhesive interac-tions. The likely products of photooxidation lead to an increase in surface energy. The reaction products are more polar, such as –OH and –COOH groups and this leads to an increase in hydrophilicity. The additional wetting due to a thicker layer of adsorbed moisture will give rise to a stronger tip to surface meniscus force, i.e., greater adhesion. Thus, there are three con-
 Fig. 12—Approach and retract curves for typical force-distance cycles for a ‘standard’ surface (a DLC) film and irradiated polyisoprene
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 tributions to the differences in response (surface en-ergy, meniscus force and surface stiffness) that could lead to an increase in the size of the snap on feature.
 Mechanical properties were also studied by F-d analyses. It is apparent that the increasing exposure resulted in additional softening of the polymer. This is due to the chain scission events on exposure to UV radiation. In the case of unexposed polyisoprene sam-ple the intact polymer chains are stretched by the in-denting tip. There is an associated decrease in en-tropy, giving rise to an elastic restoring force that will counter the force imposed by the lever. There is less entropic change when the comparatively smaller chain lengths are stretched by the indenting tip. These are the qualitative reasons for surface softening. Fig-ure 13 shows tip indentation as a function of applied load for as received and irradiated surfaces, showing the dependence on UV dose. Probing surface adhesion forces of Enterococcus Faecalis to medical grade polymers using AFM
 Bacterial adhesion to biomaterials remains a seri-ous clinical problem since it can result in biofilm for-mation, thereby increasing the probability of infection from medical devices and implants limiting long-term success after implantation48,49. Biofilm infections elicit complications for patients ranging from mild inflammation to subsequent surgeries and potential death, resulting in higher treatment costs. A bacterial biofilm is a complex network of cells protected by extra cellular polymeric substances (EPS).
 Bacteria first move towards the surface by phys-icochemical forces, where they are reversibly attached to the surface. Irreversible binding occurs through molecular and cellular interactions, leading to the ag-
 gregation and production of EPS, which permits stronger adhesion and cell-to-cell attachment. The attached cells proliferate to form micro colonies and layers. Since, the initial attachment of bacterial cells on a substrate promotes biofilm development, a more thorough understanding of the mechanisms and the interactions involved in this adhesion stage could aid in delaying or preventing subsequent proliferation and colonization of the surface50,51.
 AFM can be used to compare the initial adhesion forces of the uropathogen Enterococcus Faecilus with the medical grade polymers like polyurethane (PU), polyamide (PA) and polytetrafloroethylene (PTFE)52. In order to quantify the cell-substrate adhesion forces, a method was developed using atomic force micros-copy (AFM) in liquid that allows for the detachment of the individual live cells from a polymeric surface through the application of increasing force using un-modified cantilever tips.
 Table 2 represents bacterial properties of polymers before bacterial adhesion as well as the average calcu-lated cell-substrate detachment force. The trend of the unflourinated hydrophobic materials polyurethane requiring higher detachment force than the hydro-philic materials polyamide is consistent with cell-substrate perpendicular interactions. We can infer that, in general the hydrophobic surfaces may be more favorable for the initial attachment of the cells to the substrate and for firmer subsequent adhesion. The results also suggest that chemical composition also plays an important role in bacterial adhesion in addi-tion to both hydrophobic and nanoscale surface roughness, as the PTFE samples required the smallest detachment force while having the greatest roughness and lowest wettability.
 The AFM study was carried out by measuring the resonance frequency of each tip by centering the thermal noise envelope using the cantilever tune func-tion in the software. This frequency was used to cal-culate the spring constant. A force-deflection set point
 Fig. 13—Tip indentation as a function of applied load for as received and irradiated surfaces, showing the dependence on UV dose.
 Table 2—Surface properties of the polymers before Bacterial Adhesion and the AFM results showing the Force required de-taching Individual cells Polymer Surface
 roughness (nm)
 Water contact angle
 Adhesion force (nN)
 Polyurethane(PU) 8±2 106±3 19±4 Polyamide (PA) 20±7 35±6 6±4 PTFE 74±15 117±2 0.7±0.3
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 calibration was generated for each sample over a range sufficient to cover the tip force required for bac-terial removal. Tip deflection in nanometers was measured for a series of deflection set points using the AFM software calibration function. The tip force ex-erted on the sample was then calculated as the product of individual tip spring constant and the measured tip deflection.
 AFM images also demonstrated qualitative differ-ences in bacterial adhesion. Polyurethane was covered by clusters of cells with few singlets present, whereas the polyamide was predominantly covered by indi-vidual cells. The E. faecilus adhesion to the fluori-nated polymer (PTFE) showed different characteris-tics. Only a few individual cells were found and the bacteria were easily damaged and detached by the tip.
 This example demonstrates the utility of AFM for measurement of cell-substrate lateral adhesion forces and contribution these forces make towards under-standing the initial stages of bacterial adhesion. It also suggests that initial adhesion can be controlled, through appropriate biomaterial design, to prevent subsequent formation of aggregates and biofilms. Characterization of wear properties of metallic stent polymer coatings by atomic force microscopy
 A fundamental understanding of surface properties of biomaterials on nanoscale is necessary to have a satisfactory knowledge of responses of the tissue to biomaterials thereby minimizing or eliminating tissue trauma on macro-meter scale53. There has been a sub-stantial increase in the use of biodegradable or biosta-ble polymers in the last decade. Initially, they were used as carriers for drug-delivery devices, sutures and as a temporary joint spacer. However, the tribological characteristics of these polymers have not been fully investigated and explored. Two aspects can limit the use of such polymers are chemical degradation and/or wear. Chemical degradation starts breaking the long polymer chain into smaller fragments. Some enzymes and ionizing radiation are also capable of attacking polymers. Thus, the polymer may be reduced in mo-lecular weight, increasing its solubility or it may be-come harder and more brittle due to cross-linking. Relative motion between parts can cause mechanical damage and release of small debris due to wear. The surface of an implanted polymer, such as any other material, is not perfectly smooth on a microscopic scale but rather has small asperity on the surface. Me-chanical contact is localized to the asperity. Thus, a relatively low contact pressure for the entire surface
 can result in very high local pressures relatively to any single asperity. Such localized contact pressures can result in adhesion between asperity of two rela-tively motion surfaces. After adhesion, subsequent movement can provoke the formation of debris or small fragments. These fragments may react with other chains to form side branches, or react with other chain to form cross-links.
 AFM was used for the wear characterization of poly (methyl-methacrylate) (PMMA) and poly (L-lactic acid) (PLLA). PMMA is an amorphous material with good resistance to dilute alkalis and other or-ganic solution. It is known for its exceptional light transparency, wear resistance and biocompatibility. PMMA is used broadly in medical applications such as blood pumps and reservoirs, membranes for blood dialyser. PLLA is a biodegradable polymer widely used in tissue regeneration of cartilage, bone, skin, ligament, bladder and liver. These polymers are two good candidates for coronary metallic stent coatings. It is well known that the implantation of metallic stents is a widely accepted alternatively therapy to percutaneous transluminal coronary angioplasty54. The applications of stents have shown promising re-sults to prevent acute restenosis. In spite of this ad-vantage, sub-acute restenosis occurs frequently de-spite of a high antithrombotic pharmaceutical regime. PLLA and PMMA could be good candidates to coat metallic stents rather than traditional polyamide, polyurethane or silicone.
 There are different basic factors in providing the efficient wear test, such as type of motion, type of loading, lubrication specimen preparation and envi-ronment control. Investigation of the fundamental characteristics of wear at the micro-scale is compli-cated by few factors that are not critically addressed in the tribology of macro-systems. Since these forces are sensitive to the environment and surface condition of the specimens, it is quite difficult to determine the forces accurately. Quantification of wear is not straightforward since the amount of wear is often too small to be detected by surface-sensitive instruments. Micro-wear measurements have been object of fast development of precise measuring tools followed to the introduction of AFM55.
 The knowledge of wear mechanisms on micro/ nanoscale can help in order to quantify the distribu-tion of material loss during relative motion surfaces. Weighing the sample before and after the test has been the dominant wear quantification technique. A
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 precision balance typically has a resolution of 10-6 of the maximum load, which puts a limit to the mini-mum load possible to be quantified in relation to the total weight of the component. Moreover, the mass of polymers can change due to water absorption. Macro wear on harder materials is 10-1000 times higher than micro-wear, even though the mean contact pressure in the micro-test is higher than in the macro-test.
 The smallest wear scars, often only some tens of micrometers in size, require a quantitative technique with a nanometer scale resolution. Formation of de-bris by biomedical polymers could have serious con-sequences for human health. Coronary stents are ex-posed to two main stresses, first one is due to the con-tact with blood vessel and the second one is the shear stress provoked by the blood flow. Detachment of small wear debris from the polymer coating of metal-lic stent could stimulate certain complications. This mechanism is not completely understood, for this rea-son, such as biocompatibility, haemocompatibility and biodegradation. Wear characterization of bio-medical polymers could become one important test to define suitable candidates for metallic stent polymer coatings.
 The technique for wear testing consisted in using the AFM probing tip to abrade the surface of interest while simultaneously imaging the area where the polymer is progressively damaged by the scanning tip. This technique permitted the following wear properties to be observed both qualitatively and, when possible, quantitatively: (i) formation of ripples on the surface of the polymer; (ii) qualitative evolution of the surface before and after the test; (iii) evaluation of wear volume; (iv) study of adhesion effect and subse-quent degradation of probe tip. A δ-Silicon wafer grating is used to test the tip degradation. The meas-urements are carried out making use of an Auto probe AFM operating in contact mode with normal force varying in the range 1.0-3.0 nN. Images of different areas (typically 256pixels.256 pixels) are acquired both with a silicon nitride tip (pyramidal shape, nomi-nal probe radius 40 nm, cantilever stiffness 0.03 N/m) and with a silicon tip (conical shape, nominal probe radius of 10 nm, cantilever stiffness 0.24 N/m). The data is treated with the image processing software.
 The mechanical contact between the probe tip and the polymer surface is defined by the following pa-rameters: real area of contact, A, penetration depth of the probe tip, z, and yield stress, τ. These parameters can be approximated by a model which mixes the
 Hertzian model of elastic contact of a sphere and a flat surface with other models accounting adhesion force contribution and possible high applied load plas-tic deformation56,57.
 2 /33 / 2 /4 *
 tt n
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 where Rt is the tip radius of curvature and E* is the reduced Young’s modulus of tip and polymer. The reduced Young’s modulus is the ratio of Young’s modulii of the polymer to that of silicon.
 One relevant aspect in AFM study of polymer wear on nanoscale is the formation of ripples. The ripples can be considered a consequence of elastic instability waves. They have been observed on macroscopic length scales for elastically soft materials such as rub-ber during sliding on hard surfaces. They are pro-duced making use of high load regime contact mode, 100 nN, and then observed on high Young modulus polymeric film58. The formation of ripples is com-monly considered to be the result of a peeling process operated by the microscope tip on the polymer.
 Generally, AFM images of the same area acquired in sequence present lateral and rotational shifts. To be able to subtract accurately two consecutive images, they are aligned almost in x-y dimensions, before the amount of wear can be calculated. The alignment can be carried out making use of a numerical code. In the numerical procedure the images are adjusted by fol-lowing the steps: first, frames compose by a matrix of pixels is defined for an image.
 Then, this frame is searched in a subsequent image making use of the statistical correlation. The applica-tion of these two steps was justified by the fact that all observed image shifts comprise translation move-ments and partially rotational59,60. After undergoing the adjustment procedures, the new surface images were compared quantitatively and the degree of change in wear volume was calculated.
 The second step of the wear characterization is re-garded the qualitative analysis of polymer mechanical degradation. To highlight this process and possibly quantify it, a zero wear reference is necessary. The zero wear reference is formed covering partially an area of SiO2 with the polymer and then abrading that area at low loads and for a limited number of cycles (maximum of 15 scanning cycles). Under the experi-mental conditions, only the polymer is exposed to wear due to the significantly higher hardness of SiO2.
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 Analogously to the procedure normally used in macro-scale evaluation, the quantitative analysis of wear mechanisms could be carried out using volume change evaluation61,62. The wear volume can be calcu-lated by integrating over the difference of the image data of the total area following the expression V=VB-VA. Where VA and VB are two subsequent ac-quired AFM images after adjustment. Tribological processes are rather complex, involving abrasion, ad-hesion, plastic deformation and variation of rough-ness. The behaviours of the volume changes. V as function of number of cycles show results difficult to be understood in straight manner. Generally, it could be expected that the wear volume tends to decrease as the number of stressing cycles increases due to plastic deformations of polymer. Nevertheless, the possible formation of ripples, as described above, should mod-ify the polymeric surface making the volume changes due to abrasion difficult to observe. Resolution limits and errors in volume calculation could be given by tip geometry, thermal drift and undetected cantilever twist. The first two types of contributions should not be relevant if conical shape probe tip are used and the laboratory is thermally stable. On contrary, unde-tected cantilever twist could be a source of unexpect-edly large errors. Other phenomena like electrical or mechanical noise should not contribute significantly to the error in volume estimation, since volume calcu-lation is an averaging process and the net contribution should therefore be close to zero. AFM for studying the thermal phase transitions of polymers
 AFM experiments are usually carried out at room temperature. Very few studies have been reported at higher or lower temperatures63. Such studies are im-portant because of strong interest in polymer mor-phology and the nanostructure changes these poly-mers undergo during phase changes over a broad temperature range. With this technique it is also pos-sible to study the growth of the individual crystalline lamellae by in situ monitoring of polymer crystalliza-tion64. This type of information cannot be obtained by any other type of microscopy technique.
 In the initial stages of development of this tech-nique for high temperature applications, resistive heaters guided by temperature controllers were placed on the top of the scanner. Studies on phase transitions were carried up to 100°C using contact mode65,66. Contact mode proved to be problematic due to the strong tip-sample interaction. This interaction pro-duced lateral forces which damaged the samples. This
 problem became more pronounced at elevated tem-peratures. Therefore, tapping mode is preferred at high temperatures in which the effect of lateral forces was negligible. Studies of phase transitions at low temperatures are carried out by placing the AFM mi-croscope in a thermoelectric chamber and purging it with cold nitrogen.
 AFM has been used to investigate the phase transi-tions of polymers like polydiethylsiloxane (PDES)63, cyclolinear polysiloxanes67, polydipropylsiloxane68 and syndiotactic polypropylene69. Figure 14 depicts the morphology changes which accompany PDES from the mesophase. PDES consists of flexible –Si-O- backbones. It exists not only in crystalline or amor-phous phase, but also in partially ordered phase called the mesophase. The monitoring of crystallization be-low 0°C can be achieved with AFM. Figure 14a dem-onstrates aggregates of elongated lamellae (each 0.3-0.5 µm wide). These are common in the mesophase. These lamellae are aligned in the rubbing direction (bottom left to upper right). These large lamellae are surrounded by amorphous PDES shown by dark con-trast. During crystallization the large lamellae sud-denly change their structure by transforming into blocks with linear sub-structures (tens of nanometers wide) shown in Fig. 14b. Figure 14c clearly shows the substructure after crystallization. This phase transition at -4°C occurs only in the mesophase. The amorphous phase remains undisturbed. Estimation of molecular weight (Mn) and polydispersity (PDI) index of polymer brushes by AFM
 This is one of the most recent applications of AFM applicable to grafted polymer layers. It is based on the principle of stretching the individual chains away from the grafting surface with an AFM tip70,71. A teth-ered polymer chain that is adsorbed onto the tip by the free end exhibits a restoring force that varies non-linearly with distance. The attractive force increases with chain extension until the gradient eventually ex-ceeds the spring constant of the cantilever, causing a mechanical instability. The polymer snaps free from
 Fig. 14—Phase transitions of PDES during crystallization.
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 the tip when the elastic restoring force is greater than the adhesion force of the chain to the tip and the de-flection signal returns to the base line. The separation at which the polymer ruptures from the tip is used as a measure of the chain contour length Lc,i. The molecu-lar weight Mi of the individual chain is calculated us-ing this contour length. A large number of force curves (F-d curves) are required to obtain accurate statistical distribution of contour lengths so that aver-age values of Mn and PDI can be calculated. Example
 AFM was used to estimate the molecular weight, Mn and polydispersity index, PDI, of densely grafted poly (N-isopropylacrylamide) (PNIPAM) brushes72. Copolymer characterization
 Characterization of poly(epsilon-caprolactone)-b-poly(ethyleneoxide)-b poly(epsilon-caprolactone) (PCL-b-PEO-b-PCL) porous hydrogel by AFM for its lamellar nanostructures73. Poly(phenyleneethynyl-ene)-b-poly(phenylenevinylene) (PPE-b-PPV) co-polymers used for solar cells were characterized for its morphology of active layer74. Novel approach of architecturally different components via various tech-niques were prepared and these copolymers character-ized and confirmed their molecular architectural through AFM technique75. Conclusions
 Atomic force microscopy is a relatively non-destructive technique as compared to conventional scanning electron microscopy and transmission elec-tron microscopy. It also has an additional advantage of 3-dimensional measurements of the surface struc-ture of polymers. The direct visualization of 3-dimensional images of the polymer surfaces is helpful for understanding the effects of changes in processing conditions. The field of nanocomposite is emerging at a rapid rate. Atomic force microscopy can be useful for the characterization of these nanocomposite mate-rials.
 The conventional surface characterization tech-niques provide only pictorial images of the polymer surface. Atomic force microscopy can be exploited to measure the mechanical properties, adhesion forces and structure of the polymer surface by making slight changes in the instrumentation involved. The capabil-ity of AFM to delineate the phase transitions of poly-mers provides us with important insight regarding the factors that are responsible for the peculiar properties
 exhibited by polymers. Thus, complete characteriza-tion of a polymer surface is possible by atomic force microscopy. References
 1 Binnig G, Rohrer H, Gerber Ch & Weibel E, Surface studies by scanning tunneling Microscopy, 49 (1) (1982) 57.
 2 Young R, Ward J & Scire F, Rev Sci Instrum, 43 (7) (1972) 999.
 3 Binning G, Quate C F & Geber Ch, Phys Rev Lett, 56 (9) (1986) 930.
 4 Martin Y, Williams C C & Wicramasinghe H K, J Appl Phys, 61(9) (1987) 4723.
 5 Revenko I, Probing the Life Sciences with Atomic Force Mi-croscopy, paper presented in Micro- and Nanostructures of Biological Systems, Proceedings of 1st Symposium held at the Martin Luther University Halle-Wittenberg at Halle, (2000) 1-51.
 6 Magonov S N, Handbook of Surfaces and Interfaces of Ma-terials, Vol. 2, edited by Nalwa H R (Academic Press, USA), 2001, 393.
 7 VanLandingham M R, McKnight S H, Palmese G R, Elings J R, Huang X, Bogetti T A, Eduljee R F & Gillespie Jr J W, J Adhes, 64 (1997) 31.
 8 Shakesheff K M, Davies M C, Roberts C J, Tendler S J B & Williams P.M, Crit Rev Therap Drug Carr Syst, 13 (1996) 225.
 9 Farida B, Tatiana D & Diethelm J, Langmuir, 19 (2003) 10247.
 10 Hajine Takano, Jeremy R.Kenseth, Sze-Shun Wong, Janice C O Brien & Marc D.Porter, Chem Rev, 99 (10) (1999) 2848.
 11 Linda C Sawyer & David T Grubb, Polymer Microscopy, Ed 2, 1996.
 12 Van den Berg R, De Groot H, Van Dijk M A & Denley D R, Polymer, 35 (1994) 5778.
 13 Burnham N A, Kolton R J & Pollock H M, Nanotechnology, 4 (1993) 64.
 14 VanLandingham M R, Dagastine R R, Eduljee R F, McCul-lough, Gillespie R L, Jr.J.W. Composites Pt A, 30 (1999) 75.
 15 Fischer-Cripps A C, Nanoindentation (Springer-Verlag, Inc.; New York), 2002.
 16 Fan X, Park M, Xia C & Advincula, R, J Mater Res, 17 (2002) 1622.
 17 Du B, Tsui O K C, Zhang Q & He T, Langmuir, 17 (2001) 3286.
 18 Prem V Pavoor, Anuj Bellare, Andrew Storm, Dehua Yang & Robert E Cohen, Macromolecules, 37 (2004) 4865.
 19 Caruso F, Sukhorov G, Decher G & Schlenhoff J B Eds, in Multilayer thin films, (Wiley-VCH Verlag GmbH & Co.KgaA, Weinheim, Germany), 2003.
 20 Mohwald H, Donath E, Sukhorov G, Decher G, Schlenhoff, J B Eds, in Multilayer thin films, (Wiley-VCH Verlag GmbH & Co.KgaA, Weinheim, Germany), 2003
 21 Caruso F, Trau D, Mohwald H & Renneberg R, Langmuir, 16 (2000) 1485.
 22 Wang T C, Cohen R E & Rubner M F, Am Chem Soc, 223 (2002) 275.
 23 Wang T C, Cohen R E & Rubner M F, Adv Mater, 14 (2002) 1534.
 24 DeLongchamp D M & Hammond P T, Am Chem Soc, 223 (2002) 114.

Page 17
                        
                        

INDIAN J. ENG. MATER. SCI., AUGUST 2006
 384
 25 Pavoor P V, Gearing B P, Bellare A & Cohen R E, Wear, 256 (2000) 1196.
 26 Pavoor P V, Gearing B P, Bellare A & Cohen R E, Am Chem Soc, 224 (2002) 125.
 27 VanLandingham M R, Microscopy Today, 97 (10) (1997)12. 28 Bischel M S, VanLandingham M R, Eduljee R F, Gillespie Jr
 J W & Schultz J M, J Mater Sci, 35(1) (2000) 221. 29 Raghavan D, Vanlandingham M, Gu X & Nguyen T,
 Langmuir,16 (2000) 9448. 30 Maivald P, Butt H J, Gould S A C, Prater C B, Drake B, Gur-
 ley J A, Elings V B & Hansma P K, Nanotechnology, 2 (1991) 103.
 31 Nysten B, Legras R & Costa J L, J Appl Phys, 78 (1995) 5953.
 32 Raghavan D, Vanlandingham M, Gu X & Nguyen T, Langmuir, 16 (2000) 9448.
 33 Leclere Ph, Lazzaroni R & Bredas J L, Langmuir, 12 (1996) 4317.
 34 Thomas R C, Tangyun Yong P S, Houston J E, Michalske T A & Crooks R M, J Phys Chem, 98 (1994) 4993.
 35 van der vegte E W & Hadzioannu G, Langmuir, 13 (1997) 4357.
 36 Duwez A S & Nysten B, Langmuir, 17 (2000) 8287. 37 Duwez A S, Polenius C, Bertrand P & Nysten B, Langmuir,
 17 (2001) 6351. 38 Allen T Chein, Tom Felter, James D.Lemay & Mehdi Ba-
 looch, Chemistry and Material Science Directorate, Law-rence Livermore National Laboratory, Livermore, California 94551.
 39 Einstein A, Ann Phys, 19 (1906) 371. 40 Dasgupta B R, Tee S Y, Crocker J C, Frisken B J & Weitz D
 A, Phys Rev, 65 (2002) 51505. 41 Crocker J C, Valentine M T, Weeks E R, Gisler T, Kaplan P
 D, Yodh A G & Weitz D A, Phys Rev Lett, 85 (2000) 888. 42 Gelbert M, Biesalki M, Ruhe J & Johannsmann D, Lang-
 muir, 16 (2000) 5774. 43 SaderJ E, J Appl Phys, 84 (1998) 1. 44 Roters A, Gelbert M, Schimmel M, Ruhe J & Johannsmann
 D, Langmuir, 16 (2000) 5774. 45 Butt H J, Jaschke M & Ducker W, Bioelectrochem Bionerg,
 38 (1995) 191. 46 Farida Benmouna, Tatiana D Dimitrova & Diethelm Jo-
 hansmann, Langmuir, 19 (2003) 10247. 47 Jolanta A Blach, Gregory S Watson, W Ken Busfield &
 Sverre Myhra, Polym Int, 51 (2001) 12. 48 Lamba N M, Baumgartner J N & Cooper S L, J Biomater Sci
 Polym, 11 (2000) 1227 49 Cadieux P, Watterson J D, Denstedt J, Harbottle R R, Pukas
 J, Howard J, Siang Gan B & Reid G, Colloids Surf B, (2002) 1.
 50 Otto K, Elwing H & Hermansson M, J Bacteriol, 181 (1999) 5210.
 51 Boyd R D, Verran J, Jones M V & Bhakoo M, Langmuir, 18 (2002) 2343.
 52 Annie Senaechal, Shawn D.Carrigan & Maryam Tabrizian, Langmuir, 20 (2004) 4172.
 53 Bronzino J D, The Biomedical Engineering Handbook, (CRC Press, USA), 1995
 54 Peng T, Gibula P, Yao K, Diane Goodman, Jayachandran N Kizhakkhedathu & Donald E.Brooks, Langmuir, 20 (2004) 3297.
 55 Bhushan B & Koinkar J, J Appl Phys, 75 (1994) 5741. 56 Johnson K L, Contact mechanics, (Cambridge University
 Press, London), 1985. 57 Vellinga W P & Hendriks C P, Phys Rev E, 63 (2001) 12.1 58 Aime J P, Bouhacina T, Odin C & Masuda T, Phys Rev Lett,
 73 (24) (1994) 3231. 59 Schiffmann K, Wear, 216 (1998) 27. 60 Gahlin R & Jacobson S, Wear, 222 (1998) 93. 61 Imbeni V, Martini C, Prandstaller D, Poli G, Trepanier C &
 Duerig, Wear, 254 (2003) 1299. 62 Kim D E, Tribol Lett, 15 (2) (2003) 135. 63 Magonov S N, Elings V & Papkov V S, Polymer, 38 (1997)
 297. 64 Mcmaster T J, Hobbs J K, Barham P & Miles M J, Probe
 Microscopy, 1 (1997) 43. 65 Musevic I, Slak G & Blinc R, Rev Sci Instrum, 67 (1996)
 254. 66 Baemark T B, BjornholmT & Mouritsen O G, Rev Sci In-
 strum, 68 (1997) 140. 67 Makarova N N & Godoysky Yu K, Progr Polym Sci, 22
 (1997) 1001. 68 Godovsky Yu K & Papkov V S, Adv Polym Sci, 129 (1989)
 129. 69 Zhou W, Cheng S Z D, Putthanart S, Eby R K, Reneker D H,
 Lotz B, Magonov S, Hsieh E T, Geerts R G, Palackal S G, Hawley G R & Welch M B, Macromolecules 16 (2000) 5487.
 70 Yamamoto S, Tsuji Y & Fukuda T, Macromolecule, 33 (2000) 5995.
 71 Al-Maawali S, Bemis J E, Akhremitchew B B, Leechareon R, Janesko B G & Walker G J, Phys Chem B, 105 (2001) 3965.
 72 Diane Goodman, Jayachandran N Kizhakkhedathu & Donald E Brooks, Langmuir, 20 (2004) 3297.
 73 Kang J & Beers K J, Biomacromolecules, 7 (2) (2006) 453. 74 Hoppe H, Sariciftci N S, Egde D A M, Multibacher D &
 Koppe M, Mol Cryst, 426 (2005) 255. 75 Pyun J, Tang C, Kowalewskit T, Frechet J M J & Hawatar C
 J, Macromolecules, 38 (7) (2005) 2674.



                    

                    
LOAD MORE                
                                Recommended

                

                                                
                            
                                
                                    
                                                                            

                                                                        
                                

                                
                                    
                                        
                                            Scanning Capacitance Microscopy (SCM) - Atomic Force …SCM).pdf · Scanning Capacitance Microscopy (SCM) combined with Atomic Force Microscopy (AFM) is one of the powerful methods
                                        
                                    

                                    
                                        Documents
                                    

                                

                            

                        

                                                
                            
                                
                                    
                                                                            

                                                                        
                                

                                
                                    
                                        
                                            ATOMIC FORCE MICROSCOPY - ETH Z force... · AFM atomic force microscopy ... SPM scanning probe microscope STM scanning tunneling microscope ... physical content: ...
                                        
                                    

                                    
                                        Documents
                                    

                                

                            

                        

                                                
                            
                                
                                    
                                                                            

                                                                        
                                

                                
                                    
                                        
                                            Easy AFM: Atomic Force Microscopy Made Simple · Atomic Force Microscopy, Atomic Force Microscopes, Easy AFM Created Date: 11/15/2007 9:31:02 AM ...
                                        
                                    

                                    
                                        Documents
                                    

                                

                            

                        

                                                
                            
                                
                                    
                                                                            

                                                                        
                                

                                
                                    
                                        
                                            2013-12-17 How Does Atomic Force Microscopy Work and …...• AFM-Atomic Force Microscopy While the primary use is imaging, the boundary has been pushed beyond. STM Probe AFM Probes
                                        
                                    

                                    
                                        Documents
                                    

                                

                            

                        

                                                
                            
                                
                                    
                                                                            

                                                                        
                                

                                
                                    
                                        
                                            Overview literature on atomic force microscopy (AFM ... literature on atomic force microscopy (AFM): Basics and its important applications for polymer characterization ... (UICT),
                                        
                                    

                                    
                                        Documents
                                    

                                

                            

                        

                                                
                            
                                
                                    
                                                                            

                                                                        
                                

                                
                                    
                                        
                                            AFM (ATOMIC FORCE MICROSCOPY)
                                        
                                    

                                    
                                        Documents
                                    

                                

                            

                        

                                                
                            
                                
                                    
                                                                            

                                                                        
                                

                                
                                    
                                        
                                            Atomic Force Microscopy (AFM) -   - Simulation
                                        
                                    

                                    
                                        Documents
                                    

                                

                            

                        

                                                
                            
                                
                                    
                                                                            

                                                                        
                                

                                
                                    
                                        
                                            Atomic force microscopy-based characterization and design ... · In 1986, atomic force microscopy (AFM) was invented to contour non-conducting solid-state surfaces at atomic resolution
                                        
                                    

                                    
                                        Documents
                                    

                                

                            

                        

                                                
                            
                                
                                    
                                                                            

                                                                        
                                

                                
                                    
                                        
                                            AFM Bruker Atomic Force Microscopy System Standard ... · AFM – Bruker Atomic Force Microscopy System Standard Operating Procedure 4D LABS Confidential Revision: 1.1 — Last Updated:
                                        
                                    

                                    
                                        Documents
                                    

                                

                            

                        

                                                
                            
                                
                                    
                                                                            

                                                                        
                                

                                
                                    
                                        
                                            Atomic Force Microscopy - Bilkent Universityaykutlu/msn510/afmintro.pdf · Atomic Force Microscopy • AFM ... Improved fiber-optic interferometer for atomic force microscopy ...
                                        
                                    

                                    
                                        Documents
                                    

                                

                            

                        

                                                
                            
                                
                                    
                                                                            

                                                                        
                                

                                
                                    
                                        
                                            AFM Atomic Force Microscopy - University of Torontophy326/afm/afm.pdf · 3 2. ATOMIC FORCE MICROSCOPE 2.1 Introduction The AFM technique is a subcategory of scanning probe microscopy
                                        
                                    

                                    
                                        Documents
                                    

                                

                            

                        

                                                
                            
                                
                                    
                                                                            

                                                                        
                                

                                
                                    
                                        
                                            Atomic force microscopy (AFM), transmission electron microscopy (TEM… · 2020. 8. 11. · force microscopy (AFM), transmission electron microscopy (TEM), and scanning electron microscopy
                                        
                                    

                                    
                                        Documents
                                    

                                

                            

                        

                                                
                            
                                
                                    
                                                                            

                                                                        
                                

                                
                                    
                                        
                                            AFM–IR: Combining Atomic Force Microscopy and Infrared ... · PDF fileForce Microscopy and Infrared Spectroscopy for Nanoscale Chemical Characterization ... spectroscopy. The AFM–IR
                                        
                                    

                                    
                                        Documents
                                    

                                

                            

                        

                                                
                            
                                
                                    
                                                                            

                                                                        
                                

                                
                                    
                                        
                                            Enabling Mechanical Biomarkers using Atomic Force Microscopy · ATOMIC FORCE MICROSCOPY (AFM) Drive direction AFM scanning Drive direction AFM indentation Cell image Cell mechanical
                                        
                                    

                                    
                                        Documents
                                    

                                

                            

                        

                                                
                            
                                
                                    
                                                                            

                                                                        
                                

                                
                                    
                                        
                                            Atomic Force Microscopy and Other Scanning Probe ... · Scanning Probe Microscopy (SPM) includes Scanning Tunneling Microscopy (STM), Atomic Force Microscopy (AFM), and a variety
                                        
                                    

                                    
                                        Documents
                                    

                                

                            

                        

                                                
                            
                                
                                    
                                                                            

                                                                        
                                

                                
                                    
                                        
                                            OU NanoLab/NSF NUE/Bumm & Johnson AFM Atomic Force Microscopy.
                                        
                                    

                                    
                                        Documents
                                    

                                

                            

                        

                                                
                            
                                
                                    
                                                                            

                                                                        
                                

                                
                                    
                                        
                                            Atomic force microscopy-based mechanobiology · 2020-01-06 · tivity, are based on atomic force microscopy (AFM) 19,20. In this Review, we survey the exciting developments in AFM-based
                                        
                                    

                                    
                                        Documents
                                    

                                

                            

                        

                                                
                            
                                
                                    
                                                                            

                                                                        
                                

                                
                                    
                                        
                                            PARTS M - Impact Analyticalimpactanalytical.com/Userfiles/pubs/goodPartsGoBad.pdf · Atomic force microscopy Atomic force microscopy (AFM) is an important new analytical technique
                                        
                                    

                                    
                                        Documents
                                    

                                

                            

                        

                        
                


                
            

        

    
















    
        
            
                
                    

                
                                
                    	Facebook
	Twitter


                

                                Copyright © 2023 DOCUMENTS

            

            
                About Us

                We built a platform for members to share documents and knowledge.

                Read More ...
            

            
                Legal

                	Term
	DMCA
	Cookie Policy
	Contact Us
	Privacy Policy


            

        

    









    




