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Following the ASTM and ISO test standards, a series of scratch tests were carried out on four categories of
polymers: I) ductile and strong, II) ductile and weak, III) brittle and weak, and IV) brittle and strong. The
scratch damage features were characterized by using a desktop scanner for scratch visibility assessment,
and optical and electron microscopes for detailed damage mechanisms investigation. Various scratch
damage mechanisms were identified for the different categories of polymers. The effect of testing rate on
possible alteration of scratch damage mechanisms was also studied. The stress fields experienced by the
polymer during scratch were determined using three-dimensional finite element methods modeling. It is
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Sch/atch map found that both the material characteristics and the complex stress state exerted on the scratched surface
Polymer are responsible for the various scratch damage mechanisms observed. A generalized scratch damage

Damage mode mechanism map for polymers is presented. The usefulness of the above understanding for designing

scratch-resistant polymers is also discussed.
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1. Introduction

The scratch performance of polymers has caught significant
attention in the past few years because of their greatly expanded
usage in the electronic, optical, household, and automotive appli-
cations where long-term aesthetics is important. Unlike ceramics
and metals, polymers are particularly susceptible to surface defor-
mation and damage, even under low contact loads. The scratch
process herein is defined as a mechanical deformation process
where a controlled force or displacement is exerted on a hard
spherical tip to indent onto a polymer substrate and move across its
surface at a prescribed speed.

It should be noted that the scratch tip geometry, tip material,
substrate thickness and surface characteristics, and rate of testing
can all significantly affect the scratch performance of polymers.
Extensive research efforts have been dedicated to the development
of an objective test methodology for polymer scratch [1-9]. This has
led to the establishment of an ASTM and ISO standard [1,2] for
scratch testing of polymers, from which more in-depth description
of the standardized polymer scratch testing can be found. The rec-
ommended progressive scratch load test appears to be a promising
method for systematic fundamental study and evaluation of the
polymer scratch behaviors.

Scratch-induced deformation of polymers is a complex mechan-
ical process. The nonlinear material characteristics and complex
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scratch-induced stress fields have made it extremely difficult to gain
fundamental knowledge of polymer scratch behavior. Generally
speaking, there are two main types of damage found in polymers:
ductile damage (e.g., shear yielding and ironing) and brittle damage
(e.g., crazing and cracking); their occurrence depends on the material
characteristics and applied stress state and magnitude [10,11]. In
addition, debonding and voiding can take place if the polymer
contains inclusion phases, such as talc and rubber. Various scratch-
induced damage features, such as mar, fish-scale, parabolic crack, and
material removal, have been observed from a wide variety of poly-
meric materials [12-18]. The effect of surface friction on polymer
scratch behavior has been investigated [ 18-20]. The role of additives
in polymer scratch resistance has been probed [6,7,20-22]. Attempts
have been made to create a deformation and damage map for poly-
mer scratch [23-25]. Research efforts have also been focused on
testing rate and temperature effect on scratch behaviors [26,27].
While the above research efforts have provided valuable knowledge
within their own merits, they lack a comprehensive understanding of
how the material parameters influence the scratch behavior, espe-
cially the formation of scratch-induced damage features. Conse-
quently, correlation between the material properties and the scratch
mechanics has to be established to allow for better description and
prediction of scratch-induced damage mechanisms and their
evolution processes based on the ASTM/ISO standard.

Numerical analysis has been utilized to investigate the
mechanics associated with the damage features incurred during
polymer scratch. While molecular dynamics (MD) simulations are
chosen for understanding of nano-scale scratch phenomena
[28,29], numerical simulation approaches, such as finite element
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method (FEM), are utilized for modeling scratch behavior on the
micro- or macro- level. Previous FEM simulation efforts on this
topic remain scant and are restricted to linear elastic — perfect
plastic materials or to two-dimensional (2-D) plane-strain prob-
lems. Recently, with greatly improved computational capabilities,
three-dimensional (3D) FEM analyses become viable for polymer
scratch research [30-33]. Nevertheless, in addition to the classical
mechanics complexities, there are still other challenges, such as
utilization of a realistic polymers material constitutive model and
choice of appropriate criteria for various scratch-induced damage
mechanisms. Although FEM simulations still face significant chal-
lenges for successful modeling of realistic polymer scratch behavior
and provide accurate predictions, it has been shown to be effective
for phenomenological description of polymer scratch process and
for establishment of qualitative correlation between material
properties and the observed damage features.

To aid the design of scratch-resistant polymers, knowledge on the
evolution of the damage process and its corresponding mechanics
and material properties are essential. In this paper, scratch tests were
performed on four general types of polymers which are classified as:
(I) ductile and strong, (II) ductile and weak, (III) brittle and weak, and
(IV) brittle and strong. The scratch tests were also conducted at
different rates on ethylene-propylene rubber (EPR) rich soft thermo-
plastic olefins (TPO) to investigate how the damage process is affected
by rate of testing. The observed damage features were identified and
classified according to its material type. 3D FEM numerical modeling
was performed to explore the mechanistic reasons responsible for the
observed damage mechanisms. With the help of material science and
mechanics tools, a better understanding of the relationship between
the scratch damage process and material properties is obtained and
summarized as a scratch damage evolution map. Approach to design
scratch-resistant polymers is discussed.

2. Experiment details
2.1. Model materials

To study the scratch behavior of polymers, four typical commer-
cially available polymers were chosen for the present study and are
categorized as: (I) ductile and strong (polycarbonate (PC); Lexan
9034, GE Plastics); (II) ductile and weak (TPO with 70% polypropylene
and 30% ethylene—propylene rubber (EPR), Advanced Composites);
(1I1) brittle and weak (polystyrene (PS), Styron 685D, Dow Chemical);
(IV) brittle and strong (Epoxy, DER 332, Dow Chemical). Here, the
strong polymers typify those polymers that exhibit high modulus
and high ultimate tensile strength. On the contrary, the weak poly-
mers possess low modulus and low tensile strength. The ductile
polymers can experience much larger tensile elongation before
failure than the brittle ones. Schematic of the typical stress-strain
curves of the four categories of polymers are shown in Fig. 1.

To study the rate effect on polymer scratch behavior, a soft TPO
with a high concentration of EPR (30% PP + 70% EPR, Sumitomo
Chemical, Ltd.) was also investigated.

All samples possess smooth surface characteristics with 50 mm
in length, 10 mm in width, and 3 mm in thickness. The sample
surfaces were cleaned by an air duster prior to the scratch tests.

2.2. Scratching machine and test conditions

Following the ASTM and ISO testing standard for polymer
scratch [1,2,9], a custom-built scratch machine (Surface Machine
Systems, LLC) is utilized to perform the scratch tests at ambient
condition (Fig. 2). The machine is capable of recording tangential
and normal forces as well as scratch distance and instantaneous
depth experienced by the stylus.

o

€

Fig. 1. Schematic stress-strain curves of four categories of polymers: (I) ductile &
strong; (II) ductile & weak; (III) brittle & weak; and (IV) brittle & strong.

A stainless steel spherical tip with 1 mm in diameter was used
for the weak polymers and soft TPO; a tungsten carbide spherical
tip with 1 mm in diameter was adopted for the strong polymers.
Both indenters are much harder than the corresponding polymers,
thus can be considered as rigid bodies for simplicity. The scratch
length was set at 100 mm. A scratch velocity of 100 mm/s was
employed for all rigid polymers. For the soft TPO, scratch tests were
performed at scratch velocities of 1 and 100 mm/s, respectively. A
normal load which is linearly increased with scratch distance was
imposed on the scratch tip. The load range was from 1 N to 30 N
and 1 N to 100 N for the weak and strong polymers, respectively;
a lower load range of 0.5-7 N was employed for the soft TPO to
prevent penetration of the scratch tip through the substrate.

2.3. Scratch damage analysis

For the purpose of promptly assessing the various surface
scratch damage features, the images of scratched samples were
acquired using the Epson 4870 Perfection Photo flatbed PC scanner
at 3200 dpi resolution. Optical microscopy (OM, Olympus BX60)
and scanning electron microscopy (SEM, JEOL JSM-6400) were then
adopted to investigate the detailed scratch damage mechanisms.

Fig. 2. A custom-built scratch machine to carry out the ASTM/ISO standard tests.
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3. Finite element analysis

Due to the significant localized deformation during the scratch
process, the stress and strain states experienced by the polymer
substrate are extremely complex. To understand the mechanistic
origins behind the observed scratch damage features, 3D FE anal-
ysis was performed to simulate the process of steel tip scratching
on a ductile polymer using ABAQUS/Explicit® [34].

The dimensions of the FE model were 50 mm in length, 10 mm
in width, and 3 mm in thickness. A scratch tip having a spherical
diameter of 1 mm was modeled as an analytical rigid surface. To
correlate with the details on the scratch-induced damage features,
a fine FE mesh was adopted for the analysis with 512 elements over
the scratch path as shown in Fig. 3 [28]. Eight-node tri-linear
elements with three nodal displacement degrees of freedom and
reduced integration were chosen as the substrate elements with
a typical size of 0.05 mm by 0.05 mm by 0.05 mm. All the nodes on
both ends were restrained from movement in all directions to
simulate the clamping of the specimen during testing. All the nodes
on the bottom surface were restrained vertically to model the stage
support of the test specimen. A small normal load of 0.04 N was
applied at the beginning to maintain substantial surface contact
between the tip and substrate, followed by a linear increasing
normal load up to 30 N at a scratch distance of 100 mm.

Since the current FEM simulation assumes that there is no crack
formation, i.e., no nodes and elements separation, throughout the
model, the simulation results are only valid up to the onset of
cracking/crazing formation. Consequently, the qualitative trends for
the evolutions of von Mises stress, maximum principal stress, dila-
tation, scratch depth, and scratch width as a function of the applied
normal loads for the four different categories of polymer types would
be similar. Therefore, there is only a need to perform FEM modeling
work based on one polymer type. In this study, a typical ductile TPO
was chosen for the simulation work.

For a ductile TPO material, similar to an earlier work [35],
a piecewise linear stress-strain curve was constructed based on
experimental data (Fig. 4). The stress softening and strain hardening
characteristics are clearly illustrated. The coefficient of friction
between the tip and TPO surface was taken to be 0.3 [19]. A 3D
dynamic and plastic stress analysis mode was executed. To avoid
excessive element distortion, adaptive remeshing was adopted to
preserve the mesh quality. It should be noted that, elements sepa-
ration or removal after damage was not considered in the current
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Fig. 4. Piecewise linear stress-strain curve for a model TPO.

FEM modeling. Therefore, the modeling work can only simulate
material deformation up to the onset cracking/crazing formation.

4. Scratch damage modes and their evolution process

The polymer scratch damage mechanisms and their evolution
process are quite different for the four polymer types at different
load levels. To assist fundamental understanding of polymer
scratch behavior, phenomenological categorization of the scratch
damage modes is necessary. Furthermore, the understanding of the
damage evolution process as a function of the increasing normal
loads and the corresponding stresses is also critical for the corre-
lation between scratch behavior and material parameters.

4.1. Categorization of scratch damage mode

4.1.1. Initial damage zone

For all materials tested, there is only a small amount of defor-
mation observed under a low load and stress level. This includes
fully recoverable elastic deformation, time-dependent viscoelastic
deformation, and a small amount of non-recoverable plastic
deformation resulting from compressive indentation, tentatively
termed “mar”. It is noticed that for polymers such as epoxy and PC,
the initial damage induced by scratch is practically undetectable
until a relatively high normal load is applied because of their high
strength and elastic recovery against deformation. On the other

Fig. 3. FE model for polymer scratch simulation [28].
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hand, polymers such as PS and TPO may exhibit various forms of
scratch-induced localized small scale damage in this zone,
including ironing and surface roughening, etc.

4.1.2. Fish-scale zone

With an increasing scratch normal load, the TPO substrate
begins to undergo plastic deformation, forming a periodic concave
damage feature pointing toward the scratch direction. Fig. 5(a)
illustrates this scratch damage mechanism at the transition from
the initial damage zone to the fish-scale damage of TPO. If the
normal load is further increased, the fish-scale damage can become
a well-developed, repeatable pattern as presented in Fig. 5(b). The
fish-scale damage is dominated mostly by the plastic drawing of
substrate material under the tip and is one of the most widely
observed phenomena for polypropylene-based polymers [3-6].

For PS, a barely detectable pseudo fish-scale pattern is found to
coexist with micro-scale cracks or voids. This damage feature is
shown in Fig. 5(c).

4.1.3. Parabolic crack zone

For PC and Epoxy, except for the sporadic localized damage,
which is formed due to presence of dust particles or local defects on
the surface, there is no other observable scratch-induced damage

Scratch
Direction

Fig. 5. SEM of fish-scale damage: (a) onset of fish-scale formation for TPO; (b) well-
developed fish-scale for TPO; and (c) pseudo fish-scale pattern mixed with crazes/
voids for PS.

until a high normal load of 70 and 75 N for PC and Epoxy, respec-
tively. At this point, parabolic cracks begin to form and become the
dominant damage mode. This kind of periodic convex damage
feature pointing opposite the scratch direction can be identified as
either a typical brittle damage feature or a tearing damage. Fig. 6(a)
illustrates the transitions from mar deformation to the parabolic
crack zone for Epoxy. Due to the brittle nature of the material, the
cracks propagate promptly in a brittle fashion once they are
formed. One can clearly find that this parabolic brittle damage
feature becomes more regular and dense with an increasing scratch
load. Similar parabolic cracks are also observed in ceramics, glass,
and even metal materials [36-39].

For PC, the transition from mar damage to the parabolic crack
zone is shown in Fig. 6(b). Here, the parabolic crack damage is
slightly different from those formed in brittle matrices, such as
epoxy. It appears that once the crack initiates, the crack opens up
without significant extension. This is indicative of the ductile
nature of PC.

4.1.4. Material removal zone

Ultimately, material removal will occur when the scratch load
continues to increase. In the material removal zone, the tip pene-
trates through the top surface of the substrate and the significant
material is removed from the surface. Fig. 7(a) shows the transition
from the well-developed fish-scale zone to the rupture of this
repeated fish-scale pattern, leading to material removal of TPO.
Fig. 7(b) shows the transition from the pseudo fish-scale pattern
mixed with crazes/voids to the material removal of PS. For PC, the
transition from the parabolic crack zone to the material removal
zone is shown in Fig. 7(c). Although this type of damage was not
observed in epoxy in the current test condition, it is expected that
material removal will occur if the applied load is high enough.

4.2. Evolution map of scratch damage modes

For the four categories of polymers, the evolution process of
scratch damage with increasing normal load is quite different and is
schematically illustrated in Fig. 8.

4.2.1. Ductile and strong material

For ductile and strong polymers, which exhibit high tensile
strength and high ductility, only minor mar damage has a chance to
occur under a low scratch load. Since the modulus and yield
strength of this category of polymer are generally high, the scratch
penetration depth is low. As a result, the resistance force against the
tip movement from the material pile-up in front of tip remains low.
The scratch coefficient of friction (us), which can be divided into
two parts: a traditional surface contact friction and an additional
coefficient term resulting from the resistance of the material pile-
up, stays low. Based on our previous studies [18-20,33], the smaller
us is, the better the scratch resistance is obtained. Not until an
extremely high load is applied will the tip penetration become high
enough to cause a dramatic increase in ps.

As observed, the occurrence of parabolic ductile tearing cracks is
the most prevalent damage mode under a high normal load for PC.
For other strong polymers that are more ductile and exhibit milder
strain hardening characteristics (see also FEM modeling analysis
below), it is anticipated that the ductile-type fish-scale damage will
prevail.

4.2.2. Ductile and weak material

For ductile and weak polymers, which exhibit low tensile
strength but high ductility, mar damage will occur first under a low
scratch load. Then, the ductile fish-scale damage becomes the most
favorable damage mode and will become well-developed with
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200 um

Fig. 6. SEM of parabolic crack pattern in: (a) Epoxy; and (b) PC.

increasing scratching load. With further increase in scratching load
level, material removal takes over to rupture the well-developed
fish-scale pattern. Finally, significant material removal takes place
from its surface.

4.2.3. Brittle and weak material

For brittle and weak polymers, which exhibit low tensile
strength and low ductility, small scale damage will occur even at low
loads. As the scratching load level increases, scratch-induced
damage will occur in the form of a mixture of pseudo fish-scale and
microcracks, crazes or voids. At a high level of scratch load, material
removal takes place in an irregular manner.

4.2.4. Brittle and strong material

Similarly, mar damage occurs at a low load for this type of
material. In spite of its brittleness, a high scratching load level is
required to develop any detectable damage. Parabolic cracks will
eventually form after the scratching load reaches a certain magni-
tude. Epoxy which exhibits low tensile ductility but high compres-
sive strength and ductility is a good example of this type of material.
As expected, ceramics and glass fall into this category of material
type and similar scratch behaviors have been observed [36-39].

4.3. Rate effect on polymer scratch damage

To study how the rate of testing influences the scratch-induced
damage mechanisms, a TPO containing 70 wt% of EPR rubber and
30 wt% PP, also termed soft TPO, was chosen. Soft TPO has been
shown to exhibit high rate-sensitivity [25]. Its apparent tensile
strength increases from 0.75 MPa to 1.78 MPa and the elongation at
break drops from 170% to 120% when the rate of tensile test
increases from 0.083 mm/s to 8.3 mm/s [25]. The faster the rate of
testing is, the more the scratch behavior will resemble a rigid brittle
material.

The scratch-induced damage features of the soft TPO at different
scratch rates are shown in Fig. 9. At 1 mm/s of scratch testing rate,
the soft TPO is categorized as ductile and weak material and the
fish-scale type of damage is clearly observed and is well-developed
(Fig. 9(a)). At 100 mmy/s of testing rate (Fig. 9(b)), it is categorized as

200 um

Fig. 7. SEM of the onset material removal region in (a) TPO; (b) PS; and (c) PC.
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Fig. 8. Evolution map of polymer scratch damage.

brittle and weak at a high testing rate and only pseudo fish-scales
mixed with proto-crazes or cracks are found, which is similar to
what is observed in PS (Fig. 5(c)).

It is worth noting that both the testing rate and temperature can
have significant influences on material mechanical responses, thus
their scratch behaviors. When categorizing the polymer type, both
testing rate and temperature should be considered; they may
influence scratch damage modes even for the same material, as in
the soft TPO case.

5. Evolution of scratch damage mechanisms

It is important to note that, during the ASTM/ISO based linearly
increasing normal load scratch test, the stress and strain magni-
tudes exerted along the scratch path do not increase linearly, even
for linear elastic materials [5]. For polymers with complex material
constitutive behaviors, the development of stress and strain fields
throughout the scratch test is inevitably much more complicated
and can only be described numerically. To elucidate the evolution of

the scratch damage formation, numerical analysis, such as FEM, is
essential.

5.1. Stress analysis

The maximum principal stress contours and their orientations
under low, moderate and high scratching normal loads are plotted
in Fig. 10. Here, only the top layer of the material elements is plotted
and the scratch tip is removed for better visualization. The location
of the tip center is indicated by the bold arrow.

The material beneath the front portion of the scratch tip (region
A) always experiences a compression. The compressive stress
magnitudes are 23, 34 and 37 MPa for the applied normal loads of
8, 14 and 20 N, respectively. Meanwhile, a maximum principal
stress of 17 MPa under the normal load of 8 N is developed behind
the scratch tip (region B) and increases to 35 and 40 MPa as the
normal load is further increased to 34 and 37 N, respectively. As has
been shown in an actual scratch test and the numerical simulation
here, the material is raised in front of the scratch tip during the
scratch process (region C). As the applied normal load is further
increased, another barely noticeable tensile region under small
normal loads has now become significant here. It increases to 18
and 48 MPa at normal loads of 14 and 20 N, respectively, and
develops as another possible region for the formation of brittle type
of scratch damage.

Due to the scratch tip movement, the material in front of the tip
quickly transits from a tensile condition (region C) to a compressive
condition (region A), and then back to a tensile condition (region B).
Inherent to the polymer scratch process, the scratch-induced
damage mechanism(s) incurred will likely be influenced by the
stress state, stress magnitude, and material characteristics the
polymer experiences and possesses. These factors are discussed in
detail below.

5.2. Ductile deformation vs. brittle damage

To study the different damage modes and their evolution
processes with an increasing normal load, knowledge on the stress

LR IR RN ERRITREERRRERRAMLSDLED BRSO B2 B0 b b

Fig. 9. Scratch damage of EPR-rich TPO at different testing rates of: (a) 1 mm/s; and (b) 100 mm/s.
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Fig. 10. Maximum principal stress contour plots at normal loads at: (a) 8 N, (b) 14N,
and (c) 20 N.

state and magnitude the material experiences near the scratch tip is
necessary. The relationship between the scratch normal load and
the von Mises stress at region A, which is closely related to the
experimentally observed ductile deformation, is plotted in Fig. 11.
To illustrate the size of the permanent deformation zone, the
residual scratch depth and width are also presented in Fig. 11. It is
noted that the FEM modeling here does not take into account of
element separation or removal after damage. The scratch-induced
deformation, which is reflected by the observed residual scratch
depth and scratch width, will continue to evolve since the elements
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Fig. 11. von Mises stresses and residual scratch depths and widths as a function of
applied normal load.

do not fail as the normal load is further increased. However, in
reality, the material will fail and lead to material removal.

While the von Mises stress increases with the normal load from
the very beginning and quickly reaches beyond the yield point
under a relatively small normal load due to a small tip contact area,
the scratch-induced plastic deformation is quite subtle at this stage,
exhibiting only 20 pm of residual scratch depth and 120 um of
residual width at 5 N of normal load. This level of deformation is
barely visible to the naked eyes. This is the reason why at most only
mar damage can form at the beginning of the scratch process. When
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Fig. 12. Stress magnitude in regions B and C as a function of applied normal load:
(a) maximum principal stresses and (b) hydrostatic tension.
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Fig. 13. Fish-scale formation mechanisms: (a) slipping, (b) drawing, (c) substrate compression, and (d) longitudinal section of OM of the fish-scale along the scratch path for TPO.

the applied normal load is increased, the von Mises stress magni-
tude will reach a maximum and drop slightly due to the strain
softening nature of the polymer after yielding. Then, the stress
magnitude increases again because of the strain hardening effect.
The fish-scale damage tends to occur between the yielding and
strain hardening region. Finally, the stress level reaches the ultimate
strength of the material and the material removal process begins.
For the formation of brittle damage, the evolution of the
maximum principal stress in regions B and C are plotted in Fig. 12(a).
After an early increase of the maximum principal stress magnitude,
it is found that the stress magnitude for both regions levels off to
a low magnitude of 15 MPa and 6 MPa for regions B and C, respec-
tively. The yielding related damage may dominate in this load range
if the material is relatively ductile. The maximum principal stress
magnitude then increase for both regions and the rate of increase
slows down at a higher normal load range. When a moderate
normal load is applied, the maximum principal stress magnitudes in
regions B and C increase to such a magnitude that it can no longer be
ignored. For brittle and weak polymers, cracking and voiding are
favored now. Because of the higher maximum principal stress
experienced in region B, the brittle types of damage mechanisms
tend to occur there first, which leads to the formation of the para-
bolic crack zone observed in PC and Epoxy. Under a high level of

b

P}

normal load, the maximum principal stress in region C becomes
larger than that in region B. Consequently, brittle damage will
dominate in region C, which resembles a cutting process.

Hydrostatic tension is known to be responsible for the volume
increase within a material, thus is strongly related to the brittle
damage mechanisms, such as cracking, crazing, voiding, and inter-
facial debonding [10,11]. To assess the probability of the occurrence
and location of brittle damage, the hydrostatic tension components
in regions B and C were also plotted to address the possible brittle
damage during scratch (Fig. 12(b)). Similar to the maximum prin-
cipal stress trends, it is found that the hydrostatic tension levels off
to about 3 MPa and 2 MPa in regions B and C, respectively, after an
initial sharp increase. Given the high von Mises stress magnitude
and the low hydrostatic tension level in the early stage of scratch,
ductile yielding is likely to dominate. However, if the polymer is
brittle and weak, cracking, crazing, and other types of brittle
damage may still take place at low loads. When the applied normal
load is further increased, the hydrostatic tension magnitude begins
to increase significantly and help facilitate the formation of brittle
damage. For the strong polymers, brittle types of damage become
more dominant as the applied normal load is further increased. It is
likely that the material removal will take place at this later stage,
which has been experimentally observed (Fig. 6).

100 pm

Fig. 14. Parabolic crack formation mechanisms: (a) stick, (b) crack formation, (c) slip, and (d) longitudinal-section OM of the parabolic crack along the scratch path for epoxy.
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The competition between ductile deformation and brittle
damage always exists throughout the entire scratch process.
Depending on the material properties, i.e., ductile vs. brittle and
strong vs. weak, and the corresponding stress state and magnitude
under the prescribed loading conditions, either ductile deformation
or brittle damage will become the dominant damage mechanism.
The above factors are responsible for the various damage modes
observed during polymer scratch. Extensive research efforts are
still needed to understand the scratch behavior of polymers
exhibiting different constitutive behaviors.

5.3. Scratch-induced periodic damage features

For all the scratch tests performed, regardless of the type of
damage mode involved, the same damage feature will usually
repeat itself until the normal load level is high enough to trigger the
next damage mode. To explain this periodic occurrence of scratch
damage, it is necessary to analyze the scratch process in a greater
depth.

When the scratch tip ploughs through the material ahead of it,
the material will be either pushed forward or piled up sideways
[31]. This phenomenon is usually observed for relatively ductile
polymers, where ironing and plastic deformation take place readily.
In addition to the surface friction between the substrate and the
scratch tip, the material accumulated ahead of the tip also intro-
duces resistance against the tip movement [19]. An increased
normal load causes deeper tip penetration into the substrate
(Fig. 13(a)), which causes further increase of frictional force. In turn,
the tip will drag the material along with it during scratch (region B
in Fig. 10). When the induced stress magnitude becomes greater
than the onset value for yielding, the fish-scale damage pattern will
be formed through plastic drawing of the material (Fig. 13(b)).
Eventually, the exerted tensile stress will become high enough to
cause the next stage of scratch damage - material removal.

The “stick-slip” phenomenon [40,41] occurs when the indenter
experiences periodic changes in resistance during the tip movement.
The scratch tip is designed to move at a constant speed. However, the
actual velocity of the tip movement relative to the material surface
oscillates due to the physical nature of surface contact between
a non-rigid tip and the substrate, where formation and breakage of
a local scale adhesion between tip and material occur repeatedly.
When the velocity of the tip relative to the material surface drops, the
sticking phenomenon occurs. This phenomenon becomes more
significant when the tip penetrates deep in the substrate, which
introduces additional resistance force. The stored strain energy
continues to build up due to the increasing applied normal load and
the inertia exerted from the fixed testing rate (Fig. 13(a)). If the
exerted stress on the material is lower than the ultimate strength of
the material, the scratch tip will drag the material along (Fig. 13(b))
and slip over the ridge of the pile-up region (Fig. 13(c)). The tip may
lose its full contact with the material surface during the slip process.
Because of the decrease in resistance for the tip movement, the tip
can push forward in full speed again. By the sheer action of the
applied normal load, the scratch tip will soon reestablish its surface
contact and begin to compress the material again. The stick stage
occurs again until the next slipping action repeats itself.

Two possible mechanisms are involved in the stick-slip step. For
ductile and weak polymers, the repeated surface contact and
substrate compression by the scratch tip after each stick-slip step
introduces the observed periodic damage feature. An OM image of
a longitudinal section along the scratch path of TPO is shown in
Fig. 13(d). The repeated fish-scale mechanism can be easily
observed. Meanwhile, for brittle and strong polymers, a similar
strain energy accumulation during the stick step occurs (Fig. 14(a)).
Before the indenter loses its full contact with the substrate and slips

over as described above, the tensile stress magnitude in the region
behind the scratch tip may have already reached its ultimate
strength. Thus, brittle fracture takes place to release the accumu-
lated strain energy. Afterwards, the resistance decreases. Thus, the
tip can slip over and move again (Fig. 14(b) and (c)). The repeated
energy release process by the brittle damage behind the tip leads to
the formation of the observed parabolic crack zone. The longitu-
dinal section along the scratch path of the model epoxy clearly
shows this type of damage caused by the scratch tip stick-slip
phenomenon (Fig. 14(d)). It is noted that, due to the brittle nature of
the material, the parabolic crack formation of brittle polymers
rapidly propagates after it is initiated; the release of the strain
energy accumulated from stick-slip process leads to a typical brittle
feature. For those ductile and strong polymers, once the crack is
initiated in a similar fashion, the subsequent process of strain
energy release appears to be ductile tearing of the crack, which
opens up the crack as observed in PC (Fig. 6(b)).

For the brittle and weak polymers, the fish-scale pattern cannot
be well-developed because of the easy formation of brittle damage
before the slip over. Instead, numerous microcracks, crazes, and/or
voids are formed. The pseudo fish-scale contains a mixture of proto
-cracks, crazes, or voids.

Under a high normal load level, large tensile stress magnitude
will induce brittle damage as a dominant damage feature as dis-
cussed in the above section. The scratch tip can easily move forward
directly through the pile-up, resembling a plowing process. Mate-
rial removal due to the brittle damage is observed.

It is shown herein that the periodic scratch damage phenomena
induced by the stick-slip process is not only related to the adhesive
forces between the indenter and the substrate but also to the
material type, indenter shape, scratch speed, and applied normal
load. At low normal loads, where there is little material accumula-
tion, the stick-slip steps are easily overcome by the inertia of the tip
movement and by the low kinetic frictional resistance of the surface.
With a larger normal load imposed onto the material, the scratch
depth increases and more material builds up around the indenter.
Hence, the stick-slip process becomes more dominant and must be
accounted for. Research effort on the mechanics responsible for the
observed stick-slip during scratch is now underway and will be
reported in the near future.

Based on the knowledge gained above, it becomes clear how the
material properties, the stress state, and its magnitude are
profoundly important to affect the scratch-induced damage
mechanisms. It is possible to promote or suppress certain damage
mechanisms exerted by scratch. Depending on the scratching load
expected and the type of material utilized, one can begin to predict
the material properties needed to prevent the formation of unde-
sirable scratch damage mechanisms. Quantitative assessment of
the above idea is now underway and will be reported shortly.

6. Conclusions

The linearly increasing normal load scratch test, based on ASTM
and ISO standards, has been performed on four categories of poly-
mers: (I) ductile and strong, (II) ductile and weak, (IIl) brittle and
weak, and (IV) brittle and strong. Various scratch damage modes
have been identified for different polymer types. The scratch
damage modes and evolution process with respect to the normal
load level are described and discussed for each material category. A
scratch damage evolution map has been constructed based on the
above findings. The rate effect on polymer scratch has also been
studied. With an aid of FEM modeling, the relationships among the
scratch damage modes and their evolution, material type, testing
rate, and applied scratch load have been discussed. The stick-slip
process during polymer scratch is found to be responsible for the
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observed periodic fish-scale pattern and parabolic crack formations.
A better understanding of polymer scratch phenomena is gained,
which, in turn, can be utilized to identify the material properties
needed to prevent undesirable scratch damage mechanisms.
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