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ABSTRACT

The barrel mar behavior, scratch-induced delamination, and temperature-
dependent scratch behavior were investigated in this dissertation via FEM modeling. The
experimental tests were carried out according to ASTM/ISO standard to validate the FEM
model.

Three amorphous polymers PMMA, PC, and PS were employed to study the barrel
mar behavior. By comparison to experimental results, the numerical analysis showed that
the maximum plastic principal strain (e') and total dissipated plastic energy (Ep) can be
considered for evaluating mar visibility resistance. Higher mar visibility resistance
corresponds to lower & and E, values. Based on these two criteria, the parametric
analysis shows that mar visibility resistance increases with lower modulus, higher yield
stress, higher hardening slope, and lower softening slope.

The FEA analysis to compare the delamination resistance of two semi-rigid PET-
based laminates was conducted. The results show that the maximum principal stress
distribution at the interface correlates well with the scratch-induced delamination
behavior. A followed study was performed to validate the semi-quantitative FEM
modeling approach with the double-layer epoxy-based polymeric coatings. The
parametric study reveals the delamination at the interface could initiate either from the
scratch shoulder region or behind the scratch tip.

A FEM modeling methodology to quantitatively predict the temperature-

dependent scratch behavior of amorphous polymers was proposed with the following



theories. The Arruda-Boyce viscoplastic model is utilized to account for temperature and
strain rate dependent strain-softening and strain-hardening behaviors. The post-yield
behavior predicted in this model is calibrated using the yield point determined by the
Richeton cooperative model. The pressure dependent Drucker-Prager model with
calibrated post-yield experimental data at various strain rates is chosen as the plastic
constitutive relationship of the polymeric systems for FEM simulation. Furthermore,
temperature and pressure dependent frictional behavior is input into an ABAQUS contact
model to simulate the variation of the adhesion coefficient of friction (u,). The FEM
simulation findings show a good agreement with the experimentally determined scratch

depth and scratch coefficient of friction (SCOF) measured using the scratch test.
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CHAPTER |

INTRODUCTION®

Due to the growing adjustability of composition and geometry, polymers are
extensively utilized in a wide range of industries such as automotive, packaging, and
electronics. Their outstanding mechanical and aesthetic functionalities make polymers
useful for electronic portable devices, coatings, automotive interior panels, and so on.
However, surface damages are detrimental to the functional and perceptual properties of
the polymer products. For example, as for the application in the electronic device industry,
the surface damages on the touch screen could significantly reduce the efficiency of
reading and controlling. In the packaging industry, the scratch damage could cause the
polymer films to lose the ability to retain the structural integrity and barrier properties,
which may spoil the product inside. Additionally, in the coating applications, surface
damages such as sharp scratches could make the underlying metal directly exposed to air
and speed up the corrosion process. The main concern about surface damages in the
application of the automotive industry is about aesthetic properties. The damages so-called

‘Scoff’ and ‘soil” on the exterior or interior parts of the vehicle have been ranked as the

* Part of this chapter was reprinted from Wear, 444-445, Du, S., Hamdi, M., Sue, H.-J.,
Experimental and FEM analysis of mar behavior on amorphous polymers, 203155, Copyright
(2020), with permission from Elsevier.
* Part of this chapter was reprinted from Polymer, 197, Du, S., Mullins, M., Hamdi, M., Sue, H.-
J., Quantitative modeling of scratch behavior of amorphous polymers at elevated temperatures,
122504. Copyright (2020), with permission from Elsevier.
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top 4 concerning properties in the results of initial quality surveys (IQS) filled out by
consumers [1].

Fredrich and his co-workers have clarified the tribological issues into mainly two
types, the multi-pass tribological damage like wear and the single-pass tribological
damage such as scratch and mar [2]. Compared to wear behavior, the fundamental studies
about single-pass tribological damage is still limited to feed the wide applications
mentioned above. Single-pass tribological surface damage has been recognized and
categorized into ‘scratch’ and ‘mar’ based on the large volume of previous research
activities. These two terms are carelessly exchanged in some of the studies, but they are
two different types of damages in definitions. Scratch, defined as severe, readily visible
surface damage resulting from a sliding asperity, is one of the most concerning surface
damages for surface quality retention [2, 3]. Mar is defined as a type of subtle surface
damage barely visible to the human eye caused by sliding objects [4]. Previous studies
quantified scratch resistance based on the scratch groove dimensions, namely its depth,
width, and shoulder height [5, 6]. Furthermore, distinctive damage transitions are
commonly observed along the scratch path as the applied scratch load increases according
to the ASTM-7027/1SO-19252 standards. For example, Browning found that periodic
micro-cracks developed in the scratch groove for brittle styrene-acrylonitrile (SAN)
random copolymers when the scratch normal load reached a critical value [7]. The micro-
crack in the scratch groove is not only detrimental to the surface quality of polymers but
easily leads to catastrophic failure under cycling load [8]. For higher scratch loads,

continuous plowing with massive material removal is observed. For ductile polymers,
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periodic fish-scale type damage dominated by stick-slip phenomenon was observed [9,
10]. A large amount of research has proven that scratch on polymeric multilayer systems
not only damages the top surface but may also cause delamination between polymeric
laminates [11, 12]. However, these scratch behaviors were not observed in the case of mar

damage.

a

(b)
Figure I-1. Typical (a) scratch and (b) mar damages on the textured thermoplastic olefin
(TPO).

Unlike scratch, this subtle damage feature cannot be easily quantified because of
the gradual evolution of mar damage severity upon increased loading. Also, no clear
damage transitions could be observed on the mar path. Instead, only progressive changes
in surface roughness and possible wavy or proto-craze types of surface damages were
found [13]. This makes mar quantification and analysis considerably challenging.

In the view of reasons mentioned above, the ‘scratch’ and ‘mar’ damages should
be investigated separately for scientific study. In this chapter, a review of the research
work about scratch and mar are demonstrated individually. The key findings of previous
studies and the considerations to the current studies are discussed. Last but not least, the
research topics of the following several chapters are outlined.
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I.1. Literature Review of Scratch Behavior of Polymers

Compared to mar, the scratch behavior of polymer has been studied scientifically
earlier. The first problem that researchers tried to solve is how to test and evaluate the
material scratch resistance. There are some proposed testing methods and testing
machines, such as the single-pass pendulum test [14], the five-finger test [15], and the
Taber test [16], etc. Most of these tests are applied by the machine with dead load controls.
Even though the equilibrium state could be reached in the constant load tests [17], these
methodologies show low testing efficiency to quantify the scratch resistance of polymers.

In 2005, a more consistent scratch testing methodology was established as ASTM
D7027-05/1SO 19252:08 standard [18]. This new method employs a linearly increasing
load with an adjusted constant speed. Instead of using an indentation Berkovich tip [19],
a spherical tip made of stainless steel was suggested for utilization to avoid cutting
damages in the scratch test. With this method, the scratch resistance of polymers could be
easily compared and quantified in mainly three aspects. The first way is to capture the
critical load for damage transition at certain conditions during the scratch test. Extensive
research work has been carried out to correlate the evolution of scratch induced damages
features with the mechanical behavior and surface properties. Jiang and Browning et al.
has demonstrated the fish scale type damages caused by stick-slip phenomenon could take
place on the Thermoplastic Olefins (TPO) from certain critical loads shown as Figure 1-2
(@) [9]. While the epoxy could show micro-crack beginning from a certain load in an
increasing load scratch test as shown in Figure 1-2 (b). By using this method, Molero et

al. has proved epoxy in a higher crosslinking density has better resistance to microcrack
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in the scratch test [20]. Moghbelli et al. performed ASTM-D7027 scratch tests on
polymethylmethacrylate (PMMA) with different moisture exposure time period, and
shows the water could lead to the reduction of scratch resistance to crack damages because
water could act as a plasticizer. The crack damage combined with crazing features on one
of the PMMASs is shown in Figure I-2 (c). [21]. Browning et al. demonstrate increasing of
acrylonitrile (AN) content and molecular weight of styrene-acrylonitrile (SAN) random
copolymers results in delaying the onset of micro-cracking due to the improvement of the

tensile strength (Figure 1-2 (d)) [7].

Scratch
Direction

Normal Load = 31.2N : 001 : 500 pm

(c) (d)
Figure 1-2. The crack onset damages of (a) TPO (b) D.E.R. 661 Epoxy (c) PMMA (d)
SAN under ASTM-D7027 scratch tests. Respectively reprinted from (a) Jiang et.al [9].
(b) Molero et. al [20] (c) Mogehbelli et. al [21] (d) Browning et. al [7].

The second way to compare and quantify scratch resistance is to measure the
material deformation induced by scratch. The scratch groove geometry such as groove
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depth, width, and shoulder height as shown in Figure 1-3 could be measured with atomic
force microscopy (AFM) or the high-resolution 3D scanner such as Laser scanning
confocal microscope (LSCM) [22]. The model system with a more severe scratch
deformation in the same testing conditions means it has a lower resistance to deformation.
The previous studies demonstrated not only material parameters such as modulus and yield
stress but the coefficient of friction could affect the scratch resistance to deformation
significantly. Hossain et al. found even a 0.1 difference COF on amorphous polymers

could lead to about 5- 10 um different scratch depth and shoulder height value [23].

Fredrich et al. conducted ASTTM-D7027 scratch tests on several high-performance
polymers including  Polybenzimidazole  (PBI),  Polyparaphenylene  (PPP),
Polyetheretherketone (PEEK), Polyimide (PI) [2]. And it shows Polybenzimidazole (PBI)
is the most scratch-resistant material among the above-mentioned ones in terms of the
scratch width. Browning et al. found the ethylene-propylene rubber (EPR) TPO has a
lower scratch depth in the faster scratch test due to the improvement of yield stress at

higher strain rates [24].

Scratch
«— width —

Shoulder height

Figure 1-3. Schematic of the cross section of scratch groove features. Reprinted from
Hossain, et al. [6].



The third aspect to compare and quantify the scratch behavior of polymers is to
study the resistance of the scratch groove to the visibility. Scratch becomes visible to
human eyes when changes in light scattering/reflection between the scratch path and the
background surface exceed 1-3% contrast, depending on the color and gloss of the samples
[25, 26]. The physics behind the changes in contrast, can be mainly due to: (1) Change in
surface roughness due to the appearance of damages in the scratch groove. Damages such
as crazing or brittle crack demonstrate the whitening effect due to the existence of micro-
voids. With a non-white virgin color, the scratch becomes easily visible. Therefore, the
scratch resistance to the visibility of many crazeable polymers such as Polystyrene (PS),
Polymethyl methacrylate (PMMA), Acrylonitrile styrene acrylate (ASA) could be
affected by this mechanism [21, 27]. (2) Change in surface topography of the scratch such
as groove height and depth. In a certain light condition, a scratch performed by increasing
load test begins to become visible from a certain position, because the scratch shoulder
height reaches a critical value to show enough contrast compared to the virgin surface [24,
26, 28]. The onset of visibility caused by this reason is closely related to the incident light
directions. (3) Change in surface refractive index due to molecular orientation, etc. Based
on the above physics, Jiang and Browning et al. proposed the methodology to
quantitatively evaluate scratch visibility according to contrast, size, and continuity criteria
[26]. Many studies to scratch visibility using this method have shown consistent results
with human observation surveys [25, 29, 30]. Scratch resistance to visibility has drawn
significant attention in some areas especially the automotive industry. It has been shown

the texture could disguise the scratch to some degrees, so that improve the resistance to
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scratch visibility [31]. Therefore, the TPO plates used for vehicle interiors are always
designed with textures.

To study the mechanics involved during the scratch process, finite element
methods (FEM) has been widely used due to its capability to formulate several physical
phenomena and unique material response into a single analysis [32]. The advantage of
numerical modeling compared to the experiment is that the parametric study could be
achieved, since it is extremely difficult to experimentally choose polymers with the
systematic change in their constitutive property without altering other properties. For
instance, previous studies showed that the elastic modulus and yield stress are usually
coupled [33-35]. Similarly, the softening and hardening slopes are interconnected as in the
case of PS modified with poly(2,6-dimethyl-1,4-phenylene oxide) or di-(ethyl glycol)-
dimethacrylate cross-linking agent [36]. Several FEM numerical studies in the early stages
are to study the effects of key parameters on the scratch behaviors of the polymer. For
example, Subhash et al. carried out a parametric study with FEM simulation for the
displacement-controlled scratch test with an indenter tip. The studies show the maximum
tangential force F; increases with the apex angle « of the indenter and the interfacial
friction coefficient ug [37]. Some researchers have conducted parametric studies to
investigate the effect of material properties and surface conditions on scratch behavior [6,
38, 39]. The typical compressive true stress-strain curves and simplified piece-wise linear
curves for parametric study are shown in Figure I-4. It was concluded that the yield stress,
strain at stress recovery, and coefficient of surface friction (COF) are the most important

parameters for scratch induced deformation [6]. Strain hardening slope has a moderate
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effect [6]. Additionally, Young’s modulus in the range of 1.65 GPa to 4 GPa could be
regarded as no effect on scratch depth [40]. Increasing yield stress, strain at recovery,
strain hardening slope, and reducing COF could improve the scratch resistance to

deformation.
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= +* Strain softening slope: s
E. 50 +¢ Strain hardening slope:
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Figure 1-4. (a) Compressive true stress-strain curves of PMMA, PC, and PS, (b)
simplified piece-wise linear stress-strain curve for parametric study. Respectively
reprinted from (a) Van Melick, et al. [36] (b) Hossain et al. [6].

Extensive previous studies utilized the FEM model described previously to
provide a mechanistic explanation of scratch damage. Jiang and his coworkers carried out
the FEM simulation to analyze the stress field during the scratch tests [9]. They found the
high tensile max. principal stress and hydrostatic tension behind the scratch tip are
responsible for the damages such as crack, craze, and microvoid [9]. Xu et al. built a 3D
FEM model for alternating multilayered PVDF/PMMA sheets and revealed scratch
damage of PVDF material was caused by tensile tearing [41]. With the multiplication of

layers, the decrease of tensile stress imposed on the first PVDF layer led to the delay of
9



scratch damage. Pagmoux et al. utilized the Maximum principal stress field calculated via
FEM model considering the coating thickness effect to explain the crack features on the
scratch shoulder of the Diamond-Like-Carbon (DLC) coating [12]. Xiao et al. performed
a 3D FEM scratch modeling accounting for the mechanical properties of cast Polyurethane
(CPU) to explain the bulging phenomenon observed in the mid-portion of the scratch
groove [42]. The studies show the von-Mises stress concentration in the PU elastomer
model system shift away from the centerline of the scratch path, which couldn’t be seen
in the semi-rigid or rigid polymers. Hamdi et al. investigated the scratch behavior
of polyamide 6 (PA) and propylene (PP) laminates, and utilized FEM modeling to gain an
understanding of scratch mechanisms [43]. The low scratch resistance exhibited by the
PA/PP laminates was associated with the high stress magnitude at the interface, which led
to interfacial failure. Contrarily, PP/PA laminates could minimize interfacial stresses
through the absorption of mechanical energy at the top PP layer and by preventing stress
concentration build-up at the interface of the bottom PA layer. This behavior was
attributed to low friction, material constitutive behavior, and the density-graded structure

of PP/PA laminates.

Compared to the above FEM modeling studies, very limited research has attempted
to achieve the quantitative prediction of polymer scratch deformation. Jing et. al derived
an analytical model for estimating the inelastic and damage zone size for brittle solids
[44]. Breemen et. al implemented a hybrid experimental-numerical approach to
understand the frictional behavior during the scratch process and proposed a quantitative
modeling framework to predict the instantaneous penetration and lateral force during
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scratch [45]. Hossain et al. used a FEM parametric study to show that the yield stress,
strain at recovery, and strain hardening slope are important factors that influence the
residual scratch depth [6, 38]. They have also successfully introduced a numerical model
for predicting the scratch-induced deformation of polycarbonate (PC) and styrene
acrylonitrile (SAN) at room temperature by incorporating appropriate rate and pressure
dependent constitutive models and frictional behaviors [46].

The experimental and numerical research efforts discussed above help us gain
insight into the scratch behavior of the polymer. However, there are still many problems
waiting to be solved. Due to the complexity of the scratch behaviors mentioned above, a

better understanding of the scratch behavior of polymers is still needed.

I.2. Literature Review of Mar Behavior of Polymers

As a new proposed single pass tribological damage, there have been only a few
reports that focus on the mar behavior of polymers. As mentioned above, mar is a different
type of surface damage from scratch. Mar damage can be caused by one or a combination
of the following mechanisms: meniscus wrinkling, uneven viscoelastic deformation,
localized molecular orientation, crazing, shear banding, and micro-cracking. The
underlying physics of most of these mechanisms are still unclear and cannot be easily
modeled. Depending on the surface properties, mar damage can be induced by two
mechanisms, ironing or roughening [4]. The ironing process is usually formed on rough

surfaces. Surface asperities are suppressed by the smoother mar tip and the mar area
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becomes smoother than the background of the sample. In contrast, roughening mar is
usually formed on smooth surfaces. The damaged area is roughened by the mar tip.
While the research to mar and scratch is closely related especially in terms of
testing and evaluation methods. The ASTM-7027/1SO-19252 standards designed for
testing scratch behavior have been extended to mar testing by changing sliding tips, either
a smooth barrel head or a tip with rough sandpaper surface respectively shown in Figure
I-5 (a) (b) [29]. A smooth barrel head usually causes ironing mar. However, it can also
induce roughening damage when the roughness of the mar head is higher than that of the
polymer surface [4]. Given its significant roughness, the sandpaper surface can only
generate roughening mar damage. Recently, the smooth barrel tip was used to conduct
mar tests on textured thermoplastic olefin (TPO) designed for automotive interior parts.
This study found a good correlation between the obtained mar damage performance and
the results of initial quality surveys (1QS) filled out by consumers [1]. Therefore, this
testing condition will be considered in our study because of its simplicity and practicality.
As for the mar resistance evaluation, due to the lack of clear damage transition and obvious
geometrical change on the mar path, the mar resistance could be only captured through
visibility. Chrisman and Hamdi have successfully conducted linear increasing load mar
tests on polymeric films and TPO bulks. And the mar resistance of different samples was
evaluated based on the contrast curve as a function of the normal load. It turns out the mar
damage visibility determined by this methodology correlates well with human
perceptions. However, no FEM study has been conducted to investigate the behavior of

mar induced damage [4, 43].
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(a) (b)
Figure 1-5. The tips to test mar behaviors of polymers with ASTM-7027/I1SO-19252
standards (a) barrel mar tip (b) sandpaper mar tip. Reprinted from Chrisman et al. [29].

1.3. Research Scopes and Dissertation Layout

The literature review about single-pass tribological damages gives us a hint about
the fundamental knowledge that has been generated and the problems still waiting for
resolved. Due to the broad scope of this field, several research topics are determined based
on the achievements of previous studies and recently developed techniques. The
knowledge generated via the research efforts in the current dissertation provides the
guidelines for the development of scratch and mar resistant polymeric systems.

In Chapter 11, the research subtopics covered in this dissertation are highlights.
Furthermore, because of the complexity as pointed out above, the research strategy to each
research subtopic is illustrated in this Chapter.

Chapter 111 focuses on the mar behavior of polymers. This subtle damage is highly
under-investigated because of its complexity for modeling [30]. Due to the gradually
increasing intention to mar damages from various industries, building a FEM model to

study the mar damage is the precondition for future fundamental research. Therefore, in
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this chapter, the FEM analysis to mar behavior of several engineering polymers is carried
out to connect the visibility evaluation with mechanics knowledge.

Chapter 1V and V, and VI focus on scratch behaviors of the polymer. Extensive
FEM studies have modeled the scratch deformation without damages [5, 47, 48]. But
scratch induced damages such as crack, stick-slip features, etc. are still under-investigated
[49]. Delamination is one of the most common scratch induced damages in various
multilayer polymeric systems such as food packaging, photonic devices, and automotive
exterior paint. However, due to the lack of fundamental studies in this field, there are still
many unknowns. Both Chapter IV and Chapter V are about experimental and FEM
analysis to scratch induced delamination damage. In Chapter 1V, the FEM modeling
combined with the scratch test is carried out to investigate the corresponding stress state
that causes delamination during scratching in the semi-rigid multi-layer polymeric
systems. Furthermore, the delamination strength of the model systems is semi-
quantitatively assessed. In Chapter V, experimental work is carried out to validate the
FEM modeling approach for the quantitative determination of delamination strength
proposed in Chapter V. Besides that, a parametric study is conducted in this chapter to
gain insight into the effect of layer thicknesses and material parameters on delamination
behavior in the scratch test.

From the above literature review, another under-investigated research topic is the
development of quantitative modeling methodology to predict scratch behavior under
different conditions. This topic is significant since the achievements could help to predict

the scratch behavior in advance. Due to the development of polymeric-based composite
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materials, more and more products made of polymer have been used at different
temperatures, such as warm/cold food packaging, fire-safety products, and automotive
ventilation systems. However, surface quality is still required to be maintained in different
conditions. Due to the highly temperature-dependent behavior of polymers, scratch at
elevated temperatures always demonstrates more severe deformation than that at room
temperature [50, 51]. Therefore, Chapter V focuses on proposing a quantitative FEM
model to predict the temperature-dependent scratch deformation [22]. Also in this chapter,
the chosen theories that describe temperature dependent constitutive and friction behaviors
are illustrated in details. Then, the contributions to the polymeric research community and

the limitations of the proposed model are discussed in the chapter as well.

15



CHAPTER II

OVERVIEW OF RESEARCH OBJECTIVES AND STRATEGIES”

To model the scratch and mar behavior of polymeric systems, there are mainly
three types of factors that should be considered in the FEM analysis as shown in Figure
I1-1, namely constitutive behavior, contact behavior, and structure & geometry. It is well-
known that the constitutive properties of the polymer are strain-rate dependent, hydrostatic
pressure dependent, temperature-dependent, and time dependent [52]. Different from
ceramics and steel, most of the polymers such as Polypropylene (PP) and Polycarbonate
(PC) demonstrated inelastic region and strain-softening behaviors respectively before and
after yielding point [53]. Unfortunately, there is no one universal model that could predict
all of this constitutive behavior precisely in a wide testing ranges until now [30].
Therefore, it is very important to choose appropriate polymeric constitutive models and
make certain assumptions according to the research objective. The second type of behavior
needed to be taken into account in the scratch and mar simulation is the contact behavior.
From the literature review in Chapter I, the texture pattern and roughness of the polymeric
surface, and the coefficient of friction (COF) between the contact pairs could affect the

scratch and mar damages significantly [23, 25]. Last but not least, as for the polymeric

* Part of this chapter was reprinted from Wear, 444-445, Du, S., Hamdi, M., Sue, H.-J.
Experimental and FEM analysis of mar behavior on amorphous polymers, 203155, Copyright
(2020), with permission from Elsevier.
* Part of this chapter was reprinted from Polymer, 197, Du, S., Mullins, M., Hamdi, M., Sue, H.-
J., Quantitative modeling of scratch behavior of amorphous polymers at elevated temperatures,
122504. Copyright (2020), with permission from Elsevier.
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systems with complicated structures, such as multi-phase composite or multilayer
laminates, the structure and geometry has to be considered in the FEM model [43, 54, 55].
For example, Chandelia et al. studied the scratch behavior of epoxy/silica and
epoxy/rubber micro-composites. They found a higher plastic deformation is induced with
an increase in volume fraction for both types of particles compared to neat epoxy. And
deeper residual scratch depth is expected in composites containing micro rubber particles

than containing silica particles [56].

[ FEM modeling of scratch/mar behavior of polymeric structures ]

] |
Constitutive Behavior Contact Behavior Structure & Geometry
+ Strain-rate dependent + COF *  Multi-phase systems
* Hydrostatic pressure *  Texture = Multilayer laminates
dependent * Roughness

* Temperature dependent
* Yield behavior

* Strain hardening

+ Strain softening

* Damage and Fracture

* Time-dependent

Figure 11-1. Factors to be considered in the FEM scratch and mar model.

However, it is not always necessary to take all of these factors into account in the
FEM scratch and mar model. Making assumptions appropriately to ignore some non-key
factors is critical to keep computational efficiency. For example, the polymer strength is
always ignored in the numerical model for analyzing the scratch deformation without

crack and micro-void damages [39, 43, 57]. Commonly, the heat generation in a single
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tribological path might be ignored in the FEM modeling. Because it has been shown that
the temperature rise caused by heat generation on many polymers under the ASTM
standard scratch test is negligible [53,54]. The next part illustrates the modeling strategy

and assumptions are made for each research subtopic.

11.1. Research Subtopic 1: FEM Modeling of Barrel Mar Behavior of Amorphous
Polymers
I1.1.1. Research objectives

As mentioned in the dissertation layout, FEM analysis for the mar damage is
focused on Chapter I11. However, the biggest issue for modeling mar behavior is that mar
resistance could be only quantified through visibility analysis nowadays [29, 58].
However, visibility couldn’t be calculated in numerical modeling. Furthermore, some
parameters that affect the visibility of mar damage couldn’t be considered in the FEM
analysis, such as light conditions. Therefore, the first objective is to establish the
correlation between the test and simulation by proposing some useful criteria in the FEM
model for the quantitative assessment of mar performance. After that, the effect of material
behaviors on mar performance is investigated with these criteria.
11.1.2. Research strategy

With the preference of the previous FEM modeling for scratch damage, a similar
FEM approach has been chosen for the mar behavior simulation. The barrel head induced
mar damage is investigated in the current study instead of sandpaper mar damage, since it

still seems impossible to model the multiple micro-scratches involving 3-body abrasion

18


https://www.sciencedirect.com/science/article/pii/S0032386120303360#bib53
https://www.sciencedirect.com/science/article/pii/S0032386120303360#bib54

caused by random geometry particles on sandpaper. Also, although FEM modeling
coupled with statistical analysis has been employed to model scratch damage on a polymer
surface with a regular texture pattern [59], there is still a lack of a robust mapping method
and mathematical representation for modeling on the polymer with irregular surface
texture. Thus, only the elastic-plastic smooth surfaces without asperities will be
considered for the present FEM mar behavior simulation.

To correlate with simulation, the uniform smooth matte surface requires to be
prepared to generate barrel tip ironing mar in the experimental work. To do so, an
embossing process on the model polymer systems was performed using a stainless steel
plaque with Ra = 3.24 + 0.07 um, which was processed by an electron digital machining
(EDM) treatment as shown in Figure I1-2 [60]. Furthermore, three model amorphous
polymethylmethacrylate (PMMA), polycarbonate (PC), and polystyrene (PS) samples
were chosen as model systems, since their key material properties such as modulus, yield
stress are very different from each other. This could be a benefit in the parametric analysis

to correlate the mar performances to material properties.
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Figure 11-2. Representative VLSCM image of EDM-processed stainless steel plate.

11.2. Research Subtopic 2: FEM Analysis on Scratch Induced Delamination
Damage of Polymeric Multilayer Structures
11.2.1. Research objectives

Some previous research work has proven that scratch on polymeric multilayer
systems is not only detrimental to the top surface but may also cause delamination between
polymeric laminates [11, 12] due to the extremely high interfacial stress [61]. Therefore,
the scratch test based on ASTM-D7027 could become an efficient testing methodology to
evaluate the resistance of laminates to adhesive failure. One of the objectives in Chapter
IV is to propose an approach that combines scratch test and FEM modeling to determine
the delamination strength of multilayer polymeric systems. Furthermore, the stress state
at the interface was analyzed via FEM analysis to provide the groundwork for a
comprehensive in-depth study in Chapter V.

The research work in Chapter V answers why the resistance to scratch induced
delamination and the interfacial failure mode in various types of polymeric laminates can

be different [55, 62]. For example, it has been shown that a typical Mode Il shearing-
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dominated delamination occurs in the scratch test between the pentaerythritol triacrylate
(PETA) top coating and trimethylolpropane ethoxylate triacrylate (TETA) base layer [55].
A mixed-mode delamination was observed between the blow-molded top polyethylene
terephthalate layer and the adjacent nylon layer [61]. The difference in delamination mode
and delamination resistance is often attributed to the constitutive properties and the
respective thickness of each layer. However, only a few reports focus on actual adhesive
failure between two layers. The ‘delamination’ mentioned in most previous FEM studies
are actually cohesive failure of the tie layer [63, 64], instead of the debonding between
two surfaces. For example, Wredenberg et al. implemented an interfacial cohesive zone
into their FEM model to simulate the delamination of vinyl ester coating from the steel
substrate [64]. However, the initiation and propagation criteria of the ‘delamination’ are
quantified by the energy release rate (G) of the crack growing inside the tie layer, which
indicates that their modeled ‘delamination” is the cohesive fracture of the tie layer. Most
previous scratch-induced delamination analyses focused on ceramic or metallic coatings
as the model systems, like the Diamond-Like-Carbon (DLC) coatings and chemical vapor
deposited (CVD) diamond coatings [12, 65, 66]. Unfortunately, those findings are not
applicable to polymeric systems due to its more complex mechanical behaviors compared
to metals and ceramics, such as strain-softening [67] and hydrostatic pressure dependent
behavior [68, 69]. Furthermore, nearly all the research work focuses on investigating how
the properties of the top layer laminate or coating affect the scratch induced delamination
[12, 65, 66]. It has been shown that the constitutive behaviors of the base layer are equally

important in affecting delamination behavior [61, 62]. For example, a blow-molded tri-
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layer polymeric system with a PET base layer exhibits a higher delamination resistance
than that with a nylon base layer, even though the top layer of both laminates are the same
[61]. Therefore, it is necessary to carry out a fundamental study to understand how the
delamination between the polymeric laminates is influenced by both top and base layer
thicknesses and constitutive properties. Generally, Chapter V focuses on determining the
effects of laminates’ constitutive properties and thicknesses on scratch induced
delamination behavior by conducting parametric study with an experimentally verified
FEM modeling approach.
11.2.2. Research strategy

To understand the actual adhesive failure between two polymeric layers, cohesive
zones approaches are not used. Instead, the stress distribution at the interface between two
adjacent layers was analyzed via FEM modeling in this work. The current study is based
on the tensile maximum principal stress criterion [70-72] for the onset of delamination,
which means the delamination will only initiate when the peak tensile maximum principal
stress (of) at the interface reaches a critical value. Hence, the delamination resistance of
the model systems can be assessed by comparing the development of the peak of at the
interface right before delamination. Furthermore, the direction of the peak o at interface
when delamination occurs can also reveal the failure mode. For example, a Mode |
dominant delamination occurs when the direction of the peak of at the interface is nearly
perpendicular to the interface.

To simplify the problem, the model did not consider node separation and element
deletion, temperature rise, heat generation, or time and temperature-dependent response
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[73, 74]. However, the hydrostatic pressure dependent yield criterion needs to be included
in the FEM model because the crack propagation of polymer is hydrostatic stress
dependent [75, 76].

Furthermore, since there is still a lack of an appropriate FEM modeling approach
to model the plowing damages, weakening the bonding strength by applying PTFE agent
at the interface is to make delamination in scratch test takes place before the onset of
unstable plowing damages. To validate the FEM model, a double-layer coating system
made by the bisphenol-F based epoxy resin (D.E.R. 354 Dow Chemical) and Mannich
based agent (D.E.H. 615 Dow Chemical) was chosen as model systems. Because it allows
for the fast cure at room temperature to avoid uneven coating. A micrometer integrated
film applicator was used to control the coating thickness accurately. To modify the
constitutive properties of the epoxy coating, the different mount of Jeffamine® M1000
mono-amine was mixed with D.E.R. 354 epoxy resin and the D.E.H. 615 curing agent.
The cross-linking density of the epoxy network is reduced because part of the epoxide

groups reacts with the M1000 mono-amines [77].

11.3. Research Subtopic 3: Quantitative Modeling of Scratch Behavior of
Amorphous Polymers at Elevated Temperatures
11.3.1. Research objectives

In the research scope section of Chapter I, the significance of developing the
temperature dependent quantitative modeling approach has already been shown.

Therefore, briefly, the objective of Chapter VI is to quantitatively predict the scratch-
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induced deformation of amorphous polymers at elevated temperatures, but below Tg of

the polymer.

11.3.2. Research strategy

As mentioned in Chapter I, Hossain et al. successfully introduced a numerical
model for predicting the scratch-induced deformation of polycarbonate (PC) and styrene
acrylonitrile (SAN) at room temperature by incorporating appropriate rate and pressure
dependent constitutive models and frictional behaviors [8]. However, this approach cannot
be used to predict the scratch performance of polymers as a function of temperature. One
of the assumptions involved in their study is that the strain rate would not affect strain
softening and hardening behaviors of PC and SAN. Therefore, the post-yield behavior at
various strain rates was estimated by simply shifting the post-yield stress-strain curve
measured in a quasi-static state to the yield point at different strain rates [8]. Unfortunately,
this stress-strain curve shifting would not be appropriate if the post-yielding behavior of
the polymer is also affected by temperature. To overcome this drawback, a temperature-
strain rate-dependent constitutive model, namely the Arruda-Boyce viscoplastic model,
was employed to describe the post-yield behavior at various conditions [9]. Although the
above model is semi-empirical, this has been successfully applied to determine the tensile
and compressive behaviors of amorphous polymers, such as polymethyl methacrylate
(PMMA), PC, and even semi-crystalline thermoplastic olefins [78-82].

One limitation of the Arruda-Boyce viscoplastic model is its inaccurate prediction

of the polymer yield stress, especially at high strain rates [78, 83]. A previous parametric
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analysis showed that yield stress has a significant influence on scratch behavior [6, 84].
Even a small difference in yield stress like 15 MPa will induce conspicuous changes in
scratch groove dimensions [6]. Therefore, an accurate prediction of this parameter is
necessary for quantitative analysis. The yield stress was previously predicted using
Bauwens-Crowet’s approach and Ree-Eyring theory [46, 85]. Based on Bauwens-
Crowet's work, the curves showing the relationship of yield stress versus temperature or
strain rate can be divided into three zones, as shown in Figure 11-3 [86]. At high
temperatures or low strain rates (Range 1), the yield stress of amorphous polymers can be
assumed to mainly relate to a single molecular backbone activation process, o process.
While at low temperatures or high strain rates (Range 1’), an additional energy process, B
process, is required to supply the activation of frozen molecular movement besides the o
process [87]. Hence, Range I’ is an activation process combining the o+B processes.
However, between Range I and Range I’, there is a transition range without equations
describing the relations between yield stress and temperature/strain rates [86], which
results in the inaccurate yield stress prediction in the transition region, especially |o.| as

shown in Figure 11-3.
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Figure 11-3. Uniaxial compressive (|oc|) and tensile o: yield stress of Polycarbonate
(PC) versus temperature at a constant strain rate 4.16x1072 /s. Reprinted from Bauwens-
Crowet et al. [86].

From the previous studies, the average effective strain rate near the scratch groove
of PC was estimated to be 480/s with Equation (I1-1) [88], where v is the scratch testing
speed of 100 mm/s and w is the width of the scratch groove. By using Equation (I1-2), the
position of the transition region in the yield stress versus temperature plot at a constant
strain rate of 480/s was approximated as 101<C [86], which means that the transition is

below the Tq of PC (Tq~148<C). Qj is the activation energy and C; is a material constant
of the B activation process. The Q;z and Cg of PC are respectively 9.6 kcal/mol and
2.76 x 1079 s, from Bauwens and Crowet’s work [87]. R is the gas constant 8.31446 J -

K1 mol™1.
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However, there is no equation for yield stress prediction in this transitional regime.
Therefore, the Bauwens-Crowet's approach has limited capabilities for predicting the yield
stress of amorphous polymers at high strain rates, and the temperature range
around Tg below T.. To overcome this issue, Richeton et al. developed a cooperative

model to predict the yield stress of amorphous polymers in a wide range of strain rates and
temperatures based on the Eyring theory [89]. By considering the cooperative movements
of the polymer chain segments and the structural change of amorphous state due to thermal
history, Richeton’s model has been found to predict the yield stress of amorphous
polymers as a function of temperature and strain rate more accurately than the previous
models [90, 91].

Other than the temperature effect, the contact behavior between the scratch tip and
substrate also has a significant effect on the scratch resistance of polymeric surfaces [38,
92, 93]. The evolution of friction during the scratch process needs to be carefully
considered in the contact model. Hossain et. al introduced a pressure-dependent
coefficient of friction (COF) of PC and SAN determined by simulated shear strength. This
was useful for modeling the effect of pressure on the contact behavior during the scratch
test [46]. It has to be noted that COF is highly dependent on temperature [94, 95].
Therefore, for quantitative modeling of scratch-induced deformation at various

temperatures, the effect of temperature on COF should be considered.
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Based on the research objectives and strategies illustrated above, the experimental
and FEM modeling work of each subtopic was demonstrated in the following chapters

from Chapter 111 to Chapter VI.
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CHAPTER IlI
EXPERIMENTAL AND FEM ANALYSIS OF BARREL MAR BEHAVIOR OF

AMORPHOUS POLYMERS®

111.1. Experimentals
111.1.1. Model systems

The model amorphous polymers investigated in this study consist of
commercialized PMMA (Plexiglas® V052), PC (Makrolon 2800), and PS (Polystyrol
158K) materials prepared using the injection molding process. Their melt flow rates and
glass transition temperatures (Tg) are presented in Table 111-1. Each system has dimensions
of 150 mm x 150 mm x 3 mm and 150 mm x 150 mm x 6 mm for various mechanical
characterization needs. PMMA samples were provided by Arkema Inc (King of Prussia,
USA), while PC and PS samples were provided by BASF SE (Ludwigshafen, Germany).
To obtain more consistent mar results, all the samples have high gloss piano black color

and similar surface roughness.

Table I111-1. Melt flow rate and glass transition temperature (Tg) of the model systems.

Melt Flow Rate (cm3/10 min) Ty (T) (Ry)
PMMA 2.4 (@ 230 T, 3.8 kg) 116
PC 10 (@ 300 T, 1.2 kg) 148 36 +3nm
PS 3.5 (@ 200 T, 5 kg) 100

* Part of this chapter was reprinted from Wear, 444-445, Du, S., Hamdi, M., Sue, H.-J.,
Experimental and FEM analysis of mar behavior on amorphous polymers, 203155, Copyright
(2020), with permission from Elsevier.
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111.1.2. Surface roughness embossing

The original surface roughness values of the model systems are (Rp)initiar =
36 + 3 nm. Itis difficult to investigate mar-induced ironing damage on such considerably
smooth surfaces. Therefore, it is crucial to modify the surface roughness of the model
samples in a consistent fashion without affecting their bulk properties. It has been found
that embossing is a reliable process to achieve consistent nanometer to micrometer scale
surface roughness in a repeatable fashion. Consequently, a stainless steel plaque processed
by an electron digital machining (EDM) with a surface roughness of R, = 3.24 +
0.07 um was used to emboss similar surface roughness values on the model systems. The
samples were compressed for 30 minutes using a PHI hydraulic press at a pressure of 1.3
MPa and a temperature that is 10<C above the T4 of the embossed polymer. Then, the
samples were left to cool in the hot press until reaching ambient temperature.
111.1.3. Surface roughness characterization

A Keyence VK9700 Violet Laser Scanning Confocal Microscope (VLSCM) was
employed to measure the surface roughness of the embossed samples [96]. Measurements
were taken on an embossing steel surface, the embossed model systems, and on the marred
paths of the samples at distances of 10 (~15 N), 30 (~42 N), 50 (~75 N), 70 (~112 N), and
90 mm (~154 N) from the origin. At each location, the measurements were conducted at
five random nearby locations over an area of 675 X 506 um using a 20x objective lens.
A representative VLSCM image showing the roughness of embossed stainless steel is

shown in Figure I1-2.
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111.1.4. Mar test

Mar tests were conducted according to ASTM D7027 / ISO 19252 standards [97,
98] using Scratch 5 Machine provided by Surface Machine Systems® (College Station,
TX). Barrel mar tests were performed using a self-aligned stainless steel barrel tip (Figure
I11-1) with a length of 12 mm and a diameter of 10 mm. The test consists of applying a
normal load linearly increasing from 1 to 180 N along the injection molding direction at a
constant speed of 10 mm/s over a distance of 100 mm. To obtain consistent results, at least
three mar tests were carried out on each material. The load range was chosen to make the

mar of the model systems visible enough for assessment and analysis.

Figure 111-1. Self-aligned stainless-steel barrel tip used for mar test. Reprinted from
Chrisman et al. [29].

111.1.5. Coefficient of friction (COF)
The global coefficients of friction (COF) of the embossed samples were

determined by sliding a smooth stainless steel flat tip with dimensions of 10 mm X
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10 mm. A constant normal load of 3 N was applied over a distance of 100 mm at a speed
of 10 mm/s. Five measurements were performed on each sample.
111.1.6. Mar visibility evaluation

The visibility of the marred samples was evaluated according to the procedure
described in the previous study [25, 26, 29]. Samples were placed in a Black Box with
dimensions of 690 mm x 430 mm x 690 mm provided by Surface Machine Systems®.
Preliminary tests showed that the observation angle should be set to 90<and the angle
between the camera and the light source should be set to 50 “to maximize the darkening
effect caused by the ironing process. Then, mar images were analyzed using Tribometric®
software provided by Surface Machine Systems®. This software generates a contrast curve
showing the contrast value between mar area and virgin background of the sample as a
function of the applied mar load. Figure 111-2 shows the areas utilized for mar visibility
evaluation, which consists of a green box capturing mar area and two surrounding white
boxes indicate the background of the sample surface. The distance between the mar area
and each of the background areas is 0.5 mm. At each pixel, the contrast value was
determined using Equation (111-1):

1/v_ 1/
Contrast (%) = {m =Up)77 (1-1)

(Imax)l/y

Where I,,, refers median brightness of the pixel line (blue area in Figure I11-2) in
the mar path. I, refer the intensity of background, determined by the median grayscale

value of two 2 mm X 0.5 mm areas in yellow boxes. I,,,, IS the maximum captured
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intensity along the whole mar path. y refers to the power-law scaling factor to normalize

color intensity values.

Background

Path Selection =

Figure 111-2. Areas utilized for mar visibility Evaluation. Reprinted from Chrisman et
al. [29]

111.1.7. Human observation procedure

Ten trained participants were involved in the human visibility assessment
described previously [29, 58]. The test was conducted in a dark room to avoid background
interference. Each of the participants was separately asked to rank the mar severity from
1 to 10, with 10 referring to the most visible mar. No information about the model system
and testing conditions were notified to participants during the procedure.
111.2. FEM Modeling
111.2.1. FEM model

The commercial finite element package ABAQUS 2017® was employed to
perform the FEM modeling of the mar tests [99]. The dimensions and boundary conditions

of the model are presented in Figure 111-3 [43, 61]. The mar tip was modeled as a rigid
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cylindrical body with a diameter of 1 mm, an edge of 1 mm, and a spherical side with a
diameter of 1 mm to suppress the stress singularities caused by the edge effect.
Eight-node 3D linear brick elements (C3D8R) with three nodal displacement
degrees of freedom and reduced integration were considered to mesh the substrate. A
refined mesh with element dimension 46.5 ym X 56.2 pm X 30.0 pm was considered
beneath the mar tip across a critical distance A-B for better computational performance
and computational efficiency [39, 49]. Also, dynamic stress analysis and adaptive
remeshing provided by ABAQUS were utilized in our model to preserve the mesh quality

and avoid excessive distortion of the elements [43, 99].

Figure 111-3. 3D finite element analysis model with the boundary conditions described.
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111.2.2. Mar simulation

The mar test was modeled in accordance with the same ASTM/ISO standards [97,
98]. The model did not consider elements separation and removal after damage, heat
generation, and time and temperature-dependent response for simplification purposes. The
first step is the indention test where the rigid mar tip moves down with an applied load of
0.5 N and maintains contact with the surface. Then, the mar process takes place and the
tip slides over a distance of 12 mm with a speed of 10 m/s and a linearly increasing load
from 0.5 to 50 N. The mar direction is indicated in Figure 111-3. The friction of p = 0.3
was considered between the tip and the substrate. This is roughly the COF value of the
roughened materials measured experimentally as will be shown later. Finally, the tip stops
at the end of the mar distance and moves upward allowing for material elastic recovery.
The FEM model methodology used in the present study including the same constitutive
model, boundary conditions, and mesh size has been verified by previous single-path
tribological studies [5, 6, 43].
111.2.3. Material properties

The 3D constitutive models such as BPA (Boyce-Parks-Argon) model [59, 79,
100, 101] and the EGP (Eindhoven Glassy Polymer) model [102-104] have been
demonstrated with the good capability to model the temperature and strain rate dependent
compressive behavior of PC and PMMA. However, to perform a meaningful parametric
study and to identify the most relevant material parameters that affect mar behavior where
the tensile behavior is also important, a simplified isotropic hardening model coupled with

the experimentally obtained tensile and compressive true stress-strain curves were chosen
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to generate piece-wise linear curves for all the FEM modeling needs (Figure 111-4) for the
FEM simulation [6]. These experimentally generated constitutive relations were found to
be sufficient in capturing the mar behavior differences among the three model systems
Also, previous work showed that the viscoelastic recovery of PC and SAN following the
scratch test is limited and can be ignored [46]. In order to further simplify the simulation,
PC, PMMA, and PS were assumed to be elastic-plastic materials without considering
temperature and rate dependent behavior. The main constitutive parameters are Young's
modulus (E), yield stress (o), softening slope (s), and hardening slope (h). The values of

these parameters, as well as the density (p), of the modeled materials are summarized in

Table 111-2 [6].

160 -
140 -

120 -

. 100 - /
©
s |
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g
5 0 —PMMA
40 A —PS

20 -
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Figure 111-4. Typical piece-wise linear stress-strain curve of PMMA, PC, and PS for
FEM modeling.
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Table 111-2 Constitutive parameters introduced in the FEM model.

Model System | E (GPa) | o, (MPa) s (MPa) h (MPa) p (g/cm3)
PMMA 3 110 -160 110 1.18
PC 2.5 70 -130 130 1.20
PS 3 100 -480 45 1.04

111.2.4. Parametric study

The impact of each of the constitutive parameters presented in Table 111-2 on the
mar behavior is investigated separately by conducting a parametric analysis. Each of these
parameters will be exclusively varied in the range of the model polymers investigated
while maintaining the linear piece-wise stress-strain curves of the model systems. The
values of fixed and varying parameters for each case study are highlighted in Figure I11-5.

It should be noted that the yield strain (&) is slightly changed when altering elastic

modulus or yield stress.
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Figure 111-5. Fixed and varying constitutive parameters considered in the parametric
study (a) elastic modulus (b) yield stress (c) strain softening slope, and (d) strain
hardening slope.

111.3. Results and Discussion
111.3.1. Experimental results

The surface coefficient of friction and root-mean-square (RMS) roughness (Rq) of
the examined model systems are presented in Figure I11-6. It is observed that the samples

have similar COF and Rq values. Therefore, the difference in mar behavior to be discussed
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later will be mainly attributed to their respective constitutive behaviors, instead of these

two factors [105].
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Figure 111-6. Surface coefficient of friction and roughness of the model systems.

Figure 111-7 presents the contrast curves along the mar path and the absolute
integral area beneath them for each of the model systems. Figure I11-7 (a) shows the
representative contrast curves obtained by a moving average of 20 consecutive points to
highlight the relative visibility. Also, the negative contrast values in this figure indicate
the ironing effect due to the reduction in surface roughness, which makes mar damage to
appear darker than the background [26, 106]. The contrast values of the three systems are
about zero below 50 N mar load. It might due to the very low plastic deformation [107].
It was previously shown that the integrated area under the contrast curve is a
straightforward way to quantify and compare the mar visibility resistance of polymers
[105]. Higher integrated area is associated with lower mar visibility resistance. Figure I11-7
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(b) shows that PMMA has the lowest area beneath the contrast curve. Thus, this material
is expected to have the highest mar visibility resistance. The integral area beneath PC
contrast curve is slightly smaller than that of the PS. This indicates that these two materials
have similar mar visibility resistance, with PS having a lower mar resistance.

To validate their mar performance, the contrast-based findings presented above are
compared with the human assessment results shown in Figure 111-8. The participants in
the human assessment ranked mar damage on PMMA samples as the least visible,
followed by that for PC which is ranked slightly lower than PS. These results are in good

agreement with the findings of the contrast analysis presented in Figure 111-7 (b).
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Figure 111-7. PMMA, PC, and PS (a) contrast curves and (b) absolute integral area
under them.

12

10 -

2
< 8
&
>
£ 6
% 9.7
‘g 1l 8.7
s

2 -
[ T T |
PMMA PC PS

Figure 111-8. Ranking of mar visibility on the model systems.
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As mentioned previously, no cracking or crazing damages were observed on the
mar area. Therefore, the detected subtle mar damage is mainly associated with the surface
roughness changes. This effect can be studied using the percent change in surface

roughness (AR, %) given by Equation below:

Rq(Marred)—Rqqo(Virgin)
Rqo(Virgin)

ARq% = x 100% (111-2)

Figure 111-9 shows the values of AR, % at different mar loads along the mar path.
The negative value of this parameter signifies the ironing effect where the marred area is
smoother than the background of the samples. A larger absolute AR,% value
demonstrates a more severe ironing effect due to the barrel mar process. As mentioned
above, the severity of the ironing effect correlates well with visibility. The figure clearly
shows that PMMA has the least absolute AR, % value across the mar path which indicates
its high mar visibility resistance. The two other materials, PC and PS, have similarly
higher absolute AR, % values reflecting their low mar resistance with consideration of
standard derivation. But it should be noted that the average absolute AR, % value of PC is
higher than PS before about 55 N, while the trend reverses after that, which is probably
due to the significantly higher strain hardening behavior of PC at large-strain region [108].
These results are consistent with the contrast analysis shown in Figure 111-7 and the human

assessment presented in Figure 111-8.
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Figure 111-9. Difference in roughness between mar area and sample background along
the mar path.

111.3.2. Finite element modeling results

One of the major differences between mar simulation comparing to scratch
simulation is the presence of the edge effect, an extremely high localized stress or strain
concentration shown in FEM calculations caused by the barrel shape of mar tip. To avoid
these effects, a middle area of the mar path in white rectangular (0.8 mm x 11 mm) is

considered for analysis as shown in Figure 111-10.

Mar area for Total mar area

analysis modeled via FEM Edge effect Inertia effect

Figure 111-10. Considered area for mar analysis.
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Due to the fact that both the experimental and FEM simulation methodologies have

been verified in previous studies [5, 6, 29, 43], the following analysis was directly

conducted and results were discussed.
111.3.2.1. Stress analysis

Due to the barrel tip and inertia effects, the stress distribution on mar surface is
different from that of scratch [9, 39]. The distributions of maximum principal stress (a;)
on PC at different mar loads are shown in Figure 111-11. At a low mar load of 11 N, tensile
and compressive stresses dominate at the edge and beneath the mar tip, respectively
(Figure 111-11 (a)). Asthe applied normal load increases, the stress near the edge becomes
more severe, and high tensile stress is generated behind the mar tip (Figure I11-11 (b), (¢)),
which is similar to previous scratch simulations [9]. This may indicate the formation of

plastic yielding-related damage and meniscus wrinkling on the mar path.

01, Max. Principal
(Avg: 75%) (MPa)
+5.1

Figure 111-11. Maximum principal stress oz on PC at mar loads of (a) 11 N, (b) 34 N,
and (c) 48 N.
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Figure 111-11. Continued.

The main objective of the FEM modeling is to conduct a parametric analysis that
allows the determination of the effect of different constitutive properties on mar resistance.
However, it is crucial first to determine a parameter that can be used as a criterion to assess
mar damage resistance. The parameters considered for this purpose are the maximum
plastic principal strain (¢?), maximum principal stress (o;), von Mises stress (o),
hydrostatic pressure (a,,), and total plastic energy dissipation (Ep) [43, 109].
111.3.2.2. Mar assessment criteria

Maximum plastic principal strain (¢?): Figure 111-12 shows the distribution of
eP across the mar path of the three materials after the elastic recovery. The mar direction

is from left to right. The figure shows that PMMA exhibits much lower ¥ than PS and
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PC in terms of distribution and intensity. The magnitude of £ is most significant on PS.
These results are in good agreement with the experimental (Figure 111-7) and human
assessment findings (Figure 111-8). They indicate that ¥ can be used as a criterion to
assess mar damage resistance. This result can be explained by the mar-induced ironing
effect being plastic deformation in nature, which makes the plastic principle strain a good

criterion.

Figure 111-12. The contour plots of maximum plastic principal strain (er1) across the
mar path of the modeled materials.

Maximum principal stress (ay): Figure 111-13 shows the contours of ¢; across the

mar path of the model polymers after the elastic recovery. The figure highlights that
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PMMA has the lowest o, level. However, it shows a higher o; intensity and magnitude on
PC compared to PS. These results are inconsistent with the previous experimental findings
and human assessment, showing that PC is ranked between PMMA and PS in terms of
mar visibility resistance. Therefore, this parameter fails as a criterion for ranking mar

damage resistance on the examined materials.

04, Max. Principal
(Avg: 75%) (MPa)
+64.9
+57.0
+49.0
+a1.1

Figure 111-13. The contour plots of residual maximum principal stress oz on the mar
path of the modeled materials.

Von Mises stress (a,,): Previous studies showed that von Mises stress was related
to the onset of shear banding in polymers [110, 111]. Figure 111-14 highlights the o,
contour plot across the mar path of the modeled materials. The figure shows that PMMA
has the lowest values and PC exhibits higher values than PS, especially at the mar end.
This parameter does not correlate well with the previous contrast-based analysis and
human assessment. Therefore, o, fails as a criterion to reliably rank mar damage
resistance on the examined samples. This finding suggests that the mar damage on the

examined materials is not dominated by plastic yielding.
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Figure 111-14. The contour plots of von-Mises stress oy on the mar path of the modeled
materials.

Hydrostatic pressure (a,): a,, is known to be related to any damage mechanisms
involving volume change, such as cracking, crazing, and voiding [112]. Figure 111-15
shows the contour plots on the surface of the model polymers. It is clearly shown that
PMMA exhibits a much lower o, than PC and PS. The experimental and human
assessment results show that PMMA has the best mar visibility resistance. This suggests
that a lower hydrostatic pressure corresponds to a higher mar resistance. However, o,
magnitude on PC is higher than that on PS which contradicts the experimental and human
assessment findings. Therefore, the hydrostatic pressure fails as a criterion to assess the
mar resistance of the examined samples. This suggests that mar damage on the tested

materials is not dominated by mechanisms involving volume changes.
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Figure 111-15. The contour plots of the hydrostatic pressure ogp on the mar path of the
modeled materials.

Total dissipated plastic energy (E,): The energy conservation principle is
highlighted by Equations (111-3) and (111-4) below. For simplicity, this principle does not
consider temperature- and time-dependent deformations. It indicates that the kinetic
energy (E,,) on the mar tip is approximated by the summation of the dissipated frictional
energy (E¢) and the internal energy stored in the polymer substrate (E;) [99]. The barrel
mar tip is modeled as an analytical rigid solid without internal energy. The value of E,
includes the elastic strain energy, E;, and that dissipated by plastic mar deformation, E,.

E, ~ E; + E| (111-3)

E; =Es+ Ep (111-4)
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Figure I11-16 shows E;, values obtained from the mar area on PMMA, PC, and PS.
It is found that PMMA has the lowest E;, value, and that PC has slightly lower dissipated

energy than PS. These results correlate well with the experimental findings (Figure 111-7)
and human assessment (Figure 111-8). Therefore, the total dissipated plastic energy can be

considered as a criterion to effectively evaluate the mar resistance of the studied materials.

7.08
6.38

0.15

PMMA PC PS

Figure 111-16. Total dissipated plastic energy (£p) of the modeled materials.

FEM results show that the maximum plastic principal strain (¢7') and the total
dissipated plastic energy (E,) are the most likely parameters that can be chosen to predict
the mar visibility resistance of polymers. Higher mar resistance corresponds to lower &
and E, values. These two criteria will be used in the parametric study to determine how

the constitutive properties influence mar visibility resistance of polymers [54].
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111.3.2.3. Parametric study

The parameters involved in the parametric analysis are elastic modulus (E), yield
stress (o), strain softening (s), and strain hardening (h). The surface COF is not included
in this analysis because it has already been demonstrated that higher COF results in lower
mar resistance [4, 113].

Elastic modulus (E): Table I11-2 shows that the examined materials have similar
elastic modulus values. Therefore, this property is not expected to affect the difference in
their mar resistance. However, other materials may have significantly different modulus
values and should be addressed. Figure 111-17 shows the effect of the elastic modulus on
the maximum plastic principal strain and total dissipated plastic energy. It is found that a

higher modulus leads to a higher 2 and higher E, values, thus a lower mar resistance.
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Figure 111-17. Effect of elastic modulus (E) on (a) maximum plastic principal strain ers
distribution and (b) total dissipated plastic energy Ep.
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Yield stress (o;,): Similarly, the impact of yield stress on e? and E,, contour plots
after recovery are presented in Figure 111-18. The figure shows that a higher yield stress
corresponds to a significantly lower e and Ey,values. Since lower e? and E, values are

associated with higher mar resistance, this result implies that a higher yield stress

corresponds to a higher mar resistance.
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Figure 111-18. Effect of yield stress (oy) on (a) maximum plastic principal strain &r;
distribution and (b) total dissipated plastic energy Ep.

Strain softening (s): Likewise, Figure 111-19 shows the effect of strain softening
slope on € and E,. It is observed that a higher softening slope leads to a higher P and
E,, values. This suggests that higher slope corresponds to lower mar visibility resistance.

It is crucial to point out the impact of strain rate on strain softening. Strain
softening is associated with localized inhomogeneous deformation which makes it more

dependent on the strain rate [67]. When the strain rate is slow enough, the strain softening
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phenomenon from uniaxial tensile or compression test would disappear [109]. Hence, the
strain softening of amorphous polymers measured by quasi-static uniaxial compression or
tension tests may become more pronounced because of the much higher strain rate

expected during the mar tests [4].
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Figure 111-19. Effect of strain softening slope (s) on (a) maximum plastic principal
strain ep; distribution and (b) total dissipated plastic energy £p.

Strain hardening (h): Figure 111-20 highlights the effect of strain hardening slope
(h) on &7 and E,,. It is found that a higher strain hardening is associated with a lower &}

and E,, thus a higher mar resistance.
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Figure 111-20. Effect of strain hardening slope (h) on (a) maximum plastic principal
strain er; distribution and (b) total dissipated plastic energy Ep.

Based on the above parametric analysis, the effect of the constitutive behavior on
the mar resistance of PMMA, PC, and PS materials is summarized in Table 111-3. PMMA
has the highest mar resistance because of its high yield stress, low strain softening slope,
and high strain hardening slope. Although PC has a lower strain softening slope and a
higher strain hardening slope, its mar resistance is compromised by its low yield stress.
Finally, PS has a higher yield stress but a significantly higher strain softening slope and a

lower strain hardening slope, which decreases its mar resistance considerably.
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Table 111-3. Effect of the constitutive properties of the model systems on their mar
resistance.

Green = increased resistance, Red = decreased resistance.

Yield Stress

Softening Slope

Hardening Slope

PMMA

High (110 MPa)

Low (-160 MPa)

High (110 MPa)

PC

Low (70 MPa)

Low (-130 MPa)

High (130 MPa)

PS

High (100 MPa)

High (-480 MPa)

Low (45 MPa)

The present study aims at investigating how the constitutive behaviors of polymers
influence mar visibility resistance. The model PMMA, PC, and PS were chosen to validate
the framework of FEM modeling. It is hoped that the present findings can serve as a
guideline for the design of polymeric materials with improved mar visibility resistance.
The FEM model developed in this study can be further improved in the future by
considering the material true stress-strain constitutive behavior, failure criteria, and

viscoelastic behavior, which is the subject of our further research.
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CHAPTER IV
NUMERICAL DETERMINATION AND ANALYSIS OF ADHESIVE FAILURE OF

SEMI-RIGID POLYMERIC MULTILAYER SYSTEMS®

IV.1. Experimentals
IV.1.1. Model systems

Two model systems composed of three layers were used in this study. System 1 is
PET/nylon/PET (P/N/P) and System 2 is PET/pigmented-PET/PET (P/pP/P) layered
articles. The thickness of each layer was around 150 um. The top and bottom layers of the
model systems were pure PET (Laser+® C; E60A from DAK Americas). The middle layer
of System 2 contained PET with pigment while the middle layer of System 1 was nylon 6
(MXD6 from Mitsubishi Gas Chemical), as shown in Figure IV-1. Samples were cut
directly from the panel wall of blow-molded bottles into rectangular specimens of 110 mm

in length and 15 mm in width for the scratch test.

* Part of this chapter was reprinted from Polymer Testing, 75, Molero, G., Du, S., Mamak, M.,
Agerton, M., Hossain, M. M., Sue, H.-J., Experimental and numerical determination of adhesive
strength in semi-rigid multi-layer polymeric systems, 85-92, Copyright (2020), with permission
from Elsevier.
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(b)

Figure IV-1. SEM image of the cross-section of (a) P/N/P and (b) P/pP/P.

1VV.1.2. Determination of critical load for delamination via scratch test

Scratch tests were performed on the specimens according to the ASTM D7027/1SO
19252 using the Model G5, Surface Machine mentioned in the last Chapter. A linearly
increasing normal load ranging from 1 to 120 N was applied to induce adhesive failure
(layer separation) in P/N/P. For P/pP/P, the end-load was increased to 170 N to exert
sufficient interfacial stress for failure to take place. The scratch velocity and scratch length

were set at 10 mm/s and 100 mm, respectively. Different mar test shown in Chapter 1V, a
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1 mm diameter spherical stainless steel tip was used to conduct the scratch tests. A
commercially available double-sided mounting tape (Catalog Number 112L from
Scotch™ Brand) of the width of 25.4 mm and thickness of 1.56 mm was used as a
substrate. The soft substrate, i.e., the double-sided mounting tape, was used to distribute
the stresses over a larger area to induce delamination, or in this case, adhesive failure.
Additionally, the samples were cut into rectangular strips to reduce the overall resistance
for layer separation. The systems were tested on the interior and exterior surfaces. Since
the onset load for adhesive failure did not vary significantly with the tested surface, only
the results of the interior surface are shown. At least three scratches were performed per

sample.

Keyence VK-9700 laser scanning confocal microscope (LSCM) was employed to
quantitatively observe surface profile changes produced by scratching. This tool was used
to determine the onset of adhesive failure and the scratch depth profile. If the scratch depth
was about the same as the thickness of the top layer (~150 um), the damage was considered
to be located at or near the interface.

IV.2. FEM Modeling
1V.2.1. 3-D FEM model

A three-dimensional (3D) FEM simulation was used to analyze the corresponding
stresses induced during the scratch test [114]. ABAQUS 2017 was employed in this study
to simulate the scratching process of a three-layer system onto a soft substrate. The
dimensions and boundary conditions of the 3D model are illustrated in Figure 1V-2 (a).

The size of the model was 20 mm x 2 mm x 2 mm and only the symmetric half of the
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model was simulated to reduce computation time. The x-direction movement of nodes on
the symmetry plane (x=0) was fixed, z-direction displacement of all the nodes on the
bottom plane (z=0) was constrained, as well as all directions on both ends of the model
(y=0 and y=20). Since a half-symmetry model was incorporated, the scratch load applied
during the simulation was 0.5-51 N, which corresponds to the normal load range 1-102 N
in the experiment. The load range employed in the FEM model corresponds to the
experimentally determined onset load for adhesive failure. Figure 1VV-2 (b) and (c) show
the layers and the corresponding thicknesses of P/N/P and P/pP/P laminates, respectively.
The mesh of the multilayer systems consists of 3D brick elements with 8 nodes in the
reduced integration method (C3D8R) with the purpose of reducing computation time. The
scratch tip was modeled as a rigid spherical body with a diameter of 1 mm. The contact
area under the tip along the scratch path was finely meshed for better computational
results. The element size of the refined mesh was 56 um X 50 pm X 46 pum. Perfect
bonding between the layers was assumed to simplify the numerical simulation. As such,

the delamination phenomenon was not included in the simulation.
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PET (150 pum)
Nylon (100 um)
PET (150 pm)

Soft Tape
(C) '\
",v‘ Scratch tip
PET (150 pm) \
PET+ pigment (170 um)

PET (150 pm)

Soft Tape

Figure 1V-2. (a) FEM model of the three-layer laminated system and a soft substrate
with defined boundary conditions, and the detailed dimensions of the three-layer systems
for (b) P/N/P and (c) P/pP/P.

1VV.2.2. Material properties
As pointed out earlier, it is difficult to obtain the exact constitutive properties of

each layer in the polymeric system. Therefore, only semi-quantitative results are expected
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from the present FEM modeling. The density and true stress-strain tensile properties of
PET [115], nylon [116, 117], and the soft double-sided tape substrate [118] were obtained
from the literature and were employed in the FEM model. Strain rate, temperature, and
pressure dependent constitutive behavior were not considered in this study. The
viscoelastic nature of the multi-layer systems was also neglected in the simulation. Groove
formation before adhesive failure was observed during the scratch test. Therefore, both
PET and nylon were modeled as elastic-plastic materials with isotropic hardening. Their
material properties were approximated by a piece-wise linear curve, as shown in Figure
IV-3. Material density (p) and some key constitutive parameters, such as Young’s modulus
(E), yield stress, softening slope (s), and hardening slope (h), used in the FEM modeling
are summarized in Table IV-1. Since groove formation before adhesive or cohesive failure
was not experimentally observed in the soft substrate, the substrate was considered as an

elastic material in the simulation.

Table 1V-1. Constitutive parameters used in the FEM model.

Layer | E(GPa) | o, (MPa) | S(MPa) | h(MPa) | p (g/cm3) | Reference
PET 2.5 97 130 300 1.38 [115]
Nylon 3.7 73 150 150 1.15 [116, 117]
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Figure 1V-3. Piece-wise linear true tensile stress-strain curves of PET and nylon.

IV.3. Results and Discussion
IVV.3.1. Determination of delamination process

Results from the scratch test are shown in Figure 1V-4 for P/N/P and P/pP/P. The
load required to induce adhesive failure for P/N/P was found to be 18.5 N, and a load of
98.5 N was required to produce cohesive failure in P/pP/P system. Adhesive failure was
determined by visual observation of the change in appearance from the top to the middle
layer, as shown in Figure IV-4 (b) and (c). Failure was readily apparent due to the
formation of an air gap between the layers. Scratch depth was measured via LSCM if the
adhesive failure was not evident by visual observation. It is noted that the layers in P/N/P
systems are readily separated without significant plastic deformation during scratching.
On the other hand, P/pP/P system exhibited significant groove formation before adhesive

failure. P/N/P and P/pP/P show different damage features and a significant difference in
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the onset load for failure. From the scratch test, P/pP/P not only shows better scratch
resistance but also a much higher load to induce adhesive failure. The results suggest that
the adhesive strength at the interface of PET and pigmented PET is significantly higher
than that of PET and nylon. The delamination at the interfaces between PET and
pigmented PET and between PET and nylon will be further analyzed in a subsequent

section with FEM modeling.

100 (a) 91:1:.8

18.5

P/N/P P/pP/P

Figure 1V-4. (a) Onset loads for delamination of P/N/P and P/pP/P laminates, and visual
determination of delamination onset of (b) P/N/P, and (c) P/pP/P.
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1V.3.2. FEM findings

As shown in Figure V-5, the maximum principal stress contour plots for P/N/P
and P/pP/P systems are similar at a load of 19 N, where adhesive failure in P/N/P system
has occurred. Similar to an earlier study [9], high compressive stress exists underneath the
scratch tip while high tensile stress is present in an area behind the scratch tip. The
direction of tensile stress is nearly parallel with the scratch direction due to the high
frictional force between the scratch tip and the top surface. Figure 1VV-5 also demonstrates
that tensile stress does not transfer from the top layer to the middle layer due to the high

modulus of the top PET layer.

B2 A A AL
(oot

(Avg: 75%) (MPa)
+290.0

Figure 1V-5. Maximum principal stress oz on the top surface of (a) P/N/P and (b) P/pP/P
at a load of 19 N. White arrows show the scratching direction.

The distribution of maximum principal stress o; and tensile stress along the
thickness direction a,, (i.e., perpendicular to the interfacial plane), after removing the top
PET layer is shown in Figure 1V-6 and Figure V-7, respectively. The black arrows in

Figure 1V-6 and Figure I\V-7 are the respective directions of the peak tensile maximum
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principal stress (of) and peak tensile stress along thickness direction (a/,) at the interface
of both systems that corresponds to a scratch normal load of 19 N. In contrast to the P/pP/P
system, P/N/P shows two high af locations both behind and ahead of the scratch tip.
Therefore, the significant difference in material properties between layers can induce
significant inter-laminar stresses. This is in accordance with our experimental findings,
which showed that P/N/P exhibits a significantly earlier onset load for adhesive failure.
This is possibly due to the difference in material properties between the layers, which
cause the development of a high interfacial stress component. A previous study [43] has
shown that the relative stiffness and strength of both top and middle layers can
significantly affect the scratch deformation and damage transitions. Figure 1V-6 (b) and
(d) show that the directions of the peak o in the two systems are about 135 “and 60 “from
the scratch direction, respectively, indicating the possible adhesive failure directions
between top and middle layers. Additionally, Figure IV-7 demonstrates that the
distribution of g,, at the interface at this load is similar for both systems, with the
exception of a small area ahead of the tip above 30 MPa in the P/N/P system. However,
this area is not associated with adhesive failure because the peak o, exists on the scratch
shoulder designated by a black arrow. Thus, the difference in af magnitude at the interface
can be considered for the assessment of the differences in the onset of adhesive failure
stress of the two systems. It also suggests that compared to ¢,, of is more reasonable to
demonstrate the correlation between the stress distribution at interface in FEA analysis

and the delamination resistance measured from experiments.
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Figure 1V-6. (a) Maximum principal stress oz and (b) direction of the peak ot; at PET
and nylon interface; (c) maximum principal stress and (d) direction of the peak o*; at
PET and pigmented PET interface. Both systems at a load of 19 N. White arrows

indicate the scratch direction.

T2z (MPa)
(Avg: 75%)
(Avg: 75%) 4440
+180
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(b)

Figure 1V-7. (a) Stress component along the thickness direction o2- and (b) direction of

the peak o2z at PET and nylon interface; (c) stress component along the thickness

direction o2- and (d) direction of the peak otz at PET and pigmented PET interface. The

scratch tip is located at the delamination load of 19 N. White arrows show the scratching
direction.
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Figure IV-7. Continued.

Both the maximum principal stress o; and stress along the thickness direction o,
at the P/pP/P interface at a load of 95 N, where adhesive failure takes place, are shown in
Figure 1V-8. At this load, the middle layer is severely deformed and exhibits high tensile
maximum principal stress (of) and tensile stress along z direction (a%,) at the interface
behind the scratch tip. The direction of the peak o is about 20 °with the scratch direction
and high o}, exists right behind the scratch tip, which could be responsible for the

adhesive failure.
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Figure 1V-8. (a) Maximum principal stress oz contour plot; (b) direction of the peak o1,
at the interface of PET and pigmented PET; (c) stress component along the thickness
direction; and (d) direction of the peak oz, at the interface of PET and pigmented PET
at a normal load of 95 N. White arrows indicate the scratching direction.

According to an earlier study [62], it has been shown that the tensile maximum
principal stress, af, and the tensile stress component in the z-direction, a,, are dominant
in the adhesive failure process during scratch testing, and mode | damage is expected to
be responsible for the delamination. The peak of and o}, at the interface with respect to
the scratch normal load is shown in Figure V-9 (a) and (b), respectively. As shown, as
the scratch normal load increases, the peak o stress increases approximately linearly for
both P/N/P and P/pP/P systems, as well as the peak o}, for the P/N/P system. The
difference in peak of between the P/N/P and P/pP/P systems explains the observed
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difference in their onset of adhesive failure. On the other hand, a plateau is observed in
the peak o, from a scratch load of 27-62 N in the case of the P/pP/P system. The peak
tensile plastic strain in the thickness direction 2, and peak o}, at the interface as a
function of scratch normal load is shown in Figure 1VV-10. Based on the results, it can be
observed that the peak tensile €2, is very small before the beginning of the plateau. From
the beginning of the plateau, the peak tensile 2, at the interface near the scratch tip
increases significantly as the scratch normal load increases, which is due to yielding of the
top PET layer in the P/pP/P laminate. During the “platecau period”, where the scratch
normal load ranges from 27 to 62 N, the contact area around the scratch tip increases
significantly with the plastic deformation of the PET layer. As a result, the peak o/, at the
interface stays at a similar small magnitude. Table V-2 summarizes the onset of adhesive
failure load and the peak delamination stresses, of and o, at the interface. By comparing
the calculated delamination strengths of P/N/P and P/pP/P respectively according to the
at, criterion and of criterion, it could also conclude that tensile maximum principal
stresses (o) criterion is more reasonable for future scratch-induced delamination study,
due to the obvious difference in their delamination resistances demonstrated in the

experiments.
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Figure 1V-9. Peak (a)ot: and (b)otzz as a function of scratch normal load at the interface
of P/N/P and P/pP/P laminates.
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Figure 1V-10. Peak o%zz and tensile ez as a function of scratch normal load at the
interface of P/pP/P laminate.

Table 1'V-2. Delamination load, the peak delamination stresses, otz and otzz, at the

interface.
FEM Results P/N/P P/pP/P
Onset of delamination load (N) 19 95
Max. ¢} at delamination (MPa) 27 195
Max. at, at delamination (MPa) 10 50

As mentioned earlier, most of the common practices used to assess the
delamination of polymer provide a “pass or fail” assessment with no insight about
structure-property relationships. Based on this study, the proposed methodology can
determine the adhesive strength of semi-rigid multi-layer polymeric systems in a practical

and reproducible manner. This procedure can be employed to improve the performance of
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multi-layer polymeric systems through changes in formulation and processing conditions.
The present study suggests that combining a scratch test with FEM can serve as a tool to
fundamentally understand the delamination phenomena. FEM plays a significant role in
showing how both changes in layer material properties and geometry influence the
delamination process during scratching. It should be noted that only generic material
properties were used for the current simulation, which does not consider the morphology
and anisotropy of each polymer layer in the multi-layer system. However, in principle,
FEM can still be used to determine the adhesive failure stress that corresponds to the
experimentally observed adhesive failure by including the actual material and surface
properties in the numerical framework. It has been shown that, by including the rate and
pressure dependent material and frictional behavior in the numerical framework, the
scratch behavior of polymers can be predicted quantitatively using FEM [46]. Thus, by
including the exact material constitutive behavior and surface characteristics of each layer
in the system in the numerical framework, the adhesive strength of the multi-layer system
can be predicted using numerical modeling. The determination of the adhesive failure
stress between any layers is possible by normalizing geometric factors and material
properties in the FEM model. It should also be noted that the proposed approach is not
applicable for low yield stress and low strength systems where significant layer
deformation and damage would occur before interlayer delamination can take place. Care
should be taken when the proposed methodology is chosen for determining the

delamination strength of weak and soft laminated systems.
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CHAPTER V
FEM ANALYSIS TO SCRATCH INDUCED DELAMINATION OF POLYMERIC

MULTILAYER STRUCTURES

The FEM analysis in CHAPTER IV has shown that tensile maximum principal
stress (of) distribution at the interface could be utilized as the criterion to analyze the
scratch induced delamination damage. In this chapter, a more universal study about scratch

induced delamination via FEM modeling was carried out to gain fundamental knowledge.

V.1. Experimentals
V.1.1. Model systems

Epoxy-based bi-layer coatings on a steel plate were chosen as the model systems
to perform the scratch tests and to validate the FEM simulation findings. The structure of
the model two-layer coating system used in the current study is schematically shown in
Figure V-1. The epoxy utilized in this study was a liquid diglycidylether bisphenol-F
(DGEBF) epoxy resin (D.E.R. 354, Dow Chemical). A Mannich curing agent (D.E.H.
615, Dow Chemical) was chosen which allows for the fast cure at room temperature. To
alter the constitutive properties of each coating layer, different amount of monoamine
(Jeffamine® M 1000, Huntsman) was mixed with the epoxy resin to prepare a set of model
systems with three distinctly different properties: (1) neat DGEBF epoxy, (2) 20 wt.%
M1000 in DGEBF epoxy, and (3) 32 wt.% M1000 in DGEBF epoxy. The epoxy resin,

curing agent, and monoamine were prepared in the stoichiometric ratio before curing at
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room temperature. The monoamine group of M1000 reacts with the epoxide group in
epoxy matrix to reduce the crosslink density of the molecular network. Therefore, the
mechanical properties including modulus, yield stress, and tensile strength are expected
to reduce with an increasing amount of M1000 in epoxy [20].

The epoxy formulations prepared above were homogeneously mixed, followed by
the removal of trapped air bubbles with a vacuum pump at room temperature. These
epoxies were utilized to prepare bi-layer coatings for scratch tests and in bulk forms for

uniaxial tensile and compressive tests.

Top epoxy-based layer

The Interface where
delamination occurs

. Base epoxy-based layer
in the scratch test poxy Y

SAE 1009/1010 Cold Rolled Steel

Figure V-1. Schematic of the model coating systems used for this study.

V.1.2. Preparation of double-layer coating system

Cold-rolled steel corrosion coupons from Q-lab® (1008/1010) were utilized as
backings for double-layer epoxy coatings. A 2.5 inches width base coating was uniformly
applied on the steel backings with BYK® 4301 film casting knife. The micrometer
mounted on the casting knife and the accessory elcometer® calibration foil could control
the gap clearance precisely. A Keyence® VK9700 violet laser scanning confocal

microscope (VLSCM) was used to check the applied coating thickness. After base layer
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coating cured, a ~1.5 pm thick PTFE release agent dry lubricant (miller-stephenson® MS-
122AD) was sprayed on the base coating. It should be mentioned that the PTFE lubricant
particles at the interface only covered part of the surface as shown in Figure V-2.
Therefore, the bonding strength was only weakened instead of completely unbonded. The
purpose of applying PTFE agent at the interface is to make delamination in scratch test
takes place before the onset of unstable plowing damages, since there is still a lack of
appropriate FEM modeling approach to model the plowing damages. And the onset of
delamination is easier to track when the scratch groove is not obvious. Then one little drop
of soluble blue dye was added to the epoxy resin when the top layer coating was made.
By doing this, a color difference between the detached and undetached parts shown in
Figure V-3 helps in the visual identification of delamination in the scratch test. The coating
formulation and thicknesses chosen for the model bi-layer epoxy coating systems prepared

for this study are summarized in Table V-1, Table V-2, and Table V-3.

Figure V-2. Laser confocal microscope photo of PTFE dry layer at the interface.
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Onset of delamination

Figure V-3. Onset of delamination in the scratch test.

Table V-1. Model systems for the base layer thickness effect study.

Top layer thickness (um) Base layer thickness (um)
100 50
100 200
100 400
100 600

Table V-2. Model systems for the top layer thickness effect study.

Top layer thickness (um)

Base layer thickness (um)

50 400
150 400
250 400

Table V-3. Model systems for the base layer property effect study
with top layer thickness = 100 jum and bottom layer thickness = 200 pm.

Top layer M1000 mount

Base layer M1000 mount

0 0
0 ~ 20 wt.%
0 ~ 32 wt.%




V.1.3. Uniaxial tensile behavior characterization

The model systems in liquid form were poured into a 3.5 mm thick rectangular
glass mold coated with polytetrafluoroethylene (PTFE) mold release agent. After 7 hours
curing at room temperature, it was taken out of the mold and cut into dumbbell shape with
narrow section = 5.5 mm and gauge length = 33 mm. All the cutting edges were carefully
polished with FEPA standard 2400 grit sandpaper to remove all the defects. An ultrafine
black ink marker was utilized to apply speckles randomly in the gauge area. MTS Insight
load frame combined with a custom-built tensile fixture was utilized to perform the tensile
test. The quasi-static tensile tests were done with comparable strain rates among the
systems. The tensile yield stress is used to calculate parameters in the Drucker-Prager
model. A Canon EOS 5d Mark Il DSLR camera was utilized to record the shape changes
of the speckles during the test. Then the outputs from MTS Insight and camera were input
into the commercial VIC-2D™ DIC software package to calculate the true strains in the
tensile and lateral directions ¢,,,,, ,,. Based on the transverse isotropy assumption (&, =
£,2), true stress o, was calculated by considering the lateral deformation in x and z
directions. Three tests were performed on each system to check the consistency.
V.1.4. Uniaxial compression behavior characterization

The model systems in liquid form were poured into a 1-inch diameter cylindrical
glass mold covered with polytetrafluoroethylene (PTFE) mold release agent. After 7 hours
of curing at room temperature, it was taken out of the mold and cut with a diamond saw
to the dimensions 6 mm X 6 mm X 10 mm. FEPA standard 4000 grits sandpaper was

utilized to polish the top and bottom surface to make them smooth and parallel to each
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other. A thin layer of lubricant was uniformly applied to the testing fixture to reduce the
friction during the test. Then the fixture was installed into the MTS Insight load frame for
the test. The strain rates of the three different material compositions are the same as those
for uniaxial tensile tests. A Canon EOS 5d Mark Il DSLR camera was utilized to record
the dimension change in the lateral direction for ¢,, calculation. Compression
displacement recorded by the load frame was used to calculate the true strain ¢,,,,. True
stress gy, was calculated in the same way as those for uniaxial tensile tests. Three tests
were performed on each system to confirm the consistency.
V.1.5. Scratch test

Like the scratch test performed in the previous chapters, the scratch tests for this
study were performed using a 1-mm diameter stainless steel sphere tip with 10 mm/s over
the length of 80 mm in the linearly increasing load range of 1-30 N.
V.1.6. Coefficient of friction (COF) measurement

The COF measurement procedure is similar to that described in section 111.1.5
Testing speed was chosen to be the same as the scratch test 10 mm/s [30]. Three tests were
conducted on each system over the 80 mm length under a constant load of 5 N. Then the
COF was determined by the ratio of the tangential force experienced to the normal load
applied during scratch tests [93].
V.2. FEM Modeling
V.2.1. 3D FEM model

The commercial finite element package ABAQUS 2017® [99] was utilized in this
study to conduct the FEM modeling of the scratch process on a bi-layer coating on a steel
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substrate [22]. The dimensions and boundary conditions of the 3D model are presented in
Figure V-4 (a). Figure V-4 (b) illustrates the structure of the multilayer system in detail
including the top, base epoxy coatings, and the steel substrate. The whole multilayer
system was meshed with 3D linear brick full integration elements (C3D8). And a refined
mesh with element dimensions of 23 um x 28 um X 20 um was employed across a
critical distance A-B for better computational accuracy. The mesh size was determined in
the preliminary simulations for the mesh convergence of computational results. The
thickness of each layer of coating was precisely controlled by modifying the number of
element layers. The scratch tip was modeled as the cylindrical rigid body at the bottom
end connecting with a 1 mm diameter hemispheroid. FEM modeling is to simulate the
condition right before delamination takes place. Therefore, perfect bonding between the
laminates was assumed for the numerical calculation. Furthermore, as illustrated above,
no cohesive elements or cohesive-based surface were involved in the current model to
investigate the real delamination.

The scratch process was simulated over a distance of 12 mm with a linearly
increasing load from 0.5 to 15 N. Since a half-symmetry model was employed, the scratch
load applied in the simulation was corresponding to the normal load range of 1-30 N in
the experiments. The COF between the scratch tip and top coating was chosen as 0.28

which is the average value measured by the experiment.
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Scratch tip

Top layer coating (100 um)

Base layer coating (400 um)

Steel substrate

Figure V-4. A FEM model of the double-layer coating system and a steel substrate
showing (a) the overall geometry and boundary conditions and (b) the thickness of the
multilayer system.

The equation below was used to calculated the angle 8 between the peak tensile
maximum principal stress (o) and the interface in the user subroutine (VUSDFLD). Since
the interface doesn’t deform severely, it is assumed to be still in the undeformed

configuration (x-y surface) to simplify the problem.

_ 1 J(cos a)2+(cos B)2 ) _
0 = cos (\/(cos )2+ (cos B)2+(cosy)? (V-1)

Where a, B,y are respectively the angle between the principal direction of peak
af and x, y, z axis. And the corresponding cosine values cos a, cos 8, and cosy could be
directly obtained via the VSPRIND function in ABAQUS 2017®.

80



V.2.2. Material properties

The constitutive model was chosen based on the uniaxial tensile/compression
characterization results as shown in Figure V-5. Hydrostatic pressure dependent behavior
needs to be included in the FEM model because polymer deformation and fracture is
hydrostatic stress dependent [75, 76]. Time independent material properties were assumed
for all the model systems because scratch testing speed is quite high and the delamination
growth is not the focus of the current work. Since the neat epoxy system follows a typical
elastic-plastic constitutive behavior, a yield criterion namely the Drucker-Prager model
was utilized to depict the hydrostatic pressure dependent yielding behavior of the neat
epoxy. The yield function F and flow potential G of linear Drucker-Prager model in

ABAQUS 2017® can be briefly expressed from the equation from (V-2) to (V-4).

F=t—Ptanf—d =0 (V-2)
G=t—Ptany (V-3)

With
=t (-] v

Where P is the hydrostatic pressure, B is the angle of friction qualifying the slope
of the linear yield surface in the meridional plane, which can be approximated by inputting
the yield stress measured in uniaxial tension and compression tests. And d is the cohesion
of material based on Mohr-Coulomb theory. ¥ is the dilation angle in the meridional
plane, which was assumed as 0 for neat epoxy. And q is the current von-Mises value, K is

the material constant controlling the dependence of the yield surface on the value of the
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intermediate principal stress. /5 is the third principal scalar invariants of the deviatoric
stress tensor.

According to the above equations, the parameters of neat epoxy to be input into
the ABAQUS 2017® Drucker-Prager model were calculated based on the uniaxial
tensile/compression testing results and summarized in Table V-4. And the strain softening
and strain hardening behaviors were modeled by using the compressive experimental data

shown in Figure V-5 (a).

Table V-4. Parameters for neat epoxy in the Drucker-Prager model.

Angle of Friction (p) 31.24°
Flow Stress Ratio (K) 0.83
Dilation Angle (*V) 0

Both the sample of 20 wt.% M1000 and 32 wt.% M1000 doesn’t show any sign of
plastic deformation in the uniaxial compression and tension tests. Therefore, a hyperelastic
constitutive model namely the Marlow model was utilized to simulate the non-linear
elastic behaviors for these two model systems as shown in Figure V-5 (a)(b), by directly

inputting both uniaxial compression and tensile testing data.
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V.3. Results and Discussion
V.3.1. Experimental results
V.3.1.1. Tension and compression behaviors

By conducting the testing procedure illustrated above, the uniaxial tensile and
compressive true stress-strain curves of the model systems were generated and compared
in Figure V-5 (a) and (b). In the tensile test, all the specimens were stretched to break to
determine their tensile strength, while the compression tests were stopped before
compressive failure occurs, when engineering strain reaches 80%. It was found that the 20
wt.% M1000 and 32 wt.% M1000 samples showed a fully elastic recovery after both
tensile and compression tests, which demonstrated pure hyperelastic behavior. Only 0
wt.% M1000 epoxy exhibits yielding phenomenon during the test. As shown in Figure
V-5 (a) and (b) respectively, these two model systems show non-linear hyperelastic
behaviors. On the other hand, the neat epoxy system exhibits a yielding phenomenon and
deform plastically under uniaxial compression, but failed right after yielding point in the
brittle fashion under uniaxial tension.

In order to compare the elastic modulus values of the three model systems,
compression and tensile tests were conducted for neat epoxy, 20 wt.% M1000 and 32 wt.%
M1000 samples at a strain rate of 3 x 10~*/s. The key uniaxial tensile and compressive
properties were summarized in Table V-5. As expected, introduction of more M1000 made
the compressive and tensile modulus and tensile strength to decrease while improving the

elongation at break due to reduction in crosslink density.
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Figure V-5. (a) Compressive and (b) tensile behaviors of neat epoxy, epoxy + 20 wt.%
M1000, and epoxy + 32 wt.% M1000.

Table V-5. Comparison between uniaxial tensile and compressive behaviors of model

systems.

Neat Epoxy | 20 wt.% M1000 | 32 wt.% M1000
Tensile Young’s modulus (GPa) 2.3+0.1 0.34 + 0.01 0.004 £+ 0.0003
Tensile yield stress (MPa) 67.4+2.0 - -
Tensile strength (MPa) 67.4+ 2.0 248 + 4.7 21+13
Tensile strain at break (%0) 48+ 0.4 50.5 + 26.1 60.2 + 22.8
Compressive Young’s modulus (GPa) 3.0 £0.1 0.35 + 0.04 0.018 £+ 0.003
Compressive yield stress (MPa) 974 +2.8 - -

V.3.1.2. Scratch test results

The critical onset loads of delamination identified using the scratch tests with
different top and base layer thicknesses and M1000 content of the base layer are

respectively shown in Figure V-6 (a)-(c). It is apparent that the increasing top layer
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thickness and M1000 content delays the onset of delamination, while the base layer

thickness does not have any effect on the onset of delamination, within the ranges of layer

thicknesses considered in this study.
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Figure V-6. The effect of (a) base layer thickness (b) top layer thickness and (c) M1000

content of base layer on the delamination resistance in scratch tests.

V.3.2. FEM modeling results

V.3.2.1. FEM model validation

FEM

The peak af magnitude at the interface of each model system was captured in the

model at the onset delamination loads shown in Figure V-6. These results are
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demonstrated in Figure V-7. In Figure V-7 (a) and (b), by taking into account of standard
deviation, the peak tensile stresses at the onset loads of delamination are nearly the same
regardless of different top and bottom layer thicknesses. This validates the FEM model
since the actual delamination stresses at the interface should not be affected by the
thicknesses of the coating layers. Figure V-7 (c) shows that the peak tensile stress at the
interface reduces in the model system with increasing M1000 in the base layer. This is
mainly due to the ability of the base layer to help redistribute imposed stresses away from

the interface and into the base layer.
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Figure V-7. The effect of (a) base layer thickness (b) top layer thickness (c) base layer
weight percent of M1000 on peak ot; at the interface at delamination loads.
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V.3.2.2. Extreme cases study to yield stress

Before showing the parametric study in the next section, it is necessary to point
out the complexity of the delamination phenomenon in this work. Two extreme cases are
considered: with Case | for the top layer oy = 30 MPa and base layer oy = 150 MPa and
Case 1l for the top layer oy = 150 MPa and base layer oy = 30 MPa. The thicknesses of
the top and base layers are chosen as 100 um and 400 um, respectively. To simplify the
problem, other material constitutive behaviors such as elastic modulus, strain softening,
and strain hardening behaviors are assumed to be piece-wise linear and kept the same for

both layers, as shown in Figure V-8.
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Figure V-8. The piece-wise linear stress-strain curves for the extreme cases study.

Figure V-9 (a) shows the peak tensile maximum principal stress (peak o) at
different locations of the interface that develops with increasing scratch load for the Case
| scenario. It is found that the position of the peak af on the entire interface is not always
right behind the scratch tip. It may be located on the shoulder of the scratch groove, as
well. When the scratch load is below 16 N, the peak oy is located on the scratch shoulder,
which means that the delamination will probably initiate from the scratch shoulder if it
occurs below this load range. However, when the scratch load is higher than 16 N, the
delamination at the interface has a higher possibility of occurring right behind the scratch
tip due to the higher peak of value in this location. Furthermore, the FEM simulation
shows the base layer laminate begins to yield at the scratch load 25 N, since the equivalent
plastic strain is above 0. The peak af magnitude at interface begins to show a small drop
due to the strain softening behavior of the material behind the scratch tip. Figure V-9 (b)

shows the direction of peak of changes with scratch load. It is noted that the peak
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ot location shift from scratch shoulder to the area behind the scratch tip at a scratch load

of 16 N has led to a dip in of (Figure V-9 (b)).
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Figure V-9. The (a) magnitude and (b) angle of peak ot; at the interface of the model
system with g, =30 MPa for the top layer and o, =150 MPa for the base layer.

Note that the peak of magnitude on the scratch shoulder is not always higher than
that behind the scratch tip at the beginning of an increasing load scratch test. A good
example is the case Il scenario. In this case, the peak of at the entire interface is located
behind the scratch tip at the low loads as shown in Figure V-10 (a). Compared to Figure
V-9 (a) (b), the magnitude and direction of peak tensile of at the interface demonstrated
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on Figure V-10 (a) (b) gives a completely different trend at a similar load range. This is
because the base layer yields at a similar load range as the top layer at the beginning of
scratch test due to its low yield stress. When both top and base layers have been
extensively stretched, the peak of begins to increase dramatically at 32 N as shown in
Figure V-10 (a) due to stress concentration effect. However, this phenomenon is not
observed in case I. The analyses of Cases | and 11 suggest that the differences in yielding
and subsequent plastic deformation nature of each layer have a significant effect on the
complex stress distribution not only at the interface but in the entire multilayer coating
structure. It should be noted that there are many factors involved besides yield stress, such
as modulus and strain hardening characteristics of both top and base layers, and top layer

surface properties.
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Figure V-10. The (a) magnitude and (b) angle of peak o?; at the interface of the model
system with g, =150 MPa for the top layer and oy =30 MPa for the base layer.
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V.3.2.3. Parametric analysis

As explained above, due to the complexity of the delamination behavior in the
bilayer coating system, a parametric study [119] was conducted to show how some key
parameters affect the scratch induced delamination phenomenon. The key parameters to
be analyzed include the modulus of base layer, the yield stress of both top and base layers,
the strain hardening slope of the base layer, and the COF on the top surface. The von-
Mises yielding criterion and isotropic hardening plasticity [120, 121] and the
experimentally obtained piece-wise linear tensile and compressive true stress-strain curves
were employed for the parametric study. The constitutive behaviors used for the following
parametric study are shown in Figure V-11. The key parameters illustrated in this study
are defined as those that could convey universal conclusions even other kept constitutive

parameters changed.
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Figure V-11. The piece-wise linear stress-strain curves for the parametric study (a)
effect of elastic modulus of the base layer (b) effect of the yield stress of both top & base
layer (c) effect of strain hardening slope of the base layer, and (d) effect of COF on the
top coating surface.
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Figure V-11. Continued.

V.3.2.3.1. The effect of elastic modulus of the base layer
Figure V-12 presents the change in peak of on the interface with increasing scratch
normal load obtained via FEM modeling when the mechanical properties of the base layer
are being systematically modified. Figure VV-12 (a) shows that increase in elastic modulus
of the base layer significantly increases the peak of stress magnitude at the interface.
Figure V-12 (b) demonstrates that the peak o stress at the interface has a lower magnitude
in the model system with a higher content of M1000 in the base layer. Therefore, the onset
of delamination load in the scratch test will be higher in the model systems with more
M1000 (Figure V-6 (c)). The parametric study results in Figure V-12 (a) and (b) support
the experimental results obtained in Figure V-6 (), suggesting that a base layer with lower

elastic modulus will delay the delamination to a higher load in the linear increasing load

scratch test.
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As shown in Figure V-12 (c), the angle representing the direction of peak o at the
interface begins to show a trend after the location of the peak o shifts to right behind the
scratch tip. When the base layer is stiffer, the peak of is more perpendicular to the

interface, which suggests the delamination is more Mode-I dominant.
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Figure V-12. (a) Effect of elastic modulus of the base layer on the peak ot magnitude at
the interface, (b) effect of M1000 amount of the base layer on the peak ot; magnitude at
the interface, (The dash lines represent the delamination strength obtained through
scratch tests and FEM modeling.), and (c) the angle between the direction of interfacial
peak ot; and interface. (The dash-dotted line reveals the load when the peak ot; location
at the interface shifts from behind the scratch tip to the shoulder region. The dash lines
reveal the loads when peak o7 location at interface shifts from scratch shoulder to tip
behind.)
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V.3.2.3.2. The effect of the yield stress of the top & base layer

Figure V-13 (a) shows that the peak of magnitude decreases with the top layer
yield stress at the interface at low loads Figure V-13 (b) shows the peak tensile of
magnitude at the interface decreases with the base layer yield stress at high loads. Since
the top layer deforms first at the beginning of the scratch test, the resistance to plastic
deformation of the top layer has a significant effect on the stress magnitude at the interface
before it is fully deformed [54]. After the top layer deforms severely and the base layer
begins to plastically deform, a higher yield stress of the base layer will delay the

delamination by reducing the stress magnitude at the interface.
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Figure V-13. The effect of the yield stress of (a) top layer and (b) base layer on the peak
ot; magnitude at the interface.

o

V.3.2.3.3. The effect of strain hardening behavior of the base layer
Figure V-14 (a) shows the increase in strain hardening slope of the base layer
significantly increases the peak o stress value at the interface and promotes delamination

at high loads. As shown in Figure V-14 (b), an increase in the strain hardening slope of
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the base layer makes the delamination mode more shear dominant after the peak of begins

to locate behind the scratch tip.
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Figure V-14. The effect of strain hardening behavior of the base layer on the peak o1 (a)
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the peak ots location at interface shifts from scratch shoulder region to tip behind.)

V.3.2.3.4. The effect of the coefficient of friction (COF) on the top surface

Figure V-15 shows increasing COF on the top surface results in a higher peak of

magnitude at the interface [9]. The higher peak tensile stress with increase in COF may be

attributed to the higher tangential stress and deformation induced, which can cause a

significant stress-strain mismatch between the two layers. This would give rise to a higher

interfacial stress.
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The delamination resistance of a multilayer system mainly depends on three
factors, the interfacial bonding, and stress magnitude exerted, and the delamination mode
at the interface. The current study aims at investigating how the geometry and constitutive
parameters influence the stress generated at the interface. It should be noted that the model
system with a lower stress magnitude generated at the interface does not equal to a higher

delamination resistance.
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CHAPTER VI
QUANTITATIVE MODELING OF SCRATCH BEHAVIOR OF AMORPHOUS

POLYMERS AT ELEVATED TEMPERATURES”

The research strategy illustrated in Chapter 11 could be highlighted in Figure VI-1.
The first part of this chapter briefly introduces the model system PC used in this study.
The next part consists of different analytical models used in the simulation. The
fundamentals of each model are first outlined, then the parameters corresponding to the
modeled PC are listed. In the third part of this chapter, the experimental procedure is
described in detail. Then the next part presents the single element axisymmetric model to
apply the Arruda-Boyce model and 3D FEM scratch model for deformation prediction.

Finally, the results and the usefulness of the present study are discussed.

“ Part of this chapter was reprinted from Polymer, 197, Du, S., Mullins, M., Hamdi, M., Sue H.-
J., Quantitative modeling of scratch behavior of amorphous polymers at elevated temperatures,
122504. Copyright (2020), with permission from Elsevier.
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Figure VI-1. A chart summarizing the FEM modeling procedure.
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V1.1. Model System

The experimental tests were performed on commercialized injection-molded
polycarbonate (PC) samples provided by BASF SE (Ludwigshafen, Germany). They have
dimensions of 150 x 150 X 3 mm and 150 x 150 x 6 mm. First, the samples were dried
in a vacuum for 6 h at 80 T to remove the moisture effect. Then, they were annealed in a
vacuum for 1 h at 160 <C, about 10 < above their glass transition temperature (Tqg
~148 °C), to eliminate chain orientation and prior thermal history. Finally, they were
cooled to room temperature at a rate of 1.8 <T/min.
V1.2. Analytical Models
V1.2.1. Arruda-Boyce model for post-yield behavior

As highlighted in Figure VI-1, the post-yield behavior of PC is determined by
axisymmetric single element FEM simulation using the Arruda-Boyce viscoplastic model

[78, 100]. According to this model, the isotropic elastic behavior is modeled using
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Hooke’s law with the Hencky strain tensor. This model is represented by Equation (VI-1)

below:
Te = ]ie[zc; -h+ Atr(h) - I] (VI-1)

Where T is the Cauchy elastic stress tensor, J€ is the elastic Jacobian of motion,
G is the shear modulus, 1 is Lamés first parameter, and h is the Henky strain tensor. The
stress tensor presented in Equation (VI-1) will be introduced in the Arruda-Boyce model
for the single element FEM simulation. The elastic properties of the PC are presented in

Table VI-1 [79, 100]:

Table VI-1. Elastic properties of PC in Arruda-Boyce model.

Young’s modulus (E) 2300 MPa

Poisson’s ratio (V) 0.33

The plastic flow resistance consists of intermolecular resistance to segment
rotation dominating near the yield point and entropic resistance to molecular alignment in
the strain hardening region [79]. The intermolecular flow resistance is considered as the
result of energy changes during the formation of kink pairs and the rotation of active kink
corners along the principal tensile direction in the deformation process, based on the
double-kink theory [122, 123]. The Arruda-Boyce model is described as Haward-
Thachray mechanical analog [124], which is simply expressed as Eqgn. (VI-2).

TP =T~ FeTPF (VI-2)
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Where TP is the visco-plastic stress tensor describing the viscoplastic flow rule of
polymeric materials, T¢ is the linear ¢lastic stress calculated by Hooke’s law of isotropic
material in Equation (VI-1). F¢ is the elastic deformation gradient, and T? is the back
stress of the Langevin spring described later in Equation (VI-7).

The non-linear plasticity flow rule in this model is expressed as:

DP = yPN (VI-3)

Where DP is the flow rate of the plastic deformation gradient, y? is the plastic
shear strain rate, and N is the normalized tensor of plastic deviatoric stress. The
expressions of y? and N are given in terms of the deviatoric visco-plastic stress tensor

(T",,) as follows:

g g A 5/6 Tpev:Tpev
P =vocem|-f(1=()7)] ¢ v= R (V1-4
1
N = ETZev (V|-5)

Where y, is a pre-exponential factor, A is the zero stress level activation energy,
k is the Boltzmann constant, 8 is the absolute temperature, s is the athermal shear stress
and t is the effective equivalent shear strength taking the temperature, strain rate
dependent softening behavior into account. Previous experimental studies showed that the
non-linear strain softening behavior of PC is associated with a ‘preferred” molecular chain
structure in the flow state. Therefore the PC specimens at different initial heat treatments

soften to nearly the same strength level in the same testing conditions [125, 126]. The flow
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rule of athermal shear stress of amorphous polymers related to plastic shear strain rate

(¥P) is as follows [79, 101]:
§=h(1—-)yP (VI-6)

Where h is the softening slope, and s and sy refer to the rate of athermal shear
stress and the “preferred” molecular state of s, respectively. When the molecules align
along the deformation direction in the strain hardening regime, the plastic flow resistance
becomes mainly due to the entropic resistance from molecular alignment. Due to the
configurational entropy change, this resistance can be determined using the back stress

model with 8 non-Gaussian chains as follows [100, 127, 128]:

TP = L NL [Agh“i" e (VI-7)
' 37 VN Afhain

2 2 2 1/2
L=A +A +AF and AY, . = (1/\@) 11/

Where T is back stress component, C, is the rubber modulus, N is the chain

stretch parameter, £ is the Langevin function, A”, . is the stretch on any individual chain

in the eight-chain network, and A’{'Z are the eigenvalues of the plastic left Cauchy stretch
tensor. By determining the expressions of strain softening and strain hardening, the model
is capable of describing the post-yield behavior of the examined amorphous polymer.
The parameters of the Arruda-Boyce viscoplastic model corresponding to PC post-
yield behavior are presented in Table VI-2 below [100, 129]. These parameters will be

included in the axisymmetric single element FEM model.
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Table VI-2. Parameters of the Arruda-Boyce model for the post-yield behavior of PC
model system.

Pre-exponential factor (y,) 2x10%5 (s7h
Initial Softening slope (h) 500 MPa
Shear stress state ratio (Sss/So) 0.78

Zero stress level activation energy (A4) 3.93x 1072” m3
Rubber modulus (C,) 18.0 MPa
Chain stretch parameter (N) 2.78

Our previous studies found that the elastic modulus in the range of 1.65 GPa — 4
GPa has minimal effect on scratch depth specific to the scratch tip geometry chosen [38,
130]. Therefore, the effect of temperature and strain rate on the elastic modulus would be
insignificant and will not be considered in this study. Although the Arruda-Boyce model
can effectively describe the post-yield behavior of amorphous polymers, it has limited
capabilities in accurately predicting their yield stresses, especially at high strain rates [78,
83]. This limitation will be overcome after using the Richeton cooperative model for
calibration.
V1.2.2. Richeton cooperative model for yield stress

As shown in Figure VI-1, the Richeton cooperative model is used to accurately
predict the effect of temperature and strain rate on the yield stress of amorphous polymers.

This model indicates that the yield stress below T4 can be written as [51]:

102



1/n

0, (T < T,) = 6;(0) — mT + 2= sinh™? 8'/ (VI-8)

. AHﬁ
o€XP (_ RT )

Where g;(0) is the athermal internal yield stress (i.e. at 0 K), m reflects the yield
stress-temperature linearity, T is the temperature, R is gas constant, V is the activation
volume, ¢ is the strain rate, &, is a constant pre-exponential strain rate, AHg is the
activation energy of the S loss peak, and n is a parameter describing the cooperative
movement of the polymer chains. Material parameters V and n characterize the state of
the polymer structure. By setting the reference temperature to room temperature (25°C),

and dividing both sides of Egn. (VI-8) by T,s.., the following equation is obtained:

oy _ 0i(Tasc) | 2k . 1 4 & 1/n i
Tasec  Tasec + 4 sinh (é*(TZS"C)) (VI 9)
where
0;(Tas5e¢) = 0;(0) —m - Tys o (VI-10)
% . AH
& (Tasec) = & - exp (=71 (VI-11)

The parameters of the Richeton model that correspond to PC material will be
determined later in section VI1.5.2 by applying the time-temperature superposition
principle to the experimental results. The yield stress accurately determined using the
Richeton model will be used to calibrate the post-yield behavior determined previously
using the Arruda-Boyce model.

V1.2.3. Calibration of Arruda-Boyce model using Richeton yield stress
Figure VI-2 highlights the method used to calibrate the temperature and strain rate

dependent post-yield behavior obtained by the Arruda-Boyce model using the yield stress
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value determined by the Richeton model. The calibration is made by shifting the whole
post-yield curve obtained by the Arruda-Boyce model so that its onset corresponds to the

yield stress found by the Richeton model.
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Figure VI-2. Calibration of yield point and post-yield behavior predicted by the Arruda-
Boyce model with the Richeton model.

V1.2.4. Model for temperature and pressure-dependent adhesion COF

According to Chung’s work, the adhesion coefficient of friction (u,) between a
solid polymer and a metallic surface is temperature-dependent when the pressure is as low
as 0.5 MPa, but becomes almost temperature-independent at higher pressures [131].
Therefore, the effect of temperature and pressure on the friction between PC and steel can
be modeled using the equation below [46, 132, 133]:

ug(T) P.<0.5MPa
{ (VI-12)

Uqa(B) = ;—2 +a; B.>05MPa
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Where 1, is the shear yield stress at B. = 0 MPa and « is a pressure coefficient.
The value of u,(T) was measured by the COF measurement procedure described above
[51]. The relation between a and the pressure sensitivity parameter (a,) in Richeton’s

study is:

_ _oy-ay _ ap i
= HBgrah) 33 (VI-13)

Where oy and o) refer to the compressive and tensile yield stresses, respectively.
It was previously shown that the effect of temperature on a, is insignificant [134]. The
relation between the two pressure parameters indicates that the pressure effect on the
surface properties of a solid polymer is physically related to that on its bulk properties,
and a can be assumed to be temperature independent for PC in a certain range. This model
will be used in the FEM analysis to simulate the dependence of the surface COF on the
test temperature and pressure. Its parameters for PC material have the following values

(Table VI-3) demonstrated from a previous study [46]:

Table VI-3. Parameters for PC of the proposed COF model from Hossain et al. [46].

Shear yield stress () 38.32 MPa

Pressure coefficient (a) 0.06

After identifying the appropriate models for post-yield behavior and surface COF,
the Drucker-Prager model characterizing the deformation caused by scratch damage in the

3D FEM scratch model was described below.
105



V1.2.5. Drucker-Prager model for scratch-induced damage

The Drucker-Prager plasticity model in ABAQUS 2017® is adopted to simulate
the plastic behavior of the model system [135-138]. As illustrated in Chapter V, the three
key parameters to characterize the hydrostatic pressure-dependent constitutive behavior
of materials, namely the angle of friction 3, flow stress ratio K, and dilation angle . The

angle of friction § can be obtained via Equation (VI-14), it can be found that g = a,.
Since the pressure sensitivity parameter (a,,) depends slightly on temperature below T,

it is reasonable to assume the angle of friction (B) is nearly the same at different
temperatures below T4 [51].

c _ L
p=32"% (VI-14)

oy + of,
A previous study showed that the friction angle (f) can be used to determine the
stress ratio (K) for PC at room temperature in the range of 0.778 < K < 1 according to

the following equation [46]:

K=—1 (VI-15)

1+§ tan

Therefore, the parameters of the Drucker-Prager model for PC at temperatures
below Tg are determined and summarized in Table VI-4 below. Previous studies showed
that the maximum inelastic volume change of PC at various temperatures below Ty is
negligible [139, 140]. Therefore, the dilation angle of the PC can be approximated as ¢y =

0 below Tj.
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Table VI-4. Parameters of Drucker-Prager model for PC at temperatures below T4 from
Hossain [49].

Angle of Friction (5) 27.13°
Flow Stress Ratio (K) 0.85
Dilation Angle (%) 0

The effect of temperature and strain rates on yield and post-yield behavior is
considered using the Arruda-Boyce model calibrated with the Richeton cooperative
model. Then, the yield and post-yield data were input into the Drucker-Prager model in
ABAQUS 2017® for the quantitative modeling of the scratch-induced deformation. Also,
it should be noted that the strain calibration in the elastic region is not required because
the Drucker-Prager model in ABAQUS 2017® considers only the plastic strain in the FEM
modeling.

V1.3. Experimental Procedure
V1.3.1. Scratch test

Scratch tests were performed according to ASTM D7027/ISO 19252 standard [18,
141] using a G5 scratch tester provided by Surface Machine Systems (College Station,
TX). These standards are commonly used to assess the scratch resistance of polymeric
materials [29]. The scratch tip consists of a stainless-steel spherical tip with a diameter of
1 mm. To control the test temperature, the machine is enclosed in the custom-built
environmental chamber presented in Figure VI-3. The test temperature can be maintained

up to 120 T using a PCB heater underneath the sample and a radiant heater inside the
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chamber. The surface temperature is precisely and uniformly controlled within +2 <

using an Omega commercial pulse width modulation controller CN76000.

@ Scratch machine stage @

@ Stage box /
Scratch machine column

@ Lexan plate

e Aluminum plate

(6) PCB heater

@ Sample

Radient heater

@ Fan

Thermocouple

() Radient barrier

Temperature
control

Power
supply

Thermometer

Temperature
control

Figure VI-3. Scratch machine heating system and the environmental chamber.

Scratch tests were conducted at temperatures of 25, 60, and 100 <C. The applied
linearly increasing normal load from 1 N to 35 N at a constant speed of 100 mm/s was
performed over a length of 100 mm. The load range was chosen to generate a smooth
scratch groove without tearing damages. To avoid scratch recovery in cyclic thermal
conditions, only one scratch test was performed on each sample. At least three tests were
carried out at each test temperature. Scratch-induced deformation was observed using a
Keyence® VK9700 violet laser scanning confocal microscope (LSCM) 24 hours after
removing the specimens from the environmental chamber [2, 96]. A previous study
showed that this period was sufficient to allow for the viscoelastic recovery of PC [46].
V1.3.2. Surface coefficient of friction (COF)

The same setup shown in Figure VI-3 was employed to determine the adhesion

coefficient of friction (u,) of the samples at different temperatures. A flat, smooth, and
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self-aligned tip with a square surface of 10 x 10 mm was used to minimize the sliding-
induced deformation on the samples [30]. At each temperature, five measurements were
taken at a constant normal load of 5 N over a distance of 100 mm and at a speed of 100
mm/s. The test was applied at a constant contact pressure of approximately 0.05 MPa.
Three tests were performed on each temperature.
V1.3.3. Uniaxial compression test

The uniaxial compression test in this chapter follows the procedure in CHAPTER
IV. The tests were performed at temperatures of 25, 60, and 100 <C and strain rates of
4x107*,5x%x 1073, and 5 x 1072 s~ for each temperature.
V1.4. FEM Models
V1.4.1. Single element axisymmetric compressive simulation

As indicated in Figure VI-1, the Arruda-Boyce model was introduced in a single-
element axisymmetric compressive simulation by user subroutine (VUMAT) to determine
PC post-yield behavior at various temperatures and strain rates. This geometric model is
presented in Figure VI-4. It consists of a single CAX4R element in the x-y plane with
dimensions of 15 x 30 mm, representing the half cross-section of a cylindrical sample
with a radius of 15 mm and a height of 30 mm. Its boundary conditions consist of a
symmetry axis and the fixed bottom in the y-direction, respectively. The displacement

(AU,,) was applied only on the upper edge to mimic the displacement control compression

test at a constant speed. Based on the definition, the strain rate could be determined using
Equation (VI-16) [142]:

de _ (AUy/Lyg)
dat ~ tg
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Where t, is the compression time in simulation and L, is the element dimension
in the compression direction. This model was developed using a commercial FEM

package [143].

| 15 mm I

Symmetry Axis
Ux:URy:URZ:O

30 mm

_—

Y 3 /
‘ Buttom Edge
Uu,=0

Figure VI-4. Geometry and boundary conditions of the single element axisymmetric
compressive model.

V1.4.2. 3D FEM model for scratch test

A 3D scratch model for PC was built as described in previous studies with a FEM
package [30, 61, 99]. The numerical computation domain and boundary conditions are
shown in Figure VI-5. The critical length (A to B) is composed of 512 elements in the
dimension of 22.8 pm x 28.1 pm x 33.3 pm to obtain accurate results in reasonable

computation time. As shown in Figure VI-1, the Drucker-Prager model is incorporated
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into the 3D scratch model to simulate the plastic behavior of the model system. And a
linear elastic constitutive relationship with secant modulus and Poisson’s ratio obtained
from uniaxial compression test is considered to model the elastic behavior [49]. The
viscoelastic recovery of the material, as well as the scratch-induced crack and fish-scale
patterns, are not considered in this model. Furthermore, it has been shown that the
temperature rise caused by heat generation in the ASTM standard scratch test is negligible
at a speed of 100 mm/s below 40 N [144, 145]. Therefore, the heat generation in a single

scratch path could be ignored in the FEM modeling.

Figure VI-5. Geometry and boundary conditions of the FEM scratch model.

V1.5. Results & Discussion
V1.5.1. Prediction of the post-yield behavior
Figure VI1-6 compares the post-yield behavior obtained using Arruda-Boyce visco-

plastic model with the experimental results from the uniaxial compression test at a strain
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rate of ¢ = 4 x 10~* s71. It is observed that the yield stress decreases with temperature.
Also, the modeled non-linear strain softening and strain hardening curves (dashed line)
are generally consistent but slightly shifted compared to the experimental ones (solid line).
This will be eliminated after the calibration of the post-yield behavior using the Richeton
cooperative model in Section V.4.3. Also, the predicted strain-softening slopes at 60 C
and 100 <C are lower than the experimental results. This is explained by a more
predominant stress relaxation effect due to the extremely low strain rate chosen for the
tensile and compression tests [101, 146]. However, a previous parametric study showed
that strain softening has an insignificant effect on the scratch depth and width [6].
Therefore, this difference in strain softening is not expected to meaningfully affect the
modeled scratch deformation. Similarly, the predicted strain hardening at 100 <C starts
deviating from the experimental results at a strain of approximately € = 0.36. This can be

explained by accelerated stress relaxation at high temperatures [146].
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Figure VI-6. Experimental and predicted post-yield behavior at different temperatures
and a strain rate of 4x<10* s,

Figure VI-7 shows the predicted stress-strain curves obtained using Arruda-Boyce
viscoplastic model for different temperatures and strain rates. The figure clearly shows
that the yield and post-yield stresses increase at lower temperatures and higher strain rates.
This is consistent with previous studies [86, 147-149]. Also, for each temperature, the
change in non-linear strain hardening with strain rate decreases at high strains. This is

consistent with the experimental results presented in Figure VI-6.
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Figure VI-7. Post-yield behavior predicted using Arruda-Boyce model at (a) 25 <C, (b)
60 <C, and (c) 100 <T.

V1.5.2. Prediction of the yield stress

Table VI-5 summarizes the compressive yield stress values of PC obtained from
the uniaxial compression test at various temperatures and strain rates. It is observed that
the yield stress increases with a higher strain rate and lower temperature. This same
observation was made for the predicted results highlighted in Figure VI-7 which shows

their consistency.
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Table VI-5. Experimental compressive yield stress (MPa) of PC at various temperatures
and strain rates.

£ (s9)

4x10% 5x 1073 5x 1072

25 775+ 1.7 82.7+08 | 85.0%+1.1

60 644425 724123 726104

T (°C)

100 56.4 + 4.2 61.5+6.3 67.4 + 3.3

The time-temperature superposition principle of yield stress presented in Equation
below was applied to the obtained results [91]:

A(log é€) = log é(Tref) —log é(T)

A (ﬂ) — O'y(Tref) _ oy(T)
T Tref T

(VI-17)

The yield stress data at three strain rates were shifted to establish a master curve

for a reference temperature of T,.., = 25 °C. Results are shown as Eyring plots (o, /T

v.s. log €) in Figure VI-8 (a).
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Figure VI-8. (a) Master curve of Eyring cooperative model for PC and shifted test data
(b) Yield stress predicted by Eyring cooperative model compared with experimental
results.

To obtain the four parameters in the Richeton model shown in Equation (VI1-9)
(namely n, V, €*(T,5-c), and 0;(T,5e¢)), @ curve-fitting software was employed on all the
data points at the reference temperature T,..r = 25 °C. Then &, and m in Equation (V1-8)
were calculated using Equations (VI-10) and (VI-11) with ¢;(0) and AHg values of PC

taken from the literature [86, 91]. All the values of Richeton model parameters in Equation

(V1-8) for PC material are summarized in Table VI-6.

Table VI-6. Measured parameters of Richeton cooperative model for PC.

Activation volume (V) 3.70 x 1072 m?3
Cooperative movement parameter (n) 5.88
Athermal internal yield stress (o;(0)) [86, 91] 145 MPa
Activation energy of the 8 loss peak (AHg) [86, 91] 40000 J /(K - mol)
pre-exponential strain rate (£;) 7.13 x 1012 571
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Table VI-6. Continued.

Internal yield stress parameter (m) 0.24

Boltzmann constant (k) 1.38 X 1072° MPa - m3/K

Figure VI-8 (b) shows the yield stress predicted by the Richeton cooperative model
at the targeted temperatures matching nearly all the experimental results. This
demonstrates the consistency of this model in predicting the experimental yield stress.
V1.5.3. Calibration of the post-yield behavior

As explained previously, the post-yield behavior obtained using the Arruda-Boyce
viscoplastic model (Figure VI-7) was calibrated using the Richeton model (Figure V1-8b).
This was performed by shifting the whole post-yield curve to the yield point predicted by
the Richeton model. An illustration of the calibration of the results at a temperature of 25
°C and a strain rate of 4x 10™* s~ was previously shown in Figure VI-2. The final
calibrated plastic behavior of PC at different temperatures and strain rates are presented
in Figure VI-9. These curves will be introduced in Drucker-Prager model to accurately

simulate the scratch-induced deformation of PC.
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Figure VI-9. Arruda-Boyce post-yield behavior calibrated using Richeton model at (a)
25 °C, (b) 60 <, and (c) 100 <.

V1.5.4. Prediction of the surface COF

Figure VI-10 presents the adhesion coefficient of friction (u,) measured
experimentally at the three considered temperatures. The contact pressure of these
measurements is approximately 0.05 MPa. The dashed line is the curve fitting of the data
points to show the general trend of u, varying with temperature. The figure clearly shows
a slight increase in surface COF with temperature. The results are consistent with the
findings of Chung and coworkers [131]. A previous study has shown that even with a
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small difference in COF, the depth can change significantly [7], which is critical to the
quantitative prediction of the micron-sized scratch groove formation. COF is dominated
by two factors: the actual contact area between the sliding surfaces and the shear strength
of the sliding material. Temperature increases the actual contact area between the contact
surfaces due to the polymer softening induced by temperature rise [150]. Even though the
shear strength of PC decreases with temperature, the slight drop in shear strength due to

temperature rise is not significant in COF magnitude under low contact pressures [151].
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Figure VI-10. Variation of the adhesion coefficient of friction () between PC and
stainless steel with temperature at a contact pressure of ~ 0.05 MPa.

Figure VI-11 shows the values of the adhesion coefficient of friction predicted
with Equation (V1-12) for the 3D FEM scratch model. u, (T) was used as the upper limit
of the COF value to avoid unrealistic high values obtained when Pr is very low. The
pressure dependent COF at P. = 75 MPa is very close to the COF measurement results at
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P. = 0.05 MPa. To simplify the problem, the u,(T) at B. = 0.5 MPa was determined by
linearly interpolating these data, and u, (T) in the range of B. < 0.5 MPa can be assumed
to be pressure-independent. When P. > 0.5 MPa, the COF was shown to have a reverse
relationship with Pr, which is due to the reduction of actual contact area as Pr rises in the

elastic-plastic contact process [150, 151].
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Figure VI-11. Adhesion coefficient of friction u input into 3D scratch model.

V1.5.5. Prediction of the scratch-induced deformation

The predicted COF and calibrated post-yield behavior were introduced in the
Drucker-Prager model to characterize the deformation caused by scratch damage. Figure
VI-12 compares the residual scratch depth on PC model systems obtained experimentally
with those predicted using the FEM model. A good agreement is obtained between the

experimental and predicted results. This clearly demonstrates the effectiveness of the
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modeling approach and the adequate assumptions involved in modifying the constitutive

model parameters.
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Figure VI-12. Experimental and modeled scratch depth values on PC at the three
examined temperatures.

The residual cross-section scratch grooves obtained from FEM modeling and laser
confocal microscope (LSCM) scanning at a normal load of 20 N are compared in Figure
VI-13. The dashed black lines in the figures were used to mark the horizontal surface and
the peak of the shoulders. The FEM approach proposed in this study can predict the
groove’s shape and depth precisely, with only minor differences at elevated temperatures.
It is noted that the current modeling approach under-predicts the scratch width and
shoulder height build-up [46]. This is due to the fact that this Lagrangian FEM model
ignores the material accumulation on the shoulder flowing from the tip front [152]. By
applying the Eulerian method in our future FEM modeling, this issue might be resolved
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[153]. Furthermore, it should be noted that the differences in groove width and shoulder
height between experimental and modeling results become larger when the test
temperature is increased. This is probably due to the aforementioned more pronounced

softening of PC at higher temperatures [41, 74, 152].
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Figure VI-13. Experimental and FEM modeled scratch groove of PC with scratch load
of 20 N at (a) 25 T, (b) 60 <C, and (c) 100 <C.

A better understanding of the scratch behavior can be gained by considering the
scratch coefficient of friction (SCOF). This parameter can be expressed as the ratio of

tangential scratch load to the normal load [43, 96]. The values of the SCOF were
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determined from the FEM model using Bowden and Tabor’s theory presented in Equation
(VI1-18) below [154]:
SCOF = pg + pg (VI-18)

4 a __ 4 V2dR-d?

Ha =3 2 T3 &

(VI-19)

Where p, is the adhesion coefficient of friction shown in Equation (VI1-12), ug is
the deformation coefficient of friction, a is the contact radius, R is the radius of the scratch
tip, and d is the instantaneous scratch depth determined using the FEM simulation. The
contact pressure P. in Equation (V1-12) is the pressure underneath the scratch tip obtained
from the FEM simulation.

Figure VI1-14 presents the experimental and numerical SCOF measurements at the
three tested temperatures. A good correlation is found between the experimental and FEM
predicted results. This demonstrates the accuracy of the temperature-dependent model
presented in this analysis. It is also observed that the SCOF only slightly increases across
the scratch path for each of the three temperatures. This is partially caused by the absence
of major changes in scratch deformation like fish scaling and stick-slip patterns. In fact, a
previous study showed a correlation between these deformation feature changes and the
value changes in SCOF [43, 96]. The figure also shows that the SCOF slightly increases
with temperature. This is due to the softening of the polymer matrix at higher temperature,

which increases the actual contact area. Therefore, a higher tangential load is needed to

maintain the same scratching speed.
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Figure VI-14. Experimental and modeled SCOF values on PC at (a) 25 <C, (b) 60 T,
and (c) 100 <C.

The modeling methodology proposed in the present study adopted temperature and
strain rate dependent constitutive and contact relationships. This provides an effective
approach to quantitatively predict the scratch behavior of amorphous polymers, including
depth and scratch coefficient of friction (SCOF) at different temperatures. This approach
will have a direct effect on several industrial applications in which temperature plays a
significant role. Recent studies developed constitutive models to model the mechanical
properties of semi-crystalline polymers [81]. Therefore, similar quantitative modeling

analysis will be applied to low T4 semi-crystalline polymers in our future investigations.
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The effect of temperature on crystallinity and skin-core morphology above T4 will be
considered in these investigations. Furthermore, to model the material flow on the tip front
and side edges [46], Eulerian or coupled Lagrangian-Eulerian (CLE) finite element

methods will be considered in future studies [57, 153, 155].
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CHAPTER VII

CONCLUSIONS AND FUTURE RESEARCH PLAN"

VI1.1. Summary and Conclusion of Present Scratch & Mar Research

FEM modeling combined with experimental work was carried out in this
dissertation to gain insight into the scratch and mar behaviors of polymeric systems. The
focus of this work includes (1) Barrel mar damage (2) Scratch induced delamination in the
multilayer system (3) Quantitative modeling to scratch deformations at elevated
temperatures. The FEM model based on commercial software ABAQUS® was conducted
to provide insight into the mechanics' knowledge and predict scratch behaviors. The
mechanical testing such as uniaxial compression and tension test, COF measurements, etc.
were performed to characterize the mechanical properties of polymer and contact
properties between pairs. Furthermore, scratch tests according to ASTM/ISO standards
were utilized to validate the FEM model. The conclusions of each subtopic were
summarized as below:

The barrel mar modeling research investigates the mar resistance of three model
amorphous polymers: PMMA, PC, and PS. The experimental analysis shows that PMMA

has minimal changes in surface roughness and contrast on the mar path against the virgin

Part of this chapter was reprinted from Wear, 444-445, Du, S., Hamdi, M., Sue, H.-J.,
Experimental and FEM analysis of mar behavior on amorphous polymers, 203155, Copyright
(2020), with permission from Elsevier.

* Part of this chapter was reprinted from Polymer, 197, Du, S., Mullins, M., Hamdi, M., Sue H.-
J., Quantitative modeling of scratch behavior of amorphous polymers at elevated temperatures,
122504. Copyright (2020), with permission from Elsevier.
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background of the sample. This indicates that PMMA has the best mar visibility resistance.
To conduct a meaningful FEM parametric study, the criteria that can correlate well with
the mar visibility resistance of the model polymers were determined to be the maximum
principal strain and total plastic energy dissipation values. Results show that mar
resistance improves with a lower elastic modulus, a lower strain softening slope, a higher
yield stress, and a higher strain hardening slope. Future studies will include further
validation of other polymeric systems.

Two semi-rigid PET-based tri-layer laminates were used to demonstrate the
methodology to determine the adhesive strength of multilayer polymer laminates with the
combination of scratch test and FEM model. The FEA analysis of the stress state at the
interface proves the maximum principal stress criterion is reasonable to be used to gain
insight into scratch-induced delamination damage. Also from the FEA analysis, it is found
that the reason why the PET-nylon-PET system showed early onset of adhesive failure is
due to the high tensile stress generated around the scratch tip at the interface.

Then, the FEM modeling approach based on maximum principal stress criterion to
determine the scratch-induced delamination strength was carried out and validated by the
ASTM D7027 standard scratch test on a set of bi-layer epoxy coating systems. The
experimental analysis shows a thicker top layer or a softer base layer could delay the onset
of delamination during scratch. The FEM modeling results indicate the peak ! at the
interface could either be located behind the scratch tip or on the scratch shoulder region,
depending on the scratch normal load applied. The FEM parametric analysis shows that

the onset of delamination would be delayed with a softer base layer, a top or base layer
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with higher yield stress, a base layer with a lower strain-hardening slope, and a top surface
with lower COF. The delamination mode will become more Mode-I dominant in a
multilayer system if the base layer possesses a higher modulus or lower strain hardening
slope. The present study indicates that it is possible to minimize the build-up of interfacial
stresses by adjusting the layer thicknesses and material parameters of each layer in a
laminated system upon scratching.

To precisely predict the scratch deformation of amorphous polymers at different
temperatures, temperature and strain rate dependent post-yield behavior of amorphous
polymers with precise yield stress values was determined using the Arruda-Boyce visco-
plastic model calibrated with the Richeton cooperative model. Also, a temperature and
pressure-dependent frictional model was established and included in the FEM analysis.
By introducing calibrated post-yield data and modeled COF into the Drucker-Prager
model, the pressure, temperature, and strain rate-dependent plastic constitutive behavior
of amorphous polymeric materials was established. The predicted scratch depth, groove
dimension, and SCOF were in good agreement with experimental tests. This indicates the
effectiveness of the developed model to quantitatively simulate the scratch-induced

deformation at various temperatures.

VI1.2. Future Research Directions
VII.2.1. FEM modeling of sandpaper mar damage
As one of the commonly seen mar damages on polymeric surfaces, sandpaper mar

has drawn significant attentions, as barrel tip mar damage. Therefore, it would be of great
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importance to understand sandpaper mar behavior by using the numerical approach. The
key to model the sandpaper mar damage is to simulate the multiple micro-scratches caused
by micro-size random shape particles of sandpaper with appropriate statistical theories.
Furthermore, efforts should be also given to take account the three-body abrasions and
scratch intersection phenomena. This modeling work will be of benefit to the development
of sandpaper roughening mar-resistant polymeric materials.
VII.2.2. FEM study of crack features involved with stick-slip phenomenon

It is well-known that the parabolic crack is the typical damage feature generated
in scratch tests on many brittle polymeric surfaces, like the PMMA shown as Figure VI1I-1.
Jiang et al. have demonstrated the parabolic crack feature in Figure VII-1 is due to the
effect of stick-slip phenomenon in the crack formation [9]. Therefore, some appropriate
techniques should be utilized to model the stick-slip phenomenon in the FEM simulation.
Furthermore, the validated damage initiation and evolution criteria need to be involved in
the FEM model to simulate crack. Since the energy conversion of both stick-slip and crack
generation processes are complicated, the assumptions related have to be carefully made.
Modeling stick-slip involved crack features could help to comprehensively understand the

relationship between the crack features and material properties.
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Normal Load = 62.7N _

Figure VII-1. Parabolic crack features of PMMA. Reprinted from Moghbelli et al. [21].

VI1.2.3. Quantitative precise prediction to scratch shoulder height and groove width

As illustrated in Chapter VI, the under-prediction of shoulder height and groove
width is probably due to the ignore of material accumulation flowing from the tip front to
the groove shoulder. This under-prediction will influence the scratch visibility analysis,
since the topography change in groove height is one of the main reasons to cause scratch
visible. Therefore, the precise quantitative prediction to scratch shoulder height and
groove width is also important for many applications about damage visibility. One of the
possible ways is to implement the coupled-eulerian-lagrangian (CEL) method into a 3D
FEM scratch model. The CEL method is commonly used to simulate the metal scissel chip
flow during the cutting process. However, employing this method to simulate the flow
direction of polymer in the scratch test is the key. Once modeled successfully, it could

help to build the relationship between mechanics and scratch visibility.
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