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ABSTRACT

In this thesis, a combination of instrumented indentation technique (IIT) and laser
scanning confocal microscopy (LSCM) was used to assess the scratch resistance of
polymer systems. The effect of glass transition temperatures T, and nanoparticle
additive polarities on the surface mechanical properties and scratch resistance of
polymers were investigated. By the continuous stiffness measurement (CSM) method,
the elastic modulus and hardness of polymer systems were measured using IIT. The
scratch resistance assessment was based on measuring the damage deformation and
analyzing the scratch data, such-as_the scratéli depths, scratch width, recovery, and
friction coefficient as a qualitative method to.evaluate ‘the durability of the polymer
system. Two types of seratch test methodsi;'f'uie_‘_r‘cﬁ used: the progressive force and constant
force scratch tests. The onset. force a‘ct szhlcﬁ _‘scratch damage-changed from elastic (total
recover, invisible) to plastic (V-isible)j“ (ieforrnation :was approximately estimated from the
progressive force scratch test. From an‘array of coﬁstant force scratch test, the onset
force was determined more accurately. The onset force of elastic-plastic deformation
can be used as an indicator to rank scratch resistance of a polymer system. The scratch
morphology including scratch depths, scratch width, pile-up height were measured
using LSCM. The scratch morphological data were analyzed and also used to assess the
scratch resistance of the system.

Two polymer systems were studied in this thesis: 1. Crosslinked epoxy (EP)
systems with different glass transition temperatures; 2. Polyurethane (PU) thin films
containing 2 % nanosilica (SiO,) with dispersant/additive of different polarities. In the

first case study, the effect of glass transition temperature on the scratch behavior was



evident. The higher glass transition temperature, the higher scratch resistance. In the
second case study, two series of the PU-SiO, films were used due to different
preparation conditions. Series 1 is thinner and has a higher glass transition temperature
(~ 90 °C), and series 2 is thicker and has a lower glass transition temperature (~ 55 °C).
In series 1, the control sample and reference group had similar mechanical data and
scratch morphology so that the final ranking of scratch resistance is not clear. On the
other hand, the control sample in the series 2 has the weakest scratch resistance and
worst damage right after scratched. However, after 16 hours, the scratch damage of
control sample (in series 2) recovered faster than that of the reference group. The
scratch morphology of control.sample (in series 2) became wider and shallower and less
visible. Overall, the scratch damages were found to'be more severe in the series with the
lower glass transition température. Therqfore, the testing results in both case studies

1 —

indicated that the higher gldss transition tén‘l:ﬁ'érature had/a stronger scratch resistance.

[ | m

Keywords: Instrumented indentation. technique, Laser scanning confocal microscopy,
Nanoparticle silica, Glass transition temperature, Elastic modulus, Hardness, Scratch

resistance
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Chapter 1 INTRODUCTION™

1-1 Research Motivation

In order to ensure a sustainable use of polymeric materials, the investigation of
durability study can lead a significant increase of service life and reduce the waste of
natural resources. Owing to the relatively soft and easily scratched features of
polymeric materials, the enhancing of the scratch resistance is becoming more
important. In recent years, many industrial companies attain the best quality of their
products by improving the durability performance of coatings [1-2]. Also, some works
indicated that the glass transition témperature Ty plays a vital role in the mechanical
properties of materials [3-4] T, can_be changed by adjusting the architecture of
polymer network, and it can thus be felaga'to the alteration of scratch resistance. On

1l ®
the other hand, the use of namotechnology and lits applications is becoming more

multifarious and widespread.. 1ncori30rating metal-exide nanoparticles such as nano-
alumina and nano-silica into polymeric coatings to enhance the mechanical durability
has become a trend in current anti-scratch technologies [5-6]. The results are promising,
but current test methods for evaluating the mechanical properties and assessing the
scratch resistance are still used traditional and field mechanical analysis. Traditional
testing methods, such as dynamic mechanical thermal analysis and tensile tests, are not
always suitable or sensitive to the local structural features impacted by network (cross-

link) microstructures and the addition of the nanoparticle, which is much smaller

compared to the area/volume of measurement.

*
Certain instruments or materials are identified in this paper in order to adequately specify experimental details. In no case does it imply endorsement by NIST

or imply that it is necessarily the best product for the experimental procedure.



It is important to use relevant techniques to measure the structure-property
relationships at the appropriate length scale in order to understand the impact of the
network microstructure and nanoparticle additives on materials and mechanical
properties of polymer systems. This is the main objective of this study: to choose proper
instrumentation and a well-designed testing method to investigate the impacts of
network microstructure and nanoparticle additives on surface mechanical properties and
scratch resistance of two polymeric systems.

For a long period of time, the scratch testing is used for studying the durability of
materials. A study of scratch tests aims to understand the response and resistance to
marring or scratching of a material. Typically, @ mar is'small and light damage on the
sample surface. As for a scratch, itthas a more severe damage than a mar and usually
results in wider and deeper ‘damage. Sev;ral gcratch test methods are used to rank the

1 —

durability of materials, such as the Taber ‘};‘gﬁ;'ﬁeld simulation test, ford test, and single
| | i
probe test [7]. ! | "
The Taber test utilizes an abrader wheél withv an.applied loading to test the abrasion
resistance for a material. Before the test, the sample has to be weighed and the surface
luster is recorded by gloss measurements. After a given number of rotations under the
abrader wheel (spins and grinds), the sample has to be reweighed and measured the
gloss value again. The ranking is made by percentage changes in the weight and gloss
values due to the surface abrasion. The field simulation tests are in an attempt to
simulate realistic damage conditions. Crockmeter test is one of the field simulation tests
and uses the method of a laboratory scale car wash approximation. In this testing, some
abrasive biodegradable cleansers are used to mimic naturally occurring dust and debris

particles. After the sample is abraded by a probe/brush and washed with cold tap water

and dried, the percentage of the gloss retention can be measured to rank the scratch

2



resistance.

The ford test is also known as the five finger test. This method using five probes,
with each probe applied with a constant load to scratch the sample at a constant velocity.
The scratch resistance is then evaluated in terms of the residual scratch depth. Unlike
the Taber test and field simulation tests, this method has the ability to record the scratch
morphology rather than relating the abrasion by gloss measurements using a
commercial glossmeter. Specular gloss measurements have significant limitations
relative to assessing scratch and mar damage. For example, a severe scratch or damage
from multiple scratches on a coating surface results in a strong suppression of the
specular gloss. A commercial-glossmeter is only sensitive to the overall reduction in
specular gloss and not the underlying scratch morphology that actually reduced the
gloss value [5]. \

Single probe test is a“similar métho&f(")'ﬂthe ford test, but only uses one probe to

i
perform a test. This method is ‘€asiér to eontrol the seratchrtest conditions and can be

|
1

used to relate the scratch dafnagés‘ to- the matérials properties of a sample. The
instruments, such as atomic force microscope (AEM) and nanoindenter, are equipped
with the basic abilities to carry out a single probe test. The results provide the values of
applied lateral load forces and friction coefficients in the moments of initial loading and
final unloading. The force range of AFM is usually smaller and hard to calibrate, and it
is time-consuming to obtain the pre-scratch profile and past-scratch profiles. Using
nanoindenter with proper test methods, it is easy to conduct a scratch test. The scratch
resistance can be ranked by the onset of plastic deformation or crack formation from the
residual scratch penetration curves. However, the scratch morphology is not provided
from the test results, and the interpretation from penetration curves or friction

coefficients can be complicated.



In addition to the scratch test tools, the assessment methods on the scratch damage
are also a challenge to coating industry. Assessment methods such as gloss change in
gray scale level or lightness have been created as useful adjuncts to visual inspection to
help distinguish between two highly damaged surfaces. However, these methods often
provide only a relative answer, such as whether the surface is scratched or not.
Moreover, most studies do not include discussion of the relationships between scratch
appearance and the material properties or surface characteristics (e.g., elastic modulus,
frictional coefficient, and surface roughness). These issues are the major barriers to the
development and acceptance of standard measurement techniques for determining
scratch and mar resistance.

In order to successfully implement a scientifically based standardized test method
for quantifying scratch resistance, it is yital to understand the relationships between

1 —

material/mechanical propetties, morpholgygS?;‘- and appearance (optical properties) of
surface and sub-surface deformati;)n‘). A.F:'three-step methodology is developed by
National Institute of Standards anél ‘Technolog}; (NIST) to provide the information
required and to draw conclusions about structure-property relationships that govern
scratch resistance. A scratch is first generated in a material using a well-controlled
scratch measurement protocol [8]. Second, an optical imaging technique is utilized to
identify the “onset” of plastic deformation. At this point, the onset may be linked to the
mechanical properties. Finally, the scratch damage is characterized with respect to the
background signal from the undamaged surface by measuring both the specular and oft-
specular scattering intensities.

In this thesis, the first two steps are adopted from NIST methodology to investigate

the impacts of network microstructure and nanoparticle additives on surface mechanical

properties and scratch resistance of two polymeric systems. In the Ist step, a single
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probe tester with depth-sensing technique such as nanoindenter is used. The control test
variables include scratch depth, scratch velocity, applied loading, scratch length, and
sensitivity of measurements. Scratch data can be recorded in three different procedures:
pre-scan, scratch scan and post scan. The force and depth data can also be tracked
during the complete scratching process. In the 2nd step, a high resolution optical
imaging microscope is selected to measure the scratch morphology and identify onset of
plastic deformation. This method will ensures the reliable and reproducible data and

provide an objective way of durability analyses.



1-2 Literature Review

In this thesis, the assessments of the scratch resistances and the scratch behaviors
are investigated in two polymeric systems: system 1- three epoxies of different glass
tradition temperatures (T,); system 2- polymer coatings containing nano-silica particle
with different additive polarities. Therefore, recent research efforts related to T,,

nanoparticle additives, and scratch tests will be discussed in this section.

1-2.1 Introduce to Glass Transition Temperature
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Figure 1.1 Schematic of the molecular motion in a quasi-crystalline lattice for the free-

volume theory [9]

In 1936, Eyring first introduced the free-volume theory for describing the
phenomenon of glass transition temperature [10]. Figure 1.1 shows the schematic of the
molecular motion in a quasi-crystalline lattice. In this theory, the molecular motion is
owing to the presence of holes. As a leading molecule moves into a hole, the other
molecules exchange the places consequently. Later, Fox and Flory studied the glass

transition correlation with molecular weight and relaxation time for polystyrene [11].
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Gibbs and DiMarzio provided a series of experiments and pointed out that the glass
transition temperature is increasing as enhancing the chain stiffness and decreasing
when more free volumes exist [12]. Also, Wolfgardt et al determine the entropy close to
the glass transition in a computer simulation and compared the results with the Gibbs-

DiMarzio theory [13].

Log Young's Modulus, Pascals

Temperature

i | 1

|

Figure 1.2 The Young’s modulus’ as -a function of 'temperature for an amorphous

polymer [9].

The glass transition temperature T, is the phase transformation from a hard and
brittle glassy type to a soft and elastic rubbery state. Figure 1.2 shows the Young’s
modulus-temperature behavior of an amorphous polymer. In region 1, only a few
vibrational motions are taken place, and the polymer is hard and glassy. Region 2 is the
glass transition region. In this region, polymers become soften, the modulus drops very
fast so that the material becomes rubbery. Region 3, 4, and 5 represent the rubbery

plateau, rubbery flow, and viscous flow regions, respectively. Two different materials



can be compared at the same point relative to their respective glass transition
temperatures. In addition, T, is a reliable basis of choosing the suitable working region

for a material.

1-2.2 Introduce to Nanoparticle Additives

Recent advances in nanoparticles are used as the functional additives to enhance
the mechanical surface properties of polymers. Adding nanoparticles to a coating adjusts
many characteristics of materials [5]. For example, the flexibility or toughness can be
strengthened, the resistance to heat or corrosion can be improved, and the recovery
feature under loading or scratching.cansalso besehanged. Generally, the final property of
a nanocomposite is affected in many.ways, such as the aspect ratio of additives, the
dispersion condition, and the surface’ cdﬁ_asi't_jf)ns (density, oligomer length, etc.). It is
also regarded as the reflection’of the thre'e'f;?hases of'a nanecomposite: inorganic core,
bulk polymer and interphase::As thLe ‘Lname implfes, a nanocomposite coating is in the
order of 100 nm or smaller. Owing to'sutich a small éize, the surface to volume ratio for
nanoparticles is larger than conventional ‘and macroscopic materials. Under this
circumstance, the interaction between a polymeric host matrix and nanoparticle
additives is mostly higher than other cases.

Nanoparticle additives can be designed to facilitate dispersion into a coating and
carry the functional agent. The surface modified method is a way to tune the functional
properties and results in the increment of exceptional thermal, mechanical and barrier
properties of nanocomposites. Figure 1.3 shows the different surface modified methods
of nanoparticles. By the addition of short and long organics chains, the physical

properties, such as the glass transition temperature, storage and loss modulus, and



flexibility, can be amended and adapted to the experimental request. The alteration of
high and low surface density can help the dispersion of additions to organic materials.
Since the solubility is important for nanoparticles, the choosing of surface groups can
lead to a judiciously adjustment of solubility. Moreover, the crosslink structures, which
are generated by additional reactive groups, can improve the stability and durability of

nanoparticle additives.

(a) (b)

Short and long organics High and low surface density
(c) (d) N
— XYY

( )
z 5 \
"{-"'\,’L" ‘-’_‘}L/-"‘-_/ 'N"‘\/‘{‘J'
.

Controlled solubility Optional crosslinking

Figure 1.3 Schematic of differen'f sﬁirfage modified Iﬁéthods of nanoparticles [5].

1-2.3 Introduce to Scratch Testing

In order to have a better understanding of the surface mechanical properties of
polymers, the scratch testing is helpful in detecting the surface behaviors under various
experimental conditions and thus improves the contact and tribological performances
[14]. Morel and Jardret investigated the scratch resistance and indentation properties as
a function of temperature, and compared the compression and tensile properties to the
scratch results for studying of the material’s behavior [15]. Figure 1.4 illustrates the
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stress distribution in a typical scratch test. Along the tip moving forward, a compression
zone is generated in the front of the indenter. The compression zone is caused by the
pressing effect of the tip and it usually accompanies the pile-up responses of materials.
Oppositely, the zone behind the tip is termed a tensile zone. As the indenter slides away,

a material bears the tensile forces in this area and some cracks created as a result.

Scratch
direction

7
Fractures — » ]

Ny

Tensile zone

! |

T W
ol —xx"
Figure 1.4 Schematic of the stress diis ibi:@njnlsbratch testing [15].

f |

= |

Since the scratch testing"fg :régaLled asa tan& n{t_iglm‘{n-dentation, the scratch tail can
not only map the tip shape at the.. 'e’;ﬁ-d of 'the,scré’géh t;s.t, but also be used to explore the
recovery features for polymers. Gauthier et al presented the investigation of elastic
recovery features of polymethyl-methacrylate (PMMA) by analyzing the geometry of
scratch tails [16-17]. The shape and area of a scratch tail can be used to predict an
elastic or elastic-plastic deformation, and the recovery behavior can be assessed. Figure
1.5 shows the rear and front portions of a scratch tail image. Here, ar is the length of the
front contact, a; is the length of the rear contact, and w, is the angle characterizing the
rear contact. Equation (1.1) is the formula for elastic-plastic contact. Where, the c is the

yield stress ratio under a compression condition to the scratch hardness (c=2 for

polymer), € is the strain of contact, €. is the greatest possible strain of the contact of the
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elastic sliding, €, 1s the lowest possible strain of the plastic contact, and Y is the yield
stress. The rear contact area is generated by the plastic deformation of the polymer and
it is identical to the front area if the contact is approaching to a perfectly elastic
deformation, i.e., under a completely elastic contact, the ratio ar¢ / a, should equal to 1.
The formula for the plastic contact is shown in Equation (1.2). Thus, by comparing the
front and rear area, the plastic and elastic-plastic contact on a material surface can be

associated.

(L.1)

(1.2)

Figure 1.5 An image of the scratch tail with a front and a rear part [17].

In addition to a connection between the scratch tail and the elastic recovery
behavior of polymers, the damage type in the middle portion of a scratch can be
associated to the different material categories: ductile, brittle and tough. Gu et al

demonstrated the surface microstructure and morphology changes due to the ultraviolet
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(UV) exposure effect, and three different materials with dissimilar scratch deformations
are adopted to characterize the nanomechanical properties [18]. Figure 1.6 shows the
scratch damages under three material categories. The damage type of a ductile material
is formed as an irregular fractured pattern (a drop shape). It is because the ultimate
strength of the ductile material is relatively high and it won’t crack easily. The damage
type of the brittle material is found to be a concave deformation because the cracks
occur rapidly once the loading reaching the fracture point. Similarly, the tough material

has a convex deformation due to its compliant feature.

(a)  (b) | (©) =

Scratch direction
TN TN TN TN TN TN Ty
U N O SO O <

5 pm SE] 5 pm

Rubbery to ductile Brittle Tough
Figure 1.6 Schematic of the scratch damages under different material categories: (a)

rubbery to ductile material (b) brittle material (c) tough material [18].

In order to expand the understanding of scratch deformation, Briscoe et al carried
out many experiments under varying scratch conditions using rigid conical indenters
[19-20]. The changing of scratch conditions includes the alteration of tip angles,

temperatures, scratch velocities, and applied forces. Figure 1.7 shows related damage
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deformation for a polycarbonate resin under various cone angles. Also, Figure 1.8

shows the scratch deformation map under various scratch conditions.
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Figure 1.7 The damage types under scratch tests with various face angles [19].
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Figure 1.8 Schematic of th_g:$g£ ormati mahm‘ﬁagr-.&ifferent cone angles and
s ‘ \F
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—
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et
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Further researches and sunuIatlon wo,,rksxqre repqrted to investigate the scratch

.
&
behaviors. Misra and coworkers studied_'fil‘e s',créltch deformation parameters and local

crystallinity characteristics of polymers using atomic force microscopy [21]. Sue and
coworkers evaluated the scratch resistance under the effect of scratch loading and
speeds for talc-filled polypropylene materials using three-dimensional finite element
method (FEM) [22-23]. The characterizing of the scratch resistance from experimental
scratch visibility and simulation shows a good qualitative correlation. In addition, they
demonstrated a series of scratch behavior analyses based on FEM model for four
categories of polymers: (1) ductile and strong, (2) ductile and weak, (3) brittle and weak,
(4) brittle and strong [24].
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Figure 1.9 Schematic of (a) the formation of fish-scale damage (b) the fish-scale image

(c) the formation of parabolic crack darPa}gﬁ (d) }hilparabohc crack image [24].
1
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coefficient rises successi'v’efy, 1;]:1 ags the materi .}1, Wlth it during the scratch.
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‘ _
w&aﬁf th@ i’haterlal the scratch tip will

If the exerted tensile is not 0\_23§r kﬁe il &

keep dragging the material and f"ﬁaH;z:shp :)Ve;thé éd;e of the pile-up region. Figure
1.9 (b) shows the image of a series of the fish-scale damages. Figure 1.9 (c) is the
formation of the parabolic crack damage, and it usually takes place on the brittle and
strong polymers. As the tip moves forward with the strain energy accumulating, the
crack of the brittle material occurs when the strain finally crosses the level of the
ultimate strength. Figure 1.9 (d) shows the image of a series of the parabolic crack
damages. For all of the scratch test, the damage feature will be triggered by a particular
force level and repeat continuously after the force being high enough to start the next

damage mode.

15



o Ir Ir
Ej.._: "“(Parabnlic Crack /" Material
g s var N or Remaoval
g »wo 1 Fishscale |
= I 7
F co 1 i
S BB o W Fish W Material
5 = 5 f 1}  Scale 1) Remowval
© Il 1l
= I/ fr
2 <y Il Fish Scale 11
i i E| Mar W\ mixed with S\ Material
E =d f J.c:r.:«lc'.ka‘-.'c:nicla'c'.raz}.;,I Femoval
o 77 77
2o Ma {,‘: Parabaolic 1" Material
g % r n Crack ”F{emm’al
» @ 1, 1

Scratch Normal Load

Figure 1.10 A evolution map of scratch damages for different categories of polymeric

materals [24].

Figure 1.10 shows the evolution maplof serat¢h damages for different categories of
| 5o |
| - |
polymers. The formation of a scratcp ‘darﬁ@fge is dominated by many variables, such as

the adhesive forces between-the s{a‘ ple and the indenter, the indenter shape (see

Appendix A), scratch speed, the valile of the normal forcesand the material categories.
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1-3 Thesis Organization

This thesis is divided into five chapters. Chapter 1 introduces the research
motivation and is followed by the reviews of literatures. Chapter 2 presents the
experiment procedure and introduces the materials which are studied in this thesis.
Chapter 3 describes the principles of instruments and uses few examples to present its
applications. Chapter 4 is the results and discussion which includes the experimental
results, data analyzing, and scratch resistance assessments. Finally, Chapter 5 contains

the conclusions of this thesis and the recommendation for future works.




Chapter 2 EXPERIMENTAL PROCEDURE AND

MATERIALS

2-1 Experimental Procedure

This section introduces the experimental procedure for quantitatively
characterizing the scratch and mar resistance of a polymer coating. This procedure
adopts the protocol of NIST Polymer Surface/Interface (PSI) scratch test method [8],

see Appendix B.

2-1.1 Introduction 9y

—

This procedure is used to perform seratch testing by a single-probe scratch tester
via instrumented nanoindention and characteri;e the scratch morphology by laser
scanning confocal microscopy. Two. types of scratch testing are carried out in this
protocol: a progressive force scratch test and a constant force scratch test. The scratch
resistance can thus be quantified by the magnitude of the applied normal load necessary
to impart the visible scratch damage. Also, the resultant scratch morphology can be
related to appearance attributes of the coating. Both the scratch resistance and scratch
morphology are characteristics depending upon unique mechanical properties of the
coatings and the specific parameters under which scratch tests are performed.

A typical scratch test includes three steps, as shown in Figure 2.1. In the

beginning of a test, a pre-scan will be run with an applied normal force of 0.1 mN and

the pre-scan result provides the original surface profile of the test sample. After the pre-
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scan, an actual scratch scan is held. The applied normal load gradually varies from a
minimum force to a maximum force through this scan. In the constant force scratch test,
the minimum force equals to the maximum force. By comparing the pre-scan and the
scratch scan data, the effect due to the uncontrollable surface conditions can be
excluded. Subsequently, a post scan pursues the same path with a 0.1 mN normal load,

and it helps to establish the recording of residual scratch data.

(a) Normal Load
(mN) ¢
Pre-scan
0.1 -
» Distance (um
) o0 (pm)
(b) Normal Load
(mN) ¢
Maximum Atch scan
Minimum
» Distance (Um
0 100 600 700 (e
(c) Normal Load
(mN) ¢
Post scan
0.1 et
» Distance (LLm
: — (um)

Figure 2.1 Schematic of the three steps of a scratch test.

Test samples should be prepared as specified by the provider, so as to reflect the
state of the samples as they would be used in service. The scratch test is conducted on
the smooth flat surface of a coating on a hard substrate. Detailed of sample specification
including sample size, thickness and related material properties should be recorded. In

each test, the testing condition should be controlled at a room temperature of 23 °C +
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2 °C and a relative humidity of 50 % £ 5 %. The allowable drift rate is selected to be 2.0
nm/s, the scratch velocity sets at 10 um/s, the surface approach sensitivity is 30 % and
surface approach velocity is 10 nm/s, the surface approach distance is 3000 nm.
However, for samples with a rougher surface it may be necessary to adjust the distance
to 5000 nm.

There are two primary apparatuses applied so as to implement the scratch protocol:
a single-probe scratch tester and a high resolution reflection optical microscope. The
details of the instruments are described in the next chapter, and the basic requirements

of the apparatuses are described here:

Single-probe scratch tester

Instrumented nanoindenter or other\kind -of a single-brobe scratch tester can be
used. The instrument is adoptedito prerfor%?ﬁé constant and progressive force scratches
and keep track of the force—feedbacki dEata. The ma%ximum applied normal load capability
should be at least 50 mN and.a‘ min;ﬁlum force of | 20-pN. Note that all scratch tests in
this report were conducted using a nominal L0 pm 90 diamond tip, which has a sphere
head and the semi-apical angle of the cone is around 45° (see Appendix A). The tip
should be cleared with ethanol before the task. The scratch velocity is set at 10 um/s.
The scratch length varying from 500 um to 1000 pm depends on test samples. Scratch

data, such as the initial and residual penetration depths, friction coefficients, and friction

forces along the scratch, should be recorded.

High resolution reflection optical microscope

Laser scanning confocal microscope or other high resolution optical microscope
can be used in this test method. Laser scanning confocal microscopy (LSCM) is a
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noninvasive technique for measuring the surface morphology and subsurface
microstructure without contacting sample surface directly. The scratch morphology and
damage patterns can be assessed and observed clearly using LSCM. For consistency, all
of the samples will be measured at 16 hours after scratch tests were performed.
Magnification can be achieved between 5x and 150x using different lenses of 5x, 10x,
50x, 100x and 150x. A two-dimensional (2D) projection and the subsequent 3D profile
analysis of a selected region should be recorded and used for measuring the scratch

profile.

2-1.2 Protocol

o Mechanical/
P Material Properties
Progressive Force
S Scratch
Step 3
Constant Force
alepd Scratch
Scratch
BITPE Morphology
7

Figure 2.2 The flowchart of experimental protocol for scratch testing.
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Figure 2.2 shows the experimental protocol for the revised PSI scratch test
method (this protocol doesn’t include the optical scattering section in the original PSI

test method), the steps are as follow:

Step 1. Mechanical and material properties

Mechanical and materials properties can strongly influence the results of scratch
tests. Therefore, it is important to record these properties and any alternations in the
sample conditions (such as annealing, polishing) prior to tests. These properties include:
material composition, mechanical modulus and“hardness (bulk and surface), glass
transition temperature, surface-meorphology, éﬁbsurface or microstructure (including
cystallinity and filler dispetsion), and-ether remarks on‘materials if necessary. In this
study, the surface and bulk mechaniqallﬁ;ﬁpgrties (modulus and hardness), and glass
transition temperature were investigét%d us"ill‘_‘l_g instrumented nanoeindention and dynamic

mechanical thermal analysis (see Apioendix C).

Step 2. Progressive force scratch

Initially, a progressive force scratch (PS) test is used to estimate an approximate
range of scratch damage and the onset force of elastic-plastic deformation. Figure 2.3
shows a set of three progressive force scratches in the range of 0 mN to 30 mN. Since
the onset force is a quantity to rank the scratch resistance, it is important to measure the
accurate value of onset force. If the force range of a PS test is not suitable, for example,
no elastic-plastic deformation is observed, that a new set of force will be chosen, and
the PS test will be repeated to determine onset force. The details of the onset force will

be introduced in the next step.
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._j-f,u,‘ﬁn
Figure 2.3 LSCM images of thrq@p%ogrgsswe iéré@‘ap%gtches the force range: 0 mN to

le—'l

30 mN, with a scratch length of”ff)(’)

.l

elor 3 T
_,":n . h-;j-_ :E-:',F.

Step 3. Onset of deformation

Scratch direction

—ﬂ .Im& ‘ w . i AT (0 442 Ll R . ;
VR o e Mﬁn\\wnm-mmm w1

0 mN 1.27 mN 1 mm 10 mN

Figure 2.4 LSCM image of the onset force under a PS with loads ranging from 0 mN to

10 mN.
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The onset force is defined as the force at which the scratch damage changes
from elastic (fully recovered) to plastic deformation. The onset force value is
determined from the LSCM image at 5x or 10x magnification, Figure 2.4 shows a
LSCM image of a PS at the force range from 0 mN to 10 mN. The onset force at which
the scratch damage becomes visible can be obtained by converting the damage position
to the applied force. If the onset force is properly identified or estimated, the protocol
moves to Step 4 — “Constant force scratch” for more precise determination of the onset
force. If not, the protocol returns to Sept 2 — to repeat “Progressive force scratch” with a

more appropriate force range.

Step 4. Constant Force Scratdh

‘.u'—'-_" -
h

;J o I Y
From a PS test, one can estl ateﬂle .pﬂspt force using LSCM images at low
-

magnifications. To get-a more precise mﬁasurep*ent of the onset force, an array of
k. E"‘—\ I

constant force scratch (CS) tésts is 'nleeded. Typ% L;ally, an’entire array is consisting of

five (or more) pairs of constant force seratches: w1th correspondlng forces determined

from PS tests, as shown in Figure 2.5. Where, F, is the onset force determined from

PS.

F F F

onset <] onset onset +1 Fonset+2 Fonset +3

Figure 2.5 Schematic of an array of CS tests consisting of 5 pair scratches.
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Figure 2.6 An array of constant force scratches of different scratch loads, as indicated

in the graph.

Figure 2.6 shows the CS a{ﬂ@c{f;?

Jb—'!

é&&ﬂpnt scratch forces: 2 mN, 3 mN, 4

mN, 5 mN, 6 mN, 7mN, #ﬁ‘d gfm -G%J_e, the scratches of 2 mN

':L:.:
scratch load are almost 1@371@;'[ @;i%ssessed to be 3 mN.

Step 5. Scratch morp@ é"‘

.-’;."“'
-:?’* ¥/
The scratch morphology’-&gsluchhg StaratvtfiiL

oY i _E.J?mmjrr."-
patterns can be characterized using LSCM at the high magnifications. The images

Jéiﬂf’ - depth pile-up and damage
:-u

measured by 150x magnification are used in this study. Figure 2.7 shows a cross profile
of a CS at 30mN. Here, W, is defined as the peak-to-peak scratch width, Dy is the full
penetration depth, and hy is the pile-up height. Figure 2.8 shows a scratch profile (tail)
at the end of a CS at 30 mN with the measuring of the front contact length as, the rear
contact length a, and the rear contact angle ®,. ®average 1S the average value of the two

contact angles from the rear tail portion.
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Figure 2.7 Schematic of

defined in the text. s ‘7"

Figure 2.8 Schematic of a scratch tail with the measuring of the front contact length ay,

rear contact length a; and the rear contact angle ®, under a CS at 30mN.
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2-1.3 Report

Several experimental parameters must be recorded form pre-scan, scratch scan and
post scan procedures, such as the applied load on sample, displacement curves,
penetration depth, friction coefficient, residual roughness, and residual morphology. For
example, Figure 2.9 shows the typical recorded data obtained from the instrumented

nanoindentation. The percentage of recovery can be calculated by Equation (2.1).

D,-D,
R, b x100 2.1)

Where, R, is the percentage of recovery,.D; is the mitial penetration depth, and D; is the

residual penetration depth.'D; and-Dgwere obtained-from the instrumented indentation

scratch test. o

Also, the residual roughness level i@és’the damage degree of the scratch, and
i |

|
. . . | ‘
it is attained from the post sean. i fl:l o
- |
% 1
4 ) !
—
_ (@ 2 (b)
E ol Residual Depth =
= il , 1 —E
& 000 f - I N L — % 10
- W . VAVAS |II_, |I il | I\ II -
= 2000 | s, S Y Z o8
Q T, A g
= i | \
£ o _ <, 06
= [ g 04 '
£ 000 Scratch Depth 2
o
= 5000 |- = 02 1 L
pﬂ: L L s I ' _g o
0 0 200 300 400 500 = 0 100 200 300 W00 500
. . @ .
Scratch Distance (pm) [ Scratch Distance (um)

Figure 2.9 The results under a progressive scratch test: (a) the penetration curves (b) the

residual roughness level.
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The following information should be reported for a scratch test:

1. Type of coating and the material (chemical and physical) and mechanical
properties.

2. The progressive force scratch: force range and scratch conditions.

3. Onset force of deformation determined by PS using LSCM.

4. The constant force scratch: force range and scratch conditions

5. Onset force of deformation determined by constant force scratch using LSCM.

6. Characterization of scratch damage modes using LSCM, including the
parameters from scratch tails and cross profiles.

7. Penetration depths, recovery, and friction coefficient data for both PS and CS
tests recording by instrumeénted nanoindenter.

| —
—
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2-2 Materials

2-2.1 Epoxy

EP-BB

EP-AA EP-CC
A I IS W e

Figure 2.10 Photo and schemat!lc of theri‘noset 'eppxy éamples

J
A
“*-r.
% 3
L ] .

Three amine- curedblsﬁhenol A

structures. The molecular welght M bir‘tween the (irosshnks is varied by increasing the
e b e
number of repeat units in the amine crosslinker. As a result, the glass transition

temperature T, decreases when increasing the molecular weight. Table 2.1 shows the

molecular weight and glass transition temperature information of three samples.

Table 2.1 M. and T, information of three epoxy samples provided by Dow Chemical.

Sample Name molecular weight M,  Glass transition temperature

(g/mol) T, (°C)
EP-AA 630 117
EP-BB 920 88
EP-CC 5290 71
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2-2.2 Polyurethane — Nanosilica Coatings

Figure 2.11 (a) The photo of a polyurethane free film, (b) the photo (top view) and
schematic (side view) of a PU coating glued on a black substrate and mounted the metal

puck.

MAK (Methymmya’ _Kem‘r’

ﬁ* ,\' ""15 14
EEP (Ethyl 3- Etth};,proptonate) -1&-'.""" 8.59
Butyl acetate “AEfEE Jl 2.54
Cellulose Acetobutyrate (40 %) 5.07
UV Stabilizer 1 0.33
UV Stabilizer 2 0.49
Polysiloxane wetting agent 0.16
Total part A 81.82
Part B wt(%)
Desmodur N-75 (75%) 18.18
Total 100

Figure 2.11 shows (a) photo of a polyurethane (PU) films prepared by a draw-

down technique; (b) the photo and schematic of a PU coating glued on a black substrate
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and mounted the metal puck for scratch test. Two series of polyurethane automotive
refinish coatings samples provided by BYK-USA were used in this study. Each series
contains one control sample: pure PU with no nanoparticle, and three polyurethane—
nanosilica (PU-SiO,) coatings containing 2 % nanosilcia with different dispersants.
The polyurethane are 2K (two-component) coatings consisting of acrylic part (Acrylic
Polyol, Joncryl 909) and crosslinker part (Desmodur N-75, a curing agent). The detailed

formulation of PU is listed in Table 2.2.

A~ W &D additive

Figure 2.12 The configuration of W&D additives dispersion.

The nanosilica particles (sizes = 20 nm) have been pre-dispersed in solvent-borne
suspensions using different wetting and dispersing (W&D) additives (copolymers of
different polarities). Figure 2.12 shows the illustration of W&D additives dispersion
configuration, the additives can be linear or branched. Due to different architectures of
W&D additives, the surface properties of SiO, exhibit different polarities. The pre-
dispersed nanoparticles were added into part A (stir for 2 minutes, 600 rpm) and then
part B was added into the mixture (stir for 10 minutes, 600 rpm). The final PU coatings

were prepared by a draw-down application, dried in the air for 2 hours and cured in an
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oven at 120 °C (248 °F) for 30 minutes. Series 2 films was prepared almost 6 months
later after the preparation of series 1 films. Note: The formulation and preparation
processes are the similar, but T, are different (series 1 = 90 °C, series 2 = 55 °C). It
would due to slightly differences in the PU chemistries or solvent curing conditions.
The final dry film thicknesses are also different: series 1 = 0.06 mm and series 2 = (.12

mm.

Table 2.3 Lists of two series of polyurethane-nanosilica samples with 2 % SiO,

nanoparticles of different W&D additives and polarities.

Series SampleName Nano Silica W&D Additive
PU-CTRLI No i
PU-AIl A % linear copolymer;

: low polarity

R\l Al B
PU-CTRL2 No ’ -
v
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Chapter 3 INSTRUMENTATION AND ITS

APPLICATIONS

3-1 Laser Scanning Confocal Microscopy (LSCM)

The objective of this section is to understand the principle of laser scanning
confocal microscopy (LSCM) and its measurement capabilities. Many material
properties, such as surface roughness, metallic flake orientation, particle dispersion in
the coating, can be obtained by-analyzing LSCM images. The scratch morphology,
including scratch width, depth, length, and damage patterns, can also be characterized

using LSCM. Several examples will be used:t6 demonstrate the applications of LSCM
| "’-li""-_'

in this section. |l B
|

3-1.1 Basic Principle of Laser-Scanning Confocal Microscopy

A Zeiss model LSM510 reflection laser scanning confocal microscope was used to
characterize surface properties, subsurface microstructures, and scratch profiles of
polymeric coatings. A helium/neon laser having a wavelength of 543 nm was used, and
the analyses of the raw data were processed using the software provided by Carl Zeiss
Co. [25].

Figure 3.1 shows the schematic of optical layout of the LSCM system. It is called
confocal because the laser lights are cohered and collected in the same light path [26].
The effect of the pinhole is to filter the light that doesn’t come from the single focal

plane. Compared to the regular compound microscope, the focal plane of LSCM is
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much smaller. The depth resolution in the axial direction (z direction) is commonly
defined as the distance between half-power points (3-dB points) of the intensity
response. It is determined by the wavelength, numerical aperture of the objective, and

the size of the pinhole, as shown in Equation (3.1).

Laser . .
Dirchroic

(I .
Mirror
, 3 -_

S

Dectector

S

__11._...

Pinhole

x/y Scanner

___ Slial— _"_;_:_:_'_

Objective

v 7
— - St . —
Focal Plane

N Y.

Sample

Figure 3.1 The photo (left) and "slel#lf;matic of opti_calli,_gyolit (right) of LSCM system.

bt ]
& L

0.892
(NA)®

D,(3dB) = (3.1)

Where A is the wavelength and NA is the numerical aperture. The 3-dB depth
resolution for a lens with NA = 0.95, measuring in the air, of various wavelengths, is

shown in Table 3.1.
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Table 3.1 Depth resolutions for NA = 0.95 [26].

Wavelength ~ Depth resolution

A D, (3dB)
633 nm 414 nm
546 nm 357 nm
436 nm 285 nm
365 nm 238 nm
248 nm 162 nm

The numerical aperture, NA, characterizes the range of angles over the sample (see

Figure 3.2). The definition of NA is shown as Equation (3.2). Here, 8" is the half-angle

of the maximum cone of light that can-transit:the lens;.and n is the refractive index of
the medium in which the lens is"ﬁ're'sg:nt. Py, ,"f*-{;-j': ’

B

(3.2)

0 <0y <0

ONA

NA
e3

Figure 3.2 Schematic of the effect of the numerical aperture on the light collected
through a lens.

It is indicated that a lens with a larger NA has a higher resolution and brighter
images than one with a smaller NA. The effect of NA under the same magnification is

illustrated in Figure 3.2.
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Intensity

JUNV

(a) (b) (c)

Figure 3.3 (a) 3D image of the sample surface (b) Intensity distribution of plane image
(c) Intensity from the profile of the airyrdisk.
=

The intensity is directly proportional to tl}e féﬁrthpower of NA, and inversely
proportional to the square of fhe magm‘ﬁ(‘f_ﬁqﬁ 1’7.i'gure 33 -éhows that the light strength
in each spot is obtained by weighing he; 1ﬂtjer-1-srlt'|y i_distributi.on of the plane image. The
intensity distribution is Varieq),gvith %hke heiqg:& to :ﬂ!!e real. sample surface. For example,
the darker the area in an intensitji ;aisttibution pl.elme" ‘means it is farther away from the
objective. Hence, the distance from oi)jective to ‘every single point in the field can
thereby be determined.

By traditional methods via optical microscope, it doesn’t have the capability of
scanning entirely sample in z direction automatically in sub-micron precision. As a
result, only a few of discontinuous slices are obtained and information between slices is
often missing. However, LSCM scans the sample plane with an overlapping stack of z-

scan in succession, as shown in Figure 3.4. Therefore, the whole depth information with

a series of optical slices can be obtained by LSCM.
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. = Missing information
between layers

Overlapping
stack

Figure 3.4 (a) Missing z-scan imagesr information between layers by traditional

microscope (b) Overlappmg stack of z- scan 1mages by LSCM

': - 2 = m---"'
A . "' .r‘-" mr. r' &
o P ‘ T}
LSCM can measure a wide range dr_eaﬂé;\ termg the objective from 5x to 150x.
- | = : |
The measure area can be as large.as 1. 8 mm x mm down to as small as 56.3 um x

56.3 um without digital miagni_ﬁcat{ Each image 1s con51sted of 512 x 512 pixels.

The z-step size used to scan is lpzm f,ro'r_‘ an obj_é;;tivq* of 5%, 0.5 um for an objective of

10x, and 0.1 um for objectives of SOX, 100x and 150x, respectively.

Figure 3.5 (a) 2D projection (x-y plane) (b) Z projection (side view) (c) 3D topography.
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LSCM images can be presented in two-dimensional (2D) projection and 3D
topography, as shown in Figure 3.5. Projection images are stacked through all the slices
of the same direction into a single plane. Usually called 2D projection (Figure 3.5a), an
image constructed in the x-y plane can be obtained by stacking images in the z direction.

The side view projection (Figure 3.5b) stacks through the y direction and is constructed

in the x-z plane.
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Figure 3.6 The single slice/layer image of the subsurface.

In addition to the projection image, a single slice/layer image from a particular z
position can be measured and stored separately. A single slice image can also be
selected from a stack of LSCM images using the “Slice” function (right-hand-side
indicator of Figure 3.6). This type of single slice image often provides a unique feature
describing subsurface microstructure, which can be different from surface
microstructure. Time-dependent measurements can also be obtained by scanning a

single slice image at the same location for a period of time. This type of measurement is
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very useful for recording creep behavior of a sample under stress/strain or the recovery

of scratch damage as a function of time.
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Figure 3.7 shows the “ert 1
indicates the different x posrtlohs’ of the y z Plane ’“By changrng the x position, the
profile of y-z plane can be altered arfa shoyvn,on' the rectangular area in the right side of
the screen. Similarly, changing the y position using the green line in the horizontal
direction can alter the profile of the x-z plane which is shown on the rectangular area in
the top of the screen. Therefore, the profile in any location of the sample can be
revealed.

The other important feature of the LSM image browser program is the “Topo”
function. In this function, the 3D topographic map, height information in a specific
location, line profile at x-z plane, and roughness value of a surface or a single line can

be determined. For example, Figure 3.8 shows the line profile and the height

information of a scratched sample.
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Figure 3.8 The line profile arad-.'h’elght';in;pnna.ﬁh of an> S};‘ratched sample.
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3-1.2 Examples of Eb . 5
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1. Surface roughness and m_a:l; Irt| maracterlzatlon
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r'-?."_.:l

Surface roughness is a meaéuhze. ﬁf'fhe?tex{ture ?f'h‘*sample surface, and is quantified
G L

by the vertical deviations associated to the ideal surface. The higher deviation means the

greater degree of surface roughness, and the smaller value of surface roughness means

smoother surface. Roughness is associated with the friction and wear of materials. A

surface with a large surface roughness value results in higher friction [27]. Surface

roughness can be also used to monitor and correlate the physical and optical changes

during UV degradation of coatings [28]. I.e. surface roughness can be an indicator for

degree of degradation. As exposure time increasing, the surface roughness values

increased and gloss values decreased (surface became dull).
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S,=11.48 ym
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The surface roughness..:/slues are also used :fp ;h;tracterlze orientation of the
metallic flakes in a coating. Flgure 3§ shows the 2D projection, side view and 3D
topography of a coating containing metallic flakes at different magnifications. The root

mean square (RMS) surface roughness S, is defined as Equation (3.3) and Equation

(3.4).

%Z

i=1

S, = \/Nx N 305 ax,,y,) S P (3.3)

.
I
—_

Ny

1 N,
—— -N_'Z 2(%,3) (3.4)

x Ny A
Here, z(x;,y;) is the surface height at position(x;,y;), and N, and N are the number of

pixels in the x and y direction, respectively. The roughness values are different at
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different measurement sizes. The RMS is smaller for high magnification at smaller
measurement area. Therefore it is very important to compare the RMS values at the
same measurement size.

The metallic flake orientation can also be observed through the 3D and side images.
In the 3D view, the shape and the direction of each metallic flake show distinctly. The
distribution, such as gap and overlap among the metallic flakes, is presented in the side
images. To characterize the orientation of the individual metallic flake is often time-
consuming, so that collected surface roughness values can be used as a measure for the
orientation of all metallic flakes in the tof:‘al ;neasured area, which is directly influence

el LTS,

the appearance of the coatings; ﬁsing:sﬁrfacﬂ@pghge,gs_ value to quantify the metallic
N | == = —
.= '

; e,
flake orientation has beer_{"gldopte QC too Te coefii_;g_g industry and provides a

new scientific-based approach to cha éz%ii:e etallic coatings [29].
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A Particles B Particles

Subsurface

Subsurface

Side View

Side View 10 pm

Figure 3.10 2D projection, a single- layer subsurface, and the side view images for

coating systems containing two particles [30].

The addition of nanoparticle into polymeric coatings influences performance
(appearance, service life, and mechanical properties) of polymer nanocomposites. Poor
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dispersion of nanoparticles often results poor appearance and durability. It is important
to measure the particle dispersion in the coatings and correlate the dispersion to
performance properties such as appearance and mechanical properties. The surface
morphology and nanoparticle dispersion can be measured using LSCM. Figure 3.10
shows the different nanoparticle dispersion results in a 2D projection, a single-layer
subsurface image, and the side view projection images.

As shown in the figure, the z-depth is different for particle A system and particle B
system at the side view. The A particles are distributed uniformly and tightly near the
surface. Oppositely, the B particles are loosely packed so that the gap between the
particles is larger. In such a case, thepenetration depth-for particle B system is about
twice of the A particle system 'due€ to the laser penetrating deeper into the coating

through the gaps.

=
| | i
3. Scratch morphology characterization

|

The scratch damage is often used:to assess scrétch resistance of the coatings [31-
32]. LSCM can be used to characterize scratch morphology. Figure 3.11 shows a set of
three progressive force scratches, which were generated using scratch force 0 mN to 30
mN at a total initial scratch length of 1000 um. By measuring the final residual scratch
length, we can calculate the onset force of elastic-to-plastic transition from the LSCM
image. The onset force is defined as Equation (3.5). For example, in this case the
residual scratch length L, = 850.71 um, so that the onset force is 4.48 mN. Where, Fax
is the maximum progressive load, L; is the initial scratch length, and L, is the residual

scratch length.

onset —Frmax X (3.5)



Scratch direction

presentation.

This onset force %cratch resistance. The

o
h

higher onset force indicat 1 Iso, from the scratch

‘ M
morphology at a high n%;t@a Scr hology, such as scratch
{;‘;gali%b detel‘i#ne?:)

width, depth, and damage paﬁ}@‘@s -;ﬂ, e quantities can also be used

to rank scratch resistance, i.e. a wider mdth a deeper scratch depth has a worse
scratch resistance.

It is also important to monitor the recovery of the scratch damage as a function of
time. Figure 3.12 shows the scratch width, depth and cross profile near the end force (~
30 mN) at three times (8 hours, 7.5 weeks, and 4 months) after scratched. The shape
changed dramatically at 7.5 weeks (purple line) from 8 hours (blue line). It shows that
the scratch damages recovered, in some degree, in terms of the scratch depth. The
surface shows the indication of materials reflowed so that the scratch profile is very
different from regular scratch profiles like that one after 8 hours, even more, after 4

months (green), the profile becomes flatter, it is hard to compare to original profile.
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Near 30 mN 150X (a) after 8 hours (b) after 7.5 weeks (c) after 4 months
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3-2 Instrumented Indentation Testing (11T)

The purpose of this section is to introduce the theory and the basic principle of
instrumented indentation testing (IIT). The load and displacement data measured from
IIT are useful in deducing the modulus of elasticity, hardness, and contact harmonic
stiffness. In addition, investigating the indentation testing results could help us to
establish a comprehensive understanding of the surface properties of materials. The
various testing conditions, such as tip geometry (shape and size), strain rate, velocity of

contact, and maximum loading, could impact on the indentation and scratch results.

& "; =i
‘*-‘I: A

. " | == - .
3-2.1 Basic Principle of Instrumented Indentation Testing

i
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Figure 3.13 Photo and schematic of the Nano Indenter® XP system.

The instrumented indentation techniques have been developed over several
decades [33], and are also known as depth sensing indentation (DSI). The techniques
are commonly used in measuring the elastic modulus of thin films and small volumes.

Oliver and Pharr introduced a method for measuring hardness and elastic modulus by
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IIT [34-35]. The basic assumption of this method was analyzed by Sneddon [36]. He
demonstrated the indentation testing of an elastic half space by a flat and a cylindrical
punch so that the contact area between the indenter and the specimen can be
approximated. Recently, studies on instrumented indentation techniques have resulted in
improving the quasi-static force sensitivity and the maturation of continuous stiffness
measurement (CSM) method [37].

The indentation measurements and scratch testing were performed using a Nano
Indenter® XP system in this study, as shown in Figure 3.13. The load application device
is composed of a coil and a circular magnet. Since the force is directly proportional to
the current, by which a magnetic field'is generated, and the force can be varied by
changing the currents. After the eoperator sets'the foading value, a current will be
imposed on to the indenter ahd transformed té a loading."The resolution of the load is

1 —

reported to be 50 nN. The displacemént ;ﬂéﬁr is/made up of three capacitive circular
B J

plates. The one fixed to the centrai [inderEcer is!| limited by the others in the vertical
direction. By observing the di.ffereni:es n currentL fhe variations of the voltage and the
gap due to the distance changes among the parallel plates can be correlated. The
resolution of the displacement is reported to be 0.04 nm. In order to make sure the shaft
slides smoothly along the perpendicular side rather than moving sideways, two special
springs for the purpose of support are applied. The spring is designed to have very high
stiffness in the horizontal direction and very low stiffness in the vertical direction so as
to assist the axial motion of the shaft. In order to measure the friction force and the
scratch profile, the sample is fixed on a lateral motion stage which provides an option to
perform scratch testing.

The side views with a cone indenter present the indentation and scratch testing in

Figure 3.14. Here, ¢ is the attack angle between the sample surface and the slope of the
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cone. Indentation testing is performed by an axial load with a constant force and it
comes down perpendicularly to the sample. Similarly, scratch testing is also carried out
by an axial load with a constant or progressive force. The difference between the two
tests is that the indenter in the scratch testing parallels to the sample instead of moving
perpendicularly. The horizontal motion at a constant velocity in the scratch testing

generates a slender scratch with special damage features.

@ (®)

Scratch
direction

/;

velocity

—
Loadl

e

Figure 3.14 Schematic of (a) the indentation testing with a constant load (b) the scratch

testing sliding with a constant (or progressive) load and a constant velocity [19].

The loading and unloading relationship for any punch (a solid of revolution of a

smooth function) is defined as Equation (3.6).
P=p(h-h,)" (3.6)
Where P is the indenter load, h is the indentation depth, h¢ is the residual depth
after unloading, p and m are constant. The value of m relies on the punch geometries,
such as m =1 for flat cylinders, m = 1.5 for paraboloids of revolution and in the limit of
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small displacements for the spheres, and m = 2 for cones. The load-displacement curve
for an indentation testing is shown in Figure 3.15. Here, h. is the peak indentation

depth, Py is the peak indentation load, and S is the contact stiffness.

A
mec """""""""""
Loading
P
(Load) :
Unloading :
. dpP
§=—
dh
hmax
.
H
(Displacement)
P g 8 ~ . ]
i ~L 1A "
. . . | [
Figure 3.15 A typical load-dlsplacerT tcuty Eo‘r an indentation testing [35].

Figure 3.16 illustrates th;é'fcros ection of Jp 1ndentat10n testing. Where h, is the
contact depth, and hy is the displdc%ment‘ at the’ edge of the contact surface. The sum of

those two parameters equals to the indentation depth, as shown in Equation (3.7).

h=h, +h, (3.7)

indenter A initial surface

unloaded

loaded

Figure 3.16 Schematic of a section through an indentation testing [35].
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The contact stiffness S is also referred to elastic stiffness. It can be obtained directly
from the slope of the unloading curve, as defined in Equation (3.8).

dp 2
S=-—=pm(h—h,)"" =——E_JA (3.8)

~ dh Jr

Here, A is the projected contact area and E; is the reduced modulus. The definition of E;

is described as Equation (3.9).

1 (=) (1-v))
E E E.

T 1

(3.9)

Where, E is the elastic modulus for the specimen, v is the Poisson’s ratio for the
specimen, E;is the elastic modulus for the indenter, and v; is the Poisson’s ratio for the
indenter.

The contact depth h, is estimated using-Equation-(3.10)'and Equation (3.11).

5 —31

h, b e (3.10)
R L

h,Zhw —h, =hi Sy (3.11)

i 1
Where, « is a constant and depends‘on.the indenter géometry. For example, k = 0.72 for

a conical punch, k = 0.75 for a paraboloid of revolution, and k = 1.00 for a flat punch.

The hardness, H, is defined in Equation (3.12).

P
H=-—"> 3.12
e (3.12)

Since the displacement value measured from the indentation testing is the amount of the
displacements in the specimen and the load frame, the load frame compliance must be
known with precision. The compliance relationship between the specimen and the load
frame can be expressed by Equation (3.13).

C=C, +C, (3.13)

Where C is the total compliance, C; is the compliance of the specimen, and Cs is the

50



compliance of the load frame.
Because the compliance is defined as the inverse of the contact stiffness S,
Equation (3.8) and Equation (3.13) can combine to yield Equation (3.14). Thus, a

formula which comprises compliance and projected contact area can be obtained.

S 1
2E. VA

C=C, (3.14)

By rewriting Equation (3.14), the projected contact area can be defined as a function of
compliance, as shown in Equation (3.15).

1
4 Ef (C—Cf)2

(3.15)
Once the contact depth is detcrmined,-the contact afea can then be computed as a

function of contact depth, as’'shown in Equation (3.16) and Equation (3.17).
AfF(@; : (3.16)

| = 1 ;

A(h,) = Cgh2 + C;h! #cﬁfzhé fc.n) b B G (3.17)
Co through Cg are constants, whichj: cléln be estaBliished by the method of curve fitting
from many experimental data. In this' study, ithe work of the tip shape function
calibration is determined by performing the ideal indentation testing on a fused silica
sample. Thus, the reduced modulus can be determined using Equation (3.8) and the

modulus and the hardness can be obtained by Equation (3.9) and Equation (3.12),

respectively.

The continuous stiffness measurement (CSM) method can be used for acquiring
the stiffness information continuously through an indentation testing. The idea of this
method is to apply a small amplitude oscillation at a relatively high frequency on to the
test force signal, so that the stiffness value is recounted incessantly during the loading

cycle. The models of CSM systems are shown below. Figure 3.17 (a) displays the basic
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dynamic mechanical model and Figure 3.17 (b) illustrates a dynamic mechanical model

consisting of the load frame and the tip compliances.

() (b)
AAMIANATEY AR
b §Kg l__]') T = iy

Figure 3.17 Schematic of a Dynamic mechanical model of a nanoindentation
instrument: (a) a simple model (b)-aimodel of the.relation with compliance of the load

frame and the tip [38].

| £
==
The contact stiffness can be com%uted_'l)y Equation (3,18) and Equation (3.19).

I

r 1

|
|
|

0S

h(w)

‘ F :\/ {(s-1 + C, K, - Mo’ }2 +0°D’ (3.18)

oD
S'T+CH " +K, —~mo’

tan(¢) = (3.19)

Where the k; is the stiffness of the support spring, D is the damping coefficient, Ds is the
damping coefficient of the contact, ® is the frequency, P, is the magnitude of the force

oscillation, @ is the phase difference, and m is the mass of the indenter and shaft.
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3-2.2 Examples of 11T Application

1. Cluster distribution and modulus correlation characterization

The effect of agglomeration and dispersion of the nanoparticle additives on
material properties such as surface modulus can be studied by using IIT. In this example,
the measured moduli were different at different locations due to the encounter of
nanoparticles spreading over the sample. In order to correlate the particle dispersion to
the changes in material properties (surface mechanical properties in this case), the
nanoindentation experiments were catried out.in an array (4x5) using a Berkovich
pyramidal tip with an indention depth of 3 um{30]. Figure 3.18ab shows the residual
indents on the surface of two Ti@2-AU coatings: (a).particle A system; (b) particle B
system. The particle A system has a better patticle disperéion than that in particle B
system, as shown in the subsurface| 1mage:(-3 um below polymer-air surface — in the
middle graph). In particle A system, I;aniclgs disperse more uniformly in the coatings,
as a result the shapes of all indents aﬁpear similar and symmetrical. The corresponding
modulus-displacement curves (in the right-hand-side graph) are overlapped upon each
other and the modulus values are the same for all intents in the whole penetration range
(0 um - 3 um). The particle B system has a poor particle dispersion (Figure 3.18 b), and
the result shows that the size and location of particle clusters influence the shape of the
residual indents and the surface elastic modulus. For the first indent, it is affected by the
cluster apparently from the beginning of the indentation. Thus, the modulus is greater
than other indents. Similarly, the tip hits the clusters during the indentation testing for
indents number 3 and number 8. The modulus value increases gradually as indenter tip

approaching the particle clusters. For those indents (such as # 13) do not encounter

larger clusters, the modulus-displacement curves is similar to that in Figure 3.18 (a).
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2. Scratch behavior characterization

The addition of nanoparticles into polymer coatings is expected to reduce the
scratch damage or increase the ability of recovery. In reality, the adding of nanoparticles
does not always lead to the improvement of scratch resistance. Many results indicate
that there are really intricate effects of nanoparticle additives on the scratch behavior of
polymers [39]. For example, the scratch visibility is dramatically reduced but the onset of

the elastic-plastic transition occurs earlier as increasing the additive concentrations.
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Figure 3.19 LSCM images, initial penet{‘atl'gn curves, and residual penetration curves
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Figure 3.19 shows the LSCM _n traﬁon curves and residual
penetration curves of progr__ ', wgt (0 mN ~ 50 mN) for ALOs
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nanoparticles of different add1t1'Vé gon}entratlo_gs'()l%, %, 2.5 %, and 5 % (mass
fraction). The LSCM images, which were taken a few hours after the scratch tests, show
that as the nanoparticle concentration increases, the scratch damage is less visible.
However, it is found that the onset force moves to a lower load with increasing the
additive concentrations. This result indicates that the elastic-plastic transition occurs at a
lower scratch load in the higher additive concentration. If we use the onset force to rank
the scratch resistance, then the scratch resistance becomes lower as increasing additive
concentration. This result is not desirable. However, it is noticeable that at higher
scratch loads that the scratch damage is not visible for higher additive concentration (5

%), and the damage profile/shape is very different to the 0% system. To examine the
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data carefully, we plot the initial penetration and residual penetration curves (right graph
of Figure 3.19), which were recorded from IIT during the testing and right after
scratched, respectively. As the initial penetration curves show, the increase in the
nanoparticle concentration results in a deeper damage just when the scratch generated. It
is interesting to compare the change of residual penetration curves to initial penetration
curves. The recovery for higher additive concentration system is faster than that of the
lower additive concentration system. For example, the residual penetration depth for the
5 % system is less than these of the 1 % and 2.5 % systems after the scratch distance
near 650 um, while the initial penetration depth is greater than these of the 1 % and 2.5
% systems. Therefore, it is important to take into account at what force range the scratch
tests are performed when discussing and comparing.the impact of nanoparticles on the
polymer coatings.
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Chapter 4 RESULTS AND DISCUSSION

4-1 Epoxy
4-1.1 Indentation Data

The surface modulus and hardness results obtained from the instrumented
indentation testing are listed in Table 4.1. These results are averaged from 15 indents
using a nominal 10 um 90 diamond tip (see Appendix A) and indented into 2000 nm
with a strain rate of 0.05 1/s. Reported values of modulus and hardness for each indent
were averaged over a depth range ffom 1000 nm to 1500 nm without a drift correction.
Figures 4.1-4.3 display surface elastic lr.n_gdulus (E), hardness (H), and the ratio of
hardness to modulus (H/E) fox thr?ej epg;g'e's'. The surface elastic modulus increases

B
slightly as T, decreases. EP-BBhas the greatest hatdness value and EP-CC is the lowest.

To relate mechanical propertic.:s‘ to v;léar and scratchnresistance, the ratio of hardness to
modulus (H/E) is often used as an:indicator [40-41]. For example, for materials of
similar modulus, the material having a higher hardness has a higher scratch resistance.
On the other hand, the material of similar hardness value, the lower modulus the higher
scratch resistance. In this case, EP-AA has the highest T, and H/E ratio. EP-CC has the
lowest T, which is corresponding to the lowest H/E ratio. It is expected that EP-AA

(higher T, and higher H/E ratio) has a higher scratch resistance. The effect of T, on

scratch behavior will be discussed in the next section.
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Table 4.1 Glass transition temperature (T,), elastic modulus (E), hardness (H), and ratio

of H/E of three epoxy samples. The error bar represents one standard deviation from the

averaged value of 15 indentations.

Sample T,(°C) Modulus, E (GPa)  Hardness, H (GPa)  H/E

EP-AA 117 3.301 £0.038 0.290 + 0.006 0.088
EP-BB 88 3.589 £ 0.029 0.307 £ 0.004 0.086
EP-CC 71 3.765 +0.022 0.271 £0.003 0.072
4
3.5 i
= 37
T
= 2.5
=
4 27
=
215
=]
Z 1
0.5
1] T .
EP-AA EP-BB EP-CC

Figure 4.1 Surface modulus (E) data for three epoxy samples.

=

w
1
Hi

HH

= =

= j = o

o o [ th
1 1 1 Il

Hardness, H (GPa)

s

=

h
1

=

EP-AA EP-BB EP-CC

Figure 4.2 Surface Hardness (H) data for three epoxy samples.
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Figure 4.3 Hardness to modulus (H/E) ratio for three epoxy samples.

4-1.2 PS Data
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Figure 4.4 LSCM images and onset forces obtained from PS tests (0 mN to 50 mN,

scratch length = 500 pum, scratch speed = 10 um/s) of three epoxy samples.
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Figure 4.4 shows the results of onset forces and LSCM images obtained from
the PS tests. The scratch force range is from 0 mN to 50 mN, and the scratch length is
500 um with a scratch speed of 10 um/s. Two scratches were performed on each sample
and the onset force presented here is the averaged value of the two. Note that the onset
force is defined as the force at which the elastic-plastic deformation occurs. A lower
onset force, a lower scratch resistance. As figure shows, EP-AA and EP-BB have
similar onset forces (in the order of 3-4 mN, EP-AA has a slightly higher value), which
are greater than the onset force of EP-CC. This result is consistent with the H/E ratio,
1.e., EP-CC has a lowest T, and H/E ratio, and a lowest onset force. The EP-CC sample

has a lowest scratch resistance ranked by onset 'ft_)rce.

Depth (um)

Distance (um)

Figure 4.5 Cross profiles of three epoxies obtained from PS tests near 50 mN.
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Figure 4.5 plots the cross profiles of three epoxies at the force near 50 mN (the
tail). It is also observed that the scratch profiles near the tail of PS (Figure 4.5) are very
different. The scratches of EP-AA and EP-BB appear similar, but EP-CC definitely has
a much border scratch width. The difference in scratch width is not as large as that in
the scratch depth. Overall, EP-CC has the largest scratch width and depth, and EP-AA
has the smallest scratch width and depth. In terms of scratch damage, the EP-CC has the
most severe damage. EP-CC has a lowest T, and H/E ratio, and EP-CC sample has a

lowest scratch resistance ranked by scratch damages.

Table 4.2 lists the detailed cross profile information including peak-to-peak scratch
width, W, full penetration depth, Dy, pile-uprl‘leight, hy, and the ratio of W,/D¢ and
Wy/hy. The values of Wy, Dyzand'hy all increase from EP-AA to EP-BB and then to EP-
CC. The ratio of W,/Dr and Wp/hb‘caq';gé used to rank the scratch resistance. A

shallower and wider scratch (highbt Wprf Vaiue) is less. visible than a deep and
narrower one. Thus, the ratios ef Wp/;)f aﬁé Wp/;hb chatacterize the shape of a scratch
and the visibility of a scratch which ds:highly. depéﬁding on the scratch geometry. A
larger ratio of W,/Dr represents a shallower scratch and less visible, i.e., the scratch
appears less damage [5]. The Wy/h, ratio is also an important parameter for assessing
scratch visibility. Similar to the W,/Dr ratio, the larger W,/h, ratio, the less visible a
scratch. EP-AA has the greatest ratios and EP-CC has the lowest, i.e., EP-AA has the

strongest scratch resistance and EP-CC has the weakest. This result is consistent with

previous results, which obtained from H/E ratio and onset force by PS tests.
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Table 4.2 The detailed peak-to-peak scratch width, W, full penetration depth, Dy, pile-
up height, hy, and the ratio of W,/Dr and W/h,, of three epoxies obtained from PS near
the tail at the force near 50 mN. The definition of these quantities is defined and
illustrated in the insert graph. The error bar represents one standard deviation from two

scratches.

Sample W, (um) D¢ (um) hp, (um) W,/Dy  Wyhy

EP-AA  17.8+0.2 23+£02 09+0.1 7.7 19.8

EP-BB  19.0+0.2 3. 280 .2 14.+0:1 5.8 13.6

EP-CC 21.5£0.2 5.0+£03 2,0 =04 7=, 4.3 10.8
—

Table 4.3 The front contact length, ay, rear ‘ér(_)ntact length, a;-average rear contact angle,
Oaverage, and a,/ar ratio of three epoxiés obtained from PS'near 50 mN. The definition of
these quantities is defined and illustrated in theiinsert graph. The error bar represents

one standard deviation from two scratches.

®u (@, t@,)/ 2=a_,.,

Sample a; (um) ar (um) as/ar ratio Oaverage (°)
EP-AA 33+0.3 92+0.2 0.4 21.0+2.6
EP-BB 3.8+0.2 9.6+0.3 0.4 219+1.5
EP-CC 3.6+0.2 10.7+£0.3 0.3 19.5+1.7
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The front contact length, ay, rear contact length, a,, average rear contact angle,
Oaverage; and a, to ar ratio are shown in Table 4.3. As mentioned in chapter 2, the a/ar
ratio indicates the degree of elastic to plastic deformation. In the case of a pure elastic
deformation, the a,/ar ratio approaches to 1. All three a,/ar ratios are less than 0.5, and
this result implies all three epoxies are under plastic deformation. EP-CC has a smallest
a/ar ratio and the worst scratch damage. The values of ®ayerage are close for all epoxies
with EP-CC slightly smaller. It is expected since we predicted that EP-CC has the
weakest scratch resistance from W,/Dy and Wy/h, ratios. A poor scratch resistance

causes a severe damage with a high degree of plastic deformation.

In addition to the scratch.morphelogy méésured by LSCM, there are important
scratch data can be obtained from IIT directly. These” data include initial, residual
penetration depths, friction coefﬁcienys, a;fﬂlthe friction forces'along scratches. Figures
4.6 and 4.7 display the initial and resi[dua'l."i)_enetration curves of three epoxies. In both
plots, EP-CC has the larger initial aind residual I;enetration depths and EP-AA has the
lowest ones. The depth differences between three saﬁ;ples are larger in the residual than
the initial curves. This result implies that EP-CC has a lower recovery right after the
scratch, and it is also plotted in Figure 4.8. The recovery is defined as (D; - D;)/D; x 100,
(as defined in Equation (2.1) in Chapter 2) and the quantity reflects viscoelastic
response of the material. EP-AA has a highest recovery among three epoxies. For
scratch force larger than 20 mN (at scratch distance = 200 um), the recovery of EP-CC
reaches a value around 50 %, while EP-BB is at 65 % and EP-AA at 70 % level. Clearly,
EP-AA has the highest recovery and best scratch resistance among three epoxies, and

EP-CC has lowest recovery and worst scratch resistance.
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Figure 4.7 The residual penetration curves of three epoxies obtained from PS tests.
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Figure 4.8 The recovery of three epoxXies,obtainied, from PS tests.
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Figure 4.9 plots the frietion for%:eLs along: scrét;hes as-afunction of scratch distance
for three epoxies. For scratch force e sis than 1.2 mN (scratch distance less than 120 um),
the friction forces increase slovs}ly and the “curves of three samples are almost
overlapped. After that, the friction forces start to increase significantly. The friction
force of EP-CC increases faster than these of the other two, which are still very close to
each other. The friction coefficients of three epoxies are also plotted in Figure 4.10.
Note that the friction coefficient is the ratio of friction force to the normal scratch force.
Typically, the friction coefficient values start with a very small value in the static
friction region, increase linearly with response to the increasing scratch force, and
finally reach a plateau after the scratch force reaches to the kinetic friction region.
However, the friction coefficients curves of epoxies do not follow a liner trend in the

beginning, and the transition between a static and kinetic friction region is not obvious.
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Another interest point is that the curves are overlapped together around the scratch
distance before 120 um (the static friction region), and the static friction coefficients are
similar for three epoxies. After the 120 um, EP-CC has the highest friction coefficient,
1.e., the “kinetic” friction coefficient is higher for EP-CC. This finding indicates that the
friction behavior of EP-CC is quite different from EP-BB and EP-AA. Note that the
crosslink molecular weight of EP-CC is 5,290 g/mol at least 6 times larger than that of
EP-AA and EP-BB (EP-AA: 630 g/mol and EP: 920 g/mol). The crosslink network
microstructure of EP-CC may be very different from the other two EPs, especially deep
inside samples when the penetration depth is great. Detailed study on the crosslink
network microstructure of epoxies may providé some-answers. However, the study is

quite complex.

Friction Force Along Scratch (mN)

Scratch distance (um)

Figure 4.9 The friction forces along scratches of three epoxies obtained from PS tests.
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Figure 4.10 The friction coefficients of three epoxiesiobtained from PS tests.
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Figure 4.11 shows the LSCM Eimage;o-f C$ iarray and the onset forces obtained
from both PS and CS tests. The €S sc;ratch forcesr iﬂélude I mN, 2 mN, 3 mN, 4 mN, 5
mN, 6 mN, as shown in the figure. Two scratches are generated at each force and the
scratch length is 500 um. The CS onset forces match with the results obtained from PS.
EP-AA and EP-BB still have similar scratch appearance even in the small force range,
and the onset forces are between 3 mN to 4 mN determined by CS. The onset force of
EP-CC is around 2 mN and the damages are quite severe compare to others. At higher
scratch force (6 mN) in the scratch array, the scratch damages become noticeably more
severe from EP-AA to EP-CC. From both PS and CS tests, the results in terms of onset
force determination and the scratch behaviors in terms of scratch damages at low

scratch forces are consistent. The EP-AA has the best scratch resistance and the EP-CC

has the worst.
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Figure 4.11 LSCM images+from CS anfray'?ﬁ.bn_sét forces of three epoxy samples.
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After the assessment of dﬁset fm‘ﬁce, another!'s:tayjcs of CS tests were carried out to
measure the scratch damages and furthér assess the s;:ratch resistance of three epoxies.
Same test conditions were applied but the force magnitudes are different for the new CS
tests. Figure 4.12 shows the tail images from the new CS tests (10 mN, 20 mN, 30 mN,
40 mN, and 50 mN) of three epoxy samples. A pair of scratches with the length of 500
pm is generated in each force. The tail images show a significant difference in scratch
profile in three epoxies at different forces. In the same force, EP-AA always has the less
damage, and EP-CC is the worst. As the force increasing, the scratch profile becomes
wider and more visible (increasing optical contrast). The tail sizes (width) of EP-AA

and EP-BB are similar, and noticeably smaller than that of EP-CC.

68



EP-AA EP-BB EP-CC

Figure 4.12 Tail images from CS (10 mN, 20 mN, 30 mN, 40 mN, and 50 mN) of three

epoxy samples.
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Figure 4.14 Cross profiles of EP-BB scratches for different CS forces (10 mN, 20 mN,

30 mN, 40 mN, and 50 mN).
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Figures 4.13, 4.14 and 4.15 shows the crossprofiles of EP-AA, EP-BB, and EP-CC

in the various CS forces: 10 mN, 20 mN, 30 mN, 40 'mN, and 50 mN. For the constant
force test, the cross profiles should be the same along the entire scratch. The data
presented in figures are from the middle sections of scratches. As a result, peak-to-peak
scratch width, W, becomes larger as well as Dr and h;, with increasing scratch force.
Again, EP-CC also has the most severe damages among three epoxies. Figure 4.16 and
Figure 4.17 also shows the penetration depths obtained from IIT from different CS tests.
The CS results (symbols) are overlapped with the previous PS results (lines), which
were converted as a function of scratch forces. The results are consistent between PS
and CS tests. The penetration depth values of EP-AA and EP-BB are very close, and

EP-CC has the largest initial and penetration depths in each force.
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Figure 4.16 The initial penetration depths fiom CS (symbols) and PS (lines).
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72



Table 4.4 The detailed cross profile information (Wp, Dy, hy, ratio of W,/Dr and Wy/hy)
of three epoxies obtained from CS tests (10 mN, 20 mN, 30 mN, 40 mN, and 50 mN).

The error bar represents one standard deviation from two scratches.

Force (mN) Sample W, (um) D¢(um) h,(um)  W,/D¢ W,/hy,

EP-AA  9.1+02 03+0.1 0.1 £0.1 30.3 91.0
10 EP-BB 89+02 07+01 03=+0.1 12.7 29.7
EP-CC 10.7+0.2 1.1+0.1 0.6+0.1 9.7 17.8

Force (mN) Sample W, (um) Df(um) h,(um)  W,/D¢ Wp/hy,

EP-AA  122+02 1.0+0.1 04+0.1 12.2 30.5
20 EP-BB 12.7+0.2 13+0.1 0.6=+0.1 9.8 21.2
EP-CC 145+02 26+02 1.1+0.1 5.6 13.2

Force (mN) Sample © W, (um) Df(um)  h, (um)  W,/D¢ Wp/hy,

EP-AA  149+02 1.0+0.1 04+0.1 14.9 37.3
30 EP-BB ,154+04 20+02 08=+0.1 7.7 19.3
EP-CC 174+03 34+02 16=+0.1 5.1 10.9

Force (mN) Sample = W, (um) Df(um) hy(um)  W,/Dy W,/hy,

EP-AA 164+03 20+0.1 09+0.1 8.2 18.2
40 EP-BB 172+05 24+02 1.1+0.1 7.2 15.6
EP-CC 193+05 41+02 18+0.1 4.7 10.7

Force (mN) Sample W, (um) Df(um) hy(um)  W,/Dy Wp/hy

EP-AA  185+03 2.6+0.1 13+0.1 7.1 14.2
50 EP-BB 194+03 33+02 13+0.1 5.9 14.9
EP-CC 221+0.6 51+£03 22+£0.2 4.3 10.0

Table 4.4 summarizes the detailed cross profile information (W,, D, hy, ratio of
W,/Dr and Wy/hy). In each force, EP-AA has the greatest W,/Dr and W/hy, ratios, and
EP-CC has the lowest. The corresponding relationships of W,/Dr and Wy/hy, ratio are
illustrated in Figure 4.18 and Figure 4.19. According to the denominators of two ratios

are the same, and both numerators are the depth parameters obtained from the same
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scratch cross profile, the W,/Dr and Wy/hy, ratios should be similar. The ratios decrease
as the force increases except for EP-AA at force = 30 mN. Note that the values of D,
and hy, do not change (all within measurement uncertainty) as faster as the W, values
when the force increases from 20 mN to 40 mN. As mentioned before, a less damaged
scratch is expected to be wide and shallow. By comparing the ratios of W,/Dr or Wy/hy
based on different forces (Figures 4.18-4.19), EP-AA has the greatest and EP-CC has
worst scratch resistance. The results are consistent with the result only using the Wy/Dy

and Wy/hy ratio to rank scratch resistance at particular force between 10 mN to 50 mN.
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Figure 4.18 The W,/Dr ratio for three epoxies in different CS tests (10 mN, 20 mN, 30

mN, 40 mN and 50 mN).
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Table 4.5 summarize"sg..gf a?t_z:,} lewm%%ognaﬁon (ar, ag, a//ar ratio, and
- a3 W

ST Ty [ e
decrease as increasing CS force. This result indicates that damage increases as

. . e L A Zhe
Oaverage)- The a,/a¢ ratio and we{‘;eﬁge,ar'é su'nllag chir fthr'%e samples for each force, but

increasing scratch forces. However, these quantities listed in Table 4.5 are not as easy to

use to rank the scratch resistance of the materials.
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Table 4.5 The detailed tail information (a,, ar, a,/ar ratio, and Mayerage) Of three epoxies

obtained from CS tests (10 mN, 20 mN, 30 mN, 40 mN, and 50 mN) The error bar

represents one standard deviation from two scratches.

Force (mN) Sample  af(um) a, (um) a/arratio  Maverage (°)
EP-AA 4.5+0.2 2.5+0.3 0.6 343+ 1.1

10 EP-BB 4.8+0.2 22+02 0.5 282 +2.1
EP-CC 55+0.3 24+0.2 0.4 23.6+1.7

Force (mN) Sample  a¢(um) a, (Um) a/arratio  Maverage (°)
EP-AA  6.5+0.2 2.64+0.2 0.4 26.1+£2.0

20 EP-BB 6.6+ 0.2 2:4+0.3 0.4 26.7+33
EP-CC 74+0.2 2.7+0.3 0.4 22.1+1.1

Force (mN) Sample-. ag(pm) a, (pm) agapratio  Maverage (°)
EPEAA 7.6 402 28+H0.2 0.4 244 +£1.1

30 EP-BB ' 7.8 +0.3 L_f'*:ﬂ'-3.2 +10.2 0.4 23.6+0.6
EP-CC '89+02 [[13.3£0.2 04  220+17

Force (mN) Sample . ag( Hnd) a; (um) a/agratio  Maverage (°)
EP-AA » 84402 31+03 04  21.6£22

40 EP-BB 89+0.3 3.6+0.2 0.4 232+13
EP-CC 99+0.2 3.6£0.2 0.4 20.5+23

Force (mN) Sample  as(um) a; (um) a/arratio  Mayerage (°)
EP-AA 93+0.2 32+0.2 0.3 20.8+0.8

50 EP-BB 99+0.3 40+0.2 0.4 228+1.6
EP-CC 11.3+02 3.7+0.2 0.3 20.1+£2.5
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4-1.4 Summary

In this study, five different methods are used to investigate the scratch behaviors
and rank the scratch resistances of epoxy samples:

1. H/E ratio from IIT.

2. The onset force obtained from PS and CS tests.

3. The cross profile width to depth ratios: W,/Dr and Wy/hy,

4. The recovery after scratched.

5. The scratch tail parameters: a,/ar ratio, and ®ayerage-

The H/E ratio is often used-to.rank the rs‘cratch and wear resistance in coating
industry. In this study, using'the H/E.ratio, we-eonclude' that EP-AA and EP-BB have
the similar scratch resistance, and EP—C(:‘Ehgs the weakest resistance. It is interesting
because the modulus and hardnessi‘ Yalué;_are both higher in EP-BB than EP-AA.
However, due to the correlation:of tl‘:le“.se two quar"itities like the resistance to the scratch
and recovery ability, the damage dégree in EP-AA aﬂd EP-BB turns out to be close. The
onset forces results confirm this point. From PS tests, the onset force values for two
epoxies are close. Furthermore, the precise onset forces are acquired from an array of
CS test at lower forces. The onset forces obtained from both tests are consistent. The
scratch morphology and damage profile from an array of CS test at higher forces are
also consistent with the observation from the tail image of PS results near 50 mN. The
degree of damage can be distinguished clearly from the cross profiles of CS scratches at
different CS forces. Although the scratch profiles appear similar for EP-AA and EP-BB
(Figures 4.13-4.15), the detailed cross profile data provide a comprehensive
understanding of the overall scratch behavior of three materials. The corresponding

width to depth ratios such as W,/Dy and Wy/h, are suitable for ranking the scratch
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resistance in the same force for different materials.

The recovery right after scratch can also be used to rank the scratch resistance. The
recovery indicates the elasticity of the materials, which is the ability of recovery after
being damage rather than to resist the damage. In this case study, the result is clear that
EP-CC has a lowest recovery and worst scratch resistance at the range of force between
0 mN to 50 mN. Finally, the a/as ratio and ®average data from the scratch tail images can
provide a general idea how much the materials is under the elastic deformation. In this
case study, using a,/ar ratio, and Mayerage to Tank scratch damage yields consistent results
as using other methods. However, it is not.robust to use the a,/ar ratio, and ®ayerage as a
good indicator to rank the seratch resistance because these two parameters are not as

sensitive as other indicators.

V g— ]
i

Table 4.6 Summary of normalized iqqicatbgs (ratio to EP-AA) for three epoxy samples.

% EP-AA  ER-BB.., EP-CC
T, (°C) 117 88 71

Te -T: (°) 94 65 48
H/E ratio 1.000 0.977 0.818
onset force 1.0 0.9 0.5
W,/Ds ratio 1.0 0.8 0.6
W,/hy, ratio 1.0 0.7 0.5
Recovery 1.0 0.9 0.7
a,/ar ratio 1.0 1.0 0.8
Oaverage 1.0 1.0 0.9

Table 4.6 and Figure 4.20 summarize the pre-mentioned indicators to rank the
scratch resistance for three epoxy samples, all the numbers are normalized by dividing

the values from EP-AA. The H/E ratios come from IIT. The onset forces, W,/Dy, Wy/hy,
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a,/arratios, Maverage and recovery are obtained from PS tests. The W,/Dr, Wy/hy, ratios and
recovery are acquired at the force near 50 mN. T, is the room temperature at 23 °C.
Clearly, the indicators: onset force, W,/Dy, and Wy/h;, are better than other indicators.

The a,/as ratio and ®ayerage are the worse indicators.
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Figure 420 The diagrammatic summary of three epoxy samples presented in the

normalized indicators (ratio to EP-AA).

In summary, EP-AA has a highest glass transition temperature T, and best scratch

resistance among the three epoxies, and EP-CC has a lowest T, and worst scratch

resistance.
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4-2 Polyurethane Series 1

4-2.1 Indentation Data

The elastic modulus and hardness results obtained from the instrumented
indentation tests are summarized in Table 4.7. These results are averaged from 5 indents.
A nominal 10 um 90 diamond tip was applied and indented into 1000 nm with a strain
rate of 0.05 1/s. Reported values of modulus and hardness for each indent were
averaged over a depth range from 500 nm to 900 nm without a drift correction. Figure
4.21 to Figure 4.23 plot modulus, hatdness, and H/E ratio for four PU samples from
series 1. The modulus data are almost'the same, within measurement uncertainties. For
four samples, similar results-for the'hardness values except 2 slightly low value for PU-
B1. The difference in H values reﬂects o@_»ihe HY/E ratios as shown in Figure 4.23. The

Lo

PU-BI has a slight low H/E ratio compared?ﬂto the restiof the samples.
Table 4.7 Surface mechanical properties of four PU samples from series 1, which are

determined by indentation testing using a conical indenter. The error bar represents one

standard deviation from the averaged value of 5 indentations.

Sample Modulus, E (GPa)  Hardness, H (GPa) H/E

PU-CTRLI1 3.123+£0.02 0.234 £ 0.002 0.075
PU-AI 3.057+0.079 0.239+0.013 0.078
PU-B1 3.092+0.013 0.216 £ 0.003 0.070
PU-C1 3.138+£0.014 0.239 £ 0.005 0.076
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Figure 4.23 Hardness to modulus ratio for series 1 four PU samples.
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The effect of different strain rates plays a vital role in the indentation testing [42].
In order to study the PU samples thoroughly, the various strain rates (0.01 1/s, 0.05 1/s,
0.1 1/s,0.5 1/s, and 1 1/s) are also applied to perform the indentation tests in succession.
5 indents are carried out in each strain rate and the indent depth is 1000 nm. Figure 4.24
and Figure 4.25 plot modulus for four samples under different strain rates using a 10
um radius conical tip and a Berkovich tip, respectively. The modulus values are almost
the same for all four samples (within measurement uncertainties) and the results are
consistent by two different indenters. Also, the modulus decreases while increasing the
strain rate in both cases (using two different indenters). The hardness as a function of
strain rate is plotted in Figure 4:26 and*Figure 4.27 for a conical tip, and a Berkovich tip,
respectively. On the contrary, the hardness increasesias-increasing the strain rate. Again,
the trends in the data are coﬁsistent usinlg. two different indenters. The data of modulus
and hardness under different strain rLates E):-‘;"fbun éamples are summarized in Table 4.8

to Table 4.11. Clearly, the modulus an}d hatdriess ‘.Values depend strongly on the applied

» 1

strain rates and the indenter tip geofnetry. Ityis-important to keep the test condition

constant before comparison.
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Figure 4.27 Hardness of four PU samples (series 1) under different strain rates using a

Berkovich indenter.
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Table 4.8 The modulus values of four PU samples (series 1) under different strain rates

using a 10 um radius conical indenter. The error bar represents one standard deviation

from the averaged value of 5 indentations.

Strain rate (1/s)

Modulus, E (GPa)

PU-CTRL1 PU-AI PU-B1 PU-C1
0.01 3.174 £0.008 3.023+£0.009 3.111+0.021 3.179+0.015
0.05 3.123+0.020 3.057+0.079 3.092+0.013 3.138+0.014
0.1 3.116 £ 0.055 3.045+0.063 3.096+0.009 3.108 +0.025
0.5 2981 +£0.078 2.981+0.078 2.955+0.045 3.031+0.025
1 2.661 £0.096 2.572+0.080 2.613+0.039 2.683 £0.065

Table 4.9 The modulus values of four PU samples (setries 1) under different strain rates

using a Berkovich indenter. The error bar represents one standard deviation from the

averaged value of 5 indentations.

[
—

T

Strain rate (1/s)

3 Modulus, E (GPa)

PU-CIRL1 PU-AI PU-B1 PU-C1
0.01 2964 £0.012 ~3.112+0:047 '3.038+£0.031 3.036+0.012
0.05 3.050+0.022 3.050+0.095 3.021+0.030 3.071 £0.062
0.1 3.030+£0.031 3.022+0.152 2.991+0.051 2.992+0.028
0.5 2.885+0.039 2.885+0.043 2.849+0.045 2.835+0.067
1 2513 +£0.061 2.514+0.161 2.477+0.059 2.400 +0.041
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Table 4.10 The hardness values of four PU samples (series 1) under different strain rates
using a 10 um radius conical indenter. The error bar represents one standard deviation

from the averaged value of 5 indentations.

Hardness, H (GPa)

Strain rate (1/s)

PU-CTRL1 PU-Al PU-B1 PU-C1
0.01 0.219+0.004  0.198+0.001 0.216 £0.001 0.215+0.006
0.05 0.234+0.002  0.239+0.0013 0.216+0.003 0.239 +0.005
0.1 0.247+0.005  0.244+0.004 0.255+0.001 0.245+0.004
0.5 0.299+0.003  0.299+0.003 0.298 +0.007 0.304 +0.007
1 0.364 +£0.0023  0.37+0.017  0.382+0.008 0.373+0.010

Table 4.11 The hardness values of fourPU samples (sefies 1) under different strain rates

using a Berkovich indenter.'The error-bar represents ere standard deviation from the

averaged value of 5 indentations.

=
—
- i_'i,'.'

Strain rate (1/s)

Hardness, H (GPa)

PU-CEFRL1 |

‘ PU-A1 PU-B1 PU-C1
0.01 0.172£0.003 0.175+ 0.005‘ 0.191 +£0.005  0.189 +0.003
0.05 0.205+£0.003 = 0.209£0.013" 0.210+0.005 0.212 +0.006
0.1 0.216 £0.005 0.219+0.020 0.216+0.008 0.216 +0.003
0.5 0.251+£0.004 0.289+0.008 0.259+0.005 0.252 +0.004
1 0.357+0.012 0.349+0.040 0.358+0.007 0.337+0.012
4-2.2 PS Data

Figure 4.28 shows the results of onset forces and LSCM images obtained from the
PS tests. Three scratches are generated for each sample. The scratch force range is from
0 mN to 30 mN, and the scratch length is 1000 um with a speed of 10 um/s. The onset

force is smallest for PU-A1 (Fopset = 3.9 mN £ 0.1 mN) and largest for PU-C1 (Fopset =
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4.8 mN =+ 0.2 mN). Comparing to the result from H/E ratios, PU-B1 has the lowest H/E
ratio but it does not show the smallest onset force. Instead, PU-A1 has the highest H/E
ratio but the smallest onset force, i.e., the weakest scratch resistance. The inconsistency
of two testing results is understandable because the H/E ratios are almost the same
within measurement uncertainties. The onset force is a better indicator for ranking

scratch resistance in this case.

Scratch direction

PUCTRII PU-A1 PUBI PUCI
FoanedmN) > 4.2 £0.3 3.910.1 43403 4.8+02

Figure 4.28 LSCM images and onset forces obtained from PS tests (0 mN to 30 mN,

scratch length= 1000 um) of four PU samples (series 1).

Figure 4.29 shows the tail images of four PU samples (series 1) obtained from

PS tests near 30 mN. As the images show, all the scratch damages appear similar in the
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tail portions of scratches. Figure 4.30 shows the cross profiles of four PU samples
(series 1) obtained from PS tests at the force near 30 mN. All profiles appear similar
except PU-B1 is slight different with a higher pile-up. Table 4.12 summarizes the
detailed cross profile information, including Wy, D, hy, ratio of Wy/Dr and Wy/hy, for
four PU samples (series 1) near 30 mN in PS tests. The values of W,,, Dy, and hy, are the
same (within the experimental uncertainties) for all 4 samples. PU-B1 has the slightly
smallest Wy/Dr ratio, but still within experimental uncertainties compared to the other
three samples. No clear conclusion can be made here. The corresponding tail

information includes ar, ar, Waverage, and a, to ar ratio are listed in Table 4.13. The a/a¢

Figure 4.29 The tail images of four PU samples (series 1) obtained from PS tests near

30 mN.
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Table 4.12 The detailed crossprofile information (Wp, Dy hy, ratio of W/Drand W/hy,)
of four PU samples (series 1) obtained fromt PS testsi(0'mN to 30 mN, scratch length=

1000 pum) at the force near 30 mN. The error bar represents one standard deviation from

two scratches.

Sample W, (um) Df(um)  hy (um) W,/Dr  Wp/hy

PU-CNTL1 154+02 19+0.1 0.8=+0.1 8.1 19.3
PU-AI 154+£04 19+0.1 0.8=+0.1 8.1 19.1
PU-B1 154+0.2 2.0+£02 1.0+0.1 7.6 15.2
PU-C1 154+04 19+£01 1.0+£0.2 8.1 15.4
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Table 4.13 The detailed scratch tail information (a,, ar, a,/ar ratio, and Mayerage) Of four
PU samples (series 1) obtained from PS tests. The error bar represents one standard

deviation from two scratches.

Sample ar(um)  ap(um)  a/arratio  Maverage (°)

PU-CNTLI 35+0.2 82+0.1 0.4 243+1.1
PU-A1 30+£0.1 8.0+0.1 0.4 240+2.5
PU-B1 3.1+0.1 8.0+0.1 0.4 245+ 1.3
PU-C1 32+0.1 8.0=+0.1 0.4 242428

Figure 4.31 and Figure 4.32 display the initial and residual penetration curves of
four PU samples (series 1) obtainedefrom PS tests, tespectively. All of the curves are
overlapped to each other. The'same as the recovery results; as shown in Figure 4.33. So
far, no significant difference i$ observ‘ed. Ifg‘#ie scratch morphology, penetration curves,
and recovery for all PU samples (seties 1)..Finterestingly, the, friction forces are different
for four samples. As shown, in Figutre 4.34; PU-CI has highest friction force, and PU-
CTRL1 has the lowest one, after scratch distance greater than 400 um. The friction
force curves of PU-A1 and PU-BI1 are similar. The friction coefficient curve reflects the
same trend as the friction force curves (see Figure 4.35). PU-C1 has the highest friction
coefficient values, PU-B1 is the second, PU-A1 is the third, and PU-CTRL1 has the
lowest. The difference shown in the friction behavior is intriguing. From 4.1 epoxy
section, we observed that a higher friction force/coefficient (EP-CC) implies a lower
scratch resistance. If the PU systems have the same friction behavior, PU-C1 has a

worst scratch resistance. However, it is inclusive to make this judgment because it is no

significant difference observed in other scratch data from PS tests.
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4-2.3 CS Data ' | ||
I ‘ |

A series of CS tests were carried out to asseés the accurate onset forces of four PU
samples (series 1). The CS scratch forces include: 3 mN, 4 mN, 5 mN, 6mN, and 7 mN.
The scratch length is 500 pum, and two scratches are generated for each force. Figure
4.36 shows the CS array images and the onset forces obtained from PS and CS tests.
The onset force values are close between PS and CS tests. PU-A1 has the smallest onset
force in both tests. Also, the CS arrays appear similar between PU-CTRL1 and PU-B1.
The results of PU-C1 are more interesting. Although PU-CI has the highest onset force
in the PS tests, the scratches in CS test are even more severe in the low forces (3 mN
and 4 mN) comparing to PU-CTRL1 and PU-BI1. As the picture shows, a long scratch

line (in the left-hand-side low corner) crosses the scratch array in PU-C1. Below the

93



line, the scratches are almost invisible; above the line, the scratch damages become
visible. This line is found to divide two regions with different responses to the scratch.
The result might be due to the poor dispersion of nanoparticles or a rough surface in

PU-C1.

PU-CTRLI §I
8 :> F peet = 4mN (CS)
F oqset = 4-2 mN (PS)

e
PU-A1 2 :;> F oaset = 3 mN (CS)

F et = 3.9 mN (PS)

PUB1 £
S N Foee= SmN (CS)
:T F aset = 4.3 mN (PS)
i
PU-C1 3
2 Fomset= 4~5 mN (CS)

Fo= 4.8 mN (PS)

A line

o L 2 (s . A0

d3mN 4mN 5mN 6mN 7mN

Figure 4.36 CS array (3 mN, 4 mN, 5 mN, 6mN, and 7 mN) and onset forces of four

polyurethane samples (series 1).
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4-2.4 Summary

Table 4.14 The normalized indicators (ratio to PU-CTRL1) for four PU samples (series
1). The H/E ratios come from IIT. The onset forces, Wy/Dy, Wy/hy, ai/arratios, Mayerage
and recovery are obtained from PS tests. The W,/Ds, Wy/h, ratios and recovery are

acquired at the force near 30 mN.

PU-CTRLI1 PU-AI PU-B1 PU-C1

H/E 1.000 1.040 0.933 1.013
Onset force 1.0 0.9 1.0 1.1
W]D/Df 1.0 1.0 0.9 1.0
Wp/hb 1.0 1.0 0.8 0.8
Recovery 1.0 1.0 1.0 1.0
a/a. ratio 1.0 1.0 1.0 1.0
O, erage 1.0 1.0 1.0 1.0

Similar to section 4.1, many. irlidiicatorsi-are used o rank the scratch resistances of
polyurethane samples (series. 19). These indicatofs -include H/E ratio, onset force
obtained from PS and CS tests, W,/Dg, Wy/hy ai/ar ratio, Mayerage, and the recovery. The
H/E ratio does not show any significant difference among all four samples. In the case
of using onset force as an indicator: PU-A1 has the weakest scratch resistance (lowest
onset force), and both PU-CTRL1 and PU-B1 are similar in scratch ranking in both PS
and CS test. PU-C1 has the highest onset force thus the strongest scratch resistance in
the PS tests. However, the onset force depends on the region of sample, as shown in
Figure 4.36. The poor nanoparticle dispersion within the coating or surface roughness
may affect the scratch test results. Similar cause might contribute the reason why the
friction force and coefficient are different when the initial and residual penetration

curves are almost identical for four PU samples. The other indicators also show that the

95



scratch resistances are almost the same for four samples. Table 4.14 and Figure 4.37
summarize the ranking from all normalized indicators mentioned in the text for four PU
samples (series 1). Overall, the investigation from all indicators provides the same
conclusion. The onset force is slightly different from four samples, but no other
significant changes are observed. Hence, the scratch behaviors are found to be similar in

this polyurethane series.
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Figure 4.37 The diagrammatic summary of four polyurethane samples (series 1)

presented in the normalized indicators (ratio to PU-CTRL1).
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4-3 Polyurethane Series 2

4-3.1 Indentation Data

The elastic modulus and hardness results of PU series 2 samples obtained from the
instrumented indentation tests are shown in Table 4.15. The same conical indenter with
the 10 um radius was applied. These results are averaged from 5 indents, and the indent
depth is 1000 nm with a strain rate of 0.05 1/s. Reported values of modulus and
hardness for each indent were averaged over a depth range from 500 nm to 900 nm
without a drift correction. Figure 4.38 to Figure 4.40 plot modulus, hardness, and H/E
ratio for four PU (series 2) samples. AS mentioned in the material chapter, the polarities

of nanosilica additives are different between samples. PUsCTRL?2 has no nanoparticle

i

=y

and dispersant, and the additive polaritie?-for PU:A2 to|PU-C2 are from low to high.
Unlike the series 1 samples, a trend i‘s ol:;s?r\ﬂ/ed in all three plots of series 2 samples.
The PU-CTRL has the lowest mod%ll‘i‘ls, ﬁa:r-dnesé,,and H/E ratio, and those quantities
increase in the reference group as'ingreasing the a&ditives polarities. PU-C2 has the
highest modulus, hardness and H/E ratio than other samples. The E and H values of PU-
A2 and PU-B2 are similar with slightly higher values in PU-B2. A noteworthy fact is

that the additive structures in PU-A2 and PU-B2 are both linear copolymers, and PU-C2

has a more complicated branched copolymer structures.
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Table 4.15 Surface mechanical properties of four PU samples (series 2), determined by

indentation testing using a conical indenter. The error bar represents one standard

deviation from the averaged value of 5 indentations.

Sample Modulus, E (GPa)  Hardness, H (GPa) H/E

PU-CTRL2 1.826 £0.014 0.075 £0.001 0.041
PU-A2 1.906 £ 0.009 0.088 £ 0.001 0.046
PU-B2 1.937 £0.004 0.091 +0.001 0.047
PU-C2 2.340 £0.011 0.128 £ 0.001 0.055

3 -
2.5 4

Modulus, E (GPa)
[y
)

0 T T 1
PU-CTRL2 PU-A2 PU-B2 PU-C2

Figure 4.38 Modulus value for four PU-samples-(series 2).
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0.08 -
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PU-CTRL2 PU-A2 PU-B2 PU-C2

Figure 4.39 Hardness value for four PU samples (series 2).
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Figure 4.40 Hardness to modulus ratio for four PU samples (series 2).

The modulus, hardness and H/E ratio ar¢ smaller for this series of samples than
series 1. The result is reasonableiowingto a material with lower T, is usually easily to
deform under the loading. .The effect-of different strain ‘rates is also examined in this
series of samples. The strain rates includé;s:“ﬁ(zl 1/s, 0.05°1/s, 0.1 1/s, 0.5 1/s, and 1 1/s.
The experimental conditions-are the ‘Lsaj,me a; in series 1. Ineach strain rate, 5 indents are
carried out and the indent depth'is IEObO nm. Figﬁre 4.41 and Figure 4.42 plot modulus
for four samples under different strain-tates using a 10 pum radius conical tip and a
Berkovich indenter. A clear trend is observed from two plots. The modulus increases as
increasing the strain rate at first, and then decreases at the strain rate of 0.5 1/s and 1 1/s.
The increasing of modulus in the low strain rate is not observed in series 1. In addition,
the results are consistent by using two different tips. PU-C2 still has the highest
modulus at all strain rates studied here than other samples. This result matches with the
H/E ratio. Also, Figures 4.43- 4.44 plot hardness as a function of strain rate using a
conical tip, and a Berkovich tip, respectively. PU-CTRL?2 still has the lowest hardness
values and PU-C2 has the highest at all stain rates. The trend in the hardness data versus
the strain rate is consistent with series 1. The results of modulus and hardness under

different strain rates for series 2 samples are summarized in Table 4.16 to Table 4.19.
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Table 4.16 Modulus values of four PU samples (series 2) under different strain rates

using a 10 um radius conical indenter. The error bar represents one standard deviation

from the averaged value of 5 indentations.

Strain rate (1/s)

Modulus, E (GPa)

PU-CTRL2 PU-A2 PU-B2 PU-C2
0.01 1.682+0.039 1.755+0.005 1.780+0.008 2.240+0.015
0.05 1.826+0.014 1.906+0.009 1.937+0.004 2.340+0.011
0.1 1.876 £0.015 1.972+0.006 2.003 +£0.004 2.377 +0.008
0.5 1.908 £0.012  1.994+0.008 2.031+£0.039 2.405+0.033
1 1.789 £0.031 1.846+0.049 1.900+0.082 2.115+ 0.069

Table 4.17 Modulus values of four PU samples (series 2) under different strain rates

using a Berkovich indenter. The error bar represents one standard deviation from the

averaged value of 5 indentations.

[
—

T

Strain rate (1/s)

3 Modulus, E (GPa)

PU-CTIRL2 PU-A2 PU-B2 PU-C2
0.01 1.644 +£0.003 _~2.045+0.0031 '1.907+0.011 2.361 +£0.006
0.05 1.831£0.004 2.164+0.004 2.068+0.024 2.449+0.012
0.1 1.898 £0.004 2.188+0.011 2.127+0.019 2.487+0.016
0.5 1.879+£0.039 2.104+0.004 1.964+0.022 2.430=+0.045
1 1.611+0.037 1.872+0.053 1.746+0.014 2.038 £ 0.062
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Table 4.18 Hardness values of four PU samples (series 2) under different strain rates

using a 10 um radius conical indenter. The error bar represents one standard deviation

from the averaged value of 5 indentations.

Strain rate (1/s)

Hardness, H (GPa)

PU-CTRL2 PU-A2 PU-B2 PU-C2
0.01 0.048 £0.001  0.059+0.001 0.061+0.001 0.098 £0.001
0.05 0.075+0.001  0.088+0.001 0.091+0.001 0.128 +£0.001
0.1 0.089+£0.001 0.104+0.001 0.106+0.001 0.144 £0.001
0.5 0.132+0.001  0.151+0.001 0.154+0.001 0.191+0.001
1 0.174+£0.002  0.201 £0.004 0.201 £0.006  0.253 + 0.009

Table 4.19 Hardness values offour PU samples, (series 2) under different strain rates

using a Berkovich indenter. 'The error-bar represents ere standard deviation from the

averaged value of 5 indentations.

=
—
- i_'i,'.'

Strain rate (1/s)

‘-:,_Hardness, H (GPa)

PU-CERL2. | PU-A2 PU-B2 PU-C2
0.01 0.050£0.00F 0.075 =+ 0.001‘ 0.075 +£0.003  0.096 + 0.001
0.05 0.077+0.001 = 0.102+0.001 0.108 +0.002 0.123 +£0.001
0.1 0.090 £0.001  0.113£0.001 0.124 +£0.002 0.137 £0.001
0.5 0.132+0.002 0.156+0.002 0.175+0.003 0.180 £ 0.001
1 0.188 £0.005 0.217+0.005 0.242+0.005 0.249 £ 0.009
4-3.2 PS Data

Figure 4.45 shows the results of onset forces and LSCM images obtained from the
PS tests on four PU (series 2) samples. Three scratches are generated for each sample.

The scratch force range is from 0 mN to 30 mN, and the scratch length is 1000 um with

a scratch speed of 10 um/s. PU-B2 has the greatest onset force and PU-CTRL2 has the
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lowest. All the reference samples seem having a better scratch resistance than the PU-
CTRL2 according to the onset force. At the smaller force range (near the onset force),
the damage appears lighter (optical contrast is lower) for PU-CTRL2 than in other

reference samples.

100pm

Scratch direction

PUCTRLZ PU-A2 PUBZ PUC2
F st (0N) > 3.5+03 3.740.3 47102 4.3+0.3

Figure 4.45 LSCM images and onset forces obtained from PS tests (0 mN to 30 mN,

scratch length= 1000 um) of four PU samples (series 2).

At the larger force range, the damage (see in Figure 4.46, the tail images near 30
mN) of PU-CTRL?2 is larger than others from the reference group. Also, the tail images
from this series are obviously larger than series 1. The cross profiles for four PU
samples (series 2) around 30mN are also plotted in Figure 4.47. Noticeably, the PU-
CTRL2 has a larger scratch width and smaller scratch depth and pile-up, PU-C2 has the
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smallest scratch width and the largest scratch depth. In this case the ratios of W,/Dr and
W,y/hy are important because these parameters describe the scratch shape and further

indicate the visibility of the scratch.

Figure 4.46 The tail images of ft ples (series 2) obtained from PS

tests near 30 mN.

Table 4.20 summarizes the detailed cross profile information (W, D, hy, ratio
of W,/Dr and Wp/hy) of four PU samples (series 2). PU-CTRL2 has the greatest W,
value and W,, decreases as increases the additive polarities of reference group. However,
from W,/Dr and W,/hy ratios, it is reasonable to rank that PU-CTRL2 has the greatest
scratch resistance, and PU-C2 is the weakest one. This result is in contradiction to the

conclusion from the H/E ratio. The corresponding tail information includes ay, ar, ®average,

and a, to ar ratio are also listed in Table 4.21. The values of ®ayerage are almost the same
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for four samples. Although the front contact length aris bigger in PU-CTRL2, its rear
contact length a; is also greater so that the a,/ar ratio is similar to other samples. Thus,

no significant difference is observed in this case.

°] PU-CTRL2
) — PU-A2
] — PU-B2

Depth (um)

-3 ’ 1 4 . —— . . ’ .
10 20 | 15=sg 40 50

t *Disfance (um)

Figure 4.47 The cross profiles of four polyurethafie samples (series 2) obtained from PS

tests near 30 mN.

Table 4.20 The detailed cross profile information (W, D, hy, ratio of Wy/Drand W/hy,)
of four PU samples (series 2) obtained from PS tests (0 mN to 30 mN, scratch length=
1000 um) at the force near 30 mN. The error bar represents one standard deviation from

two scratches.

Sample W, (um) D¢(um)  hy (um) W,/Dr  Wp/hy

PU-CNTL2 229+02 25+£0.2 0.6+0.1 9.2 38.2
PU-A2 21.1+£04 24+£02 0.7+0.1 8.8 30.1
PU-B2 208+0.2 24+£02 09=+0.1 8.7 23.1
PU-C2 196+02 2.6+02 09+0.1 7.5 21.8
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Table 4.21 The detailed scratch tail information (a,, ar, a,/ar ratio, and Mayerage) Of four
polyurethane samples (series 2) obtained from PS tests. The error bar represents one

standard deviation from two scratches.

Sample a, (um) ar(um) a/arratio  Ouyerage (°)

PU-CNTL2 6.2+03 12.8+0.1 0.5 243 +0.8
PU-A2 54+0.1 11.3+0.1 0.5 24.0+0.5
PU-B2 54+0.1 11.6+0.1 0.5 245+0.6
PU-C2 47+03 10.8+0.1 0.4 242+ 1.6

Figure 4.48 and Figure 4.49 show. the initial.and residual penetration curves of four
PU samples (series 2) obtained from PS tests. 'PWU-ETRL2 has the deepest initial and

residual penetration depth in'the tests:"The recoVery is obtained by comparing the initial

| p—
g

and residual penetration depths, as shownsinFigure 4.50. The recovery indicates the

recovery ability right after being scratcheg._ The‘ recovery -is similar for four samples
with PU-C2 slightly higher ‘and P:U-CTRL2 slightly lower. However, the order of
residual penetration depths in series 2“PU samples is opposed to the order in scratch
depth of the cross profile results, which are acquired by LSCM at 16 hours later after
scratched. A dramatic recovery behavior is found to take place within the 16 hours. The
PU-CTRL2 sample somehow recovers and becomes shallower and broader compare to
the others. Figure 4.51 and Figure 4.52 plot the friction forces and friction coefficients
of four PU samples (series 2) as a function of scratch distance. PU-A2 has the great
friction force values and coefficients. PU-CTRL1 and PU-B1 have very similar values,

which are the lowest. The relationship between the friction forces and scratch resistance

is intriguing and need to study more.
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Figure 4.49 The residual penetration curves of four polyurethane samples (series 2)

obtained from PS tests.
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Figure 4.51 The friction forces along scratches of four polyurethane samples (series 2)

obtained from PS tests.
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Figure 4.52 The friction coeffigients of four polyurethane samples (series 2) obtained

!

from PS tests. al=x i

4-3.3 CS Data

Finally, a new series of CS tests were carried out on four PU samples (series 2).
The CS scratch forces include: 4 mN, 5 mN, 6mN, 7 mN, 8 mN, and 9 mN. The scratch
length is 500 um, and two scratches are generated at each force. Figure 4.53 shows the
CS array images and the onset forces obtained from PS and CS tests. Although the onset
force values are not very close between PS and CS tests, the order in the degree of
damage from PS and CS tests for the reference group is similar. PU-A2 and PU-C2 have
similar onset forces, PU-B2 have a higher onset force than the other two. The CS test
results is inconsistent to the PS result for PU-CTRL2, which has the lowest onset force
estimated from PS tests. As mentioned before, the damage appears lighter (optical

contrast is lower) for PU-CTRL2 than in other reference samples near the onset force,
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1.e., the scratch damage generate earlier but is less severe. Also, a strong time-dependent
behavior in scratch morphology is observed in this series of samples. The pervious
works indicate that PU-CTRL2 has the largest recovery rate at 16 hours after scratch. As
a result, we cannot conclude that PU-CTRL2 has a higher scratch resistance than the
reference group in spite of the CS array scratches in the force range from 4 mN to 6 mN

are almost invisible.

. o -
PU-CTRIL2 %1 i ]
ST | | :> Fow= 7 mN (CS)
| 2 Fomet = 3.5 mN (PS)
\
PU-A2 gl Lls Fl DR =3 Fomet= 5~6 mN (CS)
7l ok 18 Foneet = 3.7 mN (PS)
PU-B2 E{ e B L
= Fumet = 6~7mN (CS)
‘ :> Fopu= 4.7 mN (PS)
|

o e | ]
PU-C2 2 | |

4mN 5mN 6mN 7mN SmN 9mN

Fopye= 5~6 mN (CS)
Fonet™ 43 mN (PS)

10

Figure 4.53 CS array (4 mN, 5 mN, 6mN, 7 mN, 8 mN, and 9 mN) and onset forces of

four polyurethane samples (series 2).
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4-3.4 Summary

The scratch behaviors are really complicated in this series (series 2). The H/E
ratios are consistent with the onset force results from PS tests. All the reference group
samples have a better scratch resistance than PU-CTRL2. From the penetration curves,
PU-CTRL2 has the largest scratch and residual penetration depth, which reflect the
weakest scratch resistance. On the other hand, PU-C2 has the smallest penetration depth
and assumedly has the stronger scratch resistance. However, after comparing the LSCM
images and cross profiles taken after 16 hours, the scratch damage of PU-CTRL2
recovered, the scratch profile becomes shallower. From the W,/Dr and W/h,, ratios, the
PU-CTRL2 sample reflects a stfongen scratchrfesistance. The a/ar ratio, Maverage, and
recovery right after being.seratched-do not previde ‘enough data to distinguish the
difference in the scratch behavior, thus it gmot useful for rapking the scratch resistance
in this case. “" [ 'H

Nevertheless, the degreeyof dalm;tges is much worse'in series 2 than series 1 by
comparing the tail images at 30-mN in'the PS tests.n The result using the H/E ratios as
indicator is consistent with this finding. The series 1 samples have greater H/E ratios
than those of the series 2, and the scratch damages are less in series 1. On the contrary,
the onset forces from the CS tests provide different rankings. Moreover, the Ty is quite
different for these two series. Series 1 samples have a high T,, so the scratch resistance
should be better. Also, a lower T, is in series 2 so that the reflow and recovery behaviors
are found to be more prominent. Therefore, the higher onset forces from CS tests in this

series can be a misunderstanding due to the fast recovery rate.
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Table 4.22 The normalized indicators (ratio to PU-CTRL?2) for four PU samples (series
1). The H/E ratios come from IIT. The onset forces, Wy/Dy, Wy/hy, ai/arratios, Mayerage
and recovery are obtained from PS tests. The W,/Dy, Wy/h, ratios and recovery are

acquired at the force near 30 mN.

PU-CTRL2 PU-A2 PU-B2 PU-C2
H/E 1.000 1.122 1.146 1.341

Onset force 1.0 1.1 1.3 1.2
Wp/Df 1.0 1.0 0.9 0.8
Wp/hb 1.0 0.8 0.6 0.6
Recovery 1.0 1.0 1.0 1.1
a/a, ratio 1.0 1.0 1.0 0.8
1.0 1.0 1.0 1.0

average

Table 4.22 and Figure 4.54 summarize the-ranking by using different indicators for
} _:-r-

four PU samples (series 2), allithe numbersﬁare normalized by dividing the values from
T -
PU-CTRL2. The indicators such as;a;/af ratios, ayerdge and recovery are not sensitive.
However, the results from (H/E ratio and onsetiforce) provide the opposite results from

W,/Dr and Wy/hy, This case study is difficult due to the two system has different T, and

the time-dependent of the recovery behavior is complicated.
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Chapter 5 CONCLUSIONS AND FUTURE WORKS

In this thesis, the scratch resistance or “durability” of two polymeric systems were
studied and assessed. The polymer systems are: 1. Three crosslinked epoxy (EP)
samples with different glass transition temperatures, and 2. Two series (different T,) of
polyurethane (PU) thin films containing 2 % nanosilica (SiO,) with dispersant/additive
of different polarities. The experimental procedure adopts the protocol of NIST Polymer
Surface/Interface scratch test method, which is used for quantitatively characterizing the
scratch and mar resistance. Instrumented indentation technique (IIT) was used to
perform the tests, and the scratch-images weresmeasured and analyzed by using laser
scanning confocal microscopy (LSCM), Instrumentedtifdentation testing, progressive
and constant force scratch tests were cond@@ on all samples.

In the epoxy (EP) system, EP-A‘AT has: ﬁl_@ highest'T,, EP-BB is the second, and EP-
CC has the lowest. The H/Eratio inélicates that;‘ EP-AA:and EP-BB have the similar
scratch resistance, and EP-CC ‘has the ‘weakest reéistance. This result using H/E as
indicator is consistent with the onset forces obtained from both PS and CS tests. Also,
the ratios of W,/Dr and Wy/hy, confirmed the same results. To conclude, EP-AA has a
highest glass transition temperature and best scratch resistance among the three epoxies,
and EP-CC has a lowest T, and worst scratch resistance.

In the polyurethane (PU) system, no significant difference is observed in series 1
samples. On the contrary, the scratch behaviors are really complicated for series 2. H/E
ratios are consistent with the onset force results from PS tests in series 2. These
evidences indicate that the reference group samples have a better scratch resistance than
PU-CTRL2. However, after comparing the cross profile images taken by LSCM after 16
hours, a strong time-dependent behavior in scratch morphology is observed. It is found
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that PU-CTRL2 has the largest recovery rate, and its damage becomes shallower and
broader. Hence, PU-CTRL2 sample reflects a stronger scratch resistance observed from
the W,/Dr and Wy/hy, ratios. On the other hand, the degrees of damages are much worse
in PU series 2 than series 1 by comparing the scratch tail images. Also, series 1 samples
have greater H/E ratios than those of the series 2. These results are expected due to that
series 1 has a higher T, (~ 90 °C) and series 2 has a lower T, (~ 55 °C).

Overall, a higher glass transition temperature corresponding to a stronger scratch
resistance in this study. The H/E, onset force, W,/Dy, and Wy/hy, are better than other
indicators in the scratch resistance assessment. The a,/ar ratio and ®ayerage do not provide
enough data to distinguish the différences 0 assess ‘the scratch resistance in two
polymer systems. The recovery is.not suitable for ranking the scratch resistance in PU
system. In addition, the relatibnship betvslfe.en the friction forces and scratch resistance is

intriguing and needed for further inVFStigétﬁls. The time-dependent behavior of scratch
1 'R 1]

morphology for the sample’is also ijm&)ortaﬁt. Solas to understand the scratch behavior

thoroughly, the recovery rate of-samples need-to.study more and be monitored in

|

different time intervals.
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Appendix A: Introduce to Tip Geometries

Since the scratch deformations of indentation tests and scratch tests are dominated
by indenter shapes, the investigation of tip shapes is helpful for choosing the suitable
indenter based on the test requirements. Typically, the experimental results are clearly
differentiated between the selecting of sharp or blunt tips. The sharp tip usually brings
about the permanent damage of samples, i.e., the recovery is not complete or only a few
percentages of damage depth is cured after unloading. In contrast, the elastic
deformation happens frequently for using a blunt'tip. A scratch which is caused by a
blunt tip often results in a smooth and continﬁ;)us damage type. Sharp and blunt are
only the generally categories.of tips, furthermore, the'wariations in tip geometries can
also give rise to various damage behayidf.fs_agq affect the damage appearances severely.
Figure A.1 shows the common tiﬁ geor;iéfries, such as-pyramids, cones, cylinders,
and spheres. Where, r is the indentér ‘Lradius, a 1§ the semi-angle, a is the radius of the
circle of contact, and h, is penetration-depth. 871s the half angle, i.e., the face angles
(semi-angle) with the central axis of the pyramidal indenter. 0, and 0, is the half angle

of the Knoop indenter in two different sides.

(a) (b) (d) "

/ L=
VW?‘

(e)

b,

Figure A.1 Schematic of different tip geometries (a) spherical (b) cone (¢) Vickers (d)

Berkovich (e) Knoop [38].
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The spherical indenter provides a smoother transition from the elastic to the plastic
deformation, so it is suitable for a soft material or the damage profile requested to be
smoothly. The cone indenter and pyramid indenter are termed sharp comparing to the
spherical indenter. The magnitude of stress distribution increases owing to the angle
reduction at the point of contact. Since the three edges of the pyramid are simply
constructed to meet at a single point, the small-scale indentation analyses have
commonly applied the Berkovich indenter instead of the four-sided Vickers pyramid. In
order to compare the data obtained from Vickers hardness tests to nanoindentation tests
by the Berkovich tip without difficulty, tl}e f;race angle of the Berkovich tip is designed

I Ao LS oy e

to be 65.3°. It gives exactly the same a"ptual-%{g‘facé area to depth ratio as a Vickers
2z ,""{ .

\ |
AP %
indenter. On the other haga, thMﬁon tes the anisotropy material are often
¥ o 5

fo r-sideﬁ'%:ilfé_midal indenter with two

carried out by the Knoop fﬁdénter, ‘ﬂﬁi_is
= | e =
different half angles. P R
£\ ¢ss
e “Th --.i
- 1 "

Scratéh direction

(b)

Figure A.2 The damages under an indentation test and a scratch test (a) using a standard

Berkovich tip (b) using a concial tip with the radius of 10 um.

118



Figure A.2 shows the indents and the scratch damages using a Berkovich and a
conical indenter with the radius of 10 um. By using the Berkovich tip, the scratch
damage bursts during the test and the indent becomes sharp and deep. Oppositely, the
indenter head of a cone with 10 um is relatively big in the nanoscale tests, the damage
type is smooth and the edge of this damage is in a particularly continuous and round
form. Moreover, the indent (or scratch) penetration depths and surface damage types
strongly depend on the size of the indenter head. The effort of investigating the

variation of indenter size is reported by Wong and coworkers [43].

Table A.1 The formulae of counting the projected area; semi angle and effective cone
angle of six types of indenters [38]¢The effective eone angle.is referred to as an axial-

symmetric cone with the ‘same area to depth)ratio' as the actual non-symmetric

—

pyramidal indenter. =
Indenter Proiected Semi-angle | Effective cone angle
type rojected area (deg) (deg)
Sphere | A =3./3h tan 6 N/A N/A
Berkovich | A =34/3h]tan’ 6 65.3° 70.2996°
Vickers A =4h] tan’ B 68° 70.32°
; 6, =86.25° .
Knoop A =2h:tan 6, tan 6, ] 77.64
F - © | B,=65°
Cube A =330 tan? 6 35.26° 42.28°
Corner P
Cone Azﬂh;tan:(i o o

In order to obtain the elastic modulus and the hardness of materials, the projected

contact area A of the elastic contact plays a vital role in estimating those parameters.
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Table A.1 shows the basic formulae of counting the projected area, semi angle and
effective cone angle of six types of indenters.

Owing to the non-idealistic geometry of the indenter tip (due to the manufacture
defect), the contact area of the indentation test is underestimated when the indentation
penetration depth is not deep enough and it causes inaccuracy as computing the
modulus and hardness. Figure A.3 (a) shows the comparison of contact areas between
the ideal and the actual indenters using a conical indenter. Figure A.3 (b) shows the
A/Ai ratio as a function of penetration depth hp using a standard Berkovich tip. It
indicates that the actual indenter approaches the ideal indenter as the penetration depth
increases. Figure A.3 (c) shows the scr\allté,.h tail;l'[i:n.der a 30mN constant force scratch test

and presents the non-ideal georﬂétry of a conical tip with a radius of 10 pm.
“_‘__'";i‘. rur—s\" 'f'PH-\" \
(M= o ."f”‘ F
" i | e - I

(a) Ideal Actual ) (C)
indenter indenter

\,/ \ / ?;;’;2
\ /

50 nm V

v \7 &
Ny N\
100mm  \ 7/ ) - . TR B

10 20 30 40 50 60nmm

v \—-/ 1.2:1 hp

Figure A.3 (a) Schematic of the comparison of contact areas between the ideal and the
actual indenters using a conical tip (b) Schematic of the A/Ai ratio as a function of
penetration depth hp using a standard Berkovich tip (c) The non-ideal geometry of a

conical tip under a 30 mN constant force scratch test [38].
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Indentation size effect is another important topic due to the material properties. It is

occurs using both the blunt and sharp indenter [44-45]. For a sharp tip like the

pyramidal indenter, the penetration depth decrease in crystalline materials usually

follows an increase in hardness. As for a blunt tip like the spherical indenter, hardness is

affected by the radius of tip rather than penetration depth. In such a case, hardness rises

when reducing the tip radius. This effect is caused by the dislocation and work-

hardening conditions of materials.

Figure A.4 shows the size and detailed information of the diamond conical tip with

a radius around 10 pm, and the semi-apical angle of this cone is around 45°. This

conical tip was used to perform'all of the scratch tests in this study.

i » M SPECIMEN: %0° CONICAL DIAMOND 10p RADIUS

SCALE

MICROSCOPE:

TEM

MAGNIFICATION:

1,350X

MICRO STAR TECHNOLOGIES
ELECTRON MICROSCOPY LABORATORY DATE: 0D2MER2010

| BY: My

FILE: VR15112

Figure A.4 Tip information of the nominal 10 pum90 conical tip used in this thesis.
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Appendix B: PIC Scratch Test Method- January 2007

Test Method for Measuring Scratch/Mar Resistance of Coatings

by Nanoscratching and Optical Scattering
B-1 Scope

This test method outlines the procedure for performance scratch testing using
instrumented nanoindention, characterizing scratch morphology, and evaluating the
scratch resistance by assessing scratch visibility using optical scattering of polymer
coatings applied to smooth flat surfaces.Scrateh and mar resistance is quantified by the
magnitude of the applied notmal 1oad necessary to impart, visible scratch damage, as
seen by the naked eye and' through dﬁﬁial scattering methods. Both the scratch
resistance and scratch morphology ar'eﬁ;‘ éharacteristics dependent upon unique
mechanical properties of the coatinjgs“' and the spéciﬁc parameters under which testing

takes place. The visibility assessmentrusing optical scattering methods provides an

objective mean to rank the scratch and mar resistance.

B-2 Referenced Documents

e D609 Practice for Preparation of Cold-Rolled Steel Panels for Testing Paint,

Varnish, Conversion Coatings, and Related Coating Products

e D823 Practices for Producing Films of Uniform Thickness of Paint, Varnish

and Related Products on Test Panels

e DXXX for terminology for appearance, reflectance measurments
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B-3 Summary of Test Method

This test method utilizes a single-probe scratch tester, via instrumented
nanoindenter, to scratch polymer coatings with both a progressive increasing normal
load and a constant normal load. The resultant scratch morphology can be qualitatively
related to appearance attributes of the coating, while the scratch data can be used to

quantitatively evaluate the coating’s resistance to scratching and marring.

B-4 Significance and Use

This test method provides a quantitative assessment of a coating’s resistance to
scratch and mar along with an outline of the analysis of scratch deformation patterns
and visibility assessment. The test allows for manufacturers of paints and other coatings

to predict the service life and dur'abilit;;;f:their products while also studying the
response of the coatings to applig‘:dE loddg un(}er specific testing conditions. Such
variables as asperity dimensions, scfafch velocity, énd applied load allow for a range of
results relative to situations occurred throughout the service life of the product. While

this test method is best suited for films applied to laboratory test panels, it can also be

carried out on solid, uncoated polymer samples.

B-5 Apparatus

1. Single-probe scratch tester:

Instrumented nanoindenter or other kind of a single-probe scratch tester can be
used. The instrument is required to be capable of implementing both constant and

variable force scratches and allowing for the collection of force-feedback data. The
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maximum applied normal load capability of the instrument should be at least 50 mN
while a minimum force of 20 uN is necessary for pre and post scratch profiling. The
indentation tip should be a diamond with a radius ranging between 1 um and 10 um and
an asperity slope angle between 60° and 90°. Compatible scratch analysis software
should provide initial and residual penetration depths, as well as friction coefficients for
both constant and progressive force scratches. In this report, a MTS nanoindenter is

used for the scratch tester.

2. High resolution reflection optical microscope

Laser scanning confocal mieroscope (LSCM)<“or other high resolution optical

microscope can be used for visual assessment ‘of scrateh morphology and damage

patterns. The levels of mdgnification| should-reach betweefi 5x and 150x with lenses
I

capable of scanning at 5x,/10x; and 50x. Compatible software should allow for a 2D

|
1

topographical projection of the surface. and subsequent profile analysis of a selected
region. The analysis should provide measurements.of distances along the XY plane as
well as depths in the Z axis direction. In this report, a Zeiss LSM 510 laser scanning

confocal microscope is used for the characterization.

3. Surface optical scattering instrument

An optical scattering instrument equipped with various light sources, goniometric
sample stage, and a detector. Scattering measurements can be performed in the
reflection configuration with multi-angle, specular and off-specular measurement

capability. Scattering results such as scattered intensity can be analyzed in terms of
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angular distribution and separated into specular and off-specular contribution as needed.
In this report, a NIST custom-made optical scattering instrument is used. This
instrument is equipped with a laser and scanning wavelength illumination system, a
five-axis goniometric sample stage, and a two-dimensional (2D) detector mounted in a

concentric ring around the sample stage.

B-6 Test Specimens

Coatings should be applied with a uniform film thickness to a substrate that is rigid
and flat. Panels such as those specified in D609 or other substrates relevant to the
coating’s application should be’coated accordrir‘lg the-specifications present in D823.
Samples should be cut for testing on the-pnanoindenter using-a shear for panels or a band
saw for plastic materials into 20 mm ;sqﬁ%}é@ieces. To jadd, rigidity to the sample and
reduce the risk of damaging-the sarblli)le u}&)n rémoval froth the nanoindeter, each 20
mm square sample should be; glued: o.nto 2,20 mm squate piece of 1/16” sheet metal.
Samples may be wiped of any dirt and-debris using a kimwipe and a small amount of
ethanol so long as the coating will not undergo physical or chemical change as a result
of contact with ethanol. The sample may then be blown with air to remove any

remaining dust or debris particles.

B-7 Conditioning

Test samples should be cured as specified by the provider, so as to reflect the state
of the samples as they would be used in service. Condition and test the test specimen at

room temperature (23 °C £ 2 °C), a relative humidity of 50 % + 5 % for at least 24 hours,
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unless the providers/purchasers/sellers agree on more suitable test characteristics, as

specified in the Atomoshpere of Test Method D 3924.

B-8 Procedure

Mechanical and material properties are required and recorded for all samples
before the testing. These properties include: material composition, mechanical modulus
and hardness (bulk and surface), glass transition temperature, surface morphology,
subsurface or microstructure (including cystallinity of the coating), other remarks on

materials if necessary.

Mechanical/
Taterial Properties

Omset of
Deformation

AYES
L

(C-Scratch

Optical S(‘:]tt?l‘illgﬂ

Scratch Visibility

n

Figure B.1 Overall flowchart of PIC measurement protocol for scratch testing
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B-8.1 Progressive Scratch (P-scratch)

Secure the sample to the indenter puck using the minimum amount of adhesive
necessary to hold the sample securely in place during the scratch test. Load the puck
into the indenter tray such that vertical scratches will run parallel to the sample’s edge
and place tray into the indenter. Mark the upper left corner of the sample using a
permanent marker and select all scratch locations relative to this position. This will
make it much easier to locate scratches on the LSCM.

For each progressive scratch test, a pre-scratch profile and a post-scratch profile
will be run with an applied normal load of 0.1 mN. A 10 um 90° diamond cone (MTS
Systems) is used as the scratch probe, where the spherical tip has a diameter of 10 pm
and the semi-apical angle of'the cone.is 45°. Select thetappropriate test method for a
progressive scratch test and modify the ﬁ@meters such that the allowable drift rate is
2.0 nm/s and the surface approach se[nsiti'\.'/it_y ar;d surface-‘approach velocity are 50 %
and 100 nm/s, respectively. Fhe suj“rféce approa(;h; distance should be set at 3000 nm
however for samples with a rougher surface it may bé necessary to adjust the distance to
5000 nm.

The scratch length should be set at 1000 um and the scratch velocity set at 10 pm/s.
The initial scratch load should be set at 0 mN and the maximum scratch load set at 30
mN. For materials with particularly good scratch resistance characteristics, the max
scratch load may be set to 50 mN. A location of known distance from the marked upper
left corner should be designated for the progressive scratch array which is composed of
3 x 1 scratches separated by a distance of 65 um in the x direction. LSCM analysis of
the progressive scratch tests includes imaging the entire array in one frame at 10x
magnification and 0.8 zoom (labeled as 10x0.8), along with taking segmented images

over the entire length of the scratches at 50x magnification.
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In procedurel, P-scratch results including parameter, shown in Figure B.2 should

be recorded.

B-8.2 Onset of Deformation

50 mN
/Onset
0 S S T T 1 I I
By ! ™ s Residual penetration depth
= 1000 — +—= =
E =
= T T
S’ -1 ~— A
W -2000
W ™~
E .
& s e Recovery
s i
£ 4000 o ; =
*é Initial penetration depth | ~_|
T 5000 .
B s, B
)
R -6000
0 100 200 300 400 500 600 700 800 900 1000
Scratch Distance (um) _ _ el o
3
0 mN SOmN g o
L[] ] 0 30 40 E]
omN | Onset Distance (j1m)

@ (b) (c)

Figure B.2 (a) Penetration curves obtained from a P-scratch testing on a typical
automotive clear coating with loads ranging from 0 mN to 50 mN, (b) LSCM image of
scratch, and (c) a high magnification LSCM image of the scratch profile near 50 mN.
Here, wr is the full scratch width; w,,: peak-to peak scratch width; Dr: full depth, and h,;:

pile-up height.
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The onset for elastic (almost 100 % recovery) to plastic deformation is determined
from the LSCM image at 10x0.8 magnification, as indicated in Figure B.2. If the range
of applied scratch load does not provide a good resolution for onset determination, a
new scratch load range should be applied accordingly and procedure 8.1 should be
repeated to determine the onset. In this procedure, the estimated onset load value from
LSCM at 10x0.8 and 50x should be recorded. The operator should also compare his/her
visual inspection of the scratch visibility to the onset selected from LSCM images at

10x0.8 magnification.

B-8.3 Constant Scratch (C-scratch)

The sample should be secured to-the puck-and placed in the indenter tray in the
same manner as described for the progresg_ve scratch test. Just as in the progressive
scratch tests, constant seratch data ac<ﬁu1s1tf!on requlres that both a pre and post scratch
profile be taken with an applied force of 0.1 mN The mdenter tip, drift rate, surface
approach sensitivity, surface approach-velocity,sand surface approach distance should
all be set to the same values as were used for the progressive scratch test. The scratch
length should be set to 500 um while keeping the scratch velocity set at 10 um/s. For
each set of constant scratch tests the initial and maximum loads should be equal to one
another.

The constant scratch array consists of 2 parallel scratches separated by a distance
of 100 um. For subsequent constant scratch tests of different applied loads, a distance of
400 um separates each array of scratches. A complete set of constant scratch tests for a
single sample will consist of an array of 10 sets of 2 constant scratches, with each set of

2 scratches having a different applied load. The applied loads for the constant scratch
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tests are determined from the onset load estimated from the progressive scratch results,
as defined in the calculations section below. For better practice, scratch load ranges
from (Onset-5) mN to (Onset + 4) mN). This approach will allow us to obtain more
precise onset of the deformation.

LSCM analysis of the constant scratch tests includes imaging the entire array in
two images with each image containing 5 sets of 2 scratches each at 5x magnification,
as shown in Figure B.3. A high magnification (50x or higher) of the scratch will provide
accurate measurement of scratch width and profile for optical modeling. In this
procedure, the operator should also comj;r)arje his/her visual inspection on the scratch

il L

visibility to the onset selected fmdt{l LSCM 1ma_1§_§q at -gxe'i;gagniﬁcation.
- ,.‘-;’_, - = 5

10mN 1mN 12mi 183N B ~ 15mN 16mM 17mb. = A8mN
4 i \ e ~

Figure B.3 Example of LSCM images of C-Scratch.

B-8.4 Optical Scattering of a Scratch

1. Sample for optical scattering:

To prepare a sample for optical scattering experiments (using a laser beam), a
50 mm x 50 mm square piece of the sample must be cut in the same manner as

described in the scratch test specimens section above. The sample should then be
130



scratched with two 5 x 1 constant force scratch arrays and one progressive force scratch,
as shown in Figure B.4. The first constant force scratch array should be placed 10 mm
to the left and 10 mm down from the top left corner of the sample. The force range for
both constant scratch arrays is the same and is based upon the visual onset force
determined from C-scratch. The constant scratch forces range from (Onset -1) mN to
(Onset +3) mN in increments of 1 mN for a total of five scratch forces per array. The
scratch length is 3 mm at 10 um/s scratch velocity. The second constant scratch array is
created using scratch velocity of 1 um/s. The relative location and distance is described
in Figure B.4. In addition to two C-scratch arrays, a progressive force scratch for the
laser light scattering samples is conducted at 10 um/s with scratch load ranging from

(Onset -3) mN to (Onset #4) mN, and a total scratch length 5 mm.

L — Y |
F Y
Scrateh Velocity = 10 pan's
A
. ™

amm

50 mm

N O+z O+2 1 0O 0-1

O+

o+3 O+2 O+ 0 o-1

S

v
Scratch Velocity = 1 pn's

50 mm
Figure B.4 Schematic of a sample prepared for optical scattering experiments. Scratch
tests consist of two constant force scratch arrays at different scratch velocities and one-5
mm progressive scratch. The scratch load is described as O+1: (Onset force + 1) mN

Schematic is not to scale.
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2. Optical scattering experiment

To perform a robust and accurate measurement, the operator should follow the

recommend procedures:

1)

2)

3)

4)

S)

6)

The scattering sample should be mounted securely onto the sample holder, and
the top surface of samples should be located at optical plane of the instrument.

Move sample stage to home position of the reflection mode and align the
sample surface to be exactly perpendicular to the laser beam (i.e. the reflected
laser spot is symmetrically located on pinhole of the existing lens). Record the
new zero position of the sample.

Locate the first scratch,.rotate the se&nple position to incident angle of 20
degree (0;= 20 %) and detector-to 40 ° (05 = 20, °).(See Figure B.5 for optical
geometry and definition of the nota}?g_n)

Measure the scattering inteh%ity fgk three aspecular-angles (0,5) (0 °, 3 °, and 5
) —i.e. detector located at 40{"430’ and 45°. ,

Repeat the measurement for incident”angles of 30 °, 45 °, 60 °. Record the
scattered intensity in two-dimensional (2D) profile (see example in Figure B.5)
for each incident angles. Data information includes all optical geometrical
parameters and the exposure time of detection.

Repeat (c)-(d) for each scratch and non-scratch area for reference.
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0,= 0;: Specular angle
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Figure B.5 Optical geometry of'the scattering-experitment and the 2D scattering profile
obtained from a scratch at 0;5=0"°, 3.°, and 5 °. Here.0;is.the incident angle, O; is the

specular angle, and 0, 18 the angle measufélélﬂ_from the specular direction.

B-9 Calculations

B-9.1 Onset Force Determined by Progressive Scratch

An estimate of the onset force (the force required to produce visible scratch
deformation) is made from the 10x 0.8 image of the progressive scratch array. The
visible region of each of the three scratch lengths is measured in mm-scale and averaged
as well as the length of a scaled measurement line generated by the LSCM software. A
ratio is created between the length of the measured visible progressive scratch and its
actual length and set equal to a ratio of the scaled measurement line compared to its

representative length. This allows for determination of the visible scratch length.
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The onset force is then found by creating a ratio between the maximum load
applied and the total scratch length and set equal to a ratio between the instantaneous
force and the length before visible scratch deformation. This allows for the calculation

of the onset force determined by progressive scratch test method.

B-9.2 Progressive Scratch Data Tabulation
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Figure B.6 Example of data needed to be recorded and plotted for a set of test samples

in the P-Scratch test.

The progressive scratch data is exported from the indentation software to Microsoft
Excel. The values for the initial penetration depths, residual penetration depths, friction

coefficients and percent recovery are averaged for the three scratches (As shown in
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Figure B.2). The percent recovery is calculated by subtracting the residual penetration
depth from the initial penetration depth and dividing by the initial penetration depth.
Plots are then constructed of each of the four values versus scratch length. Plots for
subsequent samples can then be compared to determine differences in the response of

materials to applied load, see an example in Figure B.6.

B-9.3 Onset Force Determined by Constant Scratch

For each sample, an array of 10 sets of 2 constant scratches in made. The force
range for the array is determined.-from the results of the progressive scratch determined
onset force. Once the onset:forcefis-estimated uéiﬁg the'results of the progressive scratch
test, constant scratches are made at forces ranging from' (Onset-5) mN to (Onset + 4)
mN) in increments of ImN, This produces-gange of 10 forces for constant scratch tests.
The onset force determined. by const?nt s&ratch method is-found by assessing the 5x
LSCM images of the scratch array (as shown in Figure B:3). The onset force is the force

of the last visible constant scratches in'the array:

B-9.4 Visual Onset Force from Constant Scratch

The constant scratch visual onset force is determined by visually assessing the
constant scratch array. The lowest force constant scratch that can be seen with the naked

eye is representative of the constant scratch visual onset force.
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B-9.5 Scratch Width Determination

The scratch width is determined using the 50x images taken with the LSCM. A
profile line is drawn across the scratch in the LSCM program, making sure that the line
i1s perpendicular to the scratch. The damage width is determined by measuring the
distance across the scratch which includes all visible damage. The peak to peak width is
then measured as the distance between the largest innermost peaks for samples
exhibiting pile-up or the distance between the 2 largest peaks bracketing the center of
the scratch for samples not exhibiting pile-up (see Figure B.2). The peak to peak width
becomes irrelevant for samples which'have 'a 50x surface roughness that exceeds the
height of the scratch features. This tends to-become the case in scratch forces very near

to the onset force.

—

B-9.6 Constant Scratch-Data Ta'bylatiE')_n

|
1

The constant scratch daté ‘is e);p‘orted from tﬁe'indentation software to Microsoft
Excel. The average initial penetration depths, average residual penetration depths,
percent recovery, friction coefficient, and pile up heights are calculated by averaging the
results for both scratches in each constant scratch test. The results are then plotted
versus scratch force. The results for scratch damage width, peak to peak width, and

theoretical width are also plotted versus applied force.

B-9.7 Optical Scattering Data Analysis

The scattering profiles in 2D presentation are recoded as illustrated in Figure B.5
for all incident and scattering angles. The scattering profile can be analyzed into three

different scattering sections: specular, off-specular, and background, as illustrated in
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Figure B.7 for the scattering profiles obtained from non-scratched and scratched surface
(containing only one scratch) at an aspecular angle of 3 °. The specular region covers
the angular range + 0.9 ° around the specular angle. The intensity of the off-specular
region mainly comes from the scratch on the smooth surface. As surface becomes
rougher, the off-specular intensity increases noticeably and distributes symmetrically
around the sepeuclar reflection (see Figure B.5). When the contribution from a scratch
is relatively weak, the analysis of the scattering profile at aspecular angle of 5 ° is
needed. The background scattering is often a result of a heterogeneous microstructure of

a coating surface.

Non-scratched Surface Scratched Surface

Figure B.7. The 2D scattering profiles obtained from non-scratched and scratched
surfaces at an aspecular angle of 3 ° are defined into three different scattering regions:

specular (S), off-specular (O), background (B).
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B-10 Report

The following information should be reported:

a. Type of coating, materials (chemical, physical, and mechanical) properties

b. Onset force determined by progressive scratch.

c. Onset force determined by constant scratch using LSCM

d. Visual onset force determined from constant scratch

e. Characterization of scratch damage modes

f. Penetration depths, percent recovery, and friction coefficient data for both
progressive and constant force scratch tests.

g. Optical scattering data, 2D.scattering proﬁlé at aspecular angle 0°, 3 °, and 5 °.

h. Specular, off-specular and background scatterediintensities for each scratch at all
measured scattering angles. Plotjof thﬁi ‘_quantities and their ratios.

1. Correlation between optical sc!atteringfresults to'visual-onset determination.
1 E--

|
1 |
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Appendix C: Dynamic Mechanical Thermal Analysis and Results

The objective of this section is to introduce the principle of dynamic mechanical
thermal analysis (DMTA) and demonstrate the experimental results. This technique is
used to study and characterize the mechanical properties of materials, such as modulus,
viscosity and damping factor. It also aims to understand the temperature influence on
the viscoelastic behavior of polymers. In order to find out the glass transition
temperature and the modulus as a function of temperature and time, dynamic
temperature ramp testing is applied to detect the behavior of materials. In addition, by
the application of time-temperature “superposition (TTS) principle, the long-term
properties, under a variety of tempetature and time eonditions, can be approximated for

materials. Finally, the experimental results of two PU systenis were mentioned below.

—
- i_'i,'.'

C-1 Basic principle of dynamic mechanical thermal analysis

Figure C.1 Photo of a Rheometrics system analyzer.
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Dynamic mechanical analysis (DMA) or dynamic mechanical thermal analysis
(DMTA) is used for performing the dynamic testing for different materials under a wide
temperature, strain, or frequency ranges. It is also one of the best techniques for
approaching the mechanical behavior under a particular temperature. In this study, the
tests are carried out by Rheometrics system analyzer (RSA III, see photo in Figure C.1),
and the TA Orchestrator 7.0 software is applied to control the instruments and analyze

the data.

Transducer subsystem

Force displacement

N

Transducer Transducer Force
- signal
Force drive =
conditioner
Sample |5
> <+—| Oven Control
--------- compiiter
Strai
Servo drive Motor i
controller |e
Motor Command
Servo displacement
Moftor subsystem
Temperature > Environmental controller Temperature
Liauid nitrogen control and command and
1 g feedback measure

Figure C.2 Schematic of RSA III system.

Figure C.2 shows the schematic of RSA III system. RSA III system uses a servo
drive linear motor to apply the oscillatory displacement and a force-rebalance
transducer to measure force. The actuator imposes a sinusoidal stress upon the sample
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and a sinusoidal strain is therefore generated. The phase delay (phase angle o) can be
calculated by comparing the stress and strain sinusoidal curves. The magnitude changes

from the peak of sinusoid can also be obtained in the meantime, as shown in Figure C.3.

(a) (b) (C) H Phase angle &

Stress Strain
Strain

Stress

Figure C.3 Schematic of (a) a sinusoidal stress applied to the sample (b) a sinusoidal

response in the form of strain (c),the phase angfe'6 between two signals.

The commanded maximum, deformatlon of'ﬂe motor is reported to be 1.5 mm; the force
range of the transducer can-vary ﬁJ }‘n 0. 501 N to 35 N;.and the force resolution is
reported to be 0.0001 N."Two tranéducers can be ng_:lected in the testing: transducer 1
operates under the loading of 350 | g and transducer 2 (;perates under the loading of 3500
g. During the testing, the sample is surrounded by an oven, which is connected to a
liquid nitrogen cooling system and can control the operation temperature from -150 °C
to 600 °C. The isothermal stability of the oven is reported to be £ 0.1 °C.

There are several parameters commonly used as the indicators of mechanical
performances of a material, such as complex modulus E”, damping factor tan 8, storage
modulusE’, and loss modulusE" . Figure C.4 shows the relationship between complex
modulus and damping factor as related to storage modulus and loss modulus in the

triangle geometry. The complex modulus is not exactly the same as Young’s modulus,

which is the elastics modulus for small deformation. It is a value used to indicate the
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overall resistance to the deformation of a certain material. On the other hand, the
complex modulus is calculated under vibratory conditions and it can be obtained from
the material response to the sine wave loading by DMTA. The storage modulus, also
called the elastic modulus, is equal to the value of the complex modulus multiplied by
cos J. It is noted that the storage modulus is always greater for elastic materials so as to
be flexible under a loading and to recover to the original shape after unloading. It is also
said that a material with a high storage modulus tends to store more energy. Likewise,
the loss modulus is also known as the viscous modulus or the imaginary modulus. This
value equals to the complex modulus multiplied by sin 6. A great loss modulus for a
material has the tendency to dissipate energy, like heat or power. Also, tan 6 is the
damping factor obtained from theimeasurement of material damping such as vibration

or sound. It equals the value of the loss.modulus-divided by the storage modulus.

E s

Phase angle &
EI

Figure C.4 Relationship between modulus (E*) and damping factor (J), as related to

storage modulus (E"), and loss modulus(E"), in the triangle geometry.

In a linearly viscoelastic material, stress and strain can be defined as Equation (C.1)

and Equation (C.2), respectively.

g(t)=¢,, sinot (C.1)

o(t)=o,,, sin(ot+9J) (C2)
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Where ¢(t) 1s the dynamic strain, €yax 18 the maximum strain, o(t) is the dynamic stress,

and Gpmax 1S the maximum stress. Equation (C.2) can be rewritten as Equation (C.3).

o(t)=0,, (sinot-cosd+cosmt-sind)
‘ _— (C.3)
=g (—cos0-sin ot + —=-5in 3 - cos mt)
max 8max
After being simplified, Equation (C.4) can be obtained.
o(t)=E’s , sinot+E"e  _cosmt (C.4)

max

I/ c N " Gmax 1
Here, the storage modulus E' = —F cos 0.,-and.the losssmodulus E" = —"*sin §.
€ €

max. max

According to Equation (C.4), the 6 = Orwhen Ihe sample is an elastic material. Thus, the

| J_,.--"'__'..'

dynamic stress response can be writtFrI as Eﬂpati(;n (C5).
“ro(t)= E'e g sin oyt (C.5)

In addition, the & = w/ 2 if the sample is'a viscous fluid material. The dynamic stress

response can be written as Equation (C.6).

o(t)=mé=ng, ocosot=E"e cosot (C.6)

Where, 1 is the viscosity coefficient, and ¢ is the strain rate (or velocity gradient).

Figure C.5 shows the response of a purely elastic material and a purely viscous

material (Newtonian liquid) under the dynamic mechanical testing.
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Figure C.5 Schematic of (a) no phase lag for a purely elastic response (b) 90° phase lag

for a purely viscous response.

Equation (C.1) and Equation (C.2) can also be expressed as the complex form of

Equation (C.7) and Equation (€.8), respectively..

SO € €, ) (C.7)
| \IF I - ‘li -
o) £ SaggS T (€8)

A |

| .
Equation (C.9), the complex‘:medulus, can be| yieldéd by Equation (C.7) divided
p 1 !| x

Equation (C.8).

* t ~ .. .
_OW) _Ous e = Zmax (cosd+isind)=E'+iE" (C.9)
e(t) e

max max

As mentioned before, the damping factor tan d is defined as Equation (C.10).

"

tand = = (C.10)
g |

!

Up to now, all the moduli and damping factor can be generated by connecting the

experimental results to its theories.

144



C.2 Examples of DMTA application

1. Viscoelastic behavior characterization

Tg - Glass transition o

(3)
Rubbery plateau (2)

T,,- melting (1)

(6) (5)

Local Bend

motions and
stretch

Temperature

(4) (3) (2) (1)

Side Gradual Large  Chain

groups main scale slippage
chain chain

m

1

|

Figure C.6 Schematic of the effort qtf various molletz:ular relaxations to polymers [46].

There are several dynamic tests that can be performed by DMTA, such as dynamic

frequency sweep testing, dynamic strain sweep testing, dynamic temperature ramp

testing, and frequency/temperature sweep testing. In order to detect the viscoelastic

behavior for a polymer, the dynamic temperature ramp testing must be applied. This

testing is operated over a range of temperatures and it is useful to find out the

characteristics in each phase transformation for a material. Since there are six

transformation zones which have usually been studied in a polymer, Figure C.6 presents

the effort of molecular relaxations to those zones in a plot of storage modulus against

temperature. The lowest temperature condition of the zone (6) is a state where no chain

or side group can move. As the temperature increases, the storage modulus goes down
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and the links between the atomic bonds gradually become looser. In the end, the whole

chains can slip easily and the temperature rises to the highest temperature condition

zone (1).

: Transition : Rubbery : Rubbery : Liquid
I I 1 Flow | Flow
I I I I
e _____=x | | | |
y I I I
@ | | |
S | Epoxy*~500 ksi (~3.45 GPa) : : :
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o I I I I
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{; I : : Crystlalline:
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Figure C.7 Schematic of the viscoelastic_behaviors for crystalline, themoset and

thermoplastic polymers [47].

Figure C.7 presents the viscoelastic behaviors for crystalline, thermoset and

thermoplastic polymers. There are five regions of viscoelastic behaviors: glassy state,

transition state, rubbery state, rubbery flow state, and liquid flow state. Typically, the

thermoset polymers only show the first three states. Thermoset materials have a stronger

feature than thermoplastic materials because of the covalent bonds between chains, and

are more suitable for high-temperature applications.
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2. Time- temperature superposition principle characterization

The principle of time-temperature superposition (TTS) is used to study the
interrelation of temperature and modulus changes of a polymeric material. This
principle is suitable for amorphous polymers or materials with thermo-rheological
features. Polymers have both temperature and time (frequency) dependents like creep or
stress relaxation under a loading. For example, when a constant load and various
temperatures are applied to a polymer, it endures the molecular rearrangement and tries
to minimize the localized stress. Under this circumstance, the modulus and hardness can
change depending on time. As a result, it 1S important to test the material under an
overall temperature and time conditionsBy using the*TTS .method, we can avoid the
inefficiency of measuring the behavior. of a polymer oveér long periods of time at one

particular temperature. In 1943, Leaderfﬁé'n’_ systematized the general reviews of TTS

method and he named a single crebﬁ cur'\z«.? extending over a wide time (frequency)
range as a master curve [48]. Afi%erL that, Tobblsky carried out further studies and
demonstrated that the viscoelastic béhavior at onér temperature can be obtained by
superimposing and shifting the data from different temperatures [49]. As the method
reported, the stress relaxation curves are measured between time (frequency) and
temperature in the beginning. Then, the relaxation data can be shifted separately along
the horizontal axis (time or frequency) on a logarithmic time scale. Finally, it should be
refined to a single master curve for a wide range of times (frequencies). Since the

behavior of a polymer presents the same at a higher temperature or a shorter time, long-

term properties can be accurately associated.
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Figure C.8 shows the relaxation curves obtained from the experimental data of
poly-n-octyl methacrylate as a function of frequency under 24 different temperatures.
At high temperature, there is a relatively great compliance for this material. It indicates
the rubbery behavior. Comparatively, the glassy behavior is presented in the low
temperature with small compliance.

So as to gain the compliance master curve of this sample, a reference relaxation
curve with particular temperature should be chosen. For example, Figure C.9 shows that

the reference temperature is the highest temperature (129.5 °C) in this testing. By
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shifting the relaxation curves severally, the master curve over an extended frequency

scale at the reference temperature can be generated.

Storage compliance (Pat)

log mag

——— ’

Figure C.9 Schematic of coiﬁﬁli@nlej master curL/L .,théiﬁed by shifting the relaxation

curves of Figure 3.27 [50].

Since every relaxation curve under a certain temperature has different shift values
along the horizontal axis, the shift factor ar can be assessed by recording the change
amounts. Figure C.10 shows the shift factor plotting on a logarithmic scale under

different temperatures.
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Equation (C.11). Here, F ‘is

frequency. &

a,=— (C.11)

In the case of frequency-based shift factor, the logarithmic shift value log ar is
shown as Equation (C.12). Thus, the transform amounts between two curves of different
temperature conditions can be adjusted to a variation on a logarithmic scale.

F
loga, = 10gF— =logF-logE,, (C.12)
ref

In addition, the correlation between an approximately identical shift factor and

temperature to polymers is commonly described by two models. The first is established
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by Williams, Landel and Ferry (WLF) equation [51]. The formula can be expressed as

Equation (C.13).

Ca (T — Tref)
Cb + (T - Tref)

loga, = (C.13)

Where, C, and C,, are empirical constants, T is the measurement temperature, and Ty is
the reference temperature. The other commonly used model is the Arrhenius fit, which

is reported by Kenner [52], as Equation (C.14) shown.

log agel B ] (C.14)
ST50R (T T, '

Where, E. is the activation énergy asSoeiated with the relaxation transition and R is the

gas constant (R=8.314J/ mole°C). | | 52 |
o om L
s usedto gauge long-time properties of polymers

!
So far, the using of TTS metho‘d
and generated the master cufve ‘by+ DMTA resdlt:s,_ Thus, DMTA is one of the best

thermal analysis techniques to detect the meehanical properties of polymeric materials.
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C.2 Results of DMTA

C-3.1 Dynamic Frequency Sweep Data

Figure C.11 to Figure C.14 show the experimental results of dynamic frequency
sweep tests for four PU samples (series 1). In each test, the frequency range is from
0.01 Hz to 70 Hz, strain is 0.01, and temperature is 0 °C. Transducer 1 is applied, which
can control the force under 350 g. The blue, green, and red curves in the figures
represent the storage modulus, loss modulus and damping factor tan 9, respectively.
Before carrying out the dynamic temperature ramp testing, the dynamic frequency
sweep testing is performed in ‘order to-find-the suitable frequency value. Here, the
storage modulus (blue symbols) is"an indicator whichis used to represent the frequency
dependent behavior of a sample, i.c., a ﬂg;;:-l'lrve represents a suitable working region,
and a curve which changes rapidly m a shgijt t"ime represents_a bad working region. The
storage modulus curves are a_little nbiéy for;he four samples, especially for PU-A1 and
PU-BI1. The modulus values of. theése:two samples gcatter slightly in the entire sweep
(0.01 Hz to 70 Hz). The noise is most likely due to extra thin sample condition
(thickness ~ 0.06 mm). For the extra thin sample, the force applied to the sample, which
is correlated with the sample geometries, is extremely small during the tests. Therefore,
measurement uncertainties are large and data scatter more. Although the storage

modulus curves appear slightly noisy, the values didn’t change a lot during the tests so

that the frequency is chosen at 1 Hz for the following tests.
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Figure C.12 The dynamic frequency sweep test (0.01 Hz ~ 70 Hz) result for PU-A1.
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Figure C.14 The dynamic frequency sweep test (0.01 Hz ~ 70 Hz) result for PU-C1.
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C-3.2 Dynamic Strain Sweep Data

Figure C.15 to C.18 show the experimental results of dynamic strain sweep tests
for four PU samples (series 1) at -125 °C, and Figure C.19 to Figure C.22 are at 23 °C
(The room temperature). In each test, the strain range is from 0.001 to 10, and the
frequency is 1 Hz. Transducer 2 is applied, which can control the force under 3500 g so
as to cope with the greater strain changes. The blue, green, and red curves in the figures
represent the storage modulus, loss modulus and damping factor tan 9, respectively. The
star symbol (pale blue) is an indicator which represents the nonlinear behavior during
the dynamic tests. The formulation of this function:(star symbol) is not known so that it
would not be discussed in this study. At-125 °C ‘(see figures.C.15 to C.18), the modulus
curves are similar for four samples. The curves start with-a little noisy and last until the
strain around 0.08. After that, the curyes :mgease slightly and reach a plateau. At 0 °C

(see figures C.19 to C.22), PU-CTRIL 1[ an('i.*fU—C‘l have flatter curves in the whole tests.
PU-A1 and PU-BI1 samples show tljle' sarrieﬂ -trend as present in the low temperature (-
125 °C). It is similar to the dynamic-frequency swé:ep results. Therefore, PU-CTRL1
and PU-CI are found to have better responses as function of frequency and strain at 0
°C. Noticeably, all of the four samples always broke around strain = 3 ~ 5. As a result,
all of the curves changed dramatically. Although the storage modulus curves appear

slightly noisy in the beginning, the strain is chosen at 0.01 Hz for the following tests

under the consideration of extra thin sample condition.
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Figure C.16 The dynamic strain sweep test (0.001 ~ 10) result for PU-A1 at -125 °C.
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Figure C.18 The dynamic strain sweep test (0.001 ~ 10) result for PU-C1 at -125 °C.
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Figure C.20 The dynamic strain sweep test (0.001 ~ 10) result for PU-A1 at 23 °C.
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Figure C.22 The dynamic strain sweep test (0.001 ~ 10) result for PU-C1 at 23 °C.
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C-3.3 Dynamic Temperature Ramp Data

1. Polyurethane- series 1

Figure C.23 to Figure C.26 show the experimental results of dynamic temperature
ramp tests for four PU samples (series 1). In each test, the frequency is chosen to be 1
Hz and strain is 0.01 which are determined from the results of dynamic frequency and
strain sweep tests. The temperature range is from -125 °C to 110 °C, and the ramp rate
1s 3 °C/ minute. The transducer 1 is applied, which can control the force under 350 g.
The blue, green, and red curves in the figures represent the storage modulus, loss
modulus and damping factor tan o, respectively, The peaks of tan  indicate the glass
transition temperature Ty In spite of the scatters in the tan 6 data, the peak locations are

found clearly around 90 °C for all samples Stmilar, the noise of tan d curve is most

ﬁ’

WWhen the teémperature exceeds the Tg, the

sample starts to reflow qulckly anJ the problem to ~control small force becomes
1

likely due to extra thin sample coqd;tlon

noticeable.
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2. Polyurethane- series 2

Figure C.27 and Figure C.28 show the dynamic temperature ramp testing results
for PU-CTRL2 and PU-A2. Transducer 1 is applied in the tests, which can provide the
force control smaller than 350 g. The testing conditions are: frequency = 1 Hz, strain =
0.01, temperature range = 0 °C ~ 80 °C and ramp rate = 3 °C/ minute. The blue, green,
and red curves represent the storage modulus, loss modulus and damping factor tan o,
respectively. The storage and loss modulus values are similar to the results obtained
form series 1. From the tan 6 curves, the Ty is can be estimated around 55 °C in both
two PU-2 samples, which is lower than the Tg 0f series 1 samples (T, for series 1 is
around 90 °C). Similar to the Seriessl samplé,l the-tan O data scatter a lot. We have
expected that series 2 will have lesS™noise ifi ‘the data:due the increase in sample
thickness (series 1 thickness =0.06 mm eluli__aséries 2 = 0.12 mm). Unfortunately, the low
T, causes a more severe reflow behar{filpr e\;eﬁ if We doublethe sample thickness. Hence,

no more DMTA tests were held to sthdy thigiseries bf_ samples.
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C-3.4 Master Curves

Figure C.29 to Figure C.36 show the master curves of storage modulus and shift
factors for four samples (series 1), which are obtained from dynamic
frequency/temperature sweep tests. The experimental setting are: strain= 0.001,
frequency= 0.06~10, temperature= 0~80 °C, and temperature increment = 5 °C.
Transducer 1 is also applied in the tests. The master curve presents the long time
behavior of a sample, i.e., the reference temperature T 1S chosen around 0 °C so that
the master curve represents the storage modulus change in 0 °C as a function of
frequency. The master curves of storage modulus for four samples are not all the same.
For example, the storage modulus decreases élbwly i PU-CTRL1 comparing to the
reference group while a smaller frequency is applied. Howgver, the differences can be
caused by the measurement or shifting uncettainties. All of the tests show that the

| To=t) ]
storage modulus curves increase aldm% w1131} the "}ncreasing of frequency first, and then
get flat in the high frequency _regioé. j"The vc:(;rrespolnding shift factors were assessed by
recording the shift amounts as generated the mastéf curve. However, the shift factor

curves do not appear smoothly. The experimental results are noisy, and it is hard to

overlap the data points precisely.
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C-3.5 Summary

For PU series 1 samples, the suitable frequency (1 Hz) and strain (0.01) values
were determined by the dynamic frequency and strain sweep testing, respectively. T,
were observed from dynamic temperature ramp tests. It is found that all of the samples
have similar Tg around 90 °C. The master curves and corresponding shift factors can be
obtained from the dynamic frequency/temperature sweep test. All of the samples have
similar trends. The storage modulus enhances as increases the frequency in the low
frequency region, and then stays almost the same in the high frequency region. The low
and high frequency regions are different from' samples. According to the extra thin
sample condition (thickness ~ 0.06 mm),-the ‘modulus clrves are noisy and the shift
factor curves are not smooth:The'measurement uncertainti¢§ cannot be ignored.

For PU series 2 samples, only tw@ dymamic temperature ramp tests were performed
1 ,““'-’-? |

| i i

and T, were observed around 55:°C. Due ﬂp the [lowyTy effect, the more severe reflow
behaviors occurred in this series of‘; sémples even |if the’samples are twice as thick as
series 1. Therefore, the DMTA “fests:-are not suitable for studying the viscoelastic

behaviors for the PU series 2 samples.
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