Effect of physical aging on scratch behavior of polycarbonate
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Abstract

Physical aging refers to relaxation of the polymer glassy state toward the amorphous state and this
phenomenon affects their physical-mechanical properties. This work investigates the effect of physical
aging on polymer scratch behavior and visibility. It was shown that mechanical properties were significantly
modified over the aging time, especially the yield stress, in turn affecting polymer scratch behavior. As a
matter of fact, the critical load for the onset of scratch visibility was shown to increase with the aging, thus
improving sensitivity of polymer to scratches. Such behavior was strictly related to the yield stress increase
with the aging time. The usefulness of the present work is highlighted, and some future perspectives are
discussed.

Highlights

e The influence of physical aging on the mechanical behavior of polymers, in particular yield
stress, was quantified;

e Scratch behavior and visibility are also affected by aging, with the polymer becoming less
sensitive to scratch damage over time;

e A quantitative determination based on the increase of the critical load for the onset of visibility
was reported;

e A general relationship between critical load for visibility and yield stress for polycarbonate was
proposed.



1. Introduction

Polymer scratch behavior has been widely studied during the past three decades [1-27]. Scratch behavior
has been related to polymer mechanical behavior [1, 2, 5-8, 14, 16, 26, 28-30] such as modulus [1], yield
stress [2, 14], and strain hardening [5, 12], which can significantly affect polymer scratch behavior. Also,
any chemical or physical phenomenon that modifies the mechanical behavior of polymers, such as chemical
oxidation [21, 23, 31] and physical aging [15], can have an impact on scratch response. While strategies
exist to prevent chemical oxidation, physical ageing is an inherent phenomenon occurring in plastic
products after processing; increasing the service life of polymers in automotive, electrical appliances,
household goods, and other decorative applications then requires an assessment of their scratch behavior
after prolonged physical aging.

Physical aging is a unique phenomenon for polymers, which can occur in absence of externally applied
loads, at constant temperature, and without alterations of the material structure, i.e., no chemical
degradation taking place [31-34]. It is called “aging” because this phenomenon leads over time to a change
in the properties of the materials, such as density, modulus, yield stress, etc. These properties are commonly
utilized as a marker of the occurrence of an aging process. It is a reversible phenomenon since no chemical
change occurs, and the initial properties can be restored upon heating the material above its glass transition
temperature. The driving force for physical aging is induced by the natural tendency of non-equilibrium
state to move toward the equilibrium state, i.e., a relaxation process of the glassy state. The origin of this
phenomenon is largely driven by the fabrication process of thermoplastics. For instance, injection molded
components are cooled down below the glass transition temperature (Tg) quickly, with a cooling rate that
does not allow the polymeric chains to have enough time to reach a minimum energy configuration:
consequently, the structure is frozen into a non-equilibrium state condition. This is shown in Figure 1 by
the solid line, while the dotted line instead represents the ideal equilibrium condition. These materials must
be intended as solidified supercooled liquids, whose volume, enthalpy, and entropy are greater than they
would have been in an equilibrium state.
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Figure 1. Schematic picture describing the origin of the aging phenomenon: the aging temperature range is shown below the glass
transition temperature [36].



While transition towards equilibrium is kinetically inhibited, some degree of molecular mobility exists even
below the glass transition temperature and molecular relaxation phenomena can still take place, bringing
the system closer to equilibrium. This slow process modifies the time-dependent properties in the glassy
state, as the molecular chains become more densely packed. The material becomes stiffer and more brittle,
and its molecular mobility decreases; the same happens for the creep and the relaxation rates and the
dielectric constant. This phenomenon is usually explained in the most straightforward and qualitative way
by the free volume theory [37]. The rate of this phenomenon depends on the distance from the glass
transition temperature: the process is faster as the aging temperature approaches the polymer glass
transition. The aging progression can usually be quantified and measured through calorimetric analysis or
mechanical tests. Specifically, this process exhibits an endothermic peak, usually named “excess enthalpy”.
This was demonstrated in several studies [37—40]. As mentioned, the physical aging also modifies the
mechanical performances of the materials [5, 31, 32, 34, 41-44], as shown in Figure 2 for polystyrene
samples where an increase in elastic modulus and strength is observed because of the reduced molecular
mobility over the aging time; the effect on yielding is also visible in Figure 3 for an epoxy resin. Widely
available data for bisphenol-A polycarbonate (PC) [45—55] demonstrates that aging induces an increase in
the modulus and the yield stress and a reduction of the strain at break, until the material experiences a
ductile-to-brittle transition after extended aging periods (over 300 h) at 120 °C (i.e., about 30°C lower than
Ty).

The effect of these changes on the mechanical properties certainly affects the scratch behavior, too [56,57].
However, to the best of our knowledge, there exist very few studies dealing with the scratch behavior of
physically-aged polycarbonate (PC) [58]. The aim of the present research is to investigate the effect of
physical aging on the scratch behavior of PC. This is of relevance for a couple of reasons: first, all polymeric
materials are more or less subjected to this phenomenon, even for applications at room temperature.
Secondly, it is helpful for the understanding and the identification of a general relationship between the
mechanical properties and the scratch response. As a matter of fact, the mechanical behavior is modified
over the aging time, and consequently the scratch response. To do so, the aim is to quantify the progression
of the aging phenomenon and to evaluate how this affects scratch performance from a mechanical point of
view, also in terms of polymer deformation processes that lead to scratch visibility.
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Figure 2. Effect of physical aging on the uniaxial tensile stress-strain curves for polystyrene samples at different aging time: 1) 1
minute; 2) 0.5 hour; 3) 1 hour; 4) 5 hours: 5) 19 hours and 6) 48 hours [58-60].
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Figure 3. The effect of physical aging on the mechanical behavior, specifically yielding, of epoxy polymers (and their composites).
The figure shows the increase of the yield stress with the aging time [20].

2. Experimental section

2.1 Materials and methods

Black injection molded glossy samples made of bisphenol A PC and of a bisphenol A, cyclohexylidene-
bridged bisphenol PC copolymer (CoPC) were supplied by SABIC’s Specialties business in the form of
rectangular plaques with dimensions of 100.0 mm x 100.0 mm % 3.2 mm for the scratch tests. Dog-bone
shaped and prismatic samples were also manufactured for the tensile and compression tests, respectively.
These samples were utilized to evaluate the effect of physical aging on scratch behavior.



2.2 Aging protocol

The samples were subjected to a conditioning step, consisting of a thermal treatment at 160 °C (above the
glass transition temperature T, of all tested samples). The aim of the treatment is to erase the previous
thermal history related to the manufacturing process. To do so, samples were put into a ventilated oven at
160 °C for 30 minutes. They were subsequently removed and slowly cooled under forced air down to room
temperature. Even a very slow cooling rate can only freeze the chains in a partially liquid-like, high free
volume non-equilibrium state. For such a reason, an arbitrary aging time of 1h was attributed to the samples
following this heat treatment.

The aging treatment was conducted at 120 °C in a ventilated oven for 80, 160, 300 and 460 hours,
respectively. The same aging temperature was selected for the two materials, so that a single oven could be
used for both sets of samples. It was chosen so that its value is relatively close to Ty, to facilitate molecular
movements which bring the polymer closer to the equilibrium state. These samples underwent
tension/compression mechanical testing, FTIR and GPC analysis, DSC analysis and scratch tests.

2.3 Scratch test

Scratch tests were performed utilizing a Surface Machine Systems instrument (Austin, TX). The machine
was equipped with normal and tangential load cells of 200 N capacity. A linearly increasing normal load
was applied from 1 to 130 N. A spherical indenter (1 mm diameter) made of stainless steel was slid at 100
mm/s velocity for 80 mm (scratch length). The apparent scratch coefficient of friction was determined as
per Equation 1:

SCOF =+ (Eq. 1)
where F, [N] and F; [N] are the normal and tangential load, respectively. At least 4 scratches per aging time
sample were performed. Only the average curves are shown as the data are quite reproducible (within 10%
for the tangential force Fy).

2.4 Tensile and compression tests

Tensile and compression tests were performed to quantify the mechanical response of PC and CoPC over
the aging time. Uniaxial quasi-static tensile tests were performed on an Instron 5967
screw-driven dynamometer equipped with a 10 kN load cell. Compression tests were carried out using an
Instron 1185R5800 dynamometer equipped with 100kN load cell fitted with compression plates at constant
crosshead speeds that was used to provide the strain rate imposed during the tests (for either tensile and
compression tests). Dog-bone shaped samples with dimensions of 12.75 mm x 3.20 mm and a gauge length
of 70 mm were injection molded for the tensile test. Square prismatic samples with a 12.5 mm x 12.5 mm
cross-section and height 6.0 mm were cut from injection molded bar shaped samples. The applied nominal
strain rate was 0.006 s™' in both cases and it was controlled through the crosshead displacement. The actual
strain was measured using a clip-gauge extensometer placed on the gauge length of tensile samples or
between the compression plates. Three samples per material and aging time were tested.

2.5 Confocal laser microscope analysis

A high-resolution Keyence VK9700 violet laser scanning confocal microscope (VLSCM) was used to
analyze the scratch deformation and measure the scratch geometry for the materials under investigation (for
each scratch). Scratches were investigated 24 hours after performing scratch tests. The same procedure was
applied for all tested materials. Time was selected to allow a complete recovery of the viscoelastic
component of scratch deformation.



2.6 Differential scanning calorimetry analysis

DSC was performed using a TA Q20 instrument. In this work, the aging behavior of PC samples was
studied. Therefore, DSC analysis was meant to measure the main thermal transitions for the unaged PC and
to quantify the progression of the aging phenomenon. The selected heating history for the DSC analysis is:

a) First heating ramp: from 40 to 180 °C, applying a heating rate of 10 °C/min;
b) Cooling ramp: from 180 °C to 40 °C, with a cooling rate of 10 °C/min;
¢) Second heating ramp: from 40 °C to 180 °C with a heating rate of 10 °C/min.

The excess enthalpy, related to the aging phenomenon, was quantified [38, 46] as described in Figure 4, by
measuring the area below the endothermal peak according to the method described in [38, 46]:
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Figure 4. Schematic description of the methodology applied for the measurement of the enthalpy peak related to the aging
phenomenon during the first heating: area below the endothermic peak where the straight red line represents the baseline of the
area. The procedure was consistently employed for all tested samples. The second heating ramp is also shown in the picture: it
shows the glass transition at the same location of the pristine sample as the phenomenon is reversible upon heating above the
material Tyg) [50].

The first step is the determination of the glass transition temperature of the unaged PC. In this sense, the
first heating ramp was meant to erase the previous thermal history. The second heating ramp aims at
determining the actual glass transition temperature of the tested samples. As a matter of fact, PC samples
show a higher glass transition temperature (149 °C) compared to the CoPC material (142 °C), as described
in Figure 5. It is also worth noticing (Figure 5) that the distance AT between the glass transition temperature
(for each material) and the selected aging temperature (120 °C) differs by a few °C, i.e., the AT is equal to
29 °C and 22 °C for PC and CoPC, respectively. This leads to the expectation that the extent of the aging
phenomenon should be larger for the CoPC, as the chosen aging temperature is closer to its glass transition.
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Figure 5. Determination of the glass transition temperature for PC (149 °C) and CoPC (142 °C); also, a schematic representation
of the difference between the glass transition temperature and the selected aging temperature (120 °C) is reported.

The second step is the measurement of the progression of the aging phenomenon (as described in Figure
4): to do so, the first heating was considered. The second heating ramp, instead, was meant to double check
that the phenomenon is reversible, i.e., physical. To be reversible, the measured glass transition temperature
should overlap with the unaged glass transition. This was demonstrated for all tested samples. Only one test
was carried out for each aging time study.

2.7 FTIR analysis

FTIR was carried out using a Nicolet 380 instrument in reflectance mode, in the wavenumber range from
600 to 3250 cm™'. Multiple (128) scans were averaged for optimal data quality. The machine allows to
qualitatively and quantitively measure the chemical composition on the surface of the sample. The samples
were cut from the plaques for the scratch test and only the upper surface was analyzed as no difference was
detected between the upper and bottom ones. The aim of the analysis was to check whether any chemical
degradation phenomena took place during the aging procedure. The analysis was carried out for unaged and
aged samples daily (after each 24 hours). However, only data for unaged and 460 hours aged samples are
shown.

2.8 Gel permeation chromatography

GPC analysis was performed using Agilent 1260 equipment to study if any chemical change occurs with
aging, evaluating any variation in the number-average molecular weight M, and the weight average
molecular weight My,. The analysis was performed at the SABIC’s Specialties business laboratory (Indiana,
USA). Agilent PL gel Mixed-C column was used. Methylene chloride was chosen as a solvent with a solvent
flow rate of 1.0 ml/min and an injection volume of 50 pl.

2.9 Black box setup and image analysis

Scratch visibility analysis was performed utilizing a black box setup [18,61,62], whose schematic picture
is shown in Figure 6a below. A detailed description is given in a previous publication [24]. The settings of
the camera were optimized to accurately capture all the details (i.e., the scratch surface deformation
features): ISO-800, the exposure time at 1/30 s, and aperture angle of 4/5. The camera settings were



consistently used for all the tested samples. The relative orientation of the illuminant and the sample
(specifically, the scratch on the sample surface) are shown in Figure 6b.
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Figure 6. a) Sketch representing the custom-built black box setup. The sample is placed onto the tray and the illuminant can be
rotated at a certain angle o (at a fixed distance from the samples). The camera is aligned with the normal to the surface of the
samples. b) The projection of the incident light direction is perpendicular to the scratching direction.

The images were subsequently analyzed by measuring the contrast between the scratched and undamaged
area. In particular, the contrast is defined according to Equation 4.2 [63], [64]:

C [%] = =2« 100 (Eq. 2)
Is+1p

where I is the luminance of the scratched area and Iy, is the luminance of the background. The criterion
requires to define the region that exceeds a certain selected contrast threshold. The minimum load where
this criterion is satisfied is defined as “critical load” for the onset of visibility. The contrast threshold is
properly selected to match the human perception of the scratch. The human eye perception is measured
through a psychophysical test: the observers were properly taught how to determine the critical load for the
onset of visibility. At least five observers utilized the same black box setup to determine the onset of
visibility for the tested samples (the room was completely darkened).

1N 130 N

Critical load

Figure 7. Schematic representation of the image analysis procedure. At the top, the image was taken with the camera in the black
box; then, the image is analyzed with a software through which the user is allowed to select the contrast threshold, which results in
the image at the bottom. The red area indicates the region where the contrast value exceeds the specified threshold. The critical
load is defined as the minimum load that satisfies this criterium.



3. Results and discussion

The aim of the section is to provide findings for assessing the long-term behavior of PC components, trying
to quantify their surface mechanical durability which is crucial when it comes to sustainability. The role of
physical aging on the scratch response of the PC and CoPC samples was investigated. The discussion is
divided into sub-sections to address and answer the following points:

a) Ensure that the phenomenon is physical, i.e., reversible;
b) Quantify the progression of the aging;
c) Evaluate the effect of aging on the scratch behavior and its visibility.

3.1 Possible effect of the physical aging on the polymer chemical structure

Possible changes in the chemical structure of the selected materials were monitored utilizing FTIR in
reflectance mode and performing GPC analysis. The FTIR analysis shows that both spectra show the
characteristics peaks of polycarbonate: C=0 stretching at about 1777 cm™', O-C-O stretching at about 1230
cm’! and O-C-C stretching at about 1015 cm'. FTIR spectra show no significant differences in the
absorbance spectra between unaged and 460 hours aged samples as highlighted in Figure 8. It appears that
no detectable chemical degradation occurs on the surface of the samples as the spectra are almost perfectly
overlapped. The intensity and the position of the peaks are the same.
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Figure 8. Absorbance spectra for a) polycarbonate (PC) and b) polycarbonate copolymer (CoPC). Characteristics peaks of
polycarbonate are shown. Black curve represents the data for the unaged sample (0 hours), whereas the red curve describes the data

after 460 hours aging.

To further the investigation of possible molecular weight reduction due to thermal aging, GPC analysis was
carried out. The same samples used for FTIR were analyzed. The number-average molecular weight M,
and the weight average molecular weight My, of the unaged and aged (460 hours) samples remain almost
the same, as shown in Table 2-1. Even in this case, changes are negligible. This confirms that the considered
aging phenomenon is a physical process that involves only reversible changes.

Table 2-1. Percentage variations [%] in the number-average molecular weight (Mn) and weight average molecular weight (Mw)
between the unaged (0 hour) and 460 hours aged samples, for both PC and CoPC materials.

A(0 — 460 hours) PC PC copolymer

M [%] -0.58 -0.03




M [%] -0.14 -0.71

w

3.2 Effect of the physical aging on calorimetric properties

The quantification of the aging phenomenon was measured through DSC analysis. The approach requires
the determination of the endothermic (excess) enthalpy peak associated to the aging phenomenon as
described in the materials and methods section. Figure 9 below describes the progression of this variable.
It is worth noticing that an increasing trend is observed for both PC and CoPC samples. This same
phenomenon was also observed in several other studies [49, 52]. The trend has been found to follow a
linear relationship for most systems investigated, but not for the PC system studied here. There appears to
be a transition during the aging process. This interesting finding will be addressed in a future investigation.
What is worth highlighting is the steadily increasing excess enthalpy with the aging time, which confirms
the evolution of the aging phenomenon at the selected temperature of 120°C.
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Figure 9. Increase of the excess enthalpy with the aging time (logarithmic scale) for PC and PC copolymer samples.

Its effect on the enthalpy is significantly increasing over the selected aging time up to 460 hours. The
relative variation is high enough to imply that the mechanical properties must also be affected by aging. It
is noted that the extent of the aging phenomenon is larger for CoPC samples, as shown by the excess
enthalpy values in Figure 9. This agrees with the lower AT resulting for the copolymer sample. Accordingly,
larger variations of the material properties may be expected for CoPC.

3.3 Effect of the physical aging on mechanical properties

It has been shown that the physical aging has an impact on the mechanical behavior of polymers [32], [33],
[42], [44], [47], [50]. Specifically, PC samples undergo a transition from ductile to brittle behavior after
several hours of aging at 120 °C [47]. This leads to an increase of the elastic modulus and yield stress, and
a concurrent reduction of the ductility [50]. Tensile and compression tests were performed to quantify these
variations in the mechanical response. Figure 10 shows the stress-strain curves for (a) PC and (b) CoPC.
As shown, both materials experience an increase in the modulus and yield stress as expected, and a
reduction in the strain at break. Tensile behavior has been shown to correlate well with the scratch-induced



cracks, crazing, and stress whitening right behind the scratch tip; however, compressive behavior is found
to be more relevant to the plastic deformation in front and underneath the scratch tip, as shown in Figure
11 [4]. The actual stress state is obviously much more complex; however, several works showed that the
scratch behavior can be well correlated to material properties, such as uniaxial compressive yield stress or
tensile strength [1], [14], [26]). It should be noted that compressive yield stress measured through true
stress-strain curves is the most crucial factor for polymers showing ductile ploughing [17]. The same trend
is observed in the compression tests (Figure 12). The materials experience an increase in both modulus and

yield stress.
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Figure 10. Nominal stress-strain curved for a) PC and b) PC copolymer obtained through tensile test. For each material, the results
for unaged (black curves), 160 hours aged (red curves), 300 hours aged (blue lines) and 460 hours aged (purple lines) samples are

reported.
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Figure 11. Schematic description of the stress state induced under scratching conditions: a region under compression in front of the

indenter and a tensile zone behind it [4].
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Figure 12. Nominal stress-strain curved for a) PC and b) PC copolymer obtained through compression test. For each material, the
results for unaged (black curves), 160 hours aged (red curves), 300 hours aged (blue lines) and 460 hours aged (purple lines)
samples are reported.

Since the mechanical behavior significantly varies, the scratch response is expected to be affected by these
changes. The idea is to find a key parameter, for instance the modulus or the yield stress, able to properly
correlate with the phenomenon. The selection of such parameter needs to happen according to the observed
scratch deformation mechanism. As mentioned, it is shown that the compressive yield stress (measured as
the maximum of the stress-strain curve) varies with the aging as described in Figure 13. Yield stress almost
linearly increases with the logarithm of the aging time. This material property was shown to be a key factor
for materials showing ductile ploughing [14]. In this sense, the compressive yield stress is seen as the
threshold above which the plastic deformation of the material starts taking place, i.e., the material is pushed
by the indenter and starts “flowing” around it.
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Figure 13. The variations of the compressive yield stress (measured as the maximum of the stress-strain curves) with the aging time
for both PC and PC copolymer is shown. The data are represented for the unaged (0 hour), 80-, 160-, 300- and 460-hours aged
samples. The graph shows the trend for the compressive yield stress vs the logarithm of the aging time.



3.4 Effect of physical aging on the scratch behavior

The scratch behavior is expected to be affected by the aging phenomenon even though there is not much
literature related to PC. Figure 14a and Figure 14b show the trend of the average curve of the “apparent”
scratch coefficient of friction (SCOF) for each aging time, on PC and CoPC. Data at low loads are quite
noisy because of inertial effects of the machine, and for this reason the first 10 mm along the scratch length
were neglected. The apparent SCOF appears to be higher for the PC samples compared to CoPC. A higher
friction was shown to result in a larger susceptibility of the material to scratches, and therefore lower scratch
resistance [65, 66, 67]. It also seems that the SCOF slightly decreases over the aging time in either case, at
least by considering the reference unaged sample and the trend of all aged samples. In particular, for PC a
significant decrease can be observed for times longer than 100h; the trend is not so clear in the case of
CoPC. Therefore, any effects on the scratch behavior due to aging appears to be a consequence of the
changes in the mechanical properties. This is clearly explained by stress-strain curves reported in Figure 10
and Figure 12. CoPC is characterized by higher yield stress, meaning that its scratch resistance is greater as
already shown in other studies [1], [14], [26]. The scratch deformation mechanisms were investigated
utilizing a confocal laser microscope. It is worth noticing that both materials show ductile ploughing first,
followed by ductile ploughing + cracking as the load increases and eventually ductile ploughing + stress
whitening at high load, as shown in Figure 15. Scratch deformation mechanism varies with the applied
increasing normal load as shown in several works [1,2,4]. Ductile ploughing is the deformation mechanism
responsible for scratch visibility for ductile polymers. However, it is worth mentioning that as the applied
normal load increases, cracks formation takes place in the scratch groove as a result of tensile stresses
arising beneath the indenter [4]. At higher loads, stress whitening occurs inside the scratch groove. It was
already demonstrated that the compressive yield stress can dominate the scratch behavior of polymers when
the observed deformation mechanism is ductile ploughing [14], [26]. This confirms that yield stress could
be regarded as a dominant parameter for describing polycarbonate samples scratch response.
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Figure 14. SCOF average curves for a) PC and b) COP for different aging time, 0, 80, 160, 300 and 460 hours.
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Figure 15.Scratch path is shown in the image: applied normal increases from left to right as well as the scratch width. Deformation
mechanisms observed are: a) ductile ploughing, where materials pile-up along scratch edges, b) ductile ploughing and cracks
formation are observed inside the scratch groove as a result of tensile stress building up beneath the indenter and as the load
increases c) stress whitening and material removal inside the scratch groove.

3.5 Effect of physical aging on the scratch visibility

The scratch visibility was quantified with the automated SVA software and through a psychophysical test.
The selected contrast threshold is 3.0%, which closely mimics the perception of the human eye, measured
through the human eye assessment by asking at least five people to determine the onset of visibility. Figure
16 displays the variations of the critical load for the onset of visibility over the aging time measured through
image analysis. Data were comparable to those obtained through human eye assessment. The critical load
is increased for both PC and CoPC. The critical load is referred to as the load from which ductile ploughing
begins to take place during scratching.
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Figure 16. The graph shows the variation of the onset of visibility over the aging time. Both PC and PC copolymer show an increase
of the critical load for the onset of visibility with the aging time.

The variation of the critical load for the onset of visibility with respect to the yield stress is shown in Figure
17. The critical load is strongly correlated with the increasing compressive yield stress. The increase of the
yield stress leads to a lower scratch depth under a given applied stress, hence a lower component of the
deformational frictional force for the tip to move ahead at a constant speed. This results in an increase of
the critical load for the onset of visibility as the visibility is a geometrical phenomenon, originated by the
formation of a groove in this case, mainly dependent on the scratch depth and on the height of the pile-up.



As a matter of fact, since the scratch deformation mechanisms and the aesthetic appearance (color and
gloss) of the surface are the same, any difference in the scratch visibility must be ascribed to the scratch
geometry, barring any effect of other surface optical properties such as color or microscopic roughness [24].
Figure 18 demonstrates how the scratch geometry at the onset of visibility, in terms of residual depth and
shoulder height, does not significantly vary with the aging time, thus suggesting the existence of a critical
level of deformation leading to scratch visibility. It would be interesting to verify this finding for other
systems, investigating how this criterion depends on the characteristics of the original (i.e. unscratched)
material. Another interesting aspect could be a quantitative description of the scratch geometry performed
by evaluating the local surface orientation, as performed in [68, 69].

A monotonically increasing relationship between the critical load and compressive yield stress can be
identified for PC and CoPC samples where the critical loads for scratch visibility correlate well with their
respective yield stresses. The trend is quite interesting as it seems that by selecting a material with higher
compressive yield stress, the critical load for onset visibility would also be increased — provided there is no
change in the active scratching mechanisms (ductile ploughing). In this sense, it would also be intriguing
to study the behavior at a shorter aging time to gain deeper understanding on the relationship between the
critical load for visibility and polymer mechanical behavior. In any case, scratch visibility varies with aging
time, being less susceptible to scratches with increasing aging time due mainly to their increased
compressive yield stress. Also, it appears that the two materials show the same trend, and data lie on the
same curve as shown by the red line in Figure 17. This should mean that the relationship between yield
stress and critical load for onset of visibility is independent of the specific material, at least within a given
family. It would be interesting to expand the array of selected materials for study, for instance, selecting
semi-crystalline polymers, to validate this relationship. For the above relationship to remain valid, it is
worth stating that the deformation mechanism responsible for the observed visibility should be consistent,
i.e., materials must show ductile ploughing. This work will be addressed in our future research.

It was shown elsewhere [1], [7], [14], [26] that polymer scratch resistance, expressed in terms of scratch
hardness, i.e., applied normal load over the projected contact area between indenter and material, is linearly
increasing with compressive yield stress, the former being 1.54 - 1.80 times larger than the latter [14], [26],
[2]. In the present work, the critical load for the onset of visibility is also linearly related to the compressive
yield stress, which implies scratch visibility may be improved by tailoring the mechanical properties of
polymers. It is interesting that scratch visibility is caused by the groove formation, which in turn is
dominated by compressive yielding. It should be noted that the scratch hardness term cannot be a universal
parameter that relates to scratch performance for two simple reasons. For one, polymers are viscoelastic in
nature. Soft polymers, which have low scratch hardness values, may be able to easily recover after scratch.
This recovery may change scratch profile, i.e., its visibility. As a matter of fact, a softer polymer may show
a larger viscoelastic deformation upon scratching, but may recover its deformation more so than a rigid
polymer with time. Similarly, some polymers may have similar modulus values but significantly different
viscoelastic behavior; the polymer that can undergo more viscoelastic recovery will exhibit better scratch
visibility resistance.

In any case, the above findings have a significant impact when it comes to the design of polymers for scratch
resistant application, specifically in terms of scratch visibility, which represents the novelty of the present
work. Also, it would allow to predict how the material may behave in the real-life application. However,
this correlation may not be valid under different circumstances, such as longer aging time, use of another
indenter geometry, different temperature and sliding velocity, etc. This implies that what has been shown is
valid under specific conditions. If these conditions are not met, material may experience different
deformation mechanisms and visibility can no longer be related to material yielding only.
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Figure 17. Variations of the critical load vs the compressive yield stress for PC (solid black squares) and PC copolymer (solid red
circles). Solid red line shows data interpolation.
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Figure 18. Scratch geometry at the onset of visibility for both PC and PC copolymer: a) residual depth and b) shoulder height
(related to pile-up at the edges of the groove).

4 Conclusions
Physical aging was studied with the aim of investigating polymeric component durability against scratch
damage over the aging time. Physical aging significantly affects polycarbonate scratch behavior:



e  C(ritical load for the onset of visibility increases over the aging time, thus improving the scratch
resistance in terms of visibility.

e A monotonically increasing relationship exists between the material compressive yield stress and
the critical load for visibility. It is worth noting that scratch deformation mechanism does not vary
over the aging time, thus this relationship holds true for each aging time investigated in this study.
Both polycarbonate and polycarbonate copolymer show the same trends. Therefore, the present
study suggests that it is possible to rank materials’ scratch performance according to their
compressive yield stress if the dominant mode of deformation is ductile ploughing. It would also
be interesting to carry out the same experimental procedure on other materials to strengthen the
observed relationship.

e [tis worth pointing out that different scratch deformation mechanisms may lead to different critical
load trends. For instance, if the material deformation involves a significant viscoelastic contribution
[67], which may significantly impact the residual scratch geometry without modifying the
deformation mechanism. At the same time, if the scratch visibility is caused by a different
deformation mechanism, such as cracking or a roughening of the surface, then the ultimate tensile
strength may be possibly considered as a dominant parameter to correlate with such phenomena.
This topic could be addressed in future researches.

e These findings can be instrumental to show the relationship between polymer mechanical
properties and scratch visibility, allowing to tailor polymer composition aiming at improving
scratch resistance in terms of visibility. This also allows an estimate of the effect of physical aging
on scratch resistance during the polymeric component lifetime.

e This study shows that PC scratch response improves with aging time, thus being more sustainable.
This could also improve the existing model to better predict scratch resistance.
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