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ABSTRACT 

 

Scratch-induced surface deformation is a tribological research area that falls 

under the abrasive wear category. A variety of factors including high strain rate, large-

scale deformation, non-linear material response, heat dissipation, and the evolution of a 

complex stress field, renders scratch a complex mechanical process. The dependence of 

polymers on testing rates, temperature, and pressure, along with the surface 

characteristics of the two materials in contact bring the rate, time, temperature, and 

pressure dependent behaviors of polymers, and the surface condition of the interacting 

surfaces also add to the complications of scratch analysis. In order to gain an in-depth 

understanding of polymer scratch behavior, this dissertation focuses on the scratch 

response of multiphase systems made up of a plastic matrix and a dispersed rubber 

phase. The introduction of a rubber phase and the effect it has on scratch behavior is 

explored through a number of factors including rubber size and type, environmental 

conditioning through heat processing, moisture exposure, and water immersion. 

A standardized progressive load scratch test (ASTM D7027/ISO 19252) is used to 

examine the mechanical response to scratch deformation in ASA and ABS systems with 

varying rubber particle size. Previous simulation results from finite element methods are 

used to assess the scratch response of the multiphase systems and comparisons are made to 

results based on single phase plastics and their respective scratch behavior. The key scratch 

damage transitions identified and studied are: (1) the onset of scratch groove formation, (2) 

the onset of periodic cracking, (3) the onset of material removal (plowing), and (4) the onset 
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of scratch visibility. The onset of groove formation is generally related to the secant modulus 

at the point of compressive yielding. The onsets of crack formation and plowing are more 

complex to quantitatively evaluate, and are strongly influenced by the material tensile and/or 

shear strength. 

For ASA copolymers, enhanced scratch performance is observed in systems with 

rubber particles the size of 1 micron relative to 100 nm sized rubber particle systems, while 

ABS copolymers containing 100 nm sized rubber particles are more scratch resistant than 

ASA copolymer systems with similar rubber particle size and distribution. The fact that 

these three model systems exhibit similar mechanical properties in uniaxial tension and 

compression bulk testing does not explain their differences in scratch resistance based on our 

previous FEM modeling and experimental results for single phase systems. The local stress 

state generated by the rubber particles and the scratch process at the surface, along with 

changes in surface coefficient of friction, are used to explain these findings.  

In order to minimize orientation and residual stress effects from the injection 

molding process, heat treatments at temperatures above and below Tg were carried out on 

ASAs with varying rubber content, rubber size, and rubber type. Low temperature annealing 

(LTA) was seen to reduce rubber orientation while having no impact on bulk mechanical 

properties, surface characteristics, or scratch resistance. On the other hand, high temperature 

annealing (HTA) minimized orientation and residual stress and showed no impact on bulk 

mechanical properties or surface characteristics, while also leading to a significant 

improvement in scratch resistance for high rubber content systems.  
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CHAPTER I 

INTRODUCTION & LITERATURE REVIEW 

1.1 Outline 

This chapter provides a brief background on the origins of scratch testing and 

analysis, the standardization of scratch testing methods, and the research methods used 

to explore this topic. An extensive literature review of related research studies has been 

detailed in each corresponding section along with an overview on polymer scratch 

research. Motivations and goals for the current study will then be stated and explored to 

a small extent. An outline of this dissertation and a brief overview of the research will be 

provided as well. 

1.2 Polymer Scratch Significance 

Surface quality retention in durable polymer parts, from both a functional and an 

aesthetic point of view, has recently become one of the critical property attributes in 

material selection for many engineering applications. While producing a desirable 

surface finish for a polymer has an inherent level of difficulty, the true challenge lies in 

preserving the surface quality over the entire service life cycle. Scratch, which is a form 

of surface deformation, can be considered one of the primary causes for reductions in 

polymer surface quality upon frequent usage which necessitates research on the topic. 

For polymer applications, the surface quality properties concerned herein can be 

broadly classified into surface aesthetics, structural integrity, and durability [1, 2]. 

Surface aesthetics, such as automotive exteriors and interiors or housing for electronic 

products and telecommunication devices, are important due to the fact that surface 
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scratches may reduce the product’s value even though their intended functionality is still 

generally unaffected. As for applications like food packaging, e.g., military MRE’s 

(Meals Ready to Eat), retaining the structural integrity of the packaging films is a major 

concern for preservation of food quality and safety. Scratches, if formed on food 

packaging films, can cause them to tear prematurely or compromise its barrier 

properties, which in turn may spoil the food inside. In coating applications, a scratched  

surface may lead to corrosion or damage of the underlying metal or wood substrate. 

Therefore, a coating must maintain its mechanical integrity for the entire expected 

service life of a product. Surface durability is also appreciated in the data storage 

industry, where scratches on hard drives and optical storage devices can cause 

permanent loss of data. Another important concern, from a structural point of view, is 

that scratches can act as stress concentration points, leading to a reduction in load 

bearing capacity that will ultimately result in the premature fracture and failure of a 

structural component. Scratch is also relevant to micro-mechanical devices and up-and-

coming nano-devices where scratch formation can easily result in a total loss of 

functionality due to the small scale of these devices. 
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Figure 1. Progress of scratch research over past few decades. 

 

In view of the critical issues mentioned above, it is evident that surface scratch is 

of particular concern for polymeric materials. To further illustrate this point, a graph of 

how much research studies relating to polymer scratch have increased over the past few 

decades is shown in Figure 1. The large jump in research topics related to polymer 

scratch can be seen especially in the last few decades. In this chapter, a brief review of 

polymer scratch research is given in order to highlight different aspects of polymer 

scratch behavior. Important factors and considerations that motivate the current study are 

also discussed. Finally, different components of this research and their arrangements are 

outlined. 

1.3 Polymer Scratch Research 

The science of tribology, which is the study of two surfaces in contact against 

one another, can be dated back to the 15th century with Leonardo da Vinci and his 



 

4 

 

documented experiments studying two surfaces in a relative sliding motion. Several 

hundred years later, Charles de Coulomb established the first fundamental laws of 

friction. A mineral hardness scale based on the fact that harder minerals can scratch 

softer minerals was developed by Friedrich Mohs in 1812. Amontons and Coulomb 

made significant progress in tribology within this time period by devising the laws of 

friction.  

Tribology, defined specifically as the science of two contacting surfaces in 

relative motion, focuses on three major branches: (1) friction, (2) wear, and (3) 

lubrication. Wear can be a product of abrasion, adhesion, tribologically-assisted 

corrosion, or surface fatigue. Abrasive wear is the result of a single-pass or a multi-pass 

encounter between surfaces. The contact developed between two surfaces can either be a 

single asperity (car keys on a surface) or a multi-asperity (sandpaper polishing a surface) 

contact. Scratch, which falls under abrasive wear, will be designated as a single pass 

process with a single asperity contact using either a constant or increasing load in this 

study for simplification. This categorization, developed by Professor Klaus Friedrich, 

has been shown as a schematic in Figure 2(a) where the scratch definition is denoted by 

a red line in Figure 2(b).  
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SINGLE-PASSMULTI-PASS

Tribology

Wear

Abrasion

Friction Lubrication

Adhesion Surface Fatigue Tribo-corrosion

Reduction of Abrasiveness 

With Time

Micro-Plowing  Micro-Cracking

Single Asperity

→ Single Scratch
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Many Asperities 

→ Multi-Scratch
(e.g. Sandpaper)

 
 

 
Figure 2. Tribology a) classification schematic and b) definition of scratch in this 

study. 

  

 

(a) 

(b) 
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A representation of a single pass, single asperity scratch deformation is shown in 

Figure 3, where a rigid spherical tip traverses across a polymer substrate at a specific 

velocity under a constant or changing normal load. Scratch resistance is generally 

determined by the ability of a material to resist surface deformation due to this sliding 

indentation of an asperity under the application of a prescribed normal load.  

Applied normal 

loadTip/indenter

Scratch groove

Scratch direction

Polymer substrate

v

 
Figure 3. Schematic of the scratching process. 

  
  

Although retention of surface quality in polymers has demanded attention, due to 

their susceptibility to surface deformation and damage under low contact loads when 

compared to metals and ceramics, significant breakthroughs in the fundamental 

knowledge of scratch behavior in polymers has only recently been achieved. Prior to 

that, there was a lack of standardized testing methodologies and equipment to administer 

adequate scratch experiments on polymers. As a result, researchers developed their own 

unique testing equipment to perform scratch experiments under a specific set of 

conditions. Methods that were used to evaluate scratch resistance ranged from simplistic 
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test methods, such as the pencil hardness test, to more sophisticated methods like the 

Taber test, pin-on-disc test, Ford five-finger test, and the single-pass pendulum 

sclerometer [3]. A complete list of the testing methods and equipment used by various 

researchers can be seen in these articles [1, 4].  

Furthermore, other than the variation in testing techniques, the methodologies 

utilized for a quantitative evaluation of scratch performance also varied considerably. 

These ranged from subjective human observers to more objective optical instruments 

like high-resolution scanners, atomic force microscopy, and scanning electron 

microscopy. These factors unfavorably lead to a difficult situation for researchers to 

verify and compare experimental results published in the literature, thus inevitably 

hindering fundamental understanding of polymer scratch behavior. Fortunately, recent 

establishment of the ASTM/ISO scratch test standard [5], has led to significant 

progresses in understanding the fundamental nature of polymer scratch behavior. The 

test employs a linearly increasing normal load applied on a 1 mm diameter, spherical, 

stainless steel tip for scratch testing and generates a continuous progression of 

deformation and damage on the scratch path. This allows for a straightforward analysis 

and establishment of a structure-property relationship. An illustration of the scratch 

testing machine developed by Surface Machine Systems (SMS) in cooperation with the 

Polymer Scratch Consortium at Texas A&M University and an example of a scratch 

tested plastic plaque are shown in Figure 4. Furthermore, the combined usage of a 

commercially available software package (Automatic Scratch Visualization (ASV©) and 

the ASTM/ISO scratch test standard enables meaningful quantitative evaluation of the 



 

8 

 

onset of scratch visibility, which is a key criterion for polymers used in environments 

where they must be aesthetically pleasing. The corresponding physical origins of a 

scratch can also be investigated as it has been shown that the development of such 

deformation features is responsible for the scratch to become visible [6].  

 

 

Figure 4. Illustration of the scratch machine and testing process. 

 

The onset and extent of different scratch-induced deformation features, such as 

scratch depth, shoulder height and scratch width (shown schematically in Figure 5), 

micro-cracks or crazes, fish-scale formation, and plowing, depends on a rather complex 
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surface deformation process that involves the following: a dynamic rate dependent 

deformation, surface contact between the tip and the substrate, friction interaction, heat 

dissipation, and large-scale material and geometrical nonlinearity. Another level of 

complexity is added when considering polymers due to their unique material and surface 

properties. Since the development of scratch-induced damage features in polymers 

involves deformation comparable to the bulk, extensive research work has been carried 

out to correlate the evolution of scratch-induced deformation features with the bulk 

mechanical and surface properties [7-14].  

Shoulder height

Scratch depth

Scratch

width

 
Figure 5. Schematic of the cross section of a scratch groove where the scratch 

direction is perpendicular to the page. 

 
 

 

Parametric studies of polymers using numerical methods such as finite element 

methods (FEM) simulations are possible unlike experimental methods. This advantage 

stems from the fact that in numerical methods parameters of interest can be decoupled in 

a systematic fashion and studied independently. Elastic modulus, tensile strength, and 

ductility are examples of such parameters which are not easily decoupled thus limiting 
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the capability of experimental methods. To better understand scratch behavior, it is 

important to complement experimental methods with proper modeling and simulation 

investigations for fundamental understanding of scratch. Addressing issues with 

numerical approaches also relate to the complex material and mechanical properties of 

polymers, including viscoelasticity, inelastic deformation, strain softening, and other 

mechanical responses.  

To study the mechanics involved during the scratch process, FEM [15] has been 

widely used by the researchers due to its capability to formulate physical phenomena and 

unique material response into a single analysis. Even so, the research effort on scratch 

behavior using FEM remains scanty and mostly restricted to the study of indentation 

[16]. Lee et al. [17] performed FEM analysis by modeling a steel ball scratching a 

rotating polycarbonate (PC) disk using ABAQUS®. Although a realistic material law 

was adopted for the PC substrate, they over-simplified a three-dimensional problem into 

a two-dimensional plane-strain problem. Bucaille et al. [18] and Subhash and Zhang [19] 

performed 3-D simulations of a displacement-controlled scratch-induced deformation 

process by employing a rigid conical indenter on elastic-perfectly-plastic and bilinear 

materials. Unfortunately, their 3-D FEM models did not take into account the strain 

softening-strain hardening nature of the polymers. Researchers in the last decade have 

extensively used FEM along with accompanying experiments to study the underlying 

mechanics involving scratch deformation of polymers following the ASTM D7027-05 

scratch test [2, 7, 9, 20-22] and other testing methods [12, 23-27].  
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To understand the development of the stress state and corresponding material 

response during the scratch process, FEM modeling along with the ASTM/ISO standard 

scratch tests was carried out by Jiang et al. [7]. The primary focus of the study was to 

investigate the evolution of scratch-induced deformation features in the scratch groove 

(i.e., the development of fish-scale, crack, etc.) not taking into account the scratch depth 

and shoulder height formation along the scratch path. The stress analysis using FEM 

simulation showed that as the scratch tip moves with an increasing normal load, the 

material in front of the tip experiences tensile stress, which quickly changes into 

compressive and then back to tensile again (Figure 4). Since the development of scratch-

induced deformation features depends on both stress state and material type, variation in 

deformation features (fish-scale, micro-crack etc.) in the scratch groove for different 

polymers was observed experimentally. At a low scratch normal load, the scratch 

penetration depth was low due to small plastic deformation. The extent of this so-called 

“mar” region and the development of scratch-induced damage features in the scratch 

groove (fish-scale, crack etc.) were observed to vary with the material type (Figure 6). 

Based on the experimental data, they developed a polymer scratch damage evolution 

map (Figure 7) to qualitatively differentiate the scratch behavior based on the respective 

material constitutive relation. A similar scratch deformation map, developed by other 

researchers [28-30] using conical indenter and constant or dead weight scratch normal 

load, showed the evolution of different scratch-induced deformation to vary with the 

scratch speed due to the change in strain rate imposition. 
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(a) (b) (c) 

(e) (d) 

 

 

 

 

 

Figure 6. SEM of - (a) Parabolic crack pattern in PC; (b) Onset of fish-scale 

formation in TPO; (c) Well developed fish-scale in TPO; (d) Pseudo fish-scale 

pattern mixed with crazes/voids in PS; (e) Parabolic crack pattern in Epoxy [7].  
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Figure 7 Polymer scratch damage evolution map [7]. 

(Figure reprinted from Polymer, 50, Jiang, H., Browning, R.L., Sue, H.-J., 

Understanding of scratch-induced damage mechanisms in polymers, 4056-4065, 

Copyright (2009), with permission from Elsevier) 
 

 

 

Parametric studies on scratch behavior of polymers using FEM have long been 

carried out to study the effect of various material and surface properties on scratch-

induced deformation mechanisms. Simplified material models, not including 

mechanisms involving node or element separation during the scratch process, and rate, 

time, temperature and pressure dependent response of polymers, have been used to gain 

fundamental understating on the effect of various material constitutive parameters on 

scratch-induced deformation. In an earlier attempt, FEM parametric study was 

performed [9] by employing an elastic-perfectly-plastic model to investigate the effect of 

material and surface properties on scratch behavior of polymers. It was concluded that 

the yield stress and coefficient of surface friction are the most important parameters that 

have significant influence on the residual scratch depth of a polymer after the scratch 
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process. Increasing the yield stress and/or reducing the coefficient of friction induce a 

shallower residual scratch depth, thus improving the scratch performance of polymers. 

Poisson’s ratio has shown not to influence the residual scratch depth. Furthermore, 

Young’s modulus in the range of 1.65 to 4 GPa does not significantly affect the residual 

scratch depth, which was similarly studied by Xiang et al. [31] for 1 mm spherical tip 

based on the Hamilton and Goodman expression [32, 33].  

Pelletier et al. [24] employed FEM for elastic-plastic contact and showed that the 

shape of the residual groove during scratching is related to the plastic strain field in the 

deformation beneath the indenter. Bucaille et al. [12] employed experimental work and 

FEM to study the effect of compressive strain hardening slope on piling-up phenomena 

during scratch. They concluded that a larger strain hardening led to greater elastic 

deformation and thus, less plastic strain [12, 27], which improved the scratch resistance. 

In case of metals and metallic alloys, Bellemare et al. [34] reported a decrease in pile-up 

height (shoulder height) with the increase in strain hardening exponent using pure 

Copper and Copper/Brass alloy. However, several factors including constitutive model 

simplicity, heat dissipation during scratch, rate and temperature dependence, 

complexities of tip/surface contact area, etc. limit the extensive scratch investigations 

using numerical methods such as FEM.  

Extensive experimental work has also been carried out to study the effect of bulk 

mechanical and surface properties on the evolution of different scratch-induced 

deformation features. Hadal et al. [36] showed that both higher modulus and yield 

strength are responsible for superior resistance to scratch deformation using different 
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grades of ethylene-propylene copolymers and polypropylene. Unfortunately, only tensile 

properties were utilized in drawing these conclusions. Xiang, et al. conducted a study on 

the relationship between polymer scratch deformation phenomena and mechanical 

properties based on a variety of amorphous and semi-crystalline polymers [33]. Jardret 

and Morel studied the effects of temperature and strain rate on the scratch deformation 

of PMMA [34]. Their study found that as the temperature increases, the material around 

the scratch tip is deformed quite easily and also that if the scratch speed is increased, the 

brittleness of the material increases and fracture occurs earlier. A similar study was 

carried out by Browning, et al. to investigate the effect of scratch speed on the scratch 

behavior of soft TPOs [35]. The findings were similar in that, even though the TPOs 

were soft and rubbery, the material behaved in a more rigid and brittle fashion at higher 

testing speeds. In particular, the surface tensile stresses were used to gauge the scratch 

resistance of the polymers with respect to onset of plastic flow or brittle surface fracture. 

However, no detailed knowledge was gained in addressing correlation between the 

material properties and scratch damage mechanisms. Browning et al. [8] investigated the 

effect of acrylonitrile (AN) content and molecular weight (MW) on scratch behavior of 

styrene-acrylonitrile (SAN) random copolymers by employing ASTM/ISO standard 

scratch test. The critical load for onset of scratch groove formation, periodic micro-

cracking, and plowing were measured and correlated with the compressive and tensile 

properties of the model SAN systems. Since the compressive properties of the chosen 

model SAN systems were virtually the same, they concluded that increasing the AN 

content or MW can have a positive effect on improving the scratch resistance as it 
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increases the tensile strength and ductility. Furthermore, Jiang et al. probed the effects of 

surface roughness on frictional behavior and its relationship to scratch behavior [36]. 

Their findings show that if the surface roughness increases, the friction during scratching 

is reduced, leading to improved scratch resistance. 

The effect of coefficient of friction on scratch behavior of polymers has also been 

investigated experimentally by employing the ASTM D7027-05 standard scratch test on 

four model thermoplastic olefin (TPO) systems, with and without slip agent and talc 

fillers [36]. Through the standard scratch test and microscopy, it was shown that a 

reduction in coefficient of friction delays the fish-scale formation in the TPO systems. 

Also, reduction in coefficient of friction induces shallower scratch depth, which 

corroborates the FEM findings described above [9]. Using their analytical expressions 

for stress field due to a circular contact region carrying a hemispherical Hertzian normal 

pressure and a proportionally distributed shearing traction, Hamilton and Goodman [32, 

33] showed that an increase in surface friction intensifies and move the maximum yield 

parameter from subsurface toward the surface, and, thus, inducing greater deformation. 

According to the study, a maximum tensile stress also develops at the rear end of the 

circular contact when increasing the surface friction, which can be thought of 

responsible for the ring crack in brittle materials. 

1.4 Research Scope 

One way many researchers have attempted to enhance the mechanical properties 

of polymers is by adding nanoscale fillers to make polymer nanocomposites. Indeed, the 

mechanical properties of polymer nanocomposites were greatly improved over those of 
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the neat systems and studies in polymer nanocomposite scratch behavior followed suit 

[37- 41]. In a study on nanoclay-reinforced polypropylene (PP) and polyethylene, Yuan 

et al. found that incorporation of the nanocomposites decreased the susceptibility of the 

systems to micro- and nano-scale deformation in the form of surface ripples [40]. They 

attributed this improvement to increases in crystallinity, elastic recovery, modulus, and 

yield strength. In a comprehensive review of nanocomposite scratch, Dasari et al. points 

out that incorporation of nanofillers does not necessarily bring on improvements [41]. 

This was also shown in work carried out by Moghbelli et al. on epoxy nanocomposites 

[38]. The incorporation of α-Zirconium Phosphate or core-shell rubber particles into 

epoxy matrices was found to improve the mechanical properties which should lead to 

enhanced scratch resistance, but the resulting scratch resistance of the composites were 

actually lower. This method of improving mechanical properties is not very sound 

because the incorporation of fillers into a polymer matrix alters its physical nature and 

limits the understanding of microstructural parameters on tribological behavior. 

Browning et. al. [31] studied a soft (TPO) composed of EPR and PP at 70/30 ratio where 

scratch behavior depended on EPR internal phase morphology and crystallinity of the 

ethylene part. Epoxy nanocomposites containing hard and soft particles in the study by 

Moghbelli et. al. [32] were shown to be at a disadvantage compared to the neat epoxy 

resin in terms of scratch resistance and their corresponding critical normal loads for 

crack formation. This shows us improved tensile properties or fracture toughness alone 

do not lead to enhanced scratch resistance as expected. These previous studies on scratch 

behavior of multi-phase polymers which exhibited similar scratch damage transitions to 
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single phase polymers, imply the importance of surface and subsurface morphology and 

other undetermined factors which must be explored. However, the multi-axial nature of 

the scratch stress field presents a challenge when attempting to relate the mechanical 

properties to the resulting scratch deformation. Numerous researchers have tried novel 

ways of relating scratch behavior to material properties.  

Scratch behavior of multi-phase, non-homogeneous, or anisotropic polymer 

systems have been briefly investigated as listed above, while further studies are required 

to analyze and comprehend their scratch resistance and determine material 

characteristics and properties affecting scratch. The scratch behavior in two 

(rubber/plastic) phase systems is not fully understood and requires research attention. 

The purpose of this research effort is to determine the role of various blend parameters 

on scratch response. These studied parameters include: rubber concentration/size/type, 

thermal history, moisture content, and injection molding conditions. The nature of the 

scratch damage transitions for these systems is also examined. 

In summary, the primary objective of this research is to examine the influence of 

introducing a dispersed rubber phase, in a polymer matrix, on the system’s scratch 

behavior by better understanding the stress state alteration caused by the soft dispersed 

particles. When a better understanding of this subject is obtained, the optimization of a 

polymeric material’s scratch performance may be achieved. Furthermore, the influence 

of environmental conditioning on scratch resistance, which is of paramount importance, 

will be examined through various moisture exposure setups (moisture chamber and 

water immersion). The findings of this study will lead to improved material selection 



 

19 

 

and design of polymeric products with respect to their scratch resistance and surface 

properties.  

1.5 Layout of the Dissertation 

The brief review of polymer scratch research and the corresponding literature 

review presented above in Chapter I, covering the fundamental aspects of polymer 

scratch behavior, provides the groundwork to perform a comprehensive study on the 

evolution of scratch-induced deformation features in multiphase polymers.  

Extensive scratch investigations on rubber modified Styrenic plastics containing 

various types and size of rubber particles are provided in Chapter II. The corresponding 

damage features observed in these multiphase systems are discussed and compared to 

previous results for single phase polymers. In Chapter III, the rubber content was chosen 

as a variable to investigate the influence of heat treatment at temperatures above and 

below Tg on scratch behavior of SAN based multiphase systems. The results indicate 

that annealing at high temperatures significantly enhances scratch resistance for systems 

with high rubber content, which through AFM and contact angle measurements, are 

related to the changes in rubber morphology and concentration at the surface. 

Environmental conditioning through high temperature annealing, moisture exposure, and 

water immersion, on the aforementioned multiphase systems, and the resulting effects on 

their scratch behavior is the focus of Chapter IV. The results indicate that the rubber size 

and type determine the influence of high temperature annealing on scratch resistance due 

to the rubber orientation and morphology at the surface and the corresponding surface 

shear strength. Water immersion was seen to significantly enhance scratch resistance in 
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ASAs while minimally impacting ABS. Water cluster formation at the surface of ASAs 

leading to a reduction of surface coefficient of friction is speculated to be the reason for 

this enhanced scratch resistance. In Chapter V, an extensive effort is made to understand 

the effect of moisture exposure and absorption on scratch resistance through three model 

PMMA systems. The effect of moisture on scratch performance is correlated with the 

type of water absorption theories indicating the possibility of water cluster formation in 

polar site bonding theory, in contrast to the free volume theory. Finally, a brief summary 

of this work and concluding remarks are given in Chapter VI where the significance of 

this research is summarized. Potential ideas and considerations for future complementing 

research work in this area are also included in this chapter.  
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CHAPTER II 

EFFECTS OF RUBBER PARTICLE SIZE AND TYPE ON SCRATCH 

BEHAVIOR OF MULTI-PHASE STYRENIC-BASED COPOLYMERS  

 

 

2.1 Synopsis 

Effects of rubber size and type on scratch performance of two styrenic 

copolymers, acrylonitrile styrene acrylate (ASA) and acrylonitrile butadiene styrene 

(ABS) were investigated. ASA with rubber particle sizes of 100 nm and 1 µm, and ABS 

with rubber particle size of 100 nm were examined. Linearly increasing normal load 

scratch tests were performed according to the ASTM D7027/ISO 19252 standard. A 

noticeable drop in scratch resistance is found in ASA containing nano-sized rubber 

particles when compared to ASA containing micron-sized rubber particles. ABS is 

observed to exhibit a higher scratch resistance when compared to ASA with comparable 

rubber particle size. Furthermore, ABS shows higher moisture sensitivity in terms of 

scratch resistance relative to ASA. Detailed deformation and damage mechanisms have 

been investigated to explain the observed differences in scratch performance of the 

model systems. Implication of the present findings for design of scratch resistant 

polymers is discussed. 

Keywords: Rubber modification, acrylonitrile styrene acrylate, acrylonitrile butadiene 

styrene, scratch resistance, damage mechanisms. 



 

22 

 

2.2 Introduction 

Polymeric materials are widely utilized for durable goods applications due to 

their low cost, high strength to weight ratio, and ease of fabrication. However, the 

scratch resistance of polymers is seen to be considerably less than that of competing 

ceramics and metals. Hence, polymer scratch resistance is a present day topic of research 

interest in industry and academia.  

Scratch, which can be defined as a rigid tip indenting and traversing a polymer 

surface simultaneously, has been considered as a branch of abrasion in tribology [42, 

43]. Various experimental techniques have been developed over the years to measure the 

scratch resistance of polymers with limited success [44-48]. Recently, a standardized test 

methodology, designated as the ASTM D7027-05/ISO 19252 standard [49, 50], has been 

established and used extensively for quantitative evaluation of polymer scratch 

resistance. By employing this ASTM standard, numerous quantitative scratch 

performance evaluation and structure–property relationship investigations have been 

carried out [49, 51-60]. The application of an increasing normal load, as prescribed in 

the standard, generates surface deformation with distinctive damage transitions 

throughout the scratch path, which may include onsets of groove formation, fish-scale 

development, microcracking, and plowing. Identification and analysis of these damage 

transitions are important for fundamental understanding of polymer scratch behavior. 

Several attempts have been made to categorize the observed scratch damage 

features into scratch-deformation maps. Briscoe et al. [61, 62] concluded that the 

formation of scratch damage features in a specific polymeric system depends on the 
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normal load, testing speed, temperature, and cone angle of the scratch tip. Maeda et al. 

[63] emphasized the relationship between the frictional force and scratch damage by 

manipulating the cone angle of the scratch tips and viscoelastic properties of the 

formulated rubber compounds. More recently, Jiang et al. [56] investigated four 

distinctively different polymers and detailed the observed relationship between material 

properties and scratch-induced deformation features. Their efforts resulted in a scratch 

damage map which is useful for illustrating the importance of various material 

parameters and testing conditions on scratch-induced damage mechanisms. Jiang et al. 

[65] also provided an in-depth mechanistic description on how the scratch damage 

evolves. By using a three-dimensional finite element methods (FEM) analysis, they 

found that the material beneath the scratch tip experiences a compressive stress state 

while the material near the surface behind the scratch tip experiences a high magnitude 

of tensile stress. They also noticed an additional maximal tensile stress component 

develops in front of the scratch tip as the normal load increases, which eventually leads 

to plowing or cutting when the exerted tensile stress magnitude exceeds the strength of 

the material. The scratch studies mentioned above were largely based on single-phase 

polymers. 

Although numerous studies on polymer scratch behavior have been carried out 

[42-69], significant research efforts are still needed to better understand the scratch-

induced deformation and damage in polymers, specially, in multi-phase polymeric 

systems. For instance, in-depth analysis on the roles rubber particles play on scratch 

performance of rubber-modified polymers is still lacking. Even though rubber particles 
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can act as impact modifiers to increase toughness and ductility, they can also reduce 

modulus and strength of the polymeric system [64, 69], which complicates their 

influence on scratch behavior. Furthermore, choices of processing equipment and 

conditions can significantly affect their final phase morphology and skin-core 

characteristics.  

In a recent study on a soft thermoplastic olefin (TPO) that consists of 70 wt.% 

ethylene-propylene rubber (EPR) and 30 wt.% polypropylene (PP), Browning et al. [54] 

observed that the crystallinity of the ethylene segment and the internal morphology of 

the EPR phase significantly affect the scratch behavior of the soft TPO. In another study, 

Moghbelli et al. [55] modified the skin-core morphology of PP thin sheets through post-

processing thermal treatments. Their results suggest that the degree of surface 

crystallinity can significantly influence the scratch behavior. The above findings suggest 

that: 1) the surface or sub-surface phase morphology of semi-crystalline polymers, 

which can be modified by the processing conditions, plays an important role in polymer 

scratch behavior and 2) the material properties near the surface of a semi-crystalline 

polymer, which significantly affect the scratch performance, are likely to be different 

from those of the bulk. Moghbelli et al. [57] further showed that neat epoxy resin 

exhibits a higher resistance to crack formation during scratching compared to 

nanocomposites of the same epoxy filled with either synthetic clay nanoplatelets or core-

shell rubber (CSR) nanoparticles. This implies that the improvements in tensile strength 

and modulus alone (i.e., epoxy/clay scenario) or fracture toughness and ductility alone 

(i.e., the epoxy/CSR scenario) may not necessarily lead to enhancement of scratch 
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performance. It should be noted that the surface damage mechanisms observed in this 

study [57] were consistent with single phase systems as the localized damage 

mechanisms due to inclusion of nanoparticles seemed not to influence the surface 

deformation features significantly. 

The present research focuses on investigating how the rubber type and size 

influences scratch behavior of styrenic-based copolymers. Both acrylonitrile styrene 

acrylate (ASA) and acrylonitrile butadiene styrene (ABS) are composed of styrene–

acrylonitrile (SAN) matrix containing rubber phase. The core of ABS is butadiene 

rubber, while that of ASA is acrylic elastomer. Our previous study [43] indicates that the 

scratch performance of ASA generally deteriorates with increasing rubber content, and is 

strongly related to their reduction in tensile and compressive yield strengths. The effect 

of moisture exposure on scratch performance of the above model systems was also 

probed. Implication of the present study for designing scratch resistant rubber-modified 

polymers is discussed. 

2.3 Experimental 

2.3.1 Materials 

 The ASA copolymers utilized in this study were provided by Styrolution GmbH 

(Frankfurt, Germany). They consist of a random copolymer SAN matrix and grafted 

polybutyl-acrylate (PBA) rubber particles with an average nominal diameter of 100 nm 

or 1 µm. In the SAN phase, the acrylonitrile content was controlled to be at 35 wt%, and 

the weight-average molecular weight (Mw) of SAN was chosen to be 104 kg/mol [43]. 

The test specimens were fabricated by injection molding with a fan gate design to spread 
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and slow the melt as it enters the mold cavity to ensure near-uniform molecular 

orientation across the width of the plaques. The plaques were 150 mm × 150 mm in 

rectangular shape and 6 mm in thickness. Nomenclature and physical characteristics of 

each system are listed in Table 1. 

2.3.2 Environmental Conditioning 

The ASA and ABS plaques were initially dried in a vacuum oven overnight at 

80°C and a vacuum pressure of 30 mmHg. After drying, some of the plaques were 

placed into a moisture chamber with controlled relative humidity of 75% at 23°C for a 

duration of 28 days in which equilibrium water content was achieved. In addition to the 

dried samples, these moisture absorbed plaques were also scratch tested and analyzed to 

determine the effect of moisture on scratch performance of the model systems. 

2.3.3 Scratch Testing 

Scratch tests were carried out according to the ASTM D7027-05/ISO 19252 

standard by using a progressive load range of 1–70 N at constant scratch speeds of 1 and 

100 mm/s for a length of 100 mm. A stainless steel scratch tip with spherical geometry 

was used. The diameter of the scratch tip was 1 mm. A minimum of five scratch tests, 

oriented in the same direction as the melt flow direction, were performed on each 

plaque.  

2.3.4 Post Scratch Analysis 

Scratch damage analysis was carried out 24 hours after completion of scratch 

tests to allow for any viscoelastic recovery. The critical normal loads for the onsets of 

groove formation, cracking, and plowing were measured using a Keyence VK9700 
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Violet Laser Scanning Confocal Microscope (VLSCM). The onset points for 

microcracking and plowing were directly observed under the microscope. The onset of 

groove formation was determined using the height profile obtained from topographical 

imaging via VLSCM. 

 Longitudinal sections along the scratch direction were also examined to 

determine the sub-surface damage using an optical microscope. The samples were 

carefully cut in half using an Isomet® saw equipped with a diamond-tipped blade. The 

surface corresponding to the center-line axis of the longitudinal cut was wet-polished 

with a Struers Abramin disk polisher using a succession of P1200, P2400, and P4000 

grit sandpapers (Struers, Buehler) and then affixed to a glass slide using epoxy adhesive. 

The glass slide was subsequently mounted in the diamond saw to cut the sample as close 

to the glass slide as possible. After this, the slide-mounted specimen was wet-polished to 

achieve a thickness of around 80 μm to allow for transmitted light observation under 

crossed-polars using the Olympus BX60 microscope. 

2.3.5 Atomic Force Microscopy (AFM) 

The characterization of sample morphology using AFM (Dimension, Veeco) was 

carried out by BASF SE. The AFM imaging and analyses were performed in Tapping 

Mode. The cantilever was excited at its resonance frequency and moved at a defined 

height over the sample surface. Thus, interaction forces cause a variation in the 

oscillation amplitude of the lever. Furthermore, a phase shift between the excitation and 

response oscillation can be induced by different material properties like stiffness or 

adhesiveness. In addition to the height, this effect provides the material contrast 
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information on the sample (Phase images). An Olympus silicon tip was used with 

cantilever spring constant of 40 N/m. The smooth cross-section surfaces of the samples 

were prepared using microtome technique at -80°C. The AFM measurements were 

carried out at room temperature. 

2.3.6 Tensile and Compressive Analysis 

Dog-bone shaped specimens for tensile testing based on ASTM D638 type I 

geometry were prepared by BASF SE (Ludwigshafen, Germany). The nominal length, 

thickness, and width of the narrow section were 170, 4, and 10 mm, respectively. The 

test was performed at constant crosshead speeds of 5 and 50 mm/min under ambient 

temperature using a screw-driven Sintech2 load frame equipped with a 30 kN load cell 

and MTS632 extensometer. 

Specimens for uniaxial compression testing were prepared using plaques with 6 

mm thickness. The compression specimens were precisely cut by an Isomet VR 

Precision Saw 1000 into prisms with sharp, clean edges. The surfaces of the specimens 

were carefully polished using 4000 grit silicon carbide polishing paper. The nominal 

dimensions of the prisms were 12.7 mm × 6 mm × 6 mm, and the actual dimensions 

were measured by a digital caliper. The uniaxial compression tests were performed 

following the ASTM standard D695-10 using a screw-driven load frame (MTSVR 

Insight) and an MTSVR extensometer with a gauge length of 25.4 mm. During 

compression testing, adequate lubricant (DupontVR TeflonTM Silicone Lubricant spray) 

was applied on the contact surfaces to reduce surface friction. The compression tests 

were performed at a crosshead speed of 2.5 mm/min. 
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2.3.7 Coefficient of Friction Measurement 

To determine the coefficient of friction, µ, between the Styrenic plaques and 

stainless steel surface, a flat smooth stainless steel tip with dimensions of 10 mm × 10 

mm was used. The flat tip was installed on the scratch machine and tests were conducted 

at 5 N constant normal load for a distance of 60 mm at a velocity of 100 mm/s. Three 

tests were conducted for each system to obtain an average value of µ. 

 

Table 1. Rubber particle size/type in each system 

 Rubber Type Structure Type Rubber Size Color 

ASA100 ASA SAN grafted PBA rubber ≈ 100 nm Black 

ABS100 ABS SAN grafted PBD rubber ≈ 100 nm Black 

ASA1000 ASA SAN grafted PBA rubber ≈ 1000 nm Black 

 

 

2.4 Results and Discussion 

AFM study of both sub-surface and midsection of each model system reveals the 

size and shape of the rubber particles (Figure 8). It can be seen that in both ASA100 and 

ABS100, the approximate rubber size is 100 nm; while in ASA1000, the rubber is 1 µm 

in size. The rubber phase close to surface is oriented in the mold flow direction. The 

variation in rubber shape throughout the thickness for each system is attributed to the 

injection molding process. A graphic description of rubber particle size distribution in 

each system is shown in Figure 9.  
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Figure 8. AFM micrographs of the samples cross-sections: left – close to the 

surface, right – in the middle of the plaque, (a) ASA100 (b) ABS100 and (c) 

ASA1000. 
           

To study the influence of rubber particle size and type on scratch behavior, 

scratch-induced deformation in dry-conditioned samples were analyzed first. Critical 

normal loads for various scratch damage transitions including onsets of groove 

formation, cracking, and plowing for ASA100, ABS100, and ASA1000 are shown in 

Figure 10. ASA1000 exhibits a noticeable improvement in scratch resistance based on 

the onsets of groove formation, cracking, and plowing. In other words, inclusion of 

micron-sized rubber particles is more beneficial for scratch performance compared to the 

nano-sized counterparts in the systems investigated. Furthermore, as can be seen in the 

figure, the rubber type also significantly influences the scratch resistance as ABS100 

shows a better scratch resistance compared to ASA100. Periodic crack formation along 
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the scratch path is a known scratch damage mechanism in styrenic polymers [42, 43]. 

Optical and surface topographical micrographs of the cracking transitions with the 

corresponding normal load for all three systems are shown in Figure 11.  

  

Figure 9. Size distribution of rubber particles in each model system. 

 

 

 
  

Figure 10. Critical normal loads for ASA100, ABS100, and ASA1000 under dry 

conditions at scratch speed of 100 mm/s: onsets of groove formation, cracking, and 

plowing. 

  

 



 

32 

 

 

 

Figure 11. Onset of cracking optical image (left), height profile (right), and 

corresponding normal loads for a) ASA100, b) ABS100, and c) ASA1000. Scratch is 

from left to right. 

 

   
      

    

Figure 12. Tensile curves of ASA and ABS in dry condition at (a) 5 and (b) 250 

mm/min. 

 

(a) 
(b) 
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To explain the scratch performance of the model systems, the corresponding 

mechanical properties in uniaxial tension and compression were determined. As 

discussed elsewhere [42, 52, 58-60], various aspects of the mechanical behavior and 

surface properties can influence the development of scratch depth, shoulder height, 

onsets of groove formation, cracking and plowing. For crazing-prone polymers, it has 

been shown that tensile strength and friction coefficient are most critical to scratch 

resistance [42, 56, 60]. Tensile behavior of the model systems at different crosshead 

speeds are compared in Figure 12 and compressive behavior of each system at a standard 

strain rate is shown in Figure 13. Based on Figures 12 and 13, all three model systems 

show almost identical uniaxial tension and compression behavior. To compare scratch 

behavior and mechanical response in tension at similar strain rates, a slow speed scratch 

test at 1 mm/s was also carried out to correlate with the tensile test speed at 250 mm/min 

(Figure 14). The results suggest that no correlation between the tensile behavior and 

onset of crack formation during scratching can be established, indicating that the crack 

formation in rubber-modified SAN may be more complicated than single-phase 

polymers as has been discussed in the literature [42, 57].  
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Figure 13. Compression curves of ASA and ABS grades in dry condition at 2.5 

mm/min. 

 

  
Figure 14. Critical normal loads for ASA100, ABS100, and ASA1000 in dry 

conditions at scratch speed of 1 mm/s. 

  

Figure 15 shows the µ for each system measured using the flat tip. As can be 

seen in the figure, ASA100 shows higher µ compared to that of ASA1000. It has been 
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shown that [60, 70, 71] the increase in µ intensifies the stress magnitude towards the 

surface leading to more severe damage and an earlier onset of groove formation and 

cracking. This could be an explanation for the observed difference in scratch resistance 

between ASA100 and ASA1000 (Figure 10). Similar conclusion can be made when 

comparing the scratch resistance of ASA100 with ABS100 (Figure 10). It should be 

noted that the µ values for ABS100 and ASA1000 are comparable (Figure 15) which 

reflects in their comparable scratch resistance (Figure 10). Thus, the variation in µ 

values can be at least partially considered responsible for the observed difference in 

scratch resistance among the systems.  

To examine the deformation and damage mechanisms during scratch, the induced 

subsurface damage must also be taken into account. Longitudinal sections of the scratch 

deformation were carefully prepared to analyze the permanent damage beneath the 

scratch path at the onset of cracking. It can be observed in Figure 16 that all three 

systems undergo significant subsurface plastic deformation which can be seen through 

the bright birefringent zones under cross polarization. The extent of subsurface damage 

in the systems was compared with the relative scratch resistance of the polymers. The 

longitudinal subsurface examination of the scratch deformation in multiphase systems 

reported previously [57] indicate that microcracks were formed due to predominantly 

tensile stress development immediately behind scratch tip during scratching, which is in 

agreement with the modeling work of Chu et al. and Jiang et al. [47, 56]. However, in 

this case, the systems show a noticeable difference in crack shape and angle compared to 

the previous studies [55, 57]. The depth of the subsurface plastic zone is seen to vary 
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among the systems, where ASA1000 has the largest plastic deformation zone of 

approximately 80 microns in depth compared to ABS100 and ASA100 where the plastic 

deformation depth is approximately 60 and 30 microns, respectively. This subsurface 

plastic deformation zone is formed to reflect their propensity to deform plastically 

during scratch. 
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Figure 15. Coefficient of friction comparison for model systems. 

 

SEM micrographs of the scratch deformation around the onset of crack formation 

in each system are shown in Figure 17. It can be observed that the onset of cracking for 

each system has introduced permanent damage on the surface while the crack 

characteristics seem different for each scenario. For instance, the onset of cracking is a 

sharp transition for ASA1000 from no apparent damage to visible crack patterns along 

the scratch; while in ABS100 and ASA100, the onset of cracking is a more gradual 

process where small microcracks on the scratch surface and subsurface increase in size, 

frequency, and continuity, which eventually leads to visible crack formation. Figure 18 
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shows micrographs of a scratch in the longitudinal direction using reflective OM and 

SEM for ASA100 and ASA1000. The angle of crack formation suggests different crack 

shapes, i.e., different degrees of mixed-mode stress induced crack formation for different 

systems. Based on Figures 17 and 18, the type of cracks observed in ASA1000 look 

similar to previously observed tensile cracks perpendicular to the scratching direction 

[55, 57]. This cracking feature indicates a tensile dominated fracture, which is known to 

be a common scratch mechanism for single phase brittle polymers. However, in the 

nanophase systems, i.e., ASA100 and ABS100, the crack formation appears to be at an 

angle away from being perpendicular to the scratching direction, suggesting significant 

mix-mode fracture. Also, the cracks appear to be more “flaky” than from ASA1000.  

To better understand the scratch deformation mechanisms in these rubber-

modified systems, the influence of rubber particles on stress field development during a 

deformation process must be considered. Based on the previous studies, the introduction 

of a soft phase in a polymer matrix is expected to alter the stress state near the rubber 

particles significantly, especially if the rubber particles would cavitate or initiate crazing 

[72-77], which could render in modifying deformation mechanisms. This could 

ultimately result in changes in mode of fracture. Also, the adhesion between the rubber 

particles and matrix may play an important role in altering the stress state during the 

scratch process. As shown by Jiang et. al. [56], the magnitude and direction of the 

maximum principle stress behind the scratch tip is altered at the interface of the two 

phases. The direction of tensile stress behind the scratch tip can be changed from in-
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plane to out-of-plane of the scratch path at the interface. This could lead to change in 

shapes of cracks formed during the scratching process.         

 

 

 

 

 

 

 

 

 

 

 
Figure 16. Longitudinal view of subsurface damage at onset of crack formation 

under cross polarized light for a) ASA100, b) ABS100, and c) ASA1000. 
 

Crazing, shear yielding, and cracking are the three most commonly known 

deformation mechanisms for polymers [75, 76]. It has been shown that ASA and ABS 

with larger rubber particles within the micrometer range show higher impact strength 

due to more effective craze formation compared to the smaller nanosized rubber 

particles, which are too small to induce effective crazing [35]. Larger rubber particles in 

ASAs can induce a larger scale of shear plastic deformation compared to the shear 

deformation caused by smaller particles [77, 78], which in turn may explain the 

differences in subsurface damages observed in ASA systems in Figure 16. Furthermore, 

the larger plastic deformation zone observed in ASA1000 leads to higher energy 

dissipation during the scratch process which in turn increases the resistance to crack 

formation. 
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Figure 17. SEM micrographs of scratch surface around onset of cracking for a) 

ASA100, b) ABS100, and c) ASA1000. 
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Figure 18. (a) Reflective OM of scratch longitudinal sections for ASA100 and 

ASA1000 (b) SEM micrographs of phase and surface morphology for ASA100 and 

ASA1000. 
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Figure 19. Optical micrograph of the scratch cross section indicating 

subsurface regions where AFM measurements were performed. Scratch 

direction is perpendicular to the page. 
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Figure 20. AFM micrographs of scratch cross sections in ASA100 after onset of 

crack formation: a) region where subsurface crack has initiated b) middle of 

scratch groove and more subsurface cracking, compiled images. 
 

 

To better comprehend the scratch deformation in these systems, AFM analysis 

was performed on various locations on cross-sections of the scratch damage beyond the 

onset of crack formation. Figure 19 gives a representation of the locations chosen for 

AFM analysis. These micrographs were compiled to further analyze subsurface damages 

of each system. In Figure 20, a detailed AFM map of scratch damage cross-section is 

shown for ASA100. In this image, a profile of the material on and beneath the surface of 

a scratch deformation provides insightful details. Cracks caused by scratch can be seen 

in Figure 20, while small regions of material with brighter contrast, indicating higher 

hardness seem to form around these cracks and in other regions. These bright regions 
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around the crack tips can be strain-hardened material. However, further investigation is 

necessary to confirm the validity of this finding. The crack seen in Figure 20(b) initiates 

and propagates from surface through subsurface and its angle must also be noted as in 

agreement with the crack formation observed in OM (Figure 18(a)) as discussed earlier.  

 An AFM map of the scratch deformation cross-sectional view for ABS100 is 

shown in Figure 21. In Figure 21(a), large dark areas can be observed throughout the 

depth of the measurement, which increases closer to the surface. These dark areas are 

most probably voids caused by scratching in subsurface regions and possible debonding 

of the rubber particles. Figure 21(b) shows two regions of varying morphologies at 

different depths from the surface in ABS100. The bottom region has a similar 

morphology to non-deformed regions prior to scratching, while the top region closer to 

the surface appears to be highly deformed, making it difficult to identify the rubber 

particle phase. This could be a result of the scratch deformation compressing 

perpendicular to the scratch direction and stretching of the rubber phase along the 

scratch direction. This rubber stretching feature has previously been observed in scratch 

tested injection molded plaques by Tang et. al. [79]. The extent of rubber particle 

deformation in ASA1000 is seen in Figure 22(a) and shows much more rubber particle 

deformation toward the surface as expected. Fracture within the subsurface through 

crack formation is observed in Figure 22(b) while the harder regions (lighter color) 

previously seen in ASA100 can also be seen around cracks in ASA1000.      
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Figure 21. AFM micrographs of scratch cross sections in ABS100 after onset of 

crack formation: a) region where subsurface crack has initiated b) middle of 

scratch groove with subsurface cracking, compiled images, showing bilayered 

morphology. 

 

 

 



 

44 

 

 

 

Figure 22. AFM micrographs of scratch cross sections in ASA1000 after onset of 

crack formation: a) region where subsurface crack has initiated b) middle of 

scratch groove and more subsurface cracking, compiled images. 
 

Finally, the effect of moisture exposure on scratch behavior of the ABS and ASA 

systems was studied. The corresponding critical normal loads at the onset of cracking for 

ASA100, ABS100, and ASA1000 under dry and moisture saturated conditions are 

shown in Figure 23. As can be seen in the figure, only ABS100 system is affected by 

moisture exposure. Butyl acrylate rubber present in ASA is insensitive to moisture 

exposure compared to butadiene rubber in ABS, which is expected based on moisture 

affinity of the systems [70, 80]. 
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Figure 23. Critical normal loads at onset of cracking for ASA100, ABS100, and 

ASA1000 under dry and moist conditions at scratch speed of 100 mm/s. 

 The present study indicates that, under dry conditions, ABS shows a better 

scratch resistance than ASA when the rubber particle size of each is approximately 100 

nm. As previously reported in the literature [78, 81], craze stabilization by the rubber 

phase is more effective in ABS compared to ASA with nanosized rubber particles, which 

could impact the scratch performance. Furthermore, micron sized rubber particles 

proved to be more effective than nanosized particles in ASAs. The difference in µ values 

among the systems can be used to explain the observed difference in scratch resistance. 

The ability of each system to undergo subsurface plastic deformation and the related 

energy dissipation based on rubber particle size [82-85] can partially explain for this 

effect, as well. The crack damage feature in single phase polymers appearing on the 

scratch surface were previously considered to be due to tensile dominated stress 

immediately behind the scratch tip on the scratch path; whereas, more complex mode of 

deformation is found in these multiphase systems.  
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Therefore, in multiphase materials subjected to complex stress field during 

scratching, crack formation can vary in shape from previously defined tensile cracks to 

mixed mode flake-like cracks. Although the scratch-induced cracks in multiphase 

systems vary in shapes, the coefficient of friction variation can partially be used to 

explain the observed differences in scratch resistance among the systems. As such, the 

bulk material and surface properties can still be used to understand the scratch resistance 

of multiphase systems. However, to explain the type of cracks observed in the systems 

investigated, extensive study on localized stress and strain field development during 

scratching process due to interaction between the particles and matrix is needed. Theses 

aspects of study will be subject to our future investigation. 

2.5 Conclusion  

In this study, influences of rubber size and type on scratch performance of ASA 

and ABS model systems were investigated. Our findings suggest that micron-sized 

rubber particles are more scratch resistant than nano-sized rubber in styrenic 

copolymers. It has also been found that in dry condition butadiene rubber offers better 

scratch resistance than butyl acrylate rubber. The basic mechanical properties of the 

three model systems were almost identical while scratch behavior were noticeably 

different. The difference in coefficient of friction among the systems can be used to 

explain the observed difference in scratch resistance. Based on the multiphase nature of 

the systems investigated, scratch deformation is more complicated compared to that of 

single phase material. In multiphase ASA and ABS rubber containing materials, the 
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crack formation caused by scratching can vary in nature from a predominantly tensile to 

mixed mode damage and exhibit flake like crack features. 
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CHAPTER III 

EFFECT OF HIGH TEMPERATURE ANNEALING ON SCRATCH BEHAVIOR OF 

ACRYLONITRILE STYRENE ACRYLATE COPOLYMERS  

 

3.1 Synopsis 

The scratch behavior of butyl-acrylate rubber modified styrene-acrylonitrile 

(ASA) upon high temperature annealing is investigated following the ASTM D7027/ISO 

19252 linearly increasing normal load test methodology. The critical normal loads at the 

onset of the major deformation transitions along the scratch path, such as groove 

formation, scratch visibility, microcrack formation, and plowing, are reported and 

quantitatively analyzed. It is found that the scratch resistance improves with high 

temperature annealing, i.e., 30°C above Tg, as compared to annealing below or around 

Tg. Microscopic investigation suggests that the increase in scratch resistance is related to 

the changes in surface morphology of the polymer. It is concluded that performing high 

temperature annealing enhances the scratch performance without compromising ASA 

bulk properties.  Implication of the present study for improving scratch resistance of 

polymers is discussed. 

  

3.2 Introduction 

Demands for scratch resistant polymers have rapidly increased in anti-corrosion 

coatings, consumer electronics housings, food packaging films, automobile interior and 

exterior components, and many other applications [86]. However, the lack of 
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fundamental knowledge in polymer scratch behavior has limited our ability to effectively 

design and optimize material systems for scratch resistance.  Significant research efforts 

are therefore still needed to improve the scratch resistance of polymers. 

 A popular method to assess polymer scratch resistance employs a rigid tip 

indenting and moving across a polymer surface simultaneously. A noticeable progress in 

the evaluation of polymer scratch performance was an establishment of a standardized 

test methodology, i.e., the ASTM D7027-05/ISO 19252 method. This testing 

methodology applies a progressive normal load to generate scratch damage from low to 

high level through a single scratch path [87]. In such a fashion, the test will be effective 

not only for quantitative evaluation of scratch performance but also for generation of 

fundamental knowledge for development of scratch resistant polymers [88-95]. The 

generation of scratch-deformation map is an effective way to categorize those 

deformations and concurrently illustrate the influence of different testing and material 

parameters on scratch mechanisms [96-98]. 

   Through the aid of finite element methods (FEM) modeling, more in-depth 

understanding of scratch deformation and damage has been reported. Jiang et al. [94] 

isolated the influences of four material parameters on the residual scratch depth, and 

concluded the yield strength and the coefficient of adhesive friction are most relevant to 

scratch resistance. Subsequently, an insightful mechanics description of multi-axial 

stress state involved during the scratch process was provided [99]. It was found that the 

material beneath the scratch tip experiences a compressive stress state while the material 

element behind the scratch tip experiences a tensile stress state, which promotes either 
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fish-scale formation in the case of ductile polymers or crazing/microcracking in the case 

of brittle polymers. Moreover, an additional maximal tensile stress component develops 

in front of the scratch tip as the normal load increases, and its stress magnitude 

eventually overwhelms the material and causes cutting and plowing to take place.  The 

above findings imply that surface constitutive behavior, not their bulk properties, of a 

given polymer governs the scratch performance. 

 Post processing heat treatment of polymers has been shown to significantly affect 

their physical and mechanical properties. Depending on the composition and processing 

conditions, noticeable changes in mechanical properties have been observed through 

heat treatment of styrenic copolymers [100, 101]. While partial residual stresses were 

relieved, a noticeable drop in impact resistance and ductility were observed after long 

term annealing of acrylonitrile-butadiene-styrene (ABS) at temperatures below Tg. This 

is due both to the physical aging effect and to degradation of the C=C double bond in the 

backbone of ABS [100]. In contrast, the heat treatment of butyl-acrylate rubber-modified 

styrene-acrylonitrile (ASA) copolymers caused no deterioration in mechanical properties 

at temperatures below or above Tg even for extended periods of time [101]. In the same 

study, it was also shown that relief of injection molding residual stresses as well as 

molecular orientation could be achieved to a varying degree, depending on the ASA 

annealing process.  

  Interesting findings on how the scratch behavior is affected by surface 

morphology and post-processing annealing have also been reported. In a soft 

thermoplastic olefin (TPO) that consists of ethylene-propylene rubber (EPR) and 
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polypropylene (PP), Browning et al. [92] found that the crystallinity of the ethylene 

segment and the internal morphology of the EPR phase significantly affect the scratch 

behavior of the soft TPO. In addition, through post-processing thermal treatments, 

Moghbelli et al [93] investigated the correlation between skin-core morphology in PP 

and its scratch performance. Their results suggest that annealing, which increases the 

crystallinity level near the surface, enhances the scratch resistance of PP.  The above 

findings imply that: 1) the surface or sub-surface phase morphology of semi-crystalline 

polymers, which can be manipulated by the processing conditions, plays an important 

role in polymer scratch behavior and 2) the surface properties of a semi-crystalline 

polymer, which significantly affect the scratch resistance, are likely to be different from 

those of the bulk.  However, it is uncertain if the above observations hold true for 

amorphous polymers.  

  In this study, a series of amorphous ASA systems, which are butyl-acrylate 

rubber-modified styrene acrylonitrile (SAN) and neat SAN, were chosen as model 

systems for investigating how an above-Tg high temperature annealing affects its scratch 

behavior. Our previous study indicates that the scratch performance of ASA generally 

deteriorates with increasing rubber content, and is strongly related to their reduction in 

tensile and compressive yield strengths [102]. It is hoped that the present study can 

further our fundamental understanding of structure-property relationship in polymer 

scratch, and also establish an approach to enhance the scratch resistance without 

compromising bulk properties through high temperature annealing. 
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3.3 Experimental 

3.3.1 Materials 

The ASA polymers utilized in this study were provided by BASF SE 

(Ludwigshafen, Germany). They consist of a random copolymer SAN matrix and grafted 

polybutyl-acrylate (PBA) rubber particles with an average nominal diameter of 475 nm. 

The PBA rubber content in ASAs was varied from 0 to 30 wt% (Table 2). In the SAN 

phase, the acrylonitrile content was controlled to be at 35 wt%, and the weight-average 

molecular weight (Mw) of SAN was chosen to be 104kg/mol [103]. Color pigments of 

0.325% of anthrachinone and 0.15% of pyrazolone yellow were blended into the resins 

to provide adequate color background for the scratch visibility investigation. The test 

specimens were fabricated by injection molding with a fan gate design to spread and 

slow the melt as it enters the mold cavity to ensure near-uniform molecular orientation 

across the width of the plaques. The plaques were 150 mm x 150 mm in rectangular 

shape and were 6 mm in thickness. 

3.3.2 Heat Treatment 

Prior to the post-processing annealing, the specimens were dried in a vacuum 

oven at 86°C for 24 hrs to remove any pre-absorbed moisture [106]. The annealing 

experiment was carried out by sandwiching ASA plaques with two tempered glass 

plates. An external weight of about 10 KPa in stress was applied to the sandwiched 

samples during annealing and cooling to prevent potential warping due to uneven 

residual stress relief of the plaques. Two annealing processes, the low temperature 

annealing (LTA) and high temperature annealing (HTA), were individually performed 
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on all the ASA and SAN plaques. For the LTA process, the ASA plaques were annealed 

at 108 °C for 2 hrs under vacuum and allowed to slowly cool in a vacuum oven to 

minimize any residual stresses caused by the injection molding process. The HTA 

process was conducted at 140 °C, which is about 30°C higher than the measured Tg 

[102], for 2 hrs under vacuum. Afterwards, the samples were cooled to ambient 

temperature by shutting off the oven power. The scratch tests were performed at ambient 

temperature and relative humidity of 50% and were completed within an hour after 

annealing to minimize moisture adsorption from atmosphere. 

3.3.3 Surface Finish Measurement 

A 60° specular gloss and the root-mean-square surface roughness (Rq) 

measurements of all the plaques were obtained by using BYK Gardner® Micro-TRI 

Glossmeter and Keyence® VK9700 violet laser scanning confocal microscope 

(VLSCM), respectively. The reported values were calculated based on an average of 

three scratches.  

3.3.4 Mechanical Properties Characterization 

The tensile tests were performed using a screw-driven Sintech 2 load frame and a 

MTS® 632 extensometer.  The dog-bone shape specimens for tensile tests were based on 

the ASTM D638 type I specimen [104]. The nominal overall length, thickness and width 

of the narrow section were 170, 4, and 10 mm, respectively. The test was performed at a 

constant speed of 50 mm/min under ambient temperature in order to compare the results 

with one of our previous studies [102]. 
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3.3.5 Scratch Testing 

Scratch tests were performed under ambient temperature following the 

standardized ASTM D7027-05/ISO 19252:08 test method [87, 107]. The scratch tip was 

made of stainless steel and had a 1 mm diameter spherical geometry. The scratch 

direction was chosen in the same direction as the melt flow for all the tests. A 

progressive load of 1–80 N at constant scratch speeds of 100 mm/s was used to evaluate 

the scratch performance in a length of 100 mm. Note that a 10 mm lead distance at 1N 

constant load was used at 100 mm/s scratch speed to reduce the inertial effect from the 

scratch tip movement at low applied normal loads portion of the test. 

3.3.6 Post Scratch Analysis 

In order to provide sufficient time for viscoelastic recovery after the scratch test, 

the sample damage features were characterized after 24 hrs upon completion of the 

scratch tests. The optical microscopy images and the topographical information were 

obtained by using the aforementioned VLSCM and its accompanied image analysis 

software (VK Analyzer, 2.1.0, Keyence). For the scratch visibility analysis, a 

commercially available software ASV® (Automatic Scratch Visualization, 

http://www.surfacemachines.com) was applied. The scanned scratch images for analysis 

were obtained by using a PC scanner (Epson® Perfection Photo 4870) at 300 dpi 

resolution under “no color correction” mode.  For all scanned images, the scratch 

direction was aligned perpendicular to the scanner light source movement. Additional 

characterization details can be found elsewhere [104]. 

http://www.surfacemachines.com/
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3.3.7 Contact Angle Measurement 

 The surfaces of the ASA samples were cleaned using a pressurized N2 nozzle 

head. Samples were then placed on a flat surface and a minimum of six droplets of 

deionized water were deposited on each surface. Droplet images were acquired using the 

super macro mode of an Olympus SP-570UZ Image Stabilization 10.0 Megapixels 

digital camera with an Olympus ED Lens AF Zoom attached to it. Images were inverted 

and sharpened using Image-J analyzer. The angle measurement tool in Image-J was used 

to measure the contact angles from each side of each droplet with respect to the sample 

surface. Twelve measurements were conducted for each sample and the average was 

calculated and reported. 

3.3.8 Fourier Transform Infra-Red Spectroscopy 

 In order to determine surface chemical composition of all ASA systems a Nicolet 

Avatar 360 was utilized under attenuated-total-reflectance (ATR) mode at room 

temperature. Spectra were obtained at various locations of each specimen and the 

resulting FTIR spectra of LTA vs. HTA samples were compared. 

3.3.9 Image-J Analysis 

 In order to determine the fraction of rubber particles to matrix at the surface of 

specimens, image-j analysis was performed on the AFM images. The color threshold 

was adjusted for the AFM micrographs automatically using the filtered mode. The 

images were then processed to binary mode and the fraction of rubber particles to 

surface area was determined using the particle analysis tool.  
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3.4 Results 

3.4.1 Annealing Effect on Chemical Composition and Surface Finish 

 Figure 24 contains the FTIR-ATR (Attenuated Total Reflectance) setting spectra 

of ASA5 processed by LTA and HTA treatments, respectively. The typical IR 

adsorption peaks due to C≡N triple bonds and C=O double bonds [105] were 

highlighted. Note that the spectra are considered to represent the chemical compositions 

of the testing surface within several microns of depth [108]. The identical spectra 

between the two annealing conditions suggest no observable degradation is detected 

even after the HTA treatment. Although it is known that long-term aging at 90°C in air 

causes oxidation of butadiene in the rubbery phase of ABS [99], ASA appears to hold 

well against HTA annealing. It appears that the lack of C=C double bonds in ASAs, 

short annealing time under a vacuum chamber reasonably minimizes the potential of 

ASA degradation on the surface [100].  
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Figure 24. FTIR spectrum of ASA5 annealed at low(bottom) and high(top) 

temperatures. 

 

 Previous study showed that the LTA process brings a trivial impact on the 

surface finish of the testing plaques since its annealing temperature was slightly below 

the measured Tg of ASA [100, 102]. Nonetheless, the ASA plaques treated by HTA in 

the present study were in their rubbery state during annealing. Hence, a considerable 

influence by HTA on the surface finish is expected.  As shown in Table I, the change in 

60° specular gloss and root-mean-square roughness indicate the surfaces of HTA 

processed plaques became smoother than those of as-received samples. The applied 

stress on the glass plates facilitates better contact between the ASA specimens and the 

smooth glass plate, resulting in a better surface finish of the plaques.  
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Table 2. The rubber content and surface characteristics of the model ASA systems. 

Rq denotes the root-mean-square surface roughness, which is based on the 

measurement performed using VLSCM in a sampling area of 1.3x1.0 mm2 

Denotation Rubber Content 

(wt%)
60° specular gloss (%, n=3) Rq (m , n=3) 

As Received Post ATT As Received Post ATT

ASA1 6 95.1±0.6 98.2±1.0 0.95±0.11 0.51±0.01

ASA2 12 91.7±0.5 97.2±1.6 0.96±0.12 0.74±0.02

ASA3 18 86.1±0.9 96.0±0.5 1.04±0.54 0.75±0.06

ASA4 24 77.2±1.4 94.1±0.6 1.22±0.02 0.79±0.06

ASA5 30 71.3±1.1 89.8±1.3 1.56±0.05 0.88±0.06

 

 

3.4.2 Annealing Effect on Bulk Mechanical Properties and Phase Morphology 

Figure 25 demonstrates the uniaxial tensile behavior of both as-received samples 

(dash lines) and HTA processed samples (solid lines). It can be observed that the HTA 

process only shows a trivial impact on the bulk tensile property in terms of yield 

strength, Young’s modulus, and elongation at break.  

 In order to illustrate the annealing effect on the rubber phase morphology on the 

surface, the AFM phase contrast maps of ASA5 with visible PBA rubber particles (dark 

spots shown in the figures) are presented in Figures 25 and 26. The AFM image obtained 

from LTA specimens appears to show a less smooth surface, which correlates well with 

the findings provided in the surface-finish investigation. The less elongated features of 

the dispersed rubber particles shown in the image of HTA specimen also suggest the 
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residual stress due to the injection molding has at least been partially relaxed and the 

molecular orientation in HTA specimen would be different from that in LTA specimen 

(Figure 25). Moreover, the same specimens processed by HTA show higher 

concentration of rubber particles on the surface when comparing to the “as-received” 

and LTA processed (Figures 25 and 26) ones. In fact the rubber/surface area fraction 

which was measured by image-j analysis of the AFM micrographs indicate an increase 

in rubber concentration from 13% to 18.9% at the surface due to annealing above Tg. A 

similar trend is also observed in ASA1 through ASA4. This finding strongly suggests 

that the annealing at above Tg may promote migration of polar PBA rubber phase toward 

the surface. This in turn causes the rubber content at the surface to become higher than 

that of the bulk. Alternatively, the above phenomena can also be caused by the 

relaxation of the highly oriented SAN molecules and retraction of PBA rubber near the 

skin of the injection-molded sample. Upon high temperature annealing, the relaxation 

and retraction of the SAN molecules and PBA rubbers leads to exposure of the PBA 

rubber on the sample surface and roughens the surface somewhat.  The above 

conjectures still await further experimental validation.  It is worth mentioning that our 

preliminary results in nanoindentation as well as macroindentation did not show a 

significant difference in the indentation behavior between “as-received” specimens and 

HTA specimens.  
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Table 3. Contact angle measurements for ASA1 and ASA5 systems (HTA vs. LTA) 

Contact Angle LTA HTA 

ASA1 66.23 ± 0.75 62.81 ± 0.82 

ASA5 65.70 ± 1.02 59.63 ± 0.61 

  

Furthermore, the results obtained from the contact angle measurements further 

support this claim. It is known that the PBA phase has a higher surface energy in 

comparison to SAN matrix. It can be observed in Table 3 that the HTA leads to higher 

contact angles compared to LTA in both ASA1 and ASA5 systems. This in fact can be 

due to migration of the PBA particles to the surface of the molded plaques after 

annealing above Tg. The increase in contact angle due to high temperature annealing in 

ASA5 is more significant compared to ASA1 which is expected due to the rubber 

content concentrations of the systems. Therefore, the contact angle measurements 

support the previous assumptions. More study is needed to further clarify the impact of 

HTA process on the ASA surfaces. 
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3.4.3 Scratch Damage Analysis 

Our previous findings have demonstrated that the typical scratch-deformation 

transitions observed in these ASAs and neat SANs contain (1) the onset of groove 

formation, (2) the onset of periodic cracking, (3) the onset of plowing, and (4) scratch 

visibility. The onset of groove formation represents a subtle plastic deformation feature 

developed during an early stage of the scratch process. Both the onsets of cracking and 

plowing are indicators of material failure on the surface beyond which material removal 

begins to take place. Note that the onset of scratch visibility is always found to be 

between the onset of groove formation region and the periodic cracking region, which 

will be discussed below. 

ASA5 (LTA) 

ASA5 (LTA) 

ASA5 (HTA) 

ASA5 (HTA) 

Figure 25. AFM micrographs of ASA5 (LTA vs. HTA) 
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Figure 26. AFM micrographs of ASA5 (as received vs. HTA) 

(a) As received        (b) HTA 

  

 

Figure 27. Tensile behavior of LTA (dotted line) vs. HTA (solid line) for select 

systems. 

 

In order to determine the onset of groove formation, the depth profiles were 

precisely analyzed through laser confocal microscopy. The first sign of measured height 
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deviation between the scratch path and intact background surface was accurately 

determined and the corresponding normal load was reported as the critical load for the 

onset of groove formation. More details in the characterization can be found elsewhere 

[102].The critical normal load values at the onset of groove formation of LTA and HTA 

processed plaques are given in Figure 28(a). It has been shown in our previous study that 

the critical load for the onset of groove formation strongly depends on the rubber 

content, with a lower onset critical load for higher PBA rubber concentration. This is 

mainly due to the fact that a higher rubber addition causes a lower compressive yield 

stress of ASA, which makes it easier for the scratch groove to form [1-2]. In this study, 

no significant difference is observed in the onset of groove formation between LTA and 

HTA processed ASA plaques, which arises from the fact that compressive modulus is a 

bulk property not noticeably affected by heat treatment.  

 The onset of periodic crack damage for ASA1, ASA5 and neat SAN are shown in 

Figures 29-31, respectively. Note that the top pictures on each set show the laser 

confocal surface topographical images while the bottom ones represent the 

corresponding height profiles. Interestingly, the onset of periodic cracking begins right 

before the plowing damage, and is accompanied with a deep scratch deformation and 

wide groove width for those HTA processed ASAs (Figures 29a and 30a). This 

phenomenon is mainly due to the much higher corresponding load level imposed to 

generate periodic cracking. In contrast, the similar cracking transition appears much 

earlier in the LTA processed ASAs, with the periodic cracking features occupying a 

considerable length of the scratch path before the plowing takes place (Figures 29b and 
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30b). The aforementioned difference seen between LTA processed and HTA processed 

ASA is not seen in neat SAN system (Figures 31). Therefore, this difference in scratch 

behavior can be attributed to the presence and migration of the rubber particles to the 

ASA surfaces. 

 

       

 

   

Figure 28. Scratch resistance of LTA vs. HTA samples as a function of rubber 

content (a) critical load for onset of groove formation (b) critical load for onset of 

scratch visibility (c) critical load for onset of periodic cracking and (d) critical load 

for onset of groove formation. 

 

 

 The critical normal load for the onset of periodic cracking for the testing 

materials is plotted against the rubber content in Figure 5(c). It is evident that the scratch 

(a) (b) 

(c) 

Onset of Groove Formation Onset of Scratch Visibility 

Onset of Cracking 
Onset of Plowing 

(d) 
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performance, particularly the resistance to the formation of periodic cracking, is 

significantly enhanced due to the HTA process. However, such improvement is only 

seen in ASAs, but not in the neat SAN system. Surprisingly, the critical normal load 

values obtained from the HTA processed ASAs are independent of the rubber content 

and do not follow the downward trend due to rubber introduction into the matrix. This 

observation is in contrast to the previous findings in LTA-treated ASA systems [102], 

where we concluded the scratch resistance of the crack formation generally deteriorates 

with increasing butyl-acrylate rubber content, and is strongly related with the bulk 

tensile yield stress, which indicates the influence of annealing conditions on ASA 

scratch performance. More discussion regarding these interesting findings will be 

presented later.  

 Figure 28(d) shows the critical normal load for the onset of plowing. At the final 

stages of the progressive load scratch test, the tensile stress components developed in 

front of the scratch tip possess the highest tensile magnitude among other stress 

components [94]. This high tensile stress component whose direction is tangential to the 

scratch tip facilitates the cutting of the pile-up material in front of the scratch tip and 

reduces the stick-slip motion. As a result, a deep surface penetration of the scratch tip 

along with massive material deformation and removal develops. As shown in Figure 33, 

the critical normal load at plowing transition is enhanced by HTA process by roughly 7 

to 10 N, except in the case of ASA5 system. The exact cause(s) for this observed 

discrepancy is subject to future investigation.  
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The critical normal loads at the onset of scratch visibility for the ASA systems 

are plotted in Figure 5(b). The scratch visibility resistance is reduced with increasing 

rubber content in both LTA processed and HTA processed plaques. However, HTA 

processed ASA4 and ASA5 plaques show a superior visibility resistance than the LTA 

processed ones. Figures 32 and 33 illustrate the scratch groove depth and shoulder height 

of ASA1 and ASA5 at normal loads equivalent to 30N, respectively. It can be observed 

that in both cases the shoulder height of LTA is higher in comparison to that of HTA, 

resulting in the reduction in scratch visibility resistance. 

 

(a) LTA 

 

(b) HTA 

Figure 29. LCM Images of onset of cracking for ASA1 (HTA vs. LTA) 
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(a) LTA 

 

(b) HTA 

Figure 30.  LCM Images of onset of cracking for ASA5 (HTA vs. LTA) 
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(a) LTA 

 

(b) HTA 

Figure 31.  LCM Images Onset of Cracking for neat SAN. 
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(a) LTA 

 

(b) HTA 

Figure 32. Evaluation of Scratch Groove Depth/Shoulder Height for ASA1 @30N 

normal load (LTA vs. HTA) 
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(a) LTA 

 

(b) HTA 

Figure 33. Evaluation of Scratch Groove Depth/Shoulder Height for ASA5 @30N 

normal load (LTA vs.HTA) 

 

 

 

 

3.5 Discussion 

 Heat treatment of styrenic copolymers has been shown to yield different results 

for different types of copolymers as well as their treatment conditions. It has been shown 

that in the case of long-term annealed ABS at temperatures below Tg, deterioration in 

mechanical properties, such as impact resistance and ductility, can be observed [100]. 

This is attributed to two factors. One is the presence of the C═C double bond on the 

butadiene segments resulting in change in chemical composition and degradation in 
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properties [100]. Another is the physical changes occurred during the aging process 

which can lead to decreases in ductility [100, 106]. However, in the case of ASA 

copolymers it was shown that heat treatment close to Tg for an extended period of time 

does not cause any major deterioration in mechanical properties [101]. Considering the 

fact that the heat treatments in this study were performed under vacuum conditions and 

for a maximum of two hours, the possibility of lowered mechanical properties of ASA 

due to heat treatment is not expected. Comparison of the FTIR spectra in ATR mode of 

the ASA samples prior to and post HTA processing in fact confirm the fact that there are 

no observable changes in ASA chemical structure due to annealing. The comparison of 

the bulk mechanical properties also verifies this finding, as no signs of deterioration are 

observed after heat treatments.  

 Furthermore, the annealing process can also result in physical changes in the 

system, such as relaxing residual stress and the molecular orientation of the samples 

which were both results of the injection molding process. It is reasonable to assume that 

the changes in scratch behavior in the ASA systems are due to either PBA migration 

toward the surface or relief of surface residual stresses and molecular orientation, or a 

combination of both. However, the annealing conditions are seen to significantly alter 

the scratch performance of ASAs while having minimal effect on SAN. The sole 

difference between ASA and SAN copolymers is the presence of rubber phase in ASAs. 

Therefore, the changes in molecular orientation and relaxation of residual stress alone 

due to annealing are seen to have minimal effects on the scratch performance of these 

systems. It should be noted that the migration of rubber particles towards the surface of 
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an injection molded polymer blend has been observed in previous studies [112, 113] 

when heat treatment is performed at temperatures above Tg which is in agreement to the 

basis of our findings. The results of image-j analysis on the surface mircographs 

indicating that rubber fraction per surface area of ASA5 increases from 13.0% to 18.9% 

due to annealing at high temperature further support this argument. 

 Based on the AFM images shown above, it can be observed that during the HTA 

process, the surface morphology of the ASA blends has been altered. Prior to the 

annealing, it can be detected that the observed concentration of the rubber particles on 

the surface is lower (13%) than that after annealing (18.9%) at high temperature (Fig. 

25). This change in surface morphology because of increased concentration of rubber 

particles after being subjected to high temperature annealing is noteworthy. The 

morphology of the rubber phase also appears to vary due to the heat treatment, where the 

rubber phase in the as-received samples is more elongated; while, after the annealing 

process, the rubber particles tend to become a more spherical-like morphology. This is 

due to the effect of heat treatment on relaxation of thermal stress or variations in 

molecular orientation caused by the injection molding process, which has been shown to 

occur in previous studies [106].  

 Based on the findings of the onset of groove formation, it can be seen that an 

increase in rubber particle content in ASAs leads to a decrease in the critical normal load 

for groove formation which can be simply explained by the decrease in compressive 

strength due to increased rubber concentration. Based on the previous studies [94, 99, 

100], it has been shown that groove formation during the scratch process typically 
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depends on the compressive yield strength of the material which is a bulk property. 

Since it is shown that the HTA treatment does not noticeably influence the bulk 

mechanical properties, it can be expected for the onset of groove formation to be 

independent of the heat treatment performed on the material, which validates the 

observation that onset of groove formation is not affected by heat treatment conditions. 

This is in agreement with the findings of this study.  

 Comparing the scratch visibility of the ASA systems prior to and after annealing 

processes, it shows that in most cases the onset of scratch visibility is delayed in HTA 

treated systems. Since it has been shown in previous studies that the onset of visibility 

depends mainly on the developed shoulder height of the scratch [108], it is concluded 

that the HTA treatment causes a reduction in the shoulder height of the scratch compared 

to LTA, leading to delayed scratch visibility. This in fact can be due to the rubber 

particle migration to the surface which may result in increased elastic and inelastic 

recovery after the scratch loads have been removed. The migrated rubber phase may not 

lead to a change in the bulk properties while enhancing the recovery of the scratch 

deformation, leading to a delay in scratch visibility. 

 Furthermore, it is evident that the onset of periodic cracking has been 

significantly delayed in the case of HTA treated ASA systems. The migration of the 

rubber particles to the surface as evidenced by the AFM images and supported by 

contact angle results can influence the scratch performance of the copolymer. While it 

has been shown that the bulk mechanical properties remain unchanged, the increase in 

rubber content at or near the surface can delay the cracking phenomena. Since periodic 
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cracking occurs at or near the surface of the ASA sample, the increased rubber content 

may lead to a localized toughening effect near the surface while maintaining the bulk 

properties of ASA. The possible change in rubber phase morphology due to stress 

relaxation must also be considered as a contributing factor in these phenomena. The fact 

that onset of crack formation for ASA systems is significantly affected by annealing 

conditions while in the case of SAN onset of cracking is independent of annealing 

conditions must be noted. The only variable between SAN and ASA is the presence of 

rubber particles in ASA systems. This in turn suggests that the improved scratch 

performance due to annealing significantly above Tg in ASAs must be due to the 

presence of rubber particles, which can either migrate to the surface or facilitate 

relaxation of the SAN molecules and cause retraction of the stretched PBA rubber 

particles. However, to better comprehend the exact nature of this finding and also 

determine the influence and contribution of molecular orientation, further detailed 

studies are still needed.  

3.6 Conclusion 

 In this study, the effects of two different heat treatments on the scratch behavior 

of ASA systems were investigated. It is found that, in comparison to annealing slightly 

higher then Tg (LTA), annealing well above Tg (HTA) caused a relative migration of 

rubber particles to the surface, which, in turn, leads to enhancement of the scratch 

behavior of ASAs. This improved scratch performance is evidenced by delays in the 

onset of periodic cracking, plowing deformation, along with scratch visibility. 

Interestingly, it is also shown that the bulk mechanical properties of the systems remain 



 

75 

 

the same after annealing, thus leading to the conclusion that the change in surface 

properties alone lead to this improved scratch resistance. These findings suggest that 

while keeping the bulk properties of a polymeric system unscathed, altering surface 

characteristics, such as phase morphology or molecular orientation, can lead to improved 

scratch behavior. This, in turn, introduces an interesting possibility of manipulating 

surface properties in order to achieve optimum scratch performance.  
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CHAPTER IV 

ENVIRONMENTAL CONDITIONING EFFECT ON SCRATCH BEHAVIOR OF 

MULTIPHASE STYRENIC COPOLYMERS 

 

4.1 Synopsis 

The effects of thermal history and moisture content on the scratch performance 

of two Styrenic copolymers, Acrylonitrile Butadiene Styrene (ABS) and Acrylonitrile 

Styrene Acrylate (ASA) with varying rubber size, is investigated through annealing at 

above Tg temperatures and water immersion. ASA containing 100 nm and 1 micron 

sized rubber particles as well as ABS with 100 nm rubber particles were studied. 

Linearly increasing normal load scratch tests were performed according to ASTM 

D7027/ISO 19252 standards and the onsets of crack formation and plowing were the 

criteria used to investigate the scratch damage. Comparatively, the results for ASA and 

ABS indicate that the scratch resistance of ASAs are more dependent on thermal history 

than ABS, whereas ABS exhibits a higher sensitivity to moisture than ASA. When 

looking at the effect of rubber size, the results indicate a more pronounced effect from 

annealing with nano-sized rubber particles compared to the micron-sized scenario and 

the scratch resistance. Several deformation and damage mechanisms have been proposed 

to explain the observed differences in scratch performance based on the multiphase 

nature of these polymers that leads to localized deformation mechanisms during scratch.  

 

 



 

77 

 

4.2 Introduction 

The widespread use of polymers in various industrial applications such as 

packaging films, coatings, electronic housings, structural components, etc. has led to a 

research emphasis on tribological investigations in order to determine the surface 

damage behavior of these polymers [114]. Scratch, which can be defined as an 

indentation and subsequent transverse movement of a rigid tip across a surface [114, 

115], is considered one of the most common forms of surface damage and falls under the 

abrasive wear branch of tribology. Since 1950, various experimental techniques for 

polymer scratch testing have been proposed [116-120] and most recently one of these 

testing methodologies was standardized and designated as the ASTM D7027-05/ISO 

19252 method [121, 122]. This standardized testing method consists of a progressively 

linearly increasing linear normal load generating distinct damage transitions, and has 

since been used extensively for industrial and academic scratch studies. Damage 

transitions along the scratch path may include groove formation, scratch visibility, fish-

scale formation, cracking, and plowing, and have been essential in quantitative scratch 

performance evaluation as well as structure–property relationship investigations [121, 

123-129].  

Several attempts have been made to categorize the observed scratch damage 

features into scratch-deformation maps. Briscoe et al. [130, 131] explained that the 

formation of scratch damage features in a specific polymeric system depends on the 

normal load, testing speed, testing temperature, and the cone angle of the scratch tip. 

Maeda et al. [132] emphasized the relationship between the friction force and scratch 
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damages by manipulating the cone angle of the scratch tips and the viscoelastic 

properties of formulated rubber compounds. More recently, Jiang et al. [125, 128] 

investigated four kinds of distinctively different commercial polymers and detailed the 

observed relationship between a material’s characteristics/properties and its scratch 

deformation features. Their efforts resulted in scratch maps, useful tools for illustrating 

the importance of various material parameters and testing conditions on scratch damage 

mechanisms. Jiang et al. [125, 128] also provided an in-depth mechanistic description of 

how scratch damage evolves. By using a three-dimensional finite element methods 

(FEM) analysis, they found that the material beneath the scratch tip experiences a 

compressive stress state while the material element behind the scratch tip experiences 

tensile stress during the early stages of a scratch, which either leads to fish-scale 

formation in the case of ductile polymers or crazing/microcracking in the case of brittle 

polymers. They also noticed an additional maximal tensile stress component develops in 

front of the scratch tip as the normal load increases which eventually leads to plowing or 

cutting as the exerted stress magnitude exceeds the strength of the material. The findings 

explained above imply that the constitutive behavior of a polymeric surface is what 

governs its scratch behavior, not its bulk mechanical properties.  

Although numerous studies on polymer scratch have been carried out [114-131], 

significant research efforts are still needed to better understand and improve polymer 

scratch resistance. For instance, the role of rubber particles added to a thermoplastic 

matrix in terms of scratch performance isn’t completely understood. Even though rubber 

particles can act as impact modifiers, increasing the material’s toughness and/or 
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ductility, they can also reduce the modulus and strength [133, 134] of the system, which 

complicates their effect on scratch behavior. Polymeric materials usually consist of more 

than one chemical component and can be multi-phase in nature. As a result, choices in 

processing equipment and conditions can significantly affect their final phase 

morphology and skin-core characteristics. In a recent study on a soft thermoplastic olefin 

(TPO) that consisted of 70 wt % ethylene-propylene rubber (EPR) and 30 wt % 

polypropylene (PP), Browning et al. [126] found that the crystallinity of the ethylene 

segment and the internal morphology of the EPR phase significantly affect the scratch 

behavior of the soft TPO. In another study, Moghbelli et al. [127] manipulated the skin-

core morphology of polypropylene (PP) thin sheets through post-processing thermal 

treatments. Their results suggest that the degree of surface crystallinity can significantly 

influence the scratch behavior. Moghbelli et al. [129] further showed that neat epoxy 

resin exhibits a higher scratch resistance than nanocomposites of the same epoxy filled 

with either ZrP nanoplatelets or core-shell rubber (CSR) nanoparticles. This implies that 

improvements in tensile strength and modulus alone (i.e., epoxy/nanoplatelet scenario) 

or fracture toughness and ductility alone (i.e., epoxy/CSR scenario) may not necessarily 

lead to the enhancement of scratch performance. The above findings imply that: 1) the 

surface or sub-surface phase morphology of semi-crystalline polymers, which can be 

manipulated by the processing conditions, plays an important role in polymer scratch 

behavior and 2) the surface properties of a semi-crystalline polymer, which significantly 

affect the scratch resistance, are likely to be different from those of the bulk. However, it 

is uncertain if the above observations hold true for amorphous polymers. 
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ASA copolymer was developed in 1970s and is considered to be a weather 

resistant counterpart of ABS [135, 136] and is employed in exterior applications such as 

automotive radiator grills and casings, electronics, etc. [135] because of its combination 

of high toughness, dimensional and thermal stability, and its aging and weathering 

properties. This terpolymer can be processed repeatedly over a wide temperature range 

without yellowing. ASA has a similar chemical structure to acrylonitrile–butadiene– 

styrene terpolymer (ABS), both of them were composed of styrene–acrylonitrile (SAN) 

matrix containing a rubber phase. However, there exist some differences between the 

two rubber phases. The core of ABS is butadiene rubber, while that of ASA is acrylic 

elastomer. This difference causes the difference in aging characteristics between the two 

polymers because the double bond in the repeat unit of ABS undergoes physical or 

chemical aging caused by oxygen conditions and UV radiation when used in exterior 

applications, resulting in: aging of the rubber phase, a continuous decline in mechanical 

strength, and color changes. As the acrylic rubber replaces the butadiene rubber in ABS, 

the aging of butadiene rubber is resolved. ASA closely resembles ABS but ASA is 

superior to ABS, because ASA presents better comprehensive properties; it enhanced the 

weather resistance of the polymer to great extent without nearly any loss of other 

properties, such as mechanical properties, processing properties, electric insulation, and 

chemical resistance. Our previous study indicates that the scratch performance of ASA 

generally deteriorates with increasing rubber content, and is strongly related to their 

reduction in tensile and compressive yield strengths [115]. It is hoped that the present 
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study can further our fundamental understanding of structure-property relationship in 

polymer scratch. 

 Post processing heat treatment of polymers has been shown to significantly affect 

their physical and mechanical properties. Depending on the composition and processing 

conditions, noticeable changes in mechanical properties have been observed through 

heat treatment of styrenic copolymers [128, 129]. While partial residual stresses were 

relieved, a noticeable drop in impact resistance and ductility were observed after long 

term annealing in acrylonitrile-butadiene-styrene (ABS) at temperatures below Tg. This 

is due both to the physical aging effect and to degradation of the Carbon double bond in 

the backbone of ABS [128]. In contrast, the heat treatment of butyl-acrylate rubber-

modified styrene-acrylonitrile (ASA) copolymers caused no deterioration in mechanical 

properties at temperatures below or above Tg, even for extended periods of time [129]. 

In the same study, it was also shown that relief of injection molding residual stresses, as 

well as molecular orientation, could be achieved to a degree, depending on the ASA 

annealing process.  

  Our previous study indicates that the scratch performance of ASA generally 

deteriorates with increasing rubber content, which is also related to the reduction in 

tensile and compressive yield strengths [130]. It was also shown elsewhere [] that 

annealing above the glass transition temperature can significantly enhance scratch 

resistance of ASA copolymers with high rubber content while having no impact on SAN 

scratch performance. This finding was explained through increased rubber concentration 

at the surface after annealing and a possible localized toughening mechanism. It is hoped 
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that the present study can further our fundamental understanding of structure-property 

relationship in polymer scratch of multiphase systems, and also establish an approach to 

enhance scratch resistance without compromising bulk properties through high 

temperature annealing or moisture exposure. 

In this study, a series of amorphous ASA and ABS systems, which are butyl-

acrylate/butadiene rubber-modified styrene acrylonitrile (SAN), were chosen as model 

systems for investigating how post processing heat treatment and water immersion 

affects their scratch behavior. The multiphase nature of these polymers can lead to 

complexities in scratch behavior and must be emphasized to gain fundamental 

knowledge of their scratch behavior. 

 

4.3 Experimental 

4.3.1 Materials   

 The ASA copolymers utilized in this study were provided by Styrolution GmbH 

(Frankfurt, Germany). They consist of a random copolymer SAN matrix and grafted 

polybutyl-acrylate (PBA) rubber particles with an average nominal diameter of 100 or 

1,000 nm. In the SAN phase, the acrylonitrile content was controlled to be at 35 wt%, 

and the weight-average molecular weight (Mw) of SAN was chosen to be 104 kg/mol 

[115]. The test specimens were fabricated by injection molding with a fan gate design to 

spread and slow the melt as it enters the mold cavity to ensure near-uniform molecular 

orientation across the width of the plaques. The plaques were 150 mm x 150 mm in 

rectangular shape and 6 mm in thickness. Nomenclature and physical characteristics of 

each system are listed in Table 4. 
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Table 4. Rubber particle size and type in each examined system. 

 

 Rubber Type Structure Type Rubber Size Color 

SAN none 35% AN content; Mw=134000 g/mol none Black 

ASA100 ASA SAN grafted PBA rubber ≈ 100 nm Black 

ABS100 ABS SAN grafted PBD rubber ≈ 100 nm Black 

ASA500 ASA SAN grafted PBA rubber ≈ 500 nm Black 

ASA1000 ASA SAN grafted PBA rubber ≈ 1000 nm Black 

 

4.3.2 Environmental Conditioning 

The ASA and ABS plaques were initially dried in a vacuum oven overnight at 

85°C and a vacuum pressure of 30 mmHg. After drying, some of the plaques were 

immersed into water by being placed into a 10 liter deionized water bath at 23°C for a 

duration of 28 days in which equilibrium water content was achieved. In addition to the 

dried samples, these moisture absorbed plaques were also scratch tested and analyzed to 

determine the effect of moisture on the scratch performance of the model systems.  

Furthermore, after drying, the annealing process was carried out on each system 

by sandwiching ASA and ABS plaques with two tempered glass plates 200 x 200 x 6 

mm3 in size. An external weight leading to stress of about 10 KPa was applied to the 

sandwiched samples during annealing and cooling to prevent the potential for uneven 

residual stress relief or warping of the plaques. The high temperature annealing (HTA) 

process was conducted at 140 °C, which is about 30°C higher than the measured Tg 
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[130], for 2 hrs under vacuum pressure of 30 mm Hg. Afterwards, the samples were 

slowly cooled to ambient temperature at approximately 2°C/min. The scratch tests were 

completed within an hour after annealing to minimize moisture adsorption from the 

atmosphere. 

4.3.3 Scratch Testing 

Scratch tests were carried out according to the ASTM D7027/ISO 19252 

standard by using a progressive load range of 1–70 N at a constant scratch speed of 100 

mm/s for a length of 100 mm. A stainless steel scratch tip with a spherical geometry was 

used. The diameter of the scratch tip was 1mm. A minimum of five scratch tests were 

performed on each scratch plaque oriented in the same direction as the melt flow.  

4.3.4 Scratch Deformation Analysis 

Scratch damage analysis was carried out 24 hours after completion of scratch 

tests to allow for any viscoelastic recovery. The critical normal load for the onsets of 

groove formation, cracking, and plowing were measured using a Keyence VK9700 

Violet Laser Scanning Confocal Microscope (VLSCM). The onset points for micro-

cracking and plowing were directly observed under the microscope. The onset of groove 

formation was determined using the height profile obtained from topographical imaging 

via VLSCM.  

4.3.5 AFM 

The characterization of sample morphology using AFM (Dimension, Veeco) was 

carried out by BASF SE. The imaging for AFM measurements were performed in 

Tapping Mode. The cantilever is excited at its resonance frequency and moved at a 
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defined height over the sample surface. Thus, interaction forces cause a variation in the 

oscillation amplitude of the lever. Furthermore a phase shift between the excitation and 

response oscillation can be induced by different material properties like stiffness or 

adhesiveness. In addition to the height, this effect provides the material contrast 

information on the sample (Phase images). An Olympus silicon tip was used with 

cantilever spring constant 40 N/m. The cross sections of the samples were prepared 

using microtome technique at -80°C. The AFM measurements were carried out at room 

temperature. 

4.3.6 Tensile and Compressive Analysis 

Dog-bone shaped specimens for tensile testing based on ASTM D638 type I 

geometry were prepared by BASF SE (Ludwigshafen, Germany). The nominal length, 

thickness, and width of the narrow section were 170, 4, and 10 mm, respectively. The 

test was performed at constant crosshead speeds of 5 and 50 mm/min under ambient 

temperature using a screw-driven Sintech2 load frame equipped with a 30 KN load cell 

and MTS632 extensometer. 

Specimens for uniaxial compression testing were prepared using plaques with 6 

mm thickness. The compression specimens were precisely cut by an Isomet VR 

Precision Saw 1000 into prisms with sharp, clean edges. The surfaces of the specimens 

were carefully polished using 4000 grit silicon carbide polishing paper. The nominal 

dimensions of the prisms were 12.7 mm x 6 mm x 6 mm, and the actual dimensions were 

measured by a digital caliper. The uniaxial compression tests were performed following 

the ASTM standard D695-10 using a screw-driven load frame (MTSVR Insight) and an 
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MTSVR extensometer with a gauge length of 25.4 mm. During compression testing, 

adequate lubricant (DupontVR TeflonTM Silicone Lubricant spray) was applied on the 

contact surfaces to reduce surface friction. The compression tests were performed at a 

crosshead speed of 2.5 mm/min. 

4.3.7 Friction Measurement 

To determine the coefficient of friction, µf at the interface between the Styrenic 

plaques and stainless steel surface, a flat smooth stainless steel surface with dimensions 

of 10x10 mm2 was used and tested using 5 N constant normal load for a distance of 60 

mm at a velocity of 100 mm/s. Three tests were conducted for each system to obtain an 

average value of µf. 

4.3.8 FTIR 

 In order to determine surface chemical composition of all ASA systems a Nicolet 

Avatar 360 was utilized under attenuated-total-reflectance (ATR) mode at room 

temperature. Spectra were obtained at various locations of each specimen and the 

resulting FTIR spectra of samples before and after annealing were compared. 

4.3.9 Surface Shear Strength Measurements 

Surface shear strength was measured for each system using a SAICAS DN-20S 

apparatus at constant horizontal and vertical speeds of 5.0 and 0.5 µm/s using a 0.5 mm 

wide diamond blade and was repeated at least five times. A cutting depth of 100 microns 

from the surface was selected for analysis. 
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4.4 Results and Discussion 

AFM micrographs throughout the sample thickness of each system before and 

after annealing is shown in Figure 34. These images indicate the size and shape of the 

rubber particles within each studied system throughout the cross sectional thickness 

before and after annealing. It can be seen that in both ASA100 and ABS100 the 

approximate rubber size is 100nm while in ASA1000 the rubber is significantly larger 

and approximately 1 micron or 1000nm. The variation in rubber shape throughout the 

thickness for each system can be related to residual stress from injection molding while 

inclusions can be seen in the midsection of each system which is expected. The HTA 

process is seen to cause some subtle changes in the surface morphology especially for 

ASA100 and ASA1000, and can lead to relief of thermal residual stresses while 

minimizing orientational effects.  
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Figure 34. AFM micrographs of cross-sections: close to the surface to middle of 

plaque: (a)ASA100 (b)ABS100 (c)ASA1000 (d)HTA-ASA100 (e)HTA-ABS100 and 

(f)HTA-ASA1000. 
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Figure 35. Critical normal loads for onsets of crack formation and plowing before 

and after high temperature annealing in a) ASA100 b) ABS100 and c) ASA1000. 

 

 The scratch resistance of model ASA and ABS systems under dry conditions 

before and after high temperature annealing were evaluated. The critical normal load 

results for onsets of crack formation and plowing for each system have been shown in 

Figure 35 (a)-(c). These damage criteria are the typical scratch deformation transitions 
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observed in SAN, ABS, and ASA type materials. Both onsets of cracking and plowing 

are indicators of material failure at the surface beyond which material fracture or 

removal will take place. 

The onset of groove formation for ABS100 and ASA1000 are not affected by the 

HTA process while the critical load for groove formation in ASA100 increases 

noticeably due to the annealing process. The onset of cracking in ABS100 is seen to 

remain unchanged after the annealing process which can be attributed to the low oriented 

structure and mechanical isotropic behavior of ABS which can be an advantage during 

melt molding and processing [111,112]. Since it was found elsewhere [102] that the 

HTA process doesn’t affect scratch resistance of single phase SAN, the presence of 

rubber phase in ASA is most likely the determining factor. The HTA process did not 

seem to affect the onset of plowing in any of the three cases while for the onset of 

cracking it appears that HTA process caused a noticeable increase in scratch resistance 

for ASA100 while showing much less of an effect on ASA1000. 

At the late stages of the linearly increasing normal load scratch deformation a 

tensile stress component is developed in front of the tip leading to material removal or 

plowing. This tensile stress possesses the highest tensile magnitude among other 

developing stress components [122]. The tangential direction of this stress component 

relative to the scratch tip leads to the cutting of the piled up material ahead of the tip 

which also leads to a reduction in stick slip motion. As mentioned above the HTA 

process did not affect the onset of plowing in the studied systems, which will be subject 

to further investigations. In general an important attribute of ABS copolymers are their 
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minimum tendency to orient or develop mechanical anisotropy during processing and 

molding [128, 129] compared to other rubber modified systems such as ASA or HIPS. 

This ABS property is identified as the major reason behind the independence of scratch 

resistance to annealing process for ABS. However, for ASA the mechanical anisotropy 

due to processing must be taken into consideration which leads to the differences in 

scratch behavior due to annealing especially in ASA100.  

During high temperature heat treatment of rubber/plastic blends the elastomeric 

phase is usually more vulnerable to decomposition, mainly due to the chemical 

composition i.e. having double bounds (C=C) in the backbone. Hence the importance of 

obtaining physical spectra prior to and after heat treatments to confirm the surface 

similarities. An FTIR spectrum of ASA100 before and after annealing has been shown in 

Figure 37. This spectrum, obtained under ATR mode, indicates the identical 

characteristics of the surface prior to and after annealing. Similar spectroscopy was also 

performed on ABS100 and ASA1000 with similar results which have been omitted here. 

The typical adsorption peaks [1] caused by C=O double bonds and C≡N triple bonds 

have been highlighted in Fig. 37. Even though long-term aging at 90°C in air causes 

butadiene to oxidize in the rubbery phase of ABS [2] the matching spectra suggest no 

degradation detected after HTA process. In general ASA holds up very well against 

annealing in extreme conditions due to its’ lack of C=C double bonds and the vacuum 

environment [3].  

 Heat treatment of styrenic multiphase copolymers has been shown to yield 

different results for different types of copolymers as well as their treatment conditions. It 
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has been shown that in the case of long-term annealed ABS at temperatures below Tg, 

deterioration in mechanical properties, such as impact resistance and ductility, can be 

observed [128]. This is attributed to two factors. One is the presence of the C═C double 

bond on the butadiene segments resulting in change in chemical composition and 

degradation in properties [128]. Another is the physical changes occurred during the 

aging process which can lead to decreases in ductility [128, 134]. However, in the case 

of ASA copolymers it was shown that heat treatment close to Tg for an extended period 

of time does not cause any major deterioration in mechanical properties [129]. The 

morphology of the rubber phase also appears to vary due to the heat treatment, where the 

rubber phase in the as-received samples is more elongated; while, after the annealing 

process, the rubber particles tend to become a more spherical-like morphology. This is 

due to the effect of heat treatment on relaxation of thermal stress or variations in 

molecular orientation caused by the injection molding process, which has been shown to 

occur in previous studies [134].  

 Alternatively, the above phenomena can also be caused by the relaxation of the 

highly oriented SAN molecules and retraction of PBA rubber near the skin of the 

injection-molded ASA samples. Upon high temperature annealing, the relaxation and 

retraction of the SAN molecules and PBA rubbers leads to exposure of the PBA rubber 

on the sample surface and roughens the surface somewhat, confirmed by the reported 

increase in surface roughness.  It is reasonable to assume that the changes in scratch 

behavior in the ASA systems are due to either PBA migration toward the surface or 

relief of surface residual stresses and molecular orientation, or a combination of both. 
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However, the annealing conditions are seen to significantly alter the scratch performance 

of ASAs while having minimal effect on SAN. The sole difference between ASA and 

SAN copolymers is the presence of rubber phase in ASAs. Therefore, the changes in 

molecular orientation and relaxation of residual stress alone due to annealing are seen to 

have minimal effects on the scratch performance of these systems. 
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Figure 36. ATR mode FTIR spectrum of sample surface before and after heat 

treatment. 

 

To assess the scratch performance of various polymer systems, the corresponding 

mechanical properties should be determined. As discussed elsewhere, various aspects of 

the mechanical properties can influence the scratch resistance exhibited depending on 

the performance criteria chosen, i.e., crack formation, visibility, or material removal. For 

crazing-prone polymers it has been shown that tensile strength and friction coefficient 

(µf) are most critical to scratch resistance [128].  Tensile comparisons of the studied 

systems have been shown in Figure 37 where curves with solid lines represent non-
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annealed systems while dashed .curves represent the HTA systems. It is seen that the 

annealing process does not impact any of the systems response to uniaxial tension while 

the same was observed for compression tests. The tensile behavior of the model systems 

before and after annealing were also seen to closely resemble each other as observed in 

Figure 37. Therefore bulk tensile and compressive properties do not explain the observed 

influence of HTA on scratch resistance. 

 

 

Figure 37. Mechanical properties of ASA100, ABS100, and ASA1000 before and 

after annealing. 

 

 Furthermore, it is evident that the onset of periodic cracking has been 

significantly delayed in the case of HTA treated ASA systems. The migration of the 

rubber particles to the surface as evidenced by the AFM images and supported by 

contact angle results can influence the scratch performance of the copolymer. While it 

has been shown that the bulk mechanical properties remain unchanged, the increase in 

rubber content at or near the surface can delay the cracking phenomena. Since periodic 



 

95 

 

cracking occurs at or near the surface of the ASA sample, the increased rubber content 

may lead to a localized toughening effect near the surface while maintaining the bulk 

properties of ASA. The possible change in rubber phase morphology due to stress 

relaxation must also be considered as a contributing factor in these phenomena. The fact 

that onset of crack formation for ASA systems is significantly affected by annealing 

conditions while in the case of SAN onset of cracking is independent of annealing 

conditions must be noted. The only variable between SAN and ASA is the presence of 

rubber particles in ASA systems. This in turn suggests that the improved scratch 

performance due to annealing significantly above Tg in ASAs must be due to the 

presence of rubber particles, which can either migrate to the surface or facilitate 

relaxation of the SAN molecules and cause retraction of the stretched PBA rubber 

particles. However, to better comprehend the exact nature of this finding and also 

determine the influence and contribution of molecular orientation, further detailed 

studies are still needed.  

 The coefficient of friction for each system before and after annealing is shown in 

Figure 38 where it is evident that the annealing process causes a significant reduction in 

ASA100 surface friction while not affecting surface friction for the other systems. Based 

on previous studies [125], the onset of groove formation depends on multiaxial 

compressive yield stress and surface friction between the scratch tip and the sample 

surface. This in fact provides an explanation for the relative onset of groove formation 

loads before and after annealing. 

 



 

96 

 

 

 

Figure 38. Coefficient of friction comparison of model systems before and after 

annealing. 

 

 

 PFQNM analysis done on the surface of dried and annealed samples during AFM 

measurements provides a surface mapping of modulus and hardness. The AFM 

micrographs and surface moduli values of SAN and ASA5 surfaces have been shown 

below in Figure 39 (a) and (b). It can be seen that SAN surface topography, modulus, 

height profile is not influenced by the HTA process (Fig. 39(a)) whereas in ASA5 the 

effect of annealing can easily be seen in Figure 39(b). Furthermore the HTA process is 

seen to cause surface roughening, morphology variation, and leads to observation of two 

separate modulus peaks in ASA while having little impact on SAN. Based on the size 

and shape of the soft phase observed by PFQNM coupled with surface modulus data 

including peak values and frequencies, a representative schematic of the rubber/plastic 

morphology at the surface can be drawn. The schematics shown in Figure 40 are based 
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on these AFM results and illustrate the variation in surface morphology before and after 

annealing for various systems. 
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Figure 39. PFQNM results and AFM micrographs of sample surfaces before and 

after high temperature annealing for a) SAN and b) ASA500. 
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Figure 40. Schematic representation of plastic/rubber morphology at ASA surfaces 

and alterations caused by annealing in different rubber sized systems a) ASA500 b) 

ASA100 and c) ASA1000. 

 

In Figure 40 it can be observed that in ASA100, ASA1000, and ASA500 the 

surface morphology of the plastic and rubber form hills and valleys with elongated 

rubber particles covered by the SAN matrix prior to HTA. After the annealing process 

the rubber particles are seen to appear at the surface and minimize their orientation in the 

melt flow or injection molding direction. However the surface hills and valleys in 

ASA100 and ASA500 seem to be more intense than ASA1000, where a thin layer of 

SAN plastic forms a topographical feature above the grafted PBA rubber particle. These 

thin layers of SAN plastic could be vulnerable to surface deformations such as scratch 

due to several factors including the interfacial bonding and adhesion between the rubber 
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and plastic matrix, which could lead to the observed flake like cracking which has been 

illustrated and discussed elsewhere [116]. 

 The surface shear strength of ASA100 and ASA1000 under dry conditions, after 

HTA, and after moisture saturation can be seen below in Figure 41. It can be observed 

that in terms of surface shear strength ASA100 is affected positively from the HTA 

process while having no impact on ASA1000. Based on the scratch damage features 

observed in ABS and ASA copolymers, detailed elsewhere [116], where flake like 

cracks were observed in place of the more common tensile dominated parabolic shaped 

cracks [118] the surface shear strength findings can actually clarify some issues listed 

below.  

 The increase in surface shear strength after HTA will most likely cause the 

increased scratch resistance and delayed onset of cracking due to the flake like features 

of the original cracks which have been attributed to a more shear dominated failure 

mechanism due to the stress state exerted during a scratch deformation. The fact that 

surface shear strength of ASA1000 before and after annealing is constant explains the 

fact that HTA had little to no impact on scratch performance of ASA1000. 
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Figure 41. Surface shear strength as a function of depth from surface for a) 

ASA100, and b) ASA1000 before and after annealing. 

 

 

Furthermore, the injection molding process of the model multiphase systems 

were carried out introducing another variable, the mold wall temperature (MWT) during 

injection molding, varying between 80, 100, 120, and 140°C. The effect of mold wall 

temperature on ASA scratch performance is examined and later correlated with the 

effects of ASA heat treatment through annealing on scratch behavior. Optical 

micrographs of the onset of crack formation along with the corresponding normal loads 
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for ASA100, ASA500, and ASA1000 are shown for the two extreme MWTs of 80 and 

140°C in Figure 42. The critical loads for onset of crack formation for these systems at 

different MWTs are presented in Figure 43. 

 
 

Figure 42. Optical micrographs of the onset of crack formation for a) ASA100, b) 

ASA500, and c) ASA1000 with mold wall temperatures of 80°C and 140°C during 

injection molding process. Scratch direction is from left to right. 

 

Based on the normal loads at cracking shown in Figure 42 it seems that ASA100 

is most influenced by MWT where increased mold wall temperatures lead to enhanced 

scratch resistance for ASA100 while ASA500 is seemingly not affected by MWT and 

interestingly ASA1000 scratch resistance is highest at lower MWTs although it is not as 

dependent as ASA100 on this heat treatment process. The bar graph shown below in 

Figure 43 confirms these observations regarding the scratch resistance of ASAs and the 

effect MWT will have. It should be noted that this behavior could be closely related to 

the effect of HTA on ASA scratch where the system (ASA100) which shows the highest 

impact from HTA also is influenced most by MWTs. This could simplify our quest for 
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designing scratch resistant materials through either processing conditions (MWT) or post 

processing heat treatments (HTA).  

 

Figure 43. Critical normal loads for onsets of crack formation and plowing for a) 

ASA100 b) ASA500 and c) ASA1000 at various injection mold wall temperatures of 

80, 100, 120, and 140°C. 

 

 

4.5 Conclusion 

 In this study, the effects of two different environmental conditioning processes, 

heat treatment and water exposure on the scratch behavior of SAN and ASA systems 

were investigated. It is found that annealing well above Tg (HTA) caused a relative 

migration of rubber particles to the surface, which, in turn, leads to enhancement of the 

scratch behavior of ASAs. This improved scratch performance is evidenced by delays in 

the onset of periodic cracking, plowing deformation. Interestingly, it is also shown that 

the bulk mechanical properties of the systems remain the same after annealing, which 
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leads us to conclude that the improvements in scratch performance resulted from surface 

properties alteration. The surface shear strength results support this argument showing 

the localized effect in this case. These findings suggest that while keeping the bulk 

properties of a polymeric system unscathed, altering surface characteristics, such as 

phase morphology or molecular orientation, can lead to improved scratch behavior. This, 

in turn, introduces an interesting possibility of manipulating surface properties in order 

to achieve optimum scratch performance. Moisture and water exposure was seen to 

influence the scratch resistance of systems containing rubber particles to a higher extent 

which were explained through the local lubricating effect caused by the formation of 

water clusters.  
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CHAPTER V 

EFFECT OF MOISTURE EXPOSURE ON SCRATCH RESISTANCE OF PMMA 

 

5.1 Synopsis 

Effect of environmental conditioning on scratch performance of 

polymethylmathacrylate (PMMA) is investigated. Three different grades of PMMA with 

varying levels of polarity were chosen and their scratch resistance compared in both dry 

and moist conditions. Linear increasing normal load scratch tests were performed 

according to ASTM D7027/ISO 19252 standards. Results indicate a drop in scratch 

resistance with initial exposure to moisture in all three systems. In the two highly polar 

PMMA systems, the scratch resistance recovers to that of the dry condition after long 

exposure to moisture.  It is proposed that the moisture absorbed initially acts as a 

plasticizer causing weakening of the surface mechanical integrity. In the case of more 

polar systems this moisture absorption continues until saturation where water molecules 

cluster and impart a degree of lubrication and consequently improves scratch resistance.  
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5.2 Introduction 

Polymeric materials are widely utilized for durable goods applications due to 

their low cost, weight to strength ratio, and ease of fabrication. However, the scratch 

resistance of polymers is seen to be considerably less than that of rivaling materials such 

as ceramics and metals. Hence, polymer scratch resistance is a topic of major research 

interest.  

Environmental exposure may lead to considerably changes in properties through 

different mechanisms including moisture absorption/desorption, ageing/annealing, 

morphology evolution, and composition alteration in bulk or surface. Environmental 

exposure of polymers typically includes ultraviolet (UV) radiation, cyclic heating, and 

humidity. Some thermoplastic polymers are known to undergo stress cracking due to UV 

exposure through sunlight [142–145]. Significant recent efforts have focused on 

investigating the effects of environmental conditioning on tribology and surface 

behavior of polymers [146–152]. For instance, it was found [149] that increasing 

temperature causes an increase in friction and affects the deformation during the sliding 

process. An increase in temperature was also found to have a detrimental effect on the 

scratch resistance of coated automobile polymer systems [150].  

One of the most common environmental factors that may greatly influence the 

retention of surface quality and its resistance to deformation is the humidity to which a 

polymer is exposed to after being fabricated. Polar thermoplastic polymers are especially 

susceptible to moisture absorption and diffusion due to their affinity to moisture. The 

absorbed moisture behaves as a plasticizer for the polymer chains to exert a greater 
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degree of freedom for movement, thus weakening the polymer. To our best knowledge, 

no systematic efforts have been undertaken to directly link the effect of absorbed 

moisture and material parameters on the scratch performance of polymers. Plasticization 

is known to have a detrimental effect on properties like glass transition temperature, 

modulus, tensile strength, etc. [153–155]. There has been a great deal of work focused 

on the moisture absorption of cross-linked epoxy-based polymer matrices [156–158]. On 

the other hand, moisture absorption of many thermoplastic polymers like polyethylene, 

polypropylene, and polystyrene is considered largely negligible due to their highly non-

polar nature in contrast to other thermoplastics, such as nylon, which contain stronger 

polar groups.  

For over 50 years, acrylic plastics based on polymethylmethacrylate (PMMA) 

have been used for automotive taillight applications due to its high clarity and superior 

weathering characteristics. Other clear plastics, such as styrenics and polycarbonate, 

contain an aromatic structure that will interact with UV wavelengths. These plastics 

degrade and turn yellow, and experience gloss reduction upon outdoor exposure to 

sunlight. PMMA does not contain aromatic structures and is not susceptible to UV 

damage in sunlight. PMMA chemistry remains unchanged after outdoor exposure [159-

162]. 

The effects of environmental conditioning on various physical and mechanical 

properties of PMMA have been previously examined [161, 163-179]. Ishiyama and Higo 

[169] found that increased moisture content leads to lower elastic modulus and tensile 

strength in various PMMAs. Absorbed water to PMMA causes swelling of the acrylic 
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polymer and reduction in glass transition temperature (Tg) [169-171] through decreased 

cohesive forces between polymer chains. Increased moisture content in PMMA causes a 

linear increase in coefficient of thermal expansion (CTE) [172], a noteworthy fact in 

thermal and mechanical applications. Effects of PMMA moisture content on diffusion 

coefficient and density have been examined extensively [173-176]. It was found that 

diffusion coefficient of water in PMMA decreases and the polymer density increases 

along with moisture concentration, in contrast to exposure to organic vapors which show 

an opposite trend [173, 179]. The difference observed in diffusion rate due to 

water/solvent presence depends on the polymer-solvent interaction as well as the 

physical properties of the penetrant. Lowered diffusion rates have been attributed to low 

solvent latent heat such as water in ethylcellulose [173, 175], which leads to formation 

of water clusters. Thus, if polymer-solvent interaction is weaker than solvent-solvent 

interaction, clustering of the solvent molecules within the polymer matrix is expected 

[173, 177, 178].   

The current study investigates the influence of moisture exposure on the scratch 

behavior of a set of model PMMA systems with varying polarity using a standardized 

progressive load scratch testing and analysis methodology (ASTM D7027/ISO 19252) 

[180, 181]. The onsets of scratch deformation mechanisms like scratch visibility, and 

periodic micro-cracking within the scratch path are identified as metrics for scratch 

resistance evaluation. It is hoped that the current study can shed light on how an 

environmental factor, such as moisture uptake resulting from exposure to a humid 

environment, can influence the scratch behavior of polymers. 
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5.3 Experimental 

5.3.1 Materials 

 Three grades of PMMA, including impact modified grade (PMMA-1), V-grade 

(PMMA-2), and scratch resistant grade (PMMA-3), were used for this study. The 

PMMA-3 has the highest polarity, followed by PMMA-2, and PMMA-1. Injection 

molded plaques of each grade with dimensions of 150mm x 150mm x 3mm were 

provided by Arkema Inc. All plaques are black in color and have smooth surfaces 

consistent with one another. Description of each grade was provided by the manufacturer 

as displayed in Table 5. Elastic modulus, tensile strength and other physical properties 

are given elsewhere [182]. 

Table 5. Basic physical properties of each PMMA grade. 

 

 

Melt Flow Rate  

(@ 230°C, 3.8Kg) 

Glass Transition 

Temp.(Tg) 

Color Relative Polarity 

PMMA-1 1.8 114°C Black Low 

PMMA-2 2.8 116°C Black Medium 

PMMA-3 3.4 105°C Black High 

 

5.3.2 Environmental Conditioning 

The PMMA plaques were initially dried by placing in a vacuum oven for 24 

hours at 80°C and a vacuum pressure of 30 mmHg. After drying, the various plaques 

were weighed using a high precision digital scale and then placed into a moisture 

chamber with a controlled relative humidity of 75% at 23°C. Over a period of 28 days, 
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the samples were removed from the chamber and weighed accordingly. After studying 

the moisture absorption behavior of the PMMA plaques, several plaques of each PMMA 

system were also periodically scratch tested over a two-week period. Each plaque was 

placed into the moisture chamber to allow for moisture absorption, then removed and 

scratch tested accordingly at various conditioning times ranging from one day to two 

weeks.  

5.3.3 Scratch Testing 

Scratch tests were carried out according to the ASTM D7027/ISO 19252 

standard by using a progressive load range of 1–100 N at a constant scratch speed of 100 

mm/s for a length of 100 mm. A stainless steel scratch tip with a spherical geometry was 

used. The diameter of the scratch tip is 1mm. A minimum of five scratch tests were 

performed on each PMMA scratch plaque oriented in the same direction as the melt 

flow.  

5.3.4 Scratch Performance Analysis 

After completion of scratch tests, 24 hours was allowed for any viscoelastic 

recovery before carrying out scratch analysis. For analysis purposes, the plaques were 

scanned using an Epson Perfection Photo 4870 PC scanner set at a resolution of 300 dpi 

along with a Munsell minicolor checker for color correction purposes. Automatic 

Scratch Visualization (ASV) software (http://www.surfacemachines.com) was used to 

analyze the scanned images and obtain scratch visibility of each scratch which has been 

detailed in earlier studies [183]. Since the orientation of the scratch path with respect to 

the illumination source can affect visibility assessment, the samples were scanned with 
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the scratch path oriented perpendicular and parallel to the direction of light source travel 

in the scanner. 

 The critical load for the onset of any scratch deformation mechanism is found by 

first noting the distance along the scratch path where the damage first appears and then 

extracting the applied normal load at that point from the data file. The onset points for 

micro-cracking and plowing were directly observed under a microscope. The microscope 

used for these observations was a Keyence VK9700 VLSCM under 10X magnification. 

5.3.5 Contact Angle Measurements 

All three PMMA systems were evaluated to assess contact angle changes as a 

function of conditioning time in the hygroscopic conditioning chamber. After drying and 

consequently throughout conditioning, the plaques were periodically removed from the 

moisture chamber and placed on a flat, level surface with proper lighting for contact 

angle measurements.  Several individual droplets of deionized water were deposited on 

each surface using a 1 ml syringe fitted with a 27.5 gauge needle at atmospheric 

pressure, ambient temperatures, and 50% relative humidity. The distance between 

droplets was maintained at a minimum of 20mm to prevent interference.  

Images were obtained using the super macro mode of a 10-megapixel Olympus 

SP-570UZ digital camera. Images were subsequently processed (inverted and sharpened) 

with ImageJ software (http://rsbweb.nih.gov/dij). Using the angle measuring tool in 

ImageJ, contact angles were measured for both sides of each droplet with respect to the 

sample surface. A minimum of six droplets was used to obtain average values.  
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5.3.6 Coefficient of Friction Measurement 

To determine the coefficient of friction, µf at the interface between the PMMA 

plaques and stainless steel surface, a flat smooth stainless steel surface with dimensions 

of 10x10 mm2 was used and tested using 5 N constant normal load for a distance of 60 

mm at a velocity of 100 mm/s [193]. Three tests were conducted for each system to 

obtain an average value of µf. 

 

5.4 Results 

Moisture absorption and diffusion behavior of each PMMA type plaque has been 

investigated up to four weeks and shown in Figure 44. The absorption of moisture was 

carried out until equilibrium was reached for each of the three model PMMA systems, 

which took approximately 14 days. The relative polarity of the PMMA grades can be 

directly related to the amount of moisture uptake at equilibrium as shown in previous 

studies [182]. However, the results of contact angle measurements in dry conditions also 

support this fact. 
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Figure 44. Moisture uptake of various PMMA grades by weight %. 
  

 

The contact angle of water droplets on each PMMA grade as a function of 

conditioning time is shown in Figure 45. Contact angle measurements reported at day 0 

correspond to the dry condition. The relative comparison of each system contact angle 

with water exposure against the dry condition is an indicator of their relative polarity. As 

expected, PMMA-3 has the lowest contact angle while PMMA-1 exhibits the highest 

contact angle. The effect of conditioning in a moist environment can be seen as a 

function of time for each system. While all three systems show reductions in contact 

angle from dry condition to equilibrium moisture saturation, the observed trends are 

different. In both PMMA-2 and PMMA-3 after approximately 5 days, a noticeable drop 

is apparent while this sudden change is absent in PMMA-1.  
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Figure 45. Contact angle measurements as a function of conditioning time for all 

three PMMA grades. 

 

To assess the scratch performance of various polymer systems, the corresponding 

mechanical properties before and after moisture exposure should be determined. As 

discussed previously, various aspects of the mechanical properties can influence the 

scratch resistance exhibited depending on the performance criteria chosen, i.e., crack 

formation, visibility, or material removal. For crazing-prone polymers, such as PMMA, 

it has been shown that tensile strength and friction coefficient are most critical to scratch 

resistance [194].  As a result, the tensile strength values of the model PMMA systems 

are reported.  As shown in Figure 46, the tensile strength of each PMMA grade is 

reduced with exposure to moisture.  However, it should be noted that the moisture 

exposure can also noticeably reduce the friction coefficient, thus compensating for the 
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negative impact of tensile strength reduction in PMMA on scratch performance, as will 

be discussed below.   

  

Figure 46. Tensile strength of PMMA grades in dry condition and after moisture 

exposure. 

 

In Figure 46, it can also be seen that the tensile strength of PMMA-2 is higher 

than PMMA-1 in both dry and moisture absorbed conditions while PMMA-3 has the 

highest tensile strength. This is in agreement with the average critical load for onset of 

crack formation observed for the PMMA grades, where higher tensile strength leads to 

higher scratch resistance [184].   

Periodic crack formation along the scratch path is a known scratch damage 

mechanism in PMMA [183]. As shown in Figure 47, the cracking transitions for each 

PMMA system in dry condition are shown with the corresponding normal load, where 

the scratch direction is from left to right.  
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Figure 47. Onset of crack formation micrographs and corresponding normal loads 

for a) PMMA-1, b) PMMA-2, and c) PMMA-3. 

 

The critical normal loads for onset of crack formation in PMMA systems are 

summarized in Figure 48. The onset of cracking is compared in dry and moisture 

exposed samples through various exposure days. In all three systems, it can be observed 

that the first days of moisture exposure leads to a reduction in scratch resistance 

independent of the PMMA type. In the case of the more polar PMMA systems, i.e., 

PMMA-2 and PMMA-3, recovery of scratch resistance can be seen after a short 

moisture exposure period. Interestingly, an improvement in the scratch resistance is 

observed after two weeks, the moisture exposure for these systems. 
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Figure 48. Onset of crack formation vs. exposure days to moisture chamber for 

PMMA. 

 

The critical normal loads for onset of scratch visibility observed in both parallel 

and perpendicular orientations [183] can be seen in Figure 49. It can be observed that the 

onset of visibility results show the same trend as those observed in the onset of cracking 

for PMMAs and their moisture exposure effect. Also, in all three cases, the scratch 

visibility results in parallel and perpendicular orientations are in agreement with each 

other.  
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Figure 49. Onset of scratch visibility for (a) PMMA-1 (b) PMMA-2 and (c) PMMA-

3 in both parallel and perpendicular orientations. 
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Coefficient of friction measurements were performed for each PMMA surface in 

dry condition and various moisture conditioning time intervals. The friction coefficient 

values for the three PMMA grades are shown in Figure 50. 

 

Figure 50. Coefficient of friction as a function of conditioning time for all three 

PMMA grades. 

 

It can be seen that the first day of moisture exposure did not lead to any 

significant changes in the measured coefficient of friction. However, further exposure to 

moisture leads to a noticeable reduction in the friction coefficient for two more polar 

PMMA systems. PMMA-2 and PMMA-3 show a reduction in friction after 7 and 14 

days, respectively. Interestingly, the duration at which reduction in friction is observed 

coincides with the enhancements in scratch resistance. This finding is in good agreement 

with observation made by Browning et al. [185] previously regarding the formation of 

water clusters on styrene acrylonitrile surface and their lubrication effect. 
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To further support this argument, attention can be drawn to the contact angle 

measurement results shown in Figure 45. It can be seen that, for the PMMA grades with 

higher relative polarity, a noticeable drop in contact angle is observed after five days; 

while for the less polar PMMA-1, no such effect is found. To better understand the 

changes observed in contact angle with environmental conditioning, the dominating 

mechanisms of water absorption and diffusion into the PMMA matrix must first be 

discussed. 

The polarity of a polymer is known to not only affect the amount of moisture that 

can be absorbed at equilibrium conditions but also influence the moisture absorption and 

diffusion mechanisms [186-189]. There are two basic theories in regards to absorption 

and diffusion of any solvent molecules, i.e., water, within a polymeric system: the “free 

space theory” and the “polar site bonding theory” [190-192]. A schematic representation 

of a polar polymer structure containing chains and free volume is shown in Figure 51. 

Potential water bonding sites based on each mechanism are indicated in the image. 

Based on the polarity of the side groups shown in the figure, diffused water molecules 

will be located at either the free volume sites or the polar sites in the vicinity of the 

chain. 

In the free space theory, several assumptions are made including minimal 

bonding between polymer and water molecules and a preferred affinity of water 

molecules within the free volume. Based on the free volume theory, water absorption 

should lead to increase in density while no changes in dimensions. On the other hand, 

the polar site bonding theory is based on bonding between water molecules and the polar 
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sites of the polymer chain, i.e., the carbonyl groups of PMMA. In this case, the diffused 

water affects the intermolecular bonding between polymer chains which lowers the glass 

transition temperature, while density remains unchanged leading to variation in the 

observed dimensional change [191, 192]. In the polar site bonding theory, based on 

polymer-water affinity compared to polymer-polymer affinity, the preferred hydrogen 

bonding at polar sites makes the formation of water clusters possible for certain systems.  

For instance, depending on the affinity of the polymer functional groups to water 

molecules, diffusion of moisture can either distribute uniformly throughout the polymer 

matrix or be drawn to form water clusters to a size as large as sub-micron sized particles.  

The former usually leads to plasticization of the matrix, but the latter can cause 

degradation of mechanical properties near the surface or throughout the bulk.  

 

Figure 51. Schematic representation of water absorption mechanisms and different 

bonding sites. 
  

Free volume 
sites 

Polar bonding 
sites 

Polar polymers 
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Presence of water clusters is known to influence the interaction between various 

polymer chains possibly leading to changes in adhesion/cohesion, wettability (and thus 

contact angle), glass transition temperature, surface coefficient of friction, and numerous 

other properties of a polymeric system [186]. In this case the reductions observed in 

contact angle after five days of moisture exposure is directly related to the formation of 

water clusters in the two polar PMMA grades; while in the PMMA-1 grade, uniform 

moisture distribution minimizes effect on contact angle. Furthermore, the coefficient of 

friction of each PMMA grade shown in Figure 50 also supports this finding. The 

noticeable drops in surface friction coefficients in both polar PMMA grades against 

PMMA-1 indicate the two different mechanisms of water absorption.  

Based on polymer surface polarity, environmental conditioning can greatly 

influence the scratch resistance of a polymer.  In this study, the scratch test findings 

indicate that moisture can influence PMMA scratch resistance through two different 

mechanisms. In low polarity PMMA, water absorption is dominated by the “free volume 

theory” where water molecules diffuse and distribute uniformly in the polymer matrix. 

The uniformly distributed water molecules within the PMMA act as a plasticizer to 

degrade the bulk mechanical properties gradually. In high polarity PMMA grades, water 

diffusion follows the “polar site bonding theory” where diffused water molecules 

interact with polar sites and form water clusters through hydrogen bonding. In this case, 

the water molecules can aggregate on the surface and serve as slip agent to reduce 

surface friction. The results from coefficient of friction and surface contact angle 
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measurements support the above proposed mechanisms for the model PMMA 

investigated.  

The resistance of a polymer to scratch deformation is an important property 

especially for polymers used in durable goods applications, e.g., car exteriors and 

interiors, appliance housing, cell phone, etc., where aesthetics are of significant 

importance. Retention of scratch resistance after exposure to an environment depends on 

the susceptibility of the polymer structure to the environment and the time of exposure. 

The present study indicates that humidity can both weaken the polymer surface 

mechanical integrity and lower surface friction, which improves scratch performance, at 

the same time.  It is thus rather difficult to predict whether or not humidity exposure can 

positively impact scratch performance of a given polymer unless testing is performed.  

Careful assessment is definitely warranted for determining scratch performance of 

polymers upon extended environmental exposure.   

5.5 Conclusion 

To investigate the long-term scratch behavior of a polymer, the susceptibility of 

the polymer to environmental factors, such as moisture, must be investigated. In polar 

polymers or polymers containing polar segments, moisture absorption will greatly affect 

scratch resistance. Based on the polarity of the system, it is observed that water can act 

as a plasticizer to cause a reduction in strength, thus leading to a lowered scratch 

resistance. However, depending on the polarity and exposure time, the formation of 

water clusters may lead to a beneficial lubrication effect on the polymer surface leading 

to enhanced scratch resistance. 
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CHAPTER VI 

CONCLUSIONS AND CONSIDERATIONS FOR FUTURE RESEARCH 

 

6.1 Summary and Conclusions 

 Scratch behavior of multiphase (plastic and rubber) Styrenic copolymers have 

been investigated to determine rubber size and type influence on scratch resistance. It 

appears ASA1000 is superior to ASA100 while ABS100 is similar to ASA1000 in dry 

conditions while closer to ASA100 after moisture exposure in terms of scratch 

performance. Mechanical properties including uniaxial tension and compression for 

these systems were determined to be almost identical, which rules out a straightforward 

explanation for the observed differences in scratch resistance. Thus our focus was shifted 

to a more detailed examination of the damage transitions and features for the three 

systems. SEM top view analysis showed differences in crack types developed in the 

scratch path from tensile cracking to a type of flaking or shear cracking. The subsurface 

damage observed from the longitudinal sections of each scratch groove also pointed to 

varied crack types from one system to another based on rubber size and type.  

 In addition to SEM and OM analysis, cross sectional views of the scratch were 

evaluated using AFM which can be  useful in characterizing the subsurface morphology 

after scratching for each case. These results will be added in hopes of further 

understanding their behavior. Evidence of variations in crack type ranging from tensile 

to shear based must also be found using microscopy techniques in order to further 

support our argument. Furthermore, a surface mechanical characterization of each 
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system will be carried out in hopes of determining and comparing the relative surface 

shear strength for each system. This surface shear strength may be correlated with the 

possibility of flake formation or the competition between tensile and mixed mode 

cracking during the scratch process. 

 The effect of heat treatments at two different temperatures on the scratch 

behavior of ASA systems with varying rubber content, type, and size were investigated. 

It was found that, in comparison to annealing slightly higher than Tg (LTA), annealing 

well above Tg (HTA) caused a relative migration of rubber particles to the surface, 

which, in turn, leads to enhancement of the scratch behavior of ASAs. This improved 

scratch performance is evidenced by delays in the onset of periodic cracking, plowing 

deformation, along with scratch visibility. Interestingly, it is also shown that the bulk 

mechanical properties of the systems remain the same after annealing, thus leading to the 

conclusion that the change in surface properties alone lead to this improved scratch 

resistance. These findings suggest that while keeping the bulk properties of a polymeric 

system unscathed, altering surface characteristics, such as phase morphology or 

molecular orientation, can lead to improved scratch behavior. This, in turn, introduces an 

interesting possibility of manipulating surface properties in order to achieve optimum 

scratch performance. The HTA process was seen to improve the scratch resistance of 

copolymers containing 100 nm spherical rubber particles compared to 1000 nm particles. 

This was attributed to the surface morphology and orientation of the rubber phase before 

and after annealing, which lead to higher surface shear strengths.  
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The effect of moisture exposure at different relative humidity conditions on 

scratch performance was investigated in a variety of polymeric systems. Our findings 

indicate an initial drop in scratch resistance due to the plasticization effect of absorbed 

water molecules while continued exposure was seen to have varying results. In highly 

polar systems, after a certain duration the diffusing water molecules tend to aggregate 

and form water clusters, which can be concentrated near the surface. Water diffusion and 

absorption follows the polar site bonding theory, which in turn leads to a lubrication 

effect by the water clusters reducing the surface friction and improving the scratch 

resistance. In less polar systems, this improvement in scratch performance was not 

observed and the absorption and diffusion of water into the polymer was noted to follow 

the free volume bonding theory. 

 

6.2 Considerations for Future Research 

 The findings presented in this dissertation, specifically, the effects of a soft 

dispersed phase on scratch performance of polymers and the corresponding 

environmental conditioning influence opens up new horizon of research to further our 

understanding in the field. 

6.2.1 Extended Study on Quantitative Modeling of Multiphase Systems 

 The results of our experimental scratch evaluations can be further examined and 

understood by the assistance of numerical simulations in a complementing study. In this 

case, a detailed stress distribution map comparing the effects of rubber size, shape, and 

content on the surface deformation is desired. 
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6.2.2 Determining Defined Parameters for Moisture/Water Influence 

The influence of moisture/water exposure on polymer scratch can be an 

advantage in production/design factor. If this phenomenon is fully understood, the 

application of specific polymers can be specifically tailored based on geographical 

locations, weather conditions, and type of use. For instance, the exterior coating of a car 

manufactured for use in Europe where weather conditions often mimic water immersion, 

can be designed from polymers with a high affinity for water cluster formation. 

However, a more general approach must be taken in order to properly predict moisture 

effect on any polymer system. This will require a more systematic approach and 

understanding of the thermodynamic process and related factors involved in water 

absorption theories. 

6.2.3 Examining the Interface and Interphase between Rubber and Plastic 

 The interface between the rubber and plastic phases stemming from their 

interactions and adhesive affinity can also be explored to better comprehend subsurface 

damage in a scratch deformation. While this research has focused on the macro-scale 

observations of scratch research, the interphase between the two phases may also play a 

role, especially at lower length scales using an AFM or other nano-scale devices. 
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