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ABSTRACT

Plasma treatment of polymers has been a rapidly growing area of research due to its broad
applications, homogenous and repeatable surface properties, low cost, and environmental
friendliness when compared to alternative techniques. Only recently have significant
developments been made in the application of atmospheric pressure plasma in polymer surface
treatment. The use of atmospheric pressure plasma enables further reductions in cost and
mechanical complexity. Of particular interest in this work is the application of atmospheric
pressure plasma for the isolated modification of the inner surfaces of small diameter polymer
tubing to improve the wetting and adhesion characteristics compared to untreated polymer.

This work focuses on the development, characterization, and implementation of an
atmospheric pressure dielectric barrier discharge (DBD) plasma apparatus for the treatment of the
inner surface of polymer tubes. The iterative process of the development of this system is detailed,
with two finalized designs established and defined. These two designs are then applied to low
density polyethylene (LDPE) tubing of 0.38 mm inner diameter (ID), and characteristics for
surface morphology and wettability are analyzed.

Investigation of the relationship between plasma power and treatment time with
morphology characteristics of protrusion density and size and surface roughness parameter, R, is
presented. Treatment times of 5, 10, 15, 30 and 45 minutes are performed on tubing samples at a

power level of 35 mW. From 5 to 15 minutes, protusion density increases rapidly, from n, = 4 *

07 protrusions
mm?2

10* -1 , and small variation in protrusion size, with 0.1 < A4, < 0.2 um?. At

treatment times of 30 and 45 minutes, coalescence of protrusions was observed, resulting in a

04 protrusions

— 2 > and substantial increases in mean

decrease in protrusion density, downton = 4 * 1
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protrusion size, up to Ap = 5 — 9 um?. Plasma powers of 9, 12, 16, 25, 35, and 45 mW were also
investigated, at a treatment time of 15 minutes. As power level was increased, protrusion density

was observed to increase, with an inverse relationship with mean protrusion size. Protrusion

protrusion
— 107 —————

density was observed to increase from n,, = 2 * 10°
p mm2

, with diminishing increases

in density observed between power levels of 35 and 45 mW. Protrusion mean size was observed

to decrease from A, = .25 — 0.025 pm?, with similar diminishing reductions observed at 35 and

45 mW. Surface roughness, R,, was observed to vary from .01 — 0.3 um, or ISO roughness
grades N1 to N5, in the treated samples.

Wettability characteristics were measured and characterized relative to plasma power and
linear feed rate. Wettability was measured by measurement of contact angles of the meniscus
formed from water introduced into the tubing volume by capillary action. On all samples treated,
a duality of mechanisms for surface wetting were observed. After initial treatment, samples were
observed to have a lower contact angle, indicating higher wettability, but after 12 hours samples
were observed to have reduced wetting characteristics, indicating a transient mechanism for
surface wetting in addition to permanent effects induced my surface morphology. Samples were
treated at plasma powers of 7, 10, 15, 20, and 40 mW . At all power levels, initial contact angle
was generally consistent, with 20° < 6, < 30°. Permanent wetting features measured on these
samples indicated almost complete reversing of wettability at 7 and 10 mW, with 8s¢ measured at
~75°, comparable to the average measurement of an untreated sample of ~80°. Conversely, at
higher powers of 15, 20 and 40 mW , significant retention of wettability was observed, with 45° <

Oss < 55° for those samples.
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1. INTRODUCTION

1.1 Importance of Surface Modification

Often, in industry, surface properties of a material with desirable bulk properties are ill-
suited for specific applications. The scope of applications of surface modification span a huge
cross-section of industries. Novel machining techniques using electrical discharge machining have
been applied to develop methods for machining metal components in ways that traditional
practices cannot achieve, as well as applying specialized surface treatments, enhancing desirable
characteristics of the surface for specific applications [1]. Titanium components designed for
implantation in human tissue have seen varied surface modification techniques intended to inhibit
the formation of biofilms that can promote bacterial growth leading to infections and potential
implant failures [2]. Various techniques of surface modification have been applied to natural fibers
to inhibit their natural qualities of absorptivity and enhance their adhesive properties as
replacements for artificially-produced fibers as a green and replenishable alternative [3].

Perhaps one of the most varied fields of surface modification research is in the treatment of
polymers. Polymers have played a substantial role in a broad range of industries, due to their
widespread and desirable mechanical, thermal, and electrical characteristics. The many different
characteristics of polymers has led to their use in nearly every facet of human life, from packaging,
textiles, and toys to advanced technologies such as membranes, microelectronics, and biomedical
devices [4]. Despite the high versatility and functionality of polymers, it is often the case that the
bulk characteristics of the material are not suitable for the surface characteristics needed for an
intended application. As a result, the field of polymer surface modification has consistently grown
in the past several decades, and trends indicate continued growth and interest in this research as

topics of study continue to branch out [5].
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Growth of Publications Related to Polymer Surface
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Figure 1.1 30-year publication trends for polymer surface modification. Growth trends indicate
that a saturation point has not yet been reached, and that growth in the volume and diversity of
research will continue in coming years (from [5]).

1.2 Polymer Surface Modification Methods and Applications
While there are numerous methods of polymer surface modification, some key techniques
can be categorized as follows: wet chemical, physical, and plasma [6]. Surface modification by
these approaches is often referred to as a “top-down’ approach as the surface is modified from the

outer surface of the material and penetrates into the surface layer by layer [7].

1.2.1 Wet Chemical Surface Modification

Chemical (or Wet) etching is a process by which a surface, in our case a polymer surface,
is modified by the application of a reactive chemical, such as sodium hydroxide, sulfuric acid, or

fluorine. These chemicals can be either to apply a film on the polymer surface or alternatively to
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chemically and physically alter the surface for its intended purpose, such as wettability
modification, bacterial/chemical/wear resistance, antistatic characteristics, etc [8].

While chemical surface modification has been a broadly developed technique, it has several
drawbacks. Due to the wide variety of polymers used in industry, there is necessity for many
different reagents, both for selective reactivity with the polymer of choice and to achieve the
desired modifications [6]. Additionally, chemical etching is becoming more undesirable as a
practice due to the large volume of chemical and water waste produced as a byproduct. Finally,
polymer bulk crystalline characteristics can be altered by strong reagents, which can negatively
change the bulk mechanical properties of the material and render them undesirable for their

intended application.

1.2.2 Physical Surface Modification

Physical surface modification is arguably the simplest form of surface modification.
Modification through these techniques is purely mechanical, and can be performed by any number
of methods which can involve a sophisticated developed process or simple abrasive surface
texturing. One of the most common approaches is by the production of template molds on metal
foils via conventional CNC machining or high-precision micro-milling [9]. Using these
techniques, micron-scale surface features can be patterned on a mold and then transferred onto a
polymer film in an in-line manufacturing process with high repeatability and precision. A similar
method of generating regular patterns on the surface of a polymer is photolithography, an approach
by which a light-resistant mask is placed on a surface and irradiated with a photoresist, producing

the desired etched patterns [7].
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Surface textures developed through these means are often part of bio-inspired surface
patterning, such as lotus leaves, and have applications in the productions of surfaces with
superhydrophobic and/or high adhesion properties. Micro-molding and patterning technologies
have been able to generate surfaces with complex 3 dimensional features, such as the T-shaped
structures and micropillars for biomimetic applications, as well as “icephobic” surfaces to reduce
performance loss in electrical systems and prevent failures caused by ice buildup [10]-[12].
However, templates can be costly to machine, and new templates are required to create new
surfaces, a tradeoff for repeatability that limits the efficacy of a single system to a broad range of
applications.

1.3 Plasma Surface Modification

1.3.1 Plasma Basics

Plasma, often considered the fourth state of matter, has been a linchpin medium for
advancements in industrial processes for decades. Of particular interest, cold plasma (or non-
equilibrium plasma) has garnered particular interest in a broad sweep of industries, including
lighting, electric displays, semiconductor manufacturing, pollution control, food processing, and
surface etching/functionalization [13]-[15]. Plasma as it pertains to physical sciences is regularly
confused with blood plasma, particularly in research pertaining to biological and medical sciences.
Plasma, in the context of this thesis, is a state of matter in which a gaseous medium has at least a
small fraction of atoms or molecules that have lost an electron, leaving positive ions and free
electrons [16]. Additionally, for a medium to be considered a plasma, it must also have collective
behavior indicative of a plasma, meaning that local conditions within a body of plasma can be
affected by conditions of the same body in remote regions, without any direct collisional

interactions. Applications in plasma research is far-reaching, including fusion, atmospheric
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science, magnetohydrodynamic energy conversion, electric propulsion and, with relevance to this
research, surface modification.

In plasma surface modification, non-thermal (or non-equilibrium plasmas) are functionally
exclusively used [17]. These plasma types are considered ‘“non-equilibrium,” because the electron
temperatures are much higher (~10,000 K) than their respective ions, which are typically around
room temperature. Due to the huge mass disparity, collisions between electrons and ions/neutrals
transfer very little energy. A common metaphor is the act of throwing a ping-pong ball at the side
of a building; the ball may bounce off, preserving it’s kinetic energy, or stick to the wall, but
regardless there is no substantial change to the building. These types of plasmas are relatively
ubiquitous in everyday life. However, these types of plasmas behave in unique ways relative to
thermal plasmas, and as such are more complex, garnering increasing interest in recent years.
Surface modification via a non-equilibrium plasma medium has chiefly been performed via three

methods: corona discharge, plasma jet, and DBD.

1.3.2 Advantages of Plasma vs Wet Chemical Treatment

Plasma surface modification has gained interest as an alternative to other more traditional
modification methods, in particular chemical etching, one of the most common methods used in
industry. A key disadvantage of wet chemical modification compared to plasma is the nonspecific
nature of the treatment, introducing unpredictable or unrepeatable functionalization [18]-[20].
Additionally, it has been observed that chemical treatments often leave a layer of organic
contamination, or can affect the bulk characteristics of the material under treatment, weakening
the necessary properties of the material and potentially impairing its original functional purpose.
Further, wet chemical treatments have been criticized in recent years due to growing

environmental and safety concerns in dealing with highly reactive acids and solvents.
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As an alternative, plasma treatments are advantageous over other applications for a variety
of reasons. Plasma surface treatments are typically highly uniform and repeatable, regardless of
geometry, and functionalization can be carefully controlled by manipulation of the plasma gas
composition and other plasma parameters [21], [22]. Additionally, surface modification only
affects the surface, and does not penetrate very deeply, leaving the bulk characteristics unaffected,
and can safely be applied to biological tissues [23]-[26]. Plasma treatment also is clean, requiring
no additional cleaning measures, and producing no environmentally hazardous byproducts [27]-

[29].

1.3.3 Methods and Applications of Plasma Surface Modification

Corona discharge plasma treatment has seen wide interest in treatment applications within
the fields of plasma treatment due to their ability to modify surfaces in relatively short time scales
compared to other treatments, in addition to the benefits previously outlined for plasma treatment
in general. One unique element of corona plasma treatment is that the high voltage electrodes are
often adapted to unique geometries, with some unique shapes being chosen to induce specific
effects, from simple conical tips to complex needle-plate electrodes [6], [30]. Corona treatments
have been demonstrated with high adaptability, with treatments performed in pulsed and
continuous charge profiles, and a broad range of materials being treated, including LDPE,
vulcanized rubber and polyolefins with air, nitrogen, oxygen, bromine, etc. [30]-[35]. While
corona plasma treatments have shown great interest and have high adaptability, the physical
properties associated with the mechanisms of the discharge prevent application of this treatment

method for scalable surface treatment on tubing IDs.
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Figure 1.2 General schematic of a corona discharge plasma treatment apparatus, though there are
many different arrangements in use. The discharge is induced by and electric field induced by a
high frequency voltage supply, usually in the RF frequency regime. Polymer surfaces are
typically mounted on a grounding electrode coated in a special dielectric. Plasma discharge can
either present as an arc or as a more homogenous glow.

/

A more recent development in plasma treatment techniques, the plasma jet, or “pencil” as
it is sometimes termed, is a unique arrangement of electrodes and power frequency regimes that
enables the generation of plasma at atmospheric pressure, using certain gas compositions.
Atmospheric Pressure Plasma Jets (APPJs) can be used for a broad range of applications in
polymers, including adhesion, cleaning, wetting modification, and surface etching [36]—[39].
APPJ offers a low cost, robust and mechanically simple approach to polymer surface treatment.
However, despite efforts to perform APPJ surface treatments on the inner surface of tubing, the

scalability of said treatment will always be inexorably tied to the maximum penetration depth
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achievable by the treatment process, and the natural gradient of plasma intensity will inevitably

result in some degree of heterogeneity in the surface treatment induced [40], [41].

pl I
+1 Gas flow

[
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Figure 1.3 General schematic of a plasma jet (or “pencil”) treatment apparatus as it would be
used to treat polymer surfaces, though there are many numerous arrangements. Depending on the
arrangement, a plasma jet could be classified as a corona discharge or a dielectric barrier
discharge and can be operated in AC or DC voltage regimes.

DBD is a common technique for producing plasma discharge with homogenous
characteristics, is perhaps the original methodology of polymer surface modification with plasma.
DBD plasma treatment, in its simplest form, consists of a high voltage electrode and a ground
electrode insulated from the plasma medium by a dielectric material. The dielectric functionally
“softens” the intensity of the plasma discharges at a given voltage, preventing unwanted arcing at

breakdown, and allows for a highly uniform discharge of plasma in a fixed volume as compared
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to other treatment methods [42]. DBD surface modification has been demonstrated at low,
medium and atmospheric pressure using a variety of gas mediums on a wide array of polymer
substrates such as polyethylene, polymide films, polypropylene, polycaprolactone, and Teflon
[43]-[48]. These treatments, as with other plasma treatments, work extremely well for adhesion
improvement, wetting, cleaning, biocompatibility, and film deposition [49]-[52]. DBD plasma
treatments can be modified to adapt to unique morphologies, and can easily be applied to in line

processing.

Figure 1.4 General schematic of a DBD plasma treatment apparatus. The system comprises of a

high voltage electrode, coated in a dielectric material, with a ground electrode. Typically, DBD

is in a parallel-plate arrangement, though variations exist. DBD can be performed in vacuum or,
in some cases, at atmospheric pressure, depending on the composition of the plasma medium.

1.4 Motivation
The motivation of this thesis work is to close a research gap in plasma treatment techniques

applied to dielectric tubing of small diameters. It can be argued that wet chemical surface
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modification methods can be used in lieu of plasma modification for this problem. However, as
has been indicated in previous sections, wet chemical treatments are undesirable relative to plasma
treatments due to their non-uniformity, uncontrollable chemistry, bulk material effects, and
hazardousness to humans and the environment.

Thus far, plasma treatment techniques have largely been applied to simplified, planar
geometries. As a result, little capacity for applying useful plasma treatments more broadly to
unique geometries has been developed. Of particular interest is the application of plasma
treatments for enhanced wettability and surface adhesion to the inner surface of small diameter
dielectric polymeric tubing. Due to the geometry of typical parallel-plate DBD treatment methods
which limit their ability to uniformly treat non-planar surfaces, and the low penetration depth that
can be achieved by plasma jet treatment techniques, it is readily evident that a novel apparatus for
uniform and scalable treatment of small diameter tubing needs to be developed, and modalities of
plasma parameters to achieve specific morphological change and wetting effect need to be
identified.

1.5 Objectives

The objectives of this research can be divided into two major parts: the design and
development of a novel apparatus for the plasma surface treatment of small-diameter dielectric
tubing, and the demonstration of said system’s capabilities to induce key material characteristics
on select dielectric tubing. The plasma treatment system must be capable of isolated treatment on
the inner surface of the tubing while inducing homogenous surface changes in reasonable time
scales. Additionally, the system must be developed such that it can be practically adapted to

scalable implementation as an inline process.
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The second objective can be further subdivided into separate goals, centered around surface
morphology and wetting. Surface morphologies induced by the plasma treatment needs to be
characterized using practical definitions to define scope of capabilities of the system as a function
of plasma power and treatment time. Additionally, demonstration of the adhesive capability of the
tubing as a result of treatment must be performed. Further, wetting characteristics induced on the
tubing from the plasma treatment process must be characterized by similar parameters of time and

power, and the time-dependent decay of these effects must be investigated.

1.6 Outline

The body of this paper will begin with a detailed discussion of the prototyping and
development of the plasma treatment apparatus, outlining the stages of development, and the
rationale for varied alterations and modifications. Detailed characterization of the electrical
behavior of the system will be provided, along with substantive documentation of design
specifications. The paper will then discuss the definitions of key experimental parameters used for
characterizing the plasma treatment process, and the experimental procedures designed for
characterization of the treatment of the polymer surfaces under inspection.

Treatment characterization, making the body of results and discussion, will be broken up
into several subsections. Direct observations of surface morphological changes will be described,
reporting effects of key controls such as plasma power, exposure time, and electrode proximity on
physical characteristics such as protrusion density, size distributions, and roughness. Similar
parameters of plasma power and feed rate, a comparator to exposure time, will be reported for their
effects on surface wetting. Additionally, temporal decay and transience of wetting characteristics

will be reported for several key treatment regimes.
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As a supplement, observations on general trends of surface modification characteristics will
be shared, comparing trends of protrusion density vs. size, roughness etc. Finally, qualitative
observations of micro- and nano-scale surface features will be reported, as well as observations of
mechanical adhesion of a polymer compound to the surface of a treated segment of tubing.

In supplemental discussions, an outline will be made for plans for future modifications and
the development of a more robust plasma treatment apparatus. Additionally, justifications will be
made for potential additional capabilities of the system for surface modification practices, as well

as a plan of action for future works in the development and characterization of novel applications.
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2. METHODS AND APPARATUS

2.1 Peripheral Systems and Materials

2.1.1 Oscilloscope

For the bulk of voltage and current monitoring, a Teledyne Lecroy HDO9304 High
Definition Oscilloscope was employed. The HDO9304 Oscilloscope is a 4-channel device with a
3 GHz bandwidth at 50 () termination and 1 GHz at 1 M termination. In a two-channel
arrangement, the system is capable of sampling at 40 GS/s, and is equipped with a variety of
internal functions for the real-time interpretation of direct voltage and current readings. The
oscilloscope was used to directly convert real-time signals of voltage and current measured from
the DBD plasma system and convert them into interpretable power consumption measurements.

These measurements, taken in 2 ms time steps, captured 20 waveforms from the 10 kHz in
each trigger, and averaged those waveforms to extract an approximate value of the total power
draw from the system. These measurements were further used to generate a 1000 sample normally
distributed histogram that reflected the variance and average power consumption in the plasma
setup. The differential between the averages of the power consumption histograms with and
without plasma discharge (with and without LDPE tubing present in the treatment area), was taken
to decouple the power draw from capacitive sources and the true power draw from the plasma

discharge withing the tubing.
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Figure 2.1 Display of typical readout of the Teledyne Lecroy HDO9304 High Definition
Oscilloscope. The pink trace represents the voltage, the yellow represents the current, the small
red trace represents the computed power, and the histogram is the cumulation of net sums of
power generated in 20 cycles. The range of +/- 10 mW about the mean is typical.

2.1.2 Voltage and Current Monitoring

For all samples produced in the DBD plasma system, voltage and current in the system
were always directly measured. The current in the system was measured by a Pearson Current
Monitor, Model 2100. This monitor has a sensitivity returning a 1:1 ratio of Volt/Ampere, 50 ()
output resistance and frequency bandwidth of 125 Hz — 20 MHz. The system also has a usable rise
time of 20 nanoseconds, comfortably capturing the millisecond scale of the plasma discharge
events. The current monitor is mounted in the plasma treatment system around the high voltage
cable coming directly out of the power supply, ahead of the voltage probe and plasma discharge.

The voltage is monitored by a Tektronix P6015A voltage probe. The probe is rated to
operate between 1.5 kV to 20 kV DC + peak AC, with a 75 MHz bandwidth and a rise time less
than 5 ns. The probe has attenuation factor 1000:1 (1 kV reads as 1 V on the oscilloscope) when
loaded with high-impedance oscilloscope input. The voltage probe is connected at a point on the
high voltage line via an alligator clip where a small amount of conductive material is exposed for

the express purpose of connecting the probe and is grounded to a large optical table. For
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consistency, these probes are never removed from the apparatus and are always used to directly

measure the electrical properties of the plasma discharge and latent electrical phenomena.

Figure 2.2 A) Pearson Current Monitor, Model 2100, and B) Tektronix P6015A voltage probe

2.1.3 Power Supplies

Two power supplies were used throughout the development of this system. The first power
supply was CHT-1309A High Voltage Power supply, produced by Chirk Industry Co., Ltd. The
power supply has limited documentation and is no longer produced by the manufacturer. It has a
fixed operating frequency of approximately 10 kHz, with limited voltage control that could be
driven by varying the voltage of the low voltage power input. This control was very limited and
caused some fluctuation in the waveform that warranted concerns about repeatability.

The power supply that was implemented for the final developments of the DBD plasma
system was the Coronalab CTP-2000K Plasma Generator. The generator, specifically designed for
applications in DBD and arc discharges with applications in surface treatments, has an operating
output voltage ranging from 0 — 30 kV, and a peak power output of 500 W. The frequency ranges
that this system operates in are at least 10 — 30 kHz (These are the only frequencies that this system

has been operated under for this work), and has generally been fixed at 10 kHz.
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Figure 2.3 Coronalab CTP-2000K Plasma Generator

2.1.4 Other Lab Materials/Equipment

As previously mentioned, this apparatus makes use of two Alicat MC-200SCCM flow
controllers, connected to their supply tanks (Helium working gas, O,, N,, or air seed gasses) via a
network of Tygon tubing and connectors. The Helium mass flow controller is always fixed at 0.25
cubic centimeters per minute, with the other controller free to vary as a ratio of the Helium flow,
generally less than 5%. For most work in this study, the only gas supplied to the system is pure
helium.

The gasses used in this study are supplied by Purdue university, and are laboratory-grade
with purities of at least 99.997%. The dry air supply is taken directly from the central gas line in
Armstrong Hall on Purdue University’s main campus.

The tubing used in this study is a PTFE catheter tube, BTPE-20, produced by Instech. The
tubing is supplied in 30 meter lengths with an outer diameter of 1.09 mm (+/- 10% extruder
variance) and an outer diameter of 0.38 mm (+/- 10% extruder variance). This tubing was
connected to the upstream gas sufficiently far downstream of the mixing point to be confident of

good mixing by a 27 gauge (~0.41 mm OD) needle. The tubing was allowed to flush impurities at
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the start of treatment or in between gas composition adjustments for at least 30 minutes prior to
any active treatment.

For some low-magnification imaging, a simple USB-enabled hand-held microscope was
used to image meniscus’ from wettability studies and general microscopic features that did not
need electron microscopy to image but could not be readily viewed with the naked eye. The
microscope is enabled with a 40x — 1000x magnification range and is equipped for plug-and-play

interfacing with any computer.

Figure 2.4 Sunnywoo USB Microscope, with accompanying stand

2.2 Analytical Apparatus and Techniques

2.2.1 Sample Preparation Techniques

As the primary motivation of this work is to isolate surface treatments on the internal
surface of polymer tubing, it was necessary to develop novel techniques for sample preparation.
Traditional techniques for plasma treatment are performed on flat surfaces, and as a result the
samples require very little preparation for microscopy analysis. The 0.38 mm ID LDPE tubing,
after treatment, goes through a regular procedure for scanning electron microscopy (SEM)
analysis. The sample is observed by eye and under a low low-magnification is segmented and

cross-sectioned by hand using scalpels with a sterilized #15 and #12 scalpel blade, respectively.
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These blades were specifically chosen for their unique shapes and sizes. The #12 blade, having an
extremely sharp, curved tip allowed for easier longitudinal bisection due to the easy penetration
into the tube and decreased frictional resistance of the blade as it was drawn through the length of
the tubing. The #15 blade was selected for sectioning mainly due to its small size, making it easier

to use when manipulating extremely small sections of tubing.

Figure 2.5 Left) #12 scalpel blade; Right) #15 scalpel blade

After segmenting and bisecting, the samples were mounted onto Ted Pella 12.7 mm sample
stubs with carbon tape. The samples are then sputter-coated using an SPI Sputter Coater, located
in Birck Nanotechnology Center. The SPI-Module sputter coater uses a 60:40 Au/Pd target to coat
samples using an Argon plasma medium. Coatings of 10s of nanometers are applied to the surface
of the tubing to allow for conductive pathways on the otherwise non-conductive surface, allowing

for clear imaging under a SEM.
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Figure 2.7 Left: Schematic of sample preparation on SEM stub for longitudinal and axial cross-
sections. Right: SEM Images of prepared samples.

2.2.2 Microscopy
Microscopy analysis was largely performed on two critical machines. Initial analytical
work was performed on a Hitachi S-4800 Field Emission SEM with energy-dispersive X-Ray

spectroscopy (EDS) capabilities with an Oxford X-Max 80 Silicon Drift Detector. The SEM has a



maximum resolution of 2 nm and acceleration voltages of 0.5 — 30 kV. The EDS equipment is

equipped with a peak resolution of 127 eV at 5.8keV.

Figure 2.8 SPI-module sputter-coater for SEM analysis

For higher performance analysis, a Thermo Scientific Helios G4 UX Dual Beam
SEM/EDX/FIB was employed. The Helios SEM has a peak resolution of 0.7 nm at operating
voltages of 5 — 10 kV in the electron beam, allowing for superb resolution at magnifications greater
than 10,000X. The Helios is also equipped with an excellent EDX for chemical composition

analysis and an FIB for cross-sectional analysis should it be needed.
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Figure 2.9 Thermo Scientific Helios G4 UX Dual Beam SEM/EDX/FIB

2.2.3 Surface Morphology Analysis

For surface morphology analysis, samples were collected after plasma treatment to include
1 cm of tubing from the outside edge of both ground electrodes to include all regions of the tubing
where plasma discharge was visible. For each treatment profile, triplicate samples were prepared.
The full length of the samples, approximately 5 cm of tubing, was prepared on SEM stubs, and

sample prep and analysis was performed on the Helios SEM device housed in Birck
Nanotechnology Center at Purdue University. Images were collected in %mm increments

longitudinally for all samples within the regions of peak roughening.
SEM analysis is performed to enable observations of the physical morphology of treated

tubing, particularly special protrusions that are generated from surface treatment. A convenient
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characteristic of electron microscopy, sharp edges appear more brightly than smooth surfaces.
Protrusions on the surface of treated tubing appear substantially brighter that the background
surface so, by adjusting the contrast and brightness of the SEM image, the photos taken can be
processed via an image processing app, such as ImagelJ. By doing particle analysis on the images
after careful processing, several key surface morphology characteristics, including protrusion
density, mean size, and size distribution.

The protrusion size distribution function F (D) was defined as follows:

FD) = 3paa

With N being the number of protrusions in a given area, A and protrusion diameters in the range
between D and D + AD. The protrusion number density per unit area was determined then as a 0"

moment of the distribution function:

AN
n, = J-F(D)dD = M

An average protrusion diameter D_p was determined as a 1% moment of the distribution:

— _ [F(D)DdD
P~ [F(D)dD
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Raw image uploaded for Image processing used to Image “thresholded” to make

processing. SEM imaging produces carefully enhance contrast convert to 8-bit, B& W image,
brighter areas around edges. between protrusions and then despeckled and sharpened
Bright spots = protrusions smooth surface to remove noise
. ‘ .
Slice |Count |Total Area |Average Size |%Area | - counts
Plas_40_002tf 74 0573 0.008 1.362 |_’ 6.91+10 2

Image is processed and a count is produced. The scale bar on the image is used as a reference to find the
area in the image, and the count is divided by that area, in mm

Figure 2.10 Diagram describing the process of interpreting the micro-scale surface morphology
features, including density, mean protrusion size, and size distributions using ImagelJ
Surface roughness can further be quantified by approximating the height of individual
protrusions from the mean diameter of the protrusions based on the observed average aspect ratio
of width to weight from a selection of cross-sectional images. A standard metric of surface

roughness, R, is typically calculated by the surface integral

1
R, = Z#IZ(x,y)l dy dx

where A is the surface area under observation, and z(x, y) is the discreet height f the surface at a
given point. With approximations based on the given aspect ratio, and assuming that no significant
roughness is contributed by the interstitial space between protrusions, this equation can be

transformed into a numerical summation approximation given by
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R, =

n

Va
i=1
where V}, is the approximated volume of individual protrusion, n, in the area under inspection. R,
values are further correlated to industrial standards for roughness, providing practical comparisons
to standard definitions for surface finishes. Table 1 shows the ISO-defined roughness grades with

matching SI and imperial values of R,,.

Table 1: ISO standards for roughness; ISO Roughness grades with corresponding R, values in SI
and imperial units [53].

ISO Roughness R, um R, pin
Grade
NI2 50 2000
N1l 25 1000
NI10 12,5 500
N9 6.3 250
N§ 3.2 125
N7 1.6 63
N6 0.8 32
N5 0.4 16
N4 0.2 8
N3 0.1 4
N2 0.05 2
NI 0.025 1

2.2.4 Contact Angle Techniques

A key metric for the measurement of surface modification is surface wettability. There are
many conventional means by which wettability is measured. One of the most common means of
measurement of wettability is water contact angle. Conventionally, water contact angle is
measured via a droplet test on a flat surface. Unfortunately, due to the highly confined volume of

the small-diameter tubing under investigation in this study, conventional droplet tests were not
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feasible, and as an alternative, a series of alternative investigations were performed, including
initial qualitative measurements confirming the wettability changes induced by plasma treatment
relative to an untreated sample, and then more in depth studies into the effects of plasma
parameters on wettability as well as the retention of wettability effects as a function of time after
treatment.

The measurement of wettability induced by plasma treatment is performed by measuring
the contact angle on the inner surface of the tubing. After tubing treatment, 1-5 uL of DI water was
introduced to the open face of the tubing using a low volume insulin syringe, producing small
droplets on the needle which is then drawn into the tubing via capillary action. DI water is not
forced into the tubing using the syringe due to potential variation induced by induced pressure
gradients from manual injection. Because of the narrow diameter of the tubing, the optical
distortion near the inner walls of the tubing is difficult to accurately image. To approximate the
true contact angle, images are taken of the tubing, and a “best fit” of the arc of the meniscus is
drawn, approximated as a section of an ellipse. The image is then translated to a droplet drawn
from the flat lower line of the imaged meniscus, and the droplet contact angle is directly
extrapolated via an ImageJ plug-in. The value returned from Imagel is then converted to the true

contact angle of the meniscus by the simple equation:

0 = Omen = Oarop — 90°
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Figure 2.11 Diagram of experimental setup for microscopy analysis of wettability of tubing ID
via meniscus imaging
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Figure 2.12 Diagram describing the process of determining the contact angle of the meniscus
imaged on the inside of LDPE tubing using Imagel
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3. RESULTS

3.1 Development of Atmospheric-Pressure DBD Plasma Treatment System for the Inner

Surface of Polymer Tubing

3.1.1 Plasma Jet Treatment Apparatus

At the onset of the design of the plasma apparatus, it was originally conceived that an
existing plasma jet could be adapted to operate as a staging element to test the feasibility of the
plasma system. The original system consisted of a segment of PTFE (Teflon) round bar of
approximately 17 diameter by 2” length with a thru-hole bored to allow for a single HV 10 kHz
electrode to pass into an enclosure created by a quartz glass converging nozzle, as well as a
secondary hole for a working gas to pass through. The quartz glass nozzle was designed to act as
a containing volume for a plasma discharge to initiate in and eject a “streamer” of plasma into free
air. The plasma was generated using a CHT-1309A High Voltage Power supply, with a simple 10
kHz output. In the original setup, a section of Teflon or LDPE tubing was positioned a few
centimeters from the outlet of the quartz nozzle, and the plasma streamer was permitted to

penetrate the end of the tubing.

High voltage electrode

LDPE/PTFE tubing Plasma jet

o \

Treatment area\

Figure 3.1: Basic diagram of the helium plasma jet arrangement for PTFE and LDPE treatment.
As is readily apparent, the treatment area is functionally limited by the length that the streamer
will extend before it dissipates.
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Figure 3.2 Early iteration of plasma treatment apparatus via plasma jet, used for troubleshooting
and analysis of plasma effects. Here, a small (~3 mm) section of tubing is suspended by nylon
wire and an APPJ is impinged on the outer surface of the tubing.

While initial testing was beginning to generate promising results, it quickly became apparent
that any efforts at homogeneous treatments over lengths of tubing greater than a few centimeters
would be functionally impossible. Additionally, our plasma jet (or pencil, as it is sometimes called)
was unable to adequately penetrate tubing of moderately small internal diameter. As a result, effort

in the development of an entirely new system was necessary to eliminate anticipated issues with

heterogeneity and surface treatment control.

3.1.2 Dielectric Barrier Discharge Treatment Apparatus

In the process of developing an apparatus capable of performing treatments of reasonable
homogeneity, several design schemes were considered. The final design that was selected was
chosen for its simplicity and robustness as well as to take advantage of convenient material
properties of the tubing in use, namely, its characteristics as a dielectric. An apparatus was
developed that would operate as a modified dielectric barrier discharge (DBD).

DBD plasma has been regularly employed in polymer surface modification processes, but

typically in parallel plate arrangements and usually in low pressure/vacuum conditions. In this
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system, the working gas, usually helium, is flowed into the tubing from a tank, and the tubing
material is used as the dielectric through which the electric fields generated by special ring
electrodes penetrate. The result is a totally enclosed helium plasma discharge. Along with the 1
cm long, Teflon insulated high voltage electrode, additional ring electrodes were added on either
side of the system to act as additional control points to increase the functional range of the plasma

and intensify the plasma in the treatment area.

Plasma
inside the
tubing

Plasma
outside
the tubing

Figure 3.3 Left: Initial test of DBD tubing by APPJ impingement on a quartz glass tube with He
gas flow. Right: Modified arrangement of atmospheric pressure DBD treatment apparatus,
simplified by the removal of the APPJ with a HV electrode operating at 10 kHz.

Several iterations of this design were implemented. From the start, the system used the
same power supply as the helium plasma jet (CHT-1309A High Voltage Power supply), but after
some considerations regarding the repeatability and reliability of such a simple power supply, it
was later determined that the system would benefit from a more robust power supply, and a
laboratory-grade system, the Coronalab CTP-2000K Plasma Generator, was implemented. The
system was capable of generating identical 10 kHz waveforms, but with much better precision and

accuracy in peak-to-peak voltage outputs through the use of a dedicated transformer as opposed to

simple voltage inputs in the previous system.
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Voltage & Current Characteristic Waveform for Plasma Discharge
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Figure 3.4 Characteristic voltage and current waveforms for DBD plasma apparatus under
operation. Plasma discharge events are boxed in red. Other spikes are noise from other sources.
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Figure 3.5 Characteristic power consumption waveforms for DBD plasma apparatus under
operation. Plasma discharge events are boxed in red. Other spikes are noise from other sources.

3.1.3 Experimental Observations from Pin Electrode and Electrode Contact

Early testing with the DBD apparatus showed promising results in terms of demonstrating
control over surface morphology and wetting characteristics, in particular the variety of
characteristics achievable by one treatment platform. However, concerns arose over the time-scale

necessary to achieve desired morphologies, as well as the capability of the system to produce more
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densely roughened surface features, and efforts were made to determine modifications to the
system that could accelerate the treatment process and densify the resulting morphologies.

It had already been determined that a simple increase in voltage was not sufficient to
decrease treatment time for equivalent results or increase roughness, but rather that a specific
regime of voltage parameters was necessary to produce the certain morphologies. In fact, voltages
above a certain threshold or exposure time were at times observed to either remove morphologies
already present or failed to produce morphologies at all.

As an alternative, ground electrode geometry and contact were explored as a means to
expedite and intensify the formation of desired surface features, and two experiments were
performed to investigate the impacts of these factors. To explore the impacts of the total contact,
or sharpness, of the ground electrode, a simple copper pin was fabricated in the lab, and positioned
in direct contact with the tubing 1 cm away from the high voltage (HV) electrode in the
longitudinal direction of the tubing. This test was intended to identify how the intensification and
concentration of electric field lines would impact the surface morphology of the tubing in the

region of contact.

Tubing

- Grounded Copper Pin

Figure 3.6 Schematic of the pin electrode experiment for the analysis of surface morphology
impacts from the concentration of electric field lines to a discreet point on the tubing.
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Tubing was treated in this special arrangement for 60 seconds, an exposure period 30x less
than the standard treatment profile of 30 minutes, at voltage levels commensurate with the standard
treatment profile. During treatment, plasma discharge about the pin electrode was observed to be
noticeably brighter than that of the standard ring-shaped ground electrodes. After the treatment, at
the interface of the pin electrode and the tubing, a small, ~ 200 um opaque spot was clearly visible
on the inner surface of the tubing, and the peripheral area around the point of contact was observed
to be slightly more opaque than an untreated sample of tubing. After the treatment, qualitative
surface morphology analysis was performed via SEM for several samples.

SEM analysis showed extreme morphological changes on the inner surface of the tubing
about the point of contact of the ground electrode. Large raised features, ~ 4 um in height, were
observed, forming a circular patter about the contact point of the pin. There surface features were
unique to previously observed “protrusion” morphologies characteristic of the ring-electrode
treatment, demonstrating much larger ratios of height to top-down surface area and, interestingly,
were extremely flat, forming plateau-like structures rather than the more random, jagged
morphologies of other treatment profiles. Further, the space between these plateaux presented as
canyon-like. The surface height of these canyons was observed to be at the same apparent height
of the surrounding tubing, indicating that these morphologies may be emergence events rather than

surface etching.
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Figure 3.7 Resulting morphology about the point of contact of the pin electrodes. ~4 um
plateau-like features were observed, with distinct canyon-like valleys between the features that
were observed to be at the same heigh as the surrounding surface further away from the point of
contact.

In the regions more distant from the point of contact of the ground electrode, but not in the
far-field region, less than a few millimeters longitudinally from the pin contact point, additional
morphologies were observed that were observed to be more consistent protrusion morphologies
that have been observed in other treatment profiles and are similarly assumed to be emergences

rather than features formed from etching. The protrusions were measured in heights ranging from

50 — 500 um, with roughly proportional widths.
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Figure 3.8 Other morphologies observed in the distal regions of the tubing about the point of
contact. These protrusions were observed to be similar to other morphologies observed in the
standard treatment profiles.

The results from the pin electrode test confirmed that extreme morphologies could be
generated and that treatment times could be reduced by narrowing the ground electrodes. However,
the results of these treatments were highly heterogeneous, and required further development for
adaptation into the apparatus for practical applications.

In addition to the pin electrode treatment, a further test was performed to analyze the effect

of electrode contact on surface morphology. In this test, an electrode was fabricated with identical
thickness of the standard electrode apparatus, but with a 63—4 ” thru hole for the tubing to pass though.

This permitted almost zero clearance for the tubing, allowing for uniform tight contact of the
ground electrodes to the tubing, while keeping all other parameters of the electrode geometry
constant. Samples were treated in identical fashion, with voltage and treatment time being kept
constant.

Similar to the pin electrode test, plasma discharge about the ground electrodes were
observed to be noticeably brighter than the loose electrode arrangement, and the tubing from the

tight electrode arrangement was notably more opaque than the loose arrangement, though the
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opacity presented over a shorter length of tubing, indicating that the region of treatment had been
tightened about the electrode. After treatment, samples from both arrangements were prepared and
analyzed under SEM.

SEM analysis showed that the treatment from the tight electrode produced a substantially
more densely roughened surface. Rather than protrusions of roughly 0.5 um presenting with
substantial interstitial space as observed in the loose hole arrangement, the morphology of the

tightly fitted electrode was substantially more heterogeneous on the micron-scale.

54800 10.0kV 9.4mm x5.02k SE(U)

Figure 3.9 Left: Characteristic morphology of the plasma treatment in the loose-fit arrangement.
Right: Characteristic morphology of samples produced from the tight-fit arrangement. Increasing
electrode contact results in a much more substantially densified surface profile.

The results of these two tests were used to inform further modifications to the plasma
treatment apparatus. By improving the consistency of the contact of the ground electrodes radially
on the tubing, and reducing the total contact of the electrodes on the tubing, it was supposed that
more extreme, dense morphologies could be produced on a shorter time-scale than previously
possible. This capability would allow for a spool-fed tubing treatment capability to produce

homogeneous morphologies on arbitrary lengths of tubing, enhancing the scalability and

applicability of the treatment apparatus.
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3.1.4 Modifications to System

To widen the capabilities of the system and further enhance the homogeneity of the treated
tubing, several additional modifications were made. To implement more capability in gas control,
a second Alicat MC-200SCCM flow controller was added, operating with 20 psi of upstream
pressure, and specially tuned for each type of working gas. The addition of a second flow controller
provides capabilities to inject seed gas as a partial flow fraction of the working gas, Helium.
Several working gasses were considered for use in this system, including oxygen, nitrogen,
ammonia, and dry air. In practice, there is functionally no limit to the gas type or the variety of
mixtures that can be used as a seed gas in the working gas. The only limitation is the dampening
of the plasma discharge induced by gasses that have greater breakdown thresholds, such as oxygen.
For example, it was observed that arcing between the high voltage electrode and the ground
electrodes occurred before DBD breakdown inside of the tubing at oxygen flow ratios greater than
5% of the helium flow.

Observations were made that sharper ground electrodes and consistent contact between the
outside walls of the tubing and inside walls of the electrodes significantly impacted surface
morphology. Simple changes in electrode geometry produced more substantial morphological
changes on the inner surface of the tubing and reduced the treatment time necessary to produce
equivalent surface morphologies observed in the previous setup, which used loose, wider ground
electrodes. As a result, implementations were made to modify the ground electrodes to improve
their performance. The electrodes were replaced with thin sheets of copper with carefully drilled
thru-holes using a 3/64” drill bit to most closely match the OD of the tubing in use. The results of

these modifications will be more closely discussed in following sections.
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Figure 3.10 Modifications made to the ground electrode to intensify and expedite the formation
of morphologies of interest, and allow for implementation of a spool fed treatment profile for
improved homogeneity of surface morphology. Left: Treatment arrangement “A” Right:
Treatment arrangement “B”

The final major modification to the system was the capacity for linear translation of the
tubing through the working section of the apparatus. The initial intended solution was the
implementation of two bobbins (one to feed and one for uptake). Due to space constraints and to
remove unnecessary mechanical complexity, it was instead decided that a linear actuator would be
used. The “feed” system is comprised of a gantry with a counterweight to provide tension in the
tubing, and a carriage mounted on a worm gear, driven by a stepper motor, with a clip for the
tubing to attach to. The stepper motor is operated by a 12 volt power supply connected to a timer
relay to provide step control. Because the treatment time necessary for the production of desirable
surface effects was long relative to the continuous feed speed of the developed system, the motor
was instead programed to make discreet steps of approximately 1 mm, and the time between steps
was programmatically controlled to define the feed rate of the system. The results of these

modifications and their effects on homogeneity will be discussed in more detail in later chapters.
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Figure 3.11 Macroscopic view of total system, complete with oscilloscope, voltage and current
probes, signal generator, stepper motor, mass flow controllers, variable transformer, power
supply, and electrodes. The signal generator was later replaced with a more versatile relay

switch.

3.1.5 Measurement of Latent Power Draw

To streamline the process of measuring the power draw from the plasma discharge only, an
effort was made to identify and characterize the power draw from latent sources in the plasma
treatment apparatus. The intention was to use this system characterization, should it be correlated
to a simple function with a reasonable fit, to directly calculate plasma discharge power by
subtracting the theoretical latent power draw from the total measurements in real-time. This
modification to the measurement process would greatly expedite the process of measuring plasma
discharge power and reduce changeover time between treatment regimes.

To identify and characterize the power draw from sources outside of the plasma discharge,
a series of tests was performed to measure the power draw from the plasma system without plasma

discharge. To achieve this, the tubing was removed from the electrode system, and total power
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measurements were taken using the standard techniques used for power measurements.
Measurements were taken at various peak-to-peak voltage values consistent with the range of
voltages characteristic of the operational ranges under investigation for plasma treatment. Due to
the analog nature of the voltage transformer, it was not possible to achieve uniform step sizes from
measurement to measurement, but a best effort was made to make the step sizes small enough to
capture the macroscopic characteristics of the evolution of the power draw with respect to voltage.
Average power measurements were recorded after an averaging of 1000 samples on the

oscilloscope and was recorded in the plot below.

Power Draw from Latent Sources vs Voltage
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Figure 3.12 Measurements of latent power draw from sources other than the plasma discharge.
The trend of power consumption closely follows a 2"%-order polynomial trend.

The trend of power dissipation from latent power sources as a function of voltage closely

follows a 2"-order polynomial form. The results of this investigation were not surprising, and
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indicates that the dominant source of latent power draw comes from capacitive sources, following
the below modified equation for power draw from a capacitor take from the characteristic equation

for stored energy of a capacitor:

Cv?
2t

where we can assume the capacitance, C, of the latent system to be constant, and the energy is
directly proportional to power as the measurements were all taken over fixed time steps. This
investigation was useful in identifying the dominant sources of latent power draw. The correlation
was successful in predicting plasma discharge power draw directly from the total power draw
measured, but only on the day the correlation was made. Ultimately this correlation was not useful
due to unpredictable variation in system capacitance due to changes in atmospheric composition,
introduction of additional capacitive sources from other experiments in the laboratory
environment, etc. As a result, isolating the power from the plasma discharge was performed by
direct sampling of discharge power with and without plasma present at a fixed voltage, and

calculating plasma power as the difference of the means of those sample sets.
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Figure 3.13 Visualization of the normal distribution of power measurements, with and without
plasma discharge at a fixed voltage.

3.1.6 Summary of Plasma System and Experimental Conditions

The final treatment apparatus was oriented in two arrangements. Both arrangements are
consistent in geometry in all aspects but the ground electrodes that were used. The central high
voltage electrode is 2.2 cm in length, with a 1 mm ID copper tube encased in Teflon insulation.
The spacing between the edges of the high voltage electrode and the ground electrodes is

maintained at 1 cm. The first arrangement, called arrangement “A,” has loose ground electrodes,
% cm thick, and 5.3 mm diameter thru-holes. Arrangement “A” was used for stationary treatment

profiles used for morphology analysis and quantification. Arrangement “B” had ground electrodes
fabricated from 0.1 mm thick copper sheet, with a 1 mm thru-hole for a tight fit of the LDPE
tubing. This arrangement was used with a linear actuator to produce homogenous treatments over

longer lengths of tubing for wettability studies.
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Figure 3.14 Basic diagram of the DBD plasma treatment apparatus. The system was
implemented with two ground electrodes set equidistant from the centerline of the high voltage
electrode for symmetry. The ground electrodes were changed for arrangement “A” and “B” for

different analyses of plasma treatment.

3.2 Plasma Induced Surface Morphology
This section outlines the qualitative and quantitative analysis performed on LDPE tubing
treated by the atmospheric pressure DBD plasma treatment apparatus. Included in this analysis is
a comprehensive analysis and discussion on the presentation of different morphologies produced
by SEM analysis. Additionally, presentation and discussion of three key metrics of the surface
morphology and how they correlate to plasma power, treatment time and total dose, as well as

discussion on the positional impacts of surface morphology relative to the electrode geometry.

3.2.1 Qualitative Observations of Polymer Morphology

A critical, though imprecise methodology for determining the effect of different plasma
treatment profiles was qualitative analysis via SEM. By observing characteristic morphologies
from different plasma parameters and electrode arrangements, we can illustrate meaningfully the

wide variety of surface features that can be generated from this novel treatment apparatus.
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Baseline analysis was performed on untreated LDPE tubing. SEM imaging of the inner
surface of the tubing via longitudinally and axially bisected samples showed little morphological
variation and almost no topographical variance. The surface of the tubing, aside from some small
defects, either from the extrusion process of possible from the preparation of the sample, the tubing
had virtually no observable roughness at 1,000x magnification, and was observed to have mild
“rippling” at a sub-micron scale when imaged at 10,000x. Numerous observations of untreated

samples over the course of this thesis work showed consistent characteristics.

54800 2.0kV x400 SE(M) 100um $4800 2.0kV x1.00k SE(M)
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Figure 3.15 SEM imaging of raw (untreated) LDPE tubing. Top Left: 400x magnification
showing macroscopic presentation of the polymer surface. Top Right: 1,000x magnification
showing intermediate presentation of surface morphology. Bottom Left: 10,000x magnification
showing microscopic surface morphology, including mild rippling/striations commonly observed
on untreated surfaces. Bottom Right: Cross-sectional view of untreated polymer surface,
showing a uniformly smooth surface (no significant protrusions/aspersions).

Throughout the course of this thesis work, numerous surface morphologies have been

induced as a result of varied parameters related to the plasma discharge as well as electrode
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grometry. However, the dominant surface feature that has become of interest, and the primary
morphology type that has been observed, is a distribution of random aspersions, or protrusions,
that have presented in a variety of shapes, sizes, densities, etc. In an effort to highlight
pictographically the broad range of protrusion-specific morphologies that have been observed,

SEM images of a few of the most common morphologies have been curated.

Figure 3.16 A common presentation of surface morphology induced by plasma treatment.
Protrusions vary in density by orders of magnitude, and range in size from 0.1 — 1 um. Samples
were treated with arrangement A for 30 minutes at plasma powers estimated around 20-30 mW/.

Figure 3.16 illustrates the most common morphology that has been observed from plasma
treatment efforts. Here, protrusions present as random apparent emergences from the inner
surface of the tubing. It is theorized that these protrusions are the result of local thermal events
resulting from small defects on the surface of the tubing that can act to enhance the electric field
about the defect. This local intensification of the electric field about the dielectric surface may
act as a highly confined dielectric heating event, inducing a rapid change in the structure of the

polymer leading to an eruption of material from the surface.
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The resulting protrusions have been demonstrated to be repeatably induced by specific
plasma treatment regimes and vary in density and size by orders of magnitude, dependent on
numerous factors related to the plasma parameters and the electrode geometry. These protrusions
are potentially capable of promoting surface adhesion through mechanical interlocking.
Additionally, at certain densities there is potential for the promotion of certain desirable adhesion

and wettability properties, including hyper-hydrophobicity and hydrophilicity.

Figure 3.17 More extreme surface morphology of the same classification as discussed in Figure
3.16. This morphology is more regularly shaped with more stable connection with the surface of
the LDPE tubing. Samples were treated with arrangement B for 30 minutes at plasma powers
estimated around 20-30 mW'.

The protrusions resulting from certain treatment profiles are irregularly shaped and often
have a mushroom cap-like shape, having a large body that narrows to a thin neck at the surface.

This necking has been observed to have strong connection to the surface or be extremely delicate.

The delicacy of these protrusions was demonstrated with a simple flushing of the tubing with
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deionized (DI) water, followed by SEM analysis of the sample after drying. In many cases, the
protrusions were no longer evident, but rather small peaks were observed, evidently remnants from

protrusions separated from the surface by fluid friction.

Flush with !
8 100% DI H,0

Figure 3.18 Left: Morphology of LDPE surface after plasma treatment. Right: Morphology of
LDPE surface after plasma treatment and flush with DI water. Protrusions are clearly reduced in
size and appear less bright, indicating a smoother surface. Samples were treated with
arrangement A for 30 minutes at plasma powers estimated around 20-30 mW/.
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Figure 3.19 Side-on SEM image of protrusions after DI water flush, with cross-section of
original surface boxed in red for comparison. It is evident by this comparison that a simple flush
has removed the bulk of the protrusions as a result of the weak attachment of the protrusions to
the surface.
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A second morphology that has been observed on the surface of treated LDPE tubing is a
more homogenously distributed and dense morphology. These surfaces are highly roughened. The
means of generation of these morphologies is less clear; the morphologies are more likely the result
of surface etching, but may be emergences, similar to the previously described morphologies.
Additionally, these features are more limited in their size and densities, tending to consistently be
~100 nm in diameter with ~1 um interstitial spacing. This morphology does not present with

mushroom-cap bodies, but rather has more solid, sub-micron aspersions.

t WD de e 200 prr . HFW det WD mag
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Figure 3.20 SEM imaging of surface morphologies of a second type induced by the atmospheric-
pressure DBD plasma treatment apparatus. This morphology is more limited in size and density
and is possibly a result of surface etching as opposed to emergences of other protrusions.
Samples were treated with arrangement B on a continuous feed of 2 mm/min at plasma powers
estimated around 20-30 mW.

In addition to morphologies formed at the micron scale, additional surface features were
observed of substantially sub-micron (~10s of nanometers) size. These features were observed in
two primary categories: a dappled, protrusion-like surface with surface striations visible between
them, produced exclusively at very high plasma powers (> 50 mW), and a latticed morphology
with numerous crater formations separated by thin raised walls. The first of these two

morphologies, pictured in Figure 3.21, may be explained similarly to the protrusion morphology

62



discussed at the micron scale, as a result of E-field concentration induced by surface imperfections
in the dielectric material. It can be expected that smaller surface imperfections would be more
densely distributed on the surface. These small imperfections would naturally generate less
concentrated electric fields, and therefore, the resulting surface modification would occur at a

smaller scale.
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Figure 3.21 SEM imagery of nanometer scale surface protrusions induced by plasma treatment at
very high plasma powers, > 50 mW. Protrusions consistently have roughly proportional height
to width ratios similar to the larger protrusions observed at the micron scale. Samples were
treated with arrangement A for 30 minutes at plasma powers estimated around 20-30 mW'.
The second nanometer scale morphology, shown in Figure 3.22, is more commonly

observed, and occurs in most regions of the plasma discharge at low to moderate power (10 —

50 mw), in the interstitial space between protrusions as well as in regions away from electrodes
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where the plasma discharge has weaker interactions with the dielectric surface. This surface
pattern is potentially a result of the formation of a cross-liking layer of polyethylene forming on
top of the more regularly structured bulk material as a result of free radicals in the plasma
medium interacting and restructuring the polymer on a molecular scale. Observations shown in
Figure 3.22 are characteristic images of nanoscale morphology found on the inner surface of
tubing throughout the overall length of the treated tubing, in the regions between the ground

electrodes and the high voltage electrode.
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Figure 3.22 Common nanometer scale morphology induced on LDPE surfaces as a result of
plasma treatment. These morphologies are potentially a result of cross-linking commonly
induced by plasma treatment with neutral gasses. Samples were treated with arrangement A for
30 minutes at plasma powers estimated around 35-45 mW/.
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3.2.2 Impact of Exposure Time on Surface Morphology

LDPE tubing was treated in the Atmospheric Pressure DBD plasma treatment apparatus at
a series of treatment times commensurate with times previously observed to produce interesting
surface features, from 5 — 45 minutes. Samples were treated using the arrangement “A” of the
treatment apparatus. The tubing was kept stationary for the treatment, without any linear actuation.
Samples were treated uniformly at a discharge power of 35 mW, a power level selected for its
consistency in producing substantive protrusion morphologies across a broad range of exposure
times.

After treatment, observations were made of the opacity changes induced on the tubing. For
treatment times of 15, 30, and 45 minutes, significant opacity was observed in the regions on either
side of the ground electrodes, with greater opacity observed on the sections of tube immediately
on the outer edges of the ground electrode. Additionally, at 45 minutes, opacity was observed
around the regions of the tube positioned around the high voltage electrode, though to a lesser
degree.

Figure 3.23 shows SEM imaging of characteristic morphologies of tubing in regions of
peak protrusion density. Surface morphology evolution as a function of time followed a dynamic
pattern. Throughout the evolution of the surface morphology, there are two main phases:
densification, followed by coalescence. The first phase follows similarly to the trends observed in
the power study. From 5 to 15 minutes of treatment, protrusions become dramatically more dense.
However, at 30 — 45 minutes, it is observed that protrusions begin to combine into larger

formations. ImagelJ analysis is therefore perhaps somewhat misleading without these observations.
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Figure 3.23 Characteristic images for peak morphological presentation at a selection of plasma
treatment times for a fixed power level of 35 mW . Surface morphology evolution is more
dynamic, showing a densification phase, and then a coalescence phase that begins at some point
between 15 and 30 minutes.
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Figure 3.24 Trends of plasma treatment time impact on protrusion density at a fixed power level
time of 35 mW. Protrusion density increases substantially during the first phase of morphology
formation, with a shift downwards as protrusions coalesce.
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Figure 3.25 Trends of plasma treatment time impact on protrusion mean size at a fixed power
level time of 35 mW. Protrusion size remains relatively constant as densification occurs during
the first phase of morphology formation, with a significant shift upwards as protrusions coalesce.
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Figure 3.26 shows the impact of treatment time on surface roughness parameter, R,. As
evidenced by visual inspection of the temporal evolution of surface morphology, R, increases
relatively linearly within the time scales observed. Observations of these three parameters of
surface morphology for fixed time and power highlight the importance of using multiple metrics,
as it is extremely challenging to capture the scope of morphology from a single parameter.
Roughness values vary much more significantly as a factor of treatment time, swinging between

values below ISO N1 roughness grade up to ISO N5.
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Figure 3.26 Trends of plasma treatment time impact on surface roughness factor, R, at a fixed
power level time of 35 mW. The more dynamic evolution of protrusion morphology results in a
trend of increasing roughness with time.
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3.2.3 Impact of Discharge Power on Surface Morphology

LDPE tubing was treated in the Atmospheric Pressure DBD plasma treatment apparatus at
a series of power levels within the range of treatment profiles that have been previously observed
to be repeatable, from 9 — 45 mW. Samples were treated using the arrangement A. The tubing
was kept stationary for the treatment, without any linear actuation. Samples were treated uniformly
for 15 minutes, a time selected for its consistency in producing substantive protrusion
morphologies across all plasma powers.

After treatment, observations were made of the opacity changes induced on the tubing. For
all treatment profiles, significant opacity was observed in the regions on either side of the ground
electrodes, with greater opacity observed on the sections of tube immediately on the outer edges
of the ground electrode.

Figure 3.27 shows characteristic images of peak protrusion density for the plasma powers
under investigation. It was generally observed that within the power levels treated, protrusion
density increased substantially with an inverse trend in protrusion size. Quantitative analysis
performed via ImageJ supported these observations. Data collected from image processing showed
trends of surface morphology for varied plasma powers. Surprisingly, at lower plasma powers (9
mW being the minimum threshold for sustained plasma discharge), protrusions were observed to
be substantially larger than at higher plasma powers. Not only were the surface features larger, but
were also more densely clustered as a ratio of the surface area covered by protrusions to total
surface area, with protrusions covering over 40% of the total observed surface in the most extreme

cases, as compared to higher power profiles with coverages of < 10%.
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Figure 3.27 Characteristic images for peak morphological presentation at a selection of plasma
powers for a fixed treatment time of 15 minutes. Protrusion size and density vary inversely with
increasing power.

Figure 3.28 and Figure 3.29 show the trends of plasma power on protrusion density and

protrusion mean size. As can be seen, Protrusion density increases dramatically, changing from
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at power levels from 9 — 45 mW The
density saturated at power levels of 35 and 45 mW, with diminishing increases between power
levels of 35mW and 45 mW. Similar inverse trends can be seen for protrusion size, with

decreases in mean protrusion size from . 25 um? — 0.025 um?, with small increments of change

observed at higher power levels.
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Figure 3.28 Trends of plasma power impact on protrusion density at a fixed treatment time of 15
minutes. Images were taken in regions of 25-27 mm from the centerline of the HV electrode.
Protrusion density increases substantially with relatively small adjustments in plasma power,

with changes of ~3 orders of magnitude across the plasma powers investigated.
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Figure 3.29 Trends of plasma power impact on protrusion mean size at a fixed treatment time of

15 minutes. Images were taken in regions of 25-27 mm from the centerline of the HV electrode.

Protrusion mean size consistently trends inversely with density, with size decreasing by a factor
of 10 across the plasma powers investigated.

Figure 3.30 shows the impact of varied plasma power against surface roughness.
Interestingly, as a result of the inverse relationship of protrusion size and density with power, no
great variation or trend was observed in the modified surface integral used to approximate R,. R,
values vary from 0.04 — 0.1 um or, with respect to International Organization for Standardization

(ISO) grade values for roughness, these values range from N1-N3.
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Figure 3.30 Trends of plasma power impact on roughness factor, R, at a fixed treatment time of
15 minutes. Images were taken in regions of 25-27 mm from the centerline of the HV electrode.
Interestingly, as a result of the inverse correlation of size and density, surface roughness across

these treatment profiles is somewhat constant: 0.04 > R, > 0.09 um.

3.2.4 Effect of Electrode Proximity on Surface Morphology

In the initial testing and characterization of the atmospheric pressure DBD plasma
treatment apparatus, tubing remained stationary in with respect to the electrodes. As a result, highly
heterogeneous morphologies were observed to form in regions proximal to the ground and high
voltage electrode. Figure 3.31 illustrates typical variation of surface morphology change along
short regions of plasma treated LDPE tubing over short (4 mm) lengths in regions near to the
electrodes. The sample was treated at a power level of approximately 40 mW for 30 minutes.
Images were taken in increments of approximately 0.5 mm, in the regions from 30 — 26 mm from
the centerline of the HV electrode. Generally, peaking points for morphology intensity has been

observed in regions of tubing positioned immediately to the edges of the ground and high voltage
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electrodes. This is unsurprising when considering the theory of morphology formation, as electric

fields would be expected to be their most intense in these regions.

Figure 3.31 SEM images of surface morphology variation over 4 mm of LDPE tubing after
stationary plasma treatment. Sample taken from tubing treated in immediate proximity to ground
electrode. Protrusion density changes by several orders of magnitude in a very short region of
tubing as a function of proximity to the electrodes.

To better understand the gradient of morphological formation with respect to electrode
proximity, a series of samples were prepared at a range of power levels, with a fixed treatment
time of 30 minutes. Samples were collected such that analysis could be performed on the region
of tubing located between the outer edge of the high voltage electrode and the inner edge of one
of the ground electrodes (the length of tubing between the red dotted line and black dotted line in
Figure 3.32. Treated tubing was carefully marked to preserve reference points to allow for the
imaged position of a given location in a tube to be correlated to its relative location with respect

to the treatment apparatus. Samples were prepared and observed under SEM, and characteristic

images were taken every % mm along the length of the tubing.
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Figure 3.32 Diagram outlining the regions of interest investigated for the study of electrode
proximity on protrusion density. The red dotted line indicates the edge of the high voltage
electrode, and the black dotted line indicates the inner edge of the ground electrode. The
dimensions of the electrodes in this image are not to scale.

After SEM analysis, ImageJ was used to quantify protrusion density along the length of
the tubing under inspection. Generally, it was observed that the local regions around the edge of
the electrodes displayed peak protrusion density. Figure 3.33 shows distribution of protrusion
number density along z-axis for a sample treated at 10 mW . At this low power level, the lowest
peak protrusion density was observed. Additionally, the smallest variance was observed in the
regions where protrusions presented, with variation in order of magnitude of densities of 10% —
10*, with densities on the order of 10% being the lower threshold of densities that can be observed,

as observation areas are generally smaller than 200 x 200 um. As a result, observation of more
than a few protrusions will result in densities of 100 % or greater.

Similar trends of peak protrusion density to those observed in Figure 3.28 were observed

in this study, with approximately an order of magnitude greater density observed at each power
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level. 25 mW treatment profiles were observed to have peak densities on the order of 10°, 40 mW
densities peaking at magnitudes of 106, and peak densities for 50 mW samples around 5 * 107.
Additionally, consistent patterns were observed showing peaking in protrusion density oriented
around the edge of the high voltage electrode, with a smaller peak clustered around the inner edge
of the ground electrode, with dips in density being observed in regions between the edges.
Protrusion morphology rapidly diminishes to negligible degrees in regions more that a
couple of millimeters inside of the high voltage electrode, likely due to the near negligible electric
field that is expected to be present inside of the ground electrode. More morphologies have been
observed in regions outside of these areas under inspection, but for the purposes of this study, these
data highlight the strong dependence of electrode proximity on mechanical surface modification,
and highlight the necessity for the development of techniques for homogenous treatment for

consistent adhesive and wettability effects.
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Figure 3.33 Effect of electrode proximity on protrusion density at a power level of 10 mW
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Figure 3.34 Effect of electrode proximity on protrusion density at a power level of 25 mW
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Figure 3.35 Effect of electrode proximity on protrusion density at a power level of 40 mW
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Electrode Proximity vs Protrusion Density: 50 mW
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Figure 3.36 Effect of electrode proximity on protrusion density at a power level of 50 mW

3.2.5 Qualitative Observations of Surface Adhesion

In addition to observation on surface morphology, an investigation was performed to analyze
the impacts of surface morphology changes induced by plasma treatment on the adhesion of a
polymer. After plasma treatment, poly(lactic-co-glycolic acid) (PLGA) was coated on the surface
of the tubing via a simple solvent exchange procedure, in which PLGA powder was dissolved in a
cosolvent and, after direct injection into the tubing and an incubation process, precipitated on the
LDPE surface by the introduction of a non-solvent. After the polymer was coated on the surface,

the sample was prepared and analyzed under SEM.
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Figure 3.37 SEM imaging showing adhesion of PLGA to the surface of treated LDPE tubing.
Adhesion is likely induced through multiple mechanisms, but mechanical interlocking is readily
visible at the outer edges of the PLGA mound after retraction induced by heating from the
electron beam.

Under SEM analysis, islands of PLGA were observed on the inner surface of the LDPE
tubing. Islands of PLGA were observed to be more densely populous and generally larger in
regions with greater concentrations of protrusions. On closer inspection, PLGA was observed to
be directly adhering to surface protrusions at the outer edges of the islands. When the voltage of
the electron beam of the SEM was increased moderately, the PLGA islands contracted, and at the
points of contact where the protrusions were observed to adhere to the coating polymer, a clear
retention of the adherence to the tubing was observed. In addition to observations made of adhesion
at the micron scale, several observations were also made of surface adhesion of PLGA on the
nanometer scale. These observations demonstrate the evident capacity of protrusions induced by
the atmospheric pressure DBD plasma treatment to enable surface adhesion via mechanical

interlocking.
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Figure 3.38 Additional SEM imaging showing mechanical interlocking of PLGA on both
micron-scale protrusions as well as smaller nano-scale surface roughening

3.2.6 Initial Observations of Continuous Spool-Fed Treatment

While initial observations of surface morphology were performed in a “stationary” treatment
profile, the heterogeneity of surface treatments was clearly incompatible with potentials for
industrial applications. To improve the uniformity and scalability of surface treatments,
modifications were made to the plasma treatment apparatus to enable linear actuation for semi-
continuous treatment of lengths of tubing in increments of 30 cm. The modifications included the

implementation of a stepper motor mounted to a worm gear and stage that could be attached to the
tubing and enable discreet linear movement of tubing in increments of %mm. In addition to the

addition of actuation, the ground electrodes were replaced with thin, tight electrodes to enhance
surface treatment effects induced by the treatment process and enhance the rate at which treatment
could be performed to induce equivalent morphologies.

An initial set of samples was prepared at a feed rate of 2 mm per minute, a speed selected to
allow for any local point of tubing to be exposed to the plasma environment, from ground electrode

to ground electrode, for approximately 30 minutes. After the treatment of the samples, SEM
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analysis was performed. When compared to the highly heterogeneous morphology induced by
stationary treatment, as can be seen in Figure 3.39, the morphology induced in the actuated system
demonstrated vastly improved homogeneity. Samples treated in lengths of upwards of 30 cm were
found to display consistent morphologies at any random point selected along the length of the
tubing, corresponding to local observations of samples treated at 15-30 min at 20-45 mW, with

only small variation (5-10%) observed from point to point.

. HFW  Aperture tilt 7/
D 635 pm 45 um 0.0 * 824553 AM ETI

Figure 3.39 Left: SEM imaging emphasizing the high variability of surface morphologies
induced by stationary plasma treatment. Right: 4 SEM images taken at random locations along a
30 cm treated sample. Linear actuation successfully and substantially improved the homogeneity

of surface morphologies induced by plasma treatment.

After demonstrations of the homogeneity of the treatment apparatus, additional treatments
were performed at 1, 2, 5 and 10 mm/min to examine their impact of surface treatment at a fixed
power of 15 mW. Figure 3.40 shows the surface morphology characteristics resulting from varied
feed rates of 1 — 10 mm/min. Unsurprisingly, as feed rate was decreased, analogous to increased
treatment time in stationary treatment profiles, surface morphology was more dynamically

changed relative to an untreated sample. The lower threshold for treatment at which morphological
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changes were observed was 10 mm/minute, with more extreme morphologies induced at slower

feed rates.
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Figure 3.40 Surface morphology presentation of several feed rates at a fixed power level. Surface
morphology becomes more extreme as feed rates are reduced. Feed rates of 10 mm/min were
generally the threshold for visibility of surface morphology changes relative to an untreated
sample.

3.2.7 Discussion of Surface Morphology Results

In investigating surface morphologies, it was observed that the unique design of this system
enabled plasma treatments that produced surface profiles of characteristics not found in
contemporary literature. Surface morphologies similar to those observed in Figure 3.21 and Figure
3.22 have been cited in contemporary literature, though not identical. Through the use of selective
films and plasma etching, Piliyalil et al and others were able to generate interesting surface

morphologies similar to those we have observed at the nanoscale [22], [54]. Additionally, similar

82



surfaces were observed to be produced by RF plasma treatment on PMMA, PEEK, and PTFE [55],
[56]. Beyond these observations of nanoscale surface roughening, no examples have been
identified of direct surface roughening by plasma treatment that have been able to generate surfaces
with such extreme morphologies, some of which are comparable in regularity and size to pattern
transferred surfaces.

The morphologies generated on the surfaces of the LDPE tubing was demonstrated to be
heavily impacted by small variations in plasma parameters, and a clear factor in the production of
the surface features was the electrode geometry. Seemingly as a result of the unique electric field
patterns generated by the ring electrode geometry, these protrusions are forming in those regions
where electric fields are more focused, around the edges of the ring electrodes. One potential
explanation centers around well studied effects of surfaces in the presence of strong electric fields.
Micro and nano-scale surface defects in the presence of an electric field can act to focus and
intensify local electric fields about those defects [57]. These local fields may act to alter the local
structure of the surface of the polymer by highly local heating, inducing reordering of the polymer
material and inducing a sudden reduction in the density, leading to an emergence. Little literature
into the effects of single polymer block materials has been performed to investigate electric field
effects on orientation and alignment outside of thermodynamic effects. The physical parameters
that influence the dynamic evolution of the polymer surface are likely complex and multi-faceted,
warranting in-depth investigation. Further, more work needs to be done to explore the
microfluidics, adhesive properties, etc. of these surface features, but the wide variety of surface
morphologies that have been repeatably produced by this single plasma system lays a foundation
for a broad range of applications, including biocompatibility, biomimetics, antibiofouling,

wettability modification, and so on.
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Additionally, it was extremely interesting and promising for the capabilities of the protrusion
morphology formed from the plasma treatment process to demonstrate evidence for mechanical
interlocking of PLGA. This evidence directly demonstrates the adhesion properties that can be
embedded on polymer surfaces by this treatment process. Aside from the mechanical adhesion, it
is commonly understood that radicals produced in the plasma treatment process produce functional
groups that also promote adhesion. Further, simple addition of seed gasses like O, could potentially

enhance functionalization for specific purposes.

3.3 Investigation of Plasma Treatment on Wetting

3.3.1 Qualitative Observations of Surface Wetting

The earliest efforts at investigation of surface wettability changes induced by plasma
treatment was a simple droplet test. For this test, a section of untreated tubing, in addition to a
section of tubing treated at 25 mW for 30 minutes, were bisected, and a small droplet of water was
introduced to the inner surface of the tubing. The untreated tubing formed a substantial droplet
when DI water was introduced and remained in place without substantial dissipation into the
channel. The treated sample was immediately wetted by the droplet of DI water, and readily spread
out in the channel. Attempts at direct measurement of contact angle proved extremely challenging,
as water droplets of sufficiently small size were functionally impossible to repeatably produce with
equipment available, and water in the channel of the treated sample spread out quickly, causing

the water layer to thin out rapidly in a few seconds.
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Figure 3.41 Initial observations of wettability from a droplet test performed on the inner surface
of a cross-sectioned untreated and treated LDPE sample, demonstrating improved hydrophilicity
induced by plasma treatment.

After modifications to the experimental procedure, methodology was developed to
measure the contact angle of the meniscus formed on the inner surface of the tubing. DI water was
introduced to a section of tubing mounted to a test stand, with a digital microscope mounted
perpendicular to the tubing with a backlight used to refine the features of the meniscus. Efforts to
image water contact angle using this methodology proved extremely successful, with very little

variability in contact angle measurements collected via image processing.

Figure 3.42 Microscopic imaging of meniscus formation on the inner surface of treated and
untreated tubing, highlighting the significant shift in water contact angle used to measure
wettability effects induced by plasma treatment.
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3.3.2 Time Decay of Wettability Effects

An important factor in surface modification is the retention of wettability effects as a
function of time. To explore these effects, a series of tests were performed. A 24-hour study was
necessary to identify with fineness the temporal dynamics of wettability after plasma treatment.
To accomplish this, two tests were performed, one 16- hour study, and one 24 hour study. For this
study, as with previous wettability studies, triplicate samples were prepared for each time step to
eliminate the wetting factor on contact angle measurements.

Figure 3.43 and Figure 3.44 shows the dynamic wetting trends revealed from these studies.
In the 16-hour study, nonlinear behavior was observed in the first 8 hours of the study, with an
initial drop in contact angle, indicating that there is an initial increase in wettability in the first few
hours after treatment. After this drop, contact angle measurements rose to roughly 15° above the

initial contact angle, reaching a steady-state similar to those made in previous longer-term studies.
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Figure 3.43 Time decay of wettability via water contact angle measurements from a plasma
treated sample for the first 16 hours after treatment. Trends indicate an interesting nonlinearity in
wettability in the first several hours after treatment, with an initial drop in contact angle before
increasing to a steady-state.
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The second study involved the production of a substantially larger set of samples, enabling
a longer time study with more refined time steps. Int this study, the same trends were observed,
with an initial increase in wetting characteristics in the first several hours after treatment, followed
by a return to a steady-state contact angle of roughly 15° above the initial contact angle after 12
hours. Observations from these two studies reveal two key wettability features of the plasma
treatment process: contact angle change follows a nonlinear trend, with an initial increase in
wettability in the first few hours after treatment, and transient wettability features fade nearly

completely after 12 hours post-treatment.
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Figure 3.44 Time decay of wettability via water contact angle measurements from a plasma
treated sample for the first 24 hours after treatment. Trends continue to demonstrate nonlinearity
in wettability in the first several hours after treatment and show that a steady-state is reached in
the first 12 hours after treatment.
Observations were made through the process of these studies that a significant shift in
contact angle occurred after the surface of tubing was wetted. Two theories were posited to explain

this phenomenon: wettability decay occurs in a time scale shorter than 24 hours, or the process of

wetting removes transient wetting effects, such as functional groups or surface charging. To test
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the first theory, triplicate samples were prepared on the actuated treatment system. After treatment,
samples were wetted, and then subsequently dried using neutral helium gas, and then wetted again.
Measurements of contact angle were taken after each wetting, with less than 10 minutes passing
between each measurement. Data taken from this test, illustrated in Figure 3.45, showed a near-
identical shift in contact angle as observed between the first two time steps in the first time decay
study. This observation clearly indicates that wetting the surface has a significant impact on the

wettability of the tubing surface.
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Figure 3.45 Investigation into shift of contact angle for a plasma treatment after a first and
second wetting, compared to an untreated sample. Samples were treated at 15 mW at a feed rate
of 2 mm/min
Identical samples were produced to compare the contact angle shift of temporal decay
relative to the contact angle shift induced by wetting. For this study, a large population of plasma

treated samples were produced at identical conditions such that samples were not reused. After 24

hours, well after the 10 hour time frame necessary to reach steady-state, a nearly identical shift in
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wettability was observed as compared the contact angle shift induced by a first wetting. For
assurance, additional data points were taken at 2 and 4 days to ensure no significant variance in
contact angle from additional decay was occurring. These observations enabled the development
of an experimental protocol to use a first wetting as a means of artificially inducing steady-state
wetting characteristics. For studies performed in section 3.3.3, these methods were applied to
investigate both initial contact angle, 6,, and steady-state contact angle, fs¢, without waiting for

steady-state to be reached through natural decay.
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Figure 3.46 Time decay of wettability via water contact angle measurements from a plasma
treated sample. No samples were re-used in this study. Again, no substantial change in
wettability was observed after the first 24 hours.

333 Impact of Discharge Power and Feed Rate on Wettability

In addition to studies in the time decay of wettability induced by the plasma treatment
process, additional tests were performed on the effect of discharge power and feed rate on

wettability. By taking advantage of previously observed phenomena of the removal of transient
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wettability effects by an initial wetting, measurements were made for initial contact angle as well
as the steady-state contact angle.

For the investigation of plasma power on wettability, power levels of 7 to 40 mW were
selected, accounting for the general range of previously observed power levels, from the minimum

sustainable discharge power up to the upper limit of useful plasma discharge. For all power levels,
samples were fed through the apparatus at a fixed feed rate of 2 mm/min with a step size of % mm.

Figure 3.47 shows the results of the effects of the power study. Initial contact angle measurements
showed little variation in the initial wetting effect of the plasma treatment process, with average
contact angles of ~20° — 26°, with no statistically significant difference observed. However,
measurements of the steady-state contact angle indicated an interesting pattern.

At low power levels, steady state contact angles returned to values approaching those of an
untreated sample, while greater power level regimes showed increased degrees of retention of
wettability effects. This is likely due to the duality of transient vs permanent wettability. Permanent
wetting features in this treatment profile are likely dominated by surface morphology. Very likely,
treatment profiles at higher power levels are generating favorable surfaces for wetting, while lower
power profiles are either generating no significant surface changes, or the surface changes induced
are comparably hydrophobic to an untreated sample. The combination of transient and permanent
wetting effects may be approaching the upper threshold of contact angle achievable in the channel
where surface energy of the fluid-surface interface are no longer significant enough to drive a
greater radius of curvature in the confined volume. However, these results do highlight the
tunability of surface wettability and wetting retention post-treatment, up to and including full

hydrophobic recovery to untreated wetting characteristics.
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Figure 3.47 Impact of discharge power on wettability at a constant linear feed rate of 2 mm/min
via surface contact angle for initial contact angle, 8, (Top) as well as steady-state contact angle,

Oss (Bottom). While no significant variance is observed in the initial contact angle, there is a
significant retention in wettability effects at higher power levels.

3.3.4 Discussion of Wettability Results
While early attempts to perform tubing ID wettability tests comparable to those performed
by Chen et al [58] ultimately proved unsuccessful, alternative measurements of meniscus geometry

proved to be a consistent means of measuring wetting characteristics, with consistent
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measurements between triplicate samples. One key observation from these wettability studies is
the nonlinear wetting behavior in the first several hours after treatment. Behavior like this has not
been observed in literature, though wetting decay studies on an hour-by-hour basis have rarely
been seen. This temporary increasing in wetting perhaps indicates a more complex surface
chemistry that evolves as it mixes with air before eventually decaying. It would be of interest to
perform additional studies into the surface chemistry of the treated tubing at a few key time steps
after treatment.

In addition to the nonlinear development of wetting characteristics, another interesting
observation was the dependence of surface treatment on the retention of wettability effects. It is
evident that this treatment process has capability to control to some degree the amount of surface
wettability that is retained by the LDPE tubing, up to and including a full reversibility of wetting
characteristics at low power levels. This too, like the broad range of surface morphologies
produced by tuning plasma parameters and electrode geometries, potentially has extensive

industrial applications. 6,
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4. CONCLUSION AND FUTURE WORK

4.1 Summary and Conclusion

The body of this thesis outlines the development, design iterations, and characterization of
a novel atmospheric-pressure DBD plasma treatment apparatus for the isolated treatment of inner
surfaces of polymer tubing. In the characterization process, numerous factors related to electrode
geometry and plasma parameters are outlined as critical factors influencing the morphology
generated as well as the adhesive and wetting properties of the surface.

Section 3.1 covers the development and design iterations of the atmospheric-pressure DBD
plasma treatment apparatus, including the characterization of the system electrically, and
improvements made to enhance the development of morphologies of interest as well as reduce the
time required to perform said treatments. The section concludes with a detailed overview of the
apparatus’ key functional arrangements and provides definitions for these arrangements for
reference further in the work.

Section 3.2 details the works in surface morphology characterization for the system,
beginning with a qualitative overview of morphologies observed. The section then details results
from cross-sectional studies of plasma power and treatment time on protrusion density, mean
protrusion size, and roughness. For fixed power, it was observed that protrusion density increased
dramatically from 5-15 minutes, and then began to coalesce from 30-45 minutes. For fixed
treatment time, and inverse relationship was observed between density and size, with density
increasing with increasing power. Roughness values of ISO standard N1 to N5 were observed
across the samples under investigation. Then, this section covers the relationship between
electrode proximity and protrusion density. Protrusion density was observed to be significantly

higher in regions proximal to the edges of the ground and high voltage electrode. Finally, the
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section covers some qualitative observations of adhesion of PLGA on the inner surface of the
tubing, and observations are shown from characterization efforts for a spool-fed linear actuation
of the LDPE tubing. PLGA adhesion is demonstrated through mechanical interlocking between
the PLGA matrix and protrusions induced on the surface of the tubing. It is finally demonstrated
that an actuated, spool fed system is capable of performing plasma treatments with highly
homogenous surface morphologies comparable to local morphologies achieved in the stationary
treatment profiles.

Section 3.3 covers characterization of surface wetting induced by plasma treatment. The first
observations were to characterize the temporal decay of surface wetting. It was observed that
wettability increased dynamically in the first few hours after treatment, and then rapidly reduced
to a steady state at 10 hours. Lastly, observations of the impact of plasma power on wettability
was presented. No significant difference was observed in meniscus contact angle with increasing
power for initial contact angle measurements. It was observed that at low powers, less than 10
mWW, wettability nearly completely returned to the untreated hydrophobic wetting state, and at

higher powers, significant retention of wettability was observed after steady-state was reached.

4.2 Future Work

4.2.1 Analytical Techniques

As a logical progression of research into scalable plasma treatment in confined dielectric
volumes, several analytical approaches are proposed for future work for completeness and
scientific interest. In the interest of understanding the species in the plasma medium, it is important

to perform emission spectroscopy at a variety of discharge power levels, as well as with a variety
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of gas mixtures of interest, potentially including O,, N,, atmospheric air, ammonia, CH,, CF,, and
so on as seed gasses in Helium.

For the improved understanding of surface modification, both mechanically and
chemically induced by plasma treatment, several procedures are recommended. Atomic Force
Microscopy (AFM) should be performed to enable more refined measurements of the topography
of the surfaces generated by plasma treatment, allowing for the presentation of 3D models of
surfaces as well as more precise calculations of surface roughness parameters, and enabling the
calculation of more complex roughness parameters. Additionally, X-ray Photoelectron
Spectroscopy (XPS) should be employed for analysis of functional groups generated as a result of
plasma treatment for a variety of treatment profiles, gas compositions, etc.

Investigation of wetting, adhesion and roughness effects can be further expanded to include
additional mechanical analyses. For the investigation of surface roughness on adhesion, axial and
translational pull-tests can be performed on treated surfaces coated with an adhesive polymer.
Fluid dynamics tests (Darcy friction factor) should be performed to characterize the hydrodynamic
roughness induced by different treatment profiles and how those factors impact volumetric flow
rate for fixed fluid pressures. Wetting can be further characterized with contact angle behavior of
additional solvents of interest, and further tests investigating capillary rise and its relationship to

contact angle can be performed.

4.2.2 Improvements to Treatment Apparatus

A variety of changes to the plasma treatment apparatus have been recommended to improve
performance factors such as scalability, homogeneity, plasma discharge control, and variability of
application. A first simple modification that has been suggested is the introduction of an arbitrary

number of alternating ring electrodes (GND/HV/GND/HV.../GND) to increase the total active
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length of the treatment apparatus, and thereby improving the time necessary to treat longer lengths
of tubing. Figure 4.1 shows an early concept demonstration of a multiple alternating electrode

concept, allowing for simultaneous exposure of 30 cm of tubing to the plasma environment.

Figure 4.1 Early prototype of alternating ring electrode atmospheric-pressure DBD plasma
treatment apparatus, with 30 cm of total treatment length.

To improve the dynamic capability of the treatment apparatus to operate with a more
dynamic range of tubing materials and sizes, adaptions to the system are being applied to replace
the ground and high voltage electrodes with conductive variable diameter apertures, with aperture
sizes ranging from 0 — 1 in. This will enable consistent analysis of treatment with a tight fitted
aperture for a wider range of tubing, however, due to the mechanical complexity of the apertures,
concerns have surfaced regarding potential issues with corona discharges and internal reflections,

and further work is needed to fully enable this capability.
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Figure 4.2 Example of a variable aperture similar to those proposed for implementation in future
iterations of the atmospheric pressure DBD plasma treatment apparatus.

To improve the repeatability and reliability of the linear actuation of the plasma treatment
system, a more refined, spool-fed actuated mechanism s proposed. It has been noted that traditional
stepper-motor driven spooling systems are generally unable to drive feed rates at levels low enough
to replicate experimental processes currently being performed. As an alternative, a capstan-driven
servo motor spooler system is proposed to enable ultra-low feed rates as slow as 1 mm/min, as
well as more rapid feed rates as work is performed to enable higher feed rates with desirable

modification results.
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Figure 4.3 Capstan-driven servo motor proposed for improved control and repeatability of ultra-
low feed rates necessary for the plasma treatment profiles under investigation.

Finally, to improve the controllability and repeatability of the plasma discharge, it is
proposed to replace the current high voltage power supply with a new power supply capable of
generating pulses with rise times faster than the time scale of the plasma discharge, with either a
nanosecond pulse discharge or a square wave power supply. Currently, the system uses a 10 kHz
power supply with a sinusoidal waveform. However, the plasma discharge occurs on a timescale
of ~100 ns. As a result, discharge events are uncontrolled at higher voltages, and do not occur at
the peak voltage in the waveform. To improve this and to enable “overvoltage” of the plasma

discharge, these new power supplies are proposed.
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Figure 4.4 Oscilloscope readout of a plasma discharge event using conventional 10 kHz
sinusoidal power supply at high voltages. Discharge events can be readily seed to be occurring
before peak voltage is reached.

Figure 4.5 Examples of a sine vs a square wave. By taking advantage of ultra-fast, nanosecond
rise times of a square wave power supply, voltage levels of discharge events can be directly
controlled, even at voltages in excess of the threshold for discharge.

4.2.3 Additional work

In addition to comprehensive continuation of the characterization of the current plasma

treatment process, and further improvements to the system for enhanced performance of the
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developed plasma treatment process, further expansions to the system are proposed to widen its
capabilities beyond what has already been demonstrated. A simple first proposal is the introduction
of seed gasses of interest in the helium plasma to investigate potential effects. Of particular interest
is the introduction of 0, in small quantity to explore the impact of functionalization and increased
surface wetting capabilities, as observed in other works [24], [29], [55], [59], [60]. Also of
potential interest could be the introduction of more exotic gasses such as SFg or CF,, which have
been demonstrated as agents for enhanced hydrophobization of polymer surfaces vie the
introduction of fluorinated functional groups [23], [61]-[63].

Finally, it is proposed to further enhance the capability of the plasma treatment system to
enable the deposition of polymer films by means of monomer precursors. The application of these
films can enable many interesting capabilities, including enhanced surface adhesion, wettability,

biocompatibility, and drug loading [26], [50], [51], [64], [65].
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based off old designs. Not only replicated, but drastically improved upon the tunnel both in
terms of functionality and aesthetics using skills developed both in class and on the job.

= Due to the quality of the first tunnel, was hired to design and construct from scratch a brand-
new anechoic open jet wind tunnel (30 x 30 inch test section cross-section) in the same
laboratory facility.

= Due to the small team environment, developed experience in every stage of development of a
substantial engineering project, including research, design, material acquisition,
communication with technicians, hands-on construction, optimization, and calibration.

Quality Engineering Intern

Continental Automotive | March 2016 — July 2019

= Performed teardowns on fuel injector/fuel pump components returned from the line or
customer and returned complete failure root cause analysis reports for warranty returns.

=  Worked extensively on a SEM/EDS (Scanning Electron Microscope with X-Ray
Microanalysis) for particle analysis in failures from the production line and field.

=  Worked with a team of engineers to complete various quality projects in manufacturing,
including developing metal pickling methods and press force failure analysis to resolve high
pressure pump leak issues.

= Successfully completed several coding projects using Visual Basic and Excel that have had
lasting impacts on the functionality and methodology of SEM/EDS analysis and the general
operation of the Materials Lab.

Master Tutor

Thomas Nelson Community College | January 2014 — May 2015

» Provided one-on-one assistance to students in STEM related classes.

» Successfully aided students in coursework ranging from remedial math to advanced science
and arithmetic.
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Educational Qualification

Purdue University

Beginning PhD in Aerospace Engineering, Currently Enrolled, Beginning Fall 2021
3.4/4.0 GPA

Purdue University

Completing MS in Aerospace Engineering, Currently Enrolled, Summer 2021
3.4/4.0 GPA

Virginia Tech

Bachelor of Science in Aerospace Engineering, May 2018

3.6/4.0 GPA

Dean’s List with Distinction, Spring 2017, Fall 2017, Spring 2018; Significant Aerospace-related
project experience; Member of Sigma Gamma Tau, National Aerospace Honor Society
Thomas Nelson Community College

Associate of Science in Mechanical Engineering, May 2015

Academic Merit List

Additional Skills/Awards/Achievements

Proficient skills

Microsoft Office, Soldering, Python, SolidWorks, Visual Basic, Mathematica, MATLAB,
SEM/EDX microscopy, FIB microscopy

Entry skills

AutoCAD, C++, Microelectronics analysis, RF/Microwave Experimentation, Circuit Design,
Plasma analysis

Dean’s List with Distinction | Eagle Scout | National Youth Leadership Training
Publications

Austin W. Kleinfelter, Russell Repasky, Nandita Hari, Stefan Letica, Vidya Vishwanathan, Lee
Organski, Jon Schwaner, William N. Alexander, and William J. Devenport. "Development and
Calibration of a new Anechoic Wall Jet Wind Tunnel", AIAA Scitech 2019 Forum, AIAA SciTech
Forum, (AIAA 2019-1936) https://doi.org/10.2514/6.2019-1936
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