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Surface Modification of Polycarbonate by Ultraviolet
Radiation and Ozone

Alekh S. Bhurke
Per A. Askeland
Lawrence T. Drzal

Composite Materials and Structures Center, Michigan State University,
East Lansing, Michigan, USA

The effect of ultraviolet (UV) radiation in the presence of ozone as a surface treat-
ment for polycarbonate is examined in regards to changes in the wettability,
adhesion, and surface mechanical properties. Standalone, 175-um-thick films of
a commercially available polycarbonate were exposed to UV radiation from sources
of different power with various treatment times in the presence of supplemental
ozone. Significant decreases in the water contact angle were observed after
exposure to UV radiation in the presence of ozone. After several variations in the
experimental setup, it was determined that the change in water contact angle is
a function of the UV irradiance and the work of adhesion follows a master curve
versus UV irradiance. Nanoindentation experiments revealed that the modulus
of the top 500nm of the surface is increased following UV exposure, attributable
to surface cross-linking. Adhesion tests to the surface (conducted by a pneumatic
adhesion tensile test instrument) showed little change as a function of UV
exposure. Analysis of adhesion test failure surfaces with X-ray Photoelectron Spec-
troscopy (XPS) showed the locus of bond failure lay within the bulk polycarbonate
and the measured bond strength is limited by the bulk properties of the polycarbo-
nate and/or the creation of a weak boundary layer within the polymer.

Keywords: Adhesion; Ozone; Polycarbonate; Surface energy; Surface treatment;
Ultraviolet

1. INTRODUCTION

Adhesive bonding of metals, polymers, and polymer composites is an
attractive structural fabrication method, creating strong, stable joints
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with superior mechanical properties and durability as compared with
mechanically fastened structures. The application of protective coat-
ings and paints to surfaces is also an important manufacturing process
in the durable goods industry. In such processes, the surface prep-
aration of the substrate is an important step. Polymers and polymer
composites often have low surface energies and may also contain
processing additives that can reduce or limit adhesion. Surface prep-
aration of the adherend for adhesive bonding or painting often
involves removal of adhesion limiters such as surface contamination,
poor mechanical conditions such as weak boundary layers, and the
addition of active chemical functionalities that can interact strongly
with the adhesive or paint.

Various mechanical and chemical surface treatments have been
developed to overcome the problem of weak adhesion in polymers.
Mechanical surface treatments such as abrasion can be time consuming,
labor intensive, and damaging to the substrate. Organic solvents are
often used for cleaning surfaces but present various environmental pro-
blems, and the role of many traditionally used solvents is being reduced
or eliminated by a combination of legislation and growing environmental
awareness. Other surface treatment techniques such as flame, plasma,
and corona discharge have also been developed [1-9]. Although these
surface treatments are efficient and used widely in industry, they suffer
from drawbacks such as high cost, hazardous operating conditions, by-
products, and the inability to treat complex geometric shapes. There is
a growing need in industry for a fast, simple, efficient, and environmen-
tally friendly surface treatment process that can be easily incorporated
into the manufacturing environment [10].

The energy provided by an ultraviolet (UV) photon is often sufficient
to induce chemical changes in the structure of many polymers.
Exposure of oxygen to 185 nm of UV radiation creates an aggressive
oxidizing environment as molecular oxygen absorbs strongly at that
wavelength and dissociates into monoatomic oxygen. Oxygen radicals
further react with molecular oxygen to form ozone [11,12]. If a broad
spectrum UV source such as a xenon arc lamp is used, UV radiation
at 254 nm is also available. Ozone has a strong absorption cross-section
at 254nm and dissociates into oxygen and oxygen radicals, creating
a dynamic oxidizing environment, which can effectively remove low-
molecular-weight organic contaminants from the surface. Another
phenomenon that is responsible for activating the surface, especially
in polymers, is the etching and activation of the polymer surface from
ablation by high-energy UV radiation [13-17]. On exposure to UV radi-
ation of sufficiently high energy, organic bonds in the surface layer can
be rapidly broken, depending on the absorbance of the substrate. When
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activated surfaces are exposed to the atmosphere, oxidation takes
place with the formation of highly polar surface groups such as
hydroxyl, carbonyl, and carboxylic acids, which can improve wettabil-
ity and adhesion [7,9,12,18-29]. UV light with wavelengths from 184
to 365 nm (UVC radiation) produced by commercially available xenon
and low-pressure mercury vapor lamps is ideal for the process of sur-
face activation and oxidation. Exposure of a receptive material to
UVC radiation for short times in the presence of oxygen or ozone can
yield a surface with high surface energy, wettability, and adhesive
strength [30,31]. UV surface treatment also has the ability to treat
three-dimensional surfaces because of the line-of-sight nature of the
process. The by-products of such processes are largely expected to be
water and oxides of carbon. The process does not utilize any solvents,
and the ozone is dynamically created and dissociated in the treatment
environment.

Though phenomenological studies of the UV interactions with poly-
carbonate in regards to degradation pathways have been pursued
since the early 1970s, there has been little effort to study the UV
photoactivation of a surface in conjunction with the photodegradation
of ozone as potential surface treatment. In this work, the effects of
UV/ozone treatments in regards to changes in wettability, adhesion,
and surface toughening of polycarbonate are examined. In particular,
a variety of process variables including irradiance, exposure time,
ozone concentration, temperature, and humidity are examined. In
addition, the changes occurring on the surface are strongly dependent
on external mass transfer, nature and surface chemistry of the sub-
strate, and surface chemical reactions. Understanding the process
involves a systematic study of these process parameters. In this arti-
cle, results of studies on the effects of mass transfer, ozone concen-
tration, irradiance, and exposure time are presented.

2. EXPERIMENTAL
2.1. Materials

A commercial-grade bisphenol-A-based polycarbonate (GE Plastics,
Pittsfield, MA, USA), GE8040, was used for all samples in this study.
The material is available as an extruded film 175 um thick and is pack-
aged with a protective polymer (polyolefinic) film on both sides. One
side of the protective films adheres to the polycarbonate (PC) film by
electrostatic attraction while the film on the other side of the polycar-
bonate adheres with a pressure-sensitive adhesive. Although XPS
analysis of the side protected by pressure-sensitive adhesive film did
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not show any evidence of transfer of the adhesive to the polycarbonate
film, only the side protected by the electrostatically attached film was
used in all experiments to avoid the possibility of artifacts. The mol-
ecular weight of the polycarbonate used is ca. 20,000 Daltons.

The UV surface treatment process involves the oxidation of the
material surface with ozone in the presence of UV radiation. Ozone
is produced by the interaction of 185-nm wavelength photons with
molecular oxygen, and the amount of ozone formed depends on the
output of 185-nm radiation [18]. Xenon lamps have significant output
at 185nm and with appropriate selection of the equipment the
required ozone can be produced in situ during UV treatment. How-
ever, reliance on in situ production of ozone can present problems
during short batch operations such as laboratory experiments because
the ozone produced under the lamp may not reach steady-state con-
centrations immediately on startup. To avoid this problem, an exter-
nal ozone generator (Ozotech Inc., Yreka, CA, USA), OZ6BTU, was
used in experiments requiring ozone to ensure steady-state conditions
using pure oxygen feed gas. Ozone produced was introduced in the
treatment environment at room temperature and pressure conditions.
Another advantage of using an external ozone generator is the ability to
independently vary the ozone concentration and flow rate to study their
effect on the process. Ozone has a strong absorption maximum at
253.7nm with a molar extinction coefficient of 0.000308 ppm ‘ecm ' at
0°C and 1 atm pressure. A Perkin Elmer Lambda 900 UV-Vis-NIR spec-
trometer (Perkin Elmer, Wellesely, MA, USA) was used to measure the
concentration of ozone. The outlet from the ozone generator was connec-
ted to the UV treatment chamber, and gas samples from the treatment
chamber were transferred via a glass nozzle and ozone-resistant silicone
tubing to a 1-mm-path-length quartz flow cell mounted in the spec-
trometer. Continuous flow of the sample gas through the flow cell was
achieved by connecting the outlet of the cell to a small vacuum pump.

2.2. UV Lamps

Three xenon flash lamps (Xenon Corporation, Woburn, MA, USA)
operating at frequencies ranging from 3 to 120 Hz were used. The
nominal power, frequency, and shape of the lamps are summarized
in Table 1. The lamps are equipped with aluminum reflectors and
fused quartz windows to provide optimum transmission of broad spec-
trum UV radiation from 185 nm to 380 nm. The outer surface of the
lamp window is considered the area source of UV radiation for all
determinations of irradiant energy and is the reference plane for
measurement of the distance between the lamp and sample surface.



20: 35 21 January 2011

Downl oaded At:

Surface Modification of Polycarbonate 47

TABLE 1 Brief Description of the Lamps Used in the UVO Treatments

Lamp Power (W) Frequency (Hz) Bulb shape

Xenon RC 500 300 120 5 inches, (12.7 cm), linear
Xenon RC 740 1500 10 3.5 inches (8.9 cm), coil
Xenon RC 747 1500 3, 120 16 inches (40.6 cm), linear

Samples were UV treated in a chamber made from 1/4-inch (0.64-cm)
aluminum plates having exterior dimensions of 8 inch (20.3cm) (1) x 8
inch (20.3cm) (w) x 1 inch (1.54cm) (h). A 4 inch (10.2cm) x 4 inch
(10.2 cm) opening was machined in the top of the chamber to provide
a path for illuminating radiation. The opening was closed with
Suprasil®, (Hereaus Quartz America, Buford, GA, USA), Dynasil®™
2000 (Dynasil, W. Berlin, NS, USA) glass plates during treatment.
The chamber was equipped with an inlet and outlet for process gases.
The schematic of the experimental setup is shown in Figure 1.
Although the use of a chamber is not essential to the UV treatment
process, all experiments were performed inside the chamber to ensure
controlled, measurable, and repeatable experimental conditions.

2.3. Measurement of UV Radiation

The irradiance at 254-nm wavelength incident on the sample was
measured using a radiometer (International Light, IL1700 Research
Radiometer Peabody, MA, USA) coupled with a solar blind photodiode
detector (International Light, SED 220), a 254-nm narrow-band filter
(International Light, NS 254), and a quartz cosine-response filter. The
radiometer setup was calibrated with National Institute of Science

UV Lamp
|
A

Quartz (Suprasil®) Window Distance Between

Lamp And Sample
Sample Chamber \

[ ]
Ozone Inlet ] \4 Sample \ 4 1 Ozone Outlet

FIGURE 1 UV test chamber constructed from aluminum with a Supracil®
quartz window to allow UV transmission. Supplemental ozone is passed
through the chamber via gas inlets and outlets.
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and Technology (NIST)-traceable standards. To obtain an accurate
measure of the amount of radiant energy reaching the sample surface
during UV treatment, the entire detector assembly was mounted inside
the chamber at the location where samples were mounted for treat-
ment. Irradiance was measured with ozone (approximately 750 ppm)
and oxygen gases flowing through the chamber at 30 scth (standard
cubic feet per hour). Irradiation was measured in time-integral mode
and the irradiance calculated as the average energy reaching the detec-
tor per unit time. Irradiance for RC500 and RC747 lamps was mea-
sured as a function of varying distance from the treatment chamber.

2.4. Surface Energy and Surface Chemistry Measurements

Contact angles were measured on a Kruss Drop Shape Analysis System
10 Mk.2 (Kruss, Hamburg, Germany). The instrument has video capture
capability to digitize drop shapes. Image analysis was performed using
the Drop Shape Analysis software provided with the system. A manual
goniometer (Rame-Hart, Mt. Lakes, NJ, USA) was also used to measure
contact angles. Contact angles were measured with five liquids of
varying acid—base character to calculate the surface energy of modified
polycarbonate using the Good—van Oss acid-base model [34,35]:

1 0
Wor =iy " = Wt + WaF

= 2(\/V§WV%W + \/“/?/Z + \/ySyZ).

The five liquids used and the acid—base components of their surface
energies are given in Table 2. Acid—base parameters of the surface
energy were calculated by using the sum of least squares method to
fit the five liquid data.

UV-oxidation-induced changes in the surface chemistry were
probed with X-ray photoelectron spectroscopy (XPS). UV-treated poly-
carbonate samples were analyzed with MgKu x-rays in a Perkin Elmer

TABLE 2 Surface Energies of Liquids Used for Contact Angle Measurement

y{otal V%W y(ﬂr) ﬁ:) 3,E v
Liquid (mJ/m? (md/m?® (mIJ/m? (mJ/m? (mIJ/m? (mJ/m?
Water 72.80 21.80 25.50 25.50 21.80 51.00
Glycerol 64.00 34.00 3.92 57.40 34.00 30.00
Ethylene glycol 48.00 29.00 1.92 47.00 29.00 19.00
Formamide 58.00 39.00 2.28 39.60 39.00 19.00

Diiodomethane 50.80 50.80 0.00 0.00 50.80 0.00
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Phi 5400 ESCA system (Physical Electronics, Chanhassen, MN, USA)
at pressures between 10 ° and 1078 torr, pass energy of 29.35¢eV, and a
45° take-off angle.

2.5. Adhesion Measurements

Stub-pull tensile tests (ASTM D4541) were used to measure adhesive
bond strength. A pneumatic adhesion tensile testing instrument
(PATTI, M.E. Taylor Engineering, Brookville, MD, USA) was used to
measure the pull-off strength of an aluminum stub adhesively bonded
to treated surfaces with a structural epoxy (Araldite 2015, Vantico,
East Lansing, MI, USA). Figure 2 is a schematic representation of
the PATTI test configuration. In the case of thin film or flexible sam-
ples, the entire sample is first mounted on a rigid metallic or wooden
base prior to testing to prevent sample bending during tensile testing.
This is necessary because any bending deformation in the sample can
lead to the generation of strong peeling forces at the adhesive inter-
face. Tensile pull-off strength is measured by applying pneumatic
pressure, and the failure load is measured. Failure stress is calculated
from the peak load.

An alternate stub-shear adhesion test was also developed to mea-
sure adhesion on very thin polycarbonate films, which can detach from
the stiff base material easily during tensile testing. The sample con-
figuration is identical to that described for tensile stub-pull tests,
but the loading is pure shear as shown in Figure 3. Shear tests were
performed on a United Testing Systems (Bath, Ohio) mechanical

T Pulling Force

Self-aligning
/ Bearing Plate

Pressurized

Gas ﬁt Gasket Gasket
‘i . > Adhesive
\ Test Sample
\
Pull Stub

FIGURE 2 Schematic representation of the tensile stub-pull (PATTI) test.
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Shear Load

Aluminum
Backing

N\

Aluminum Stub

\ Epoxy

Adhesive

\ Polymer Film

FIGURE 3 The sample configuration for the stub-shear adhesion test.

AT T

testing machine with a strain rate of 0.05inch/minute (0.13 cm/mi-
minute). Failure load and stress were measured. The tested surfaces
were examined to determine the locus of failure. The failure mode
can be either interfacial or substrate. Interfacial failure is seen in
cases where the interface between the sample and the adhesive is
weak, whereas substrate failure is generally seen when the interfacial
adhesion is very high compared with the strength of the bulk sub-
strate, and cohesive failure occurs in the bulk material.

2.6. Nanoindentation

Nanoindentation tests were developed for the purpose of probing the
mechanical properties of very small volumes of materials. It is an ideal
technique for the characterization of thin films, coatings, and surface
layers. The advantage of nanoindentation tests is that material
properties in the top 1-2 um of the substrate can be measured as a
function of depth. A MTS nanoindenter (MTS Systems Corp., Eden
Priarie, MN, USA) was used to probe the elastic modulus (E) and
hardness (H) of UV-treated surfaces.

A nanoindentation test consists of three main steps. An indenter
is pushed into the material surface, causing elastic and plastic
deformation in the material up to a predetermined contact depth, h..
The indenter is held at the indentation depth for a period of time with
a constant indenter load. The indenter is subsequently withdrawn,
and the elastic deformation in the material is recovered. It is the
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elastic recovery that allows the determination of the elastic properties
of the surface layers. The indenter used for testing was a diamond
Berkovich pyramidal tip with § = 1.034, E; = 1141 GPa, and Poisson’s
ratio = 0.07. Poisson’s ratios for most polymers range between 0.25
and 0.35. For testing of polymers, which can exhibit large plastic
deformations, a series of 36 indents were made in a 6 x 6 matrix with
horizontal and vertical spacing of 50 um between indents. Indents
were made to a depth of 2 um.

3. RESULTS AND DISCUSSION
3.1. Process Parameters

The reaction of ozone with the UV-irradiated surfaces is a gas—solid
reaction, and the overall rate of reaction depends on the relative rates
of the surface chemical reaction and the mass transfer of reactive spe-
cies to the surface. The slowest step in the process is the rate deter-
mining step, and for a given chemical reaction, the rate constants
cannot be changed easily. The external mass transfer in a gas—solid
surface reaction, a measure of the ability to transport reactants to
the reaction sites on the surface, is a more easily modified parameter.
If the system is mass transfer limited, then the overall rate of the reac-
tion is dependent on the mass transfer coefficient, and an increase in
mass transfer results in an increase in the total reaction rate to the
limit allowed by the reaction kinetics. To determine if mass transfer
limitations existed in the experimental setup, contact angles were
measured on samples treated at different flow rates. Flow rates of
10, 20 and 30 scfh were used while keeping the ozone concentration
and UV-treatment time constant. When the flow rate is decreased,
the gas velocity decreases and the mass transfer coefficient decreases.
Any mass transfer limitation in this case would be seen as a reduction
in the treatment efficiency and higher than normal contact angles for
a set of given treatment conditions as the transport of ozone to the sur-
face is hindered by the slow flow rate.

Figure 4 shows the variation of the contact angles as the flow rate
is changed by a factor of three for treatment times ranging from 0 to
90-s of UV exposure. The contact angles for untreated polycarbonate
were found to be approximately 90°. After UV/ozone (henceforth
abbreviated as UVO) oxidation, the contact angles decrease sharply
for treatments as short as 10-s. As the treatment time is increased,
the rate of change of contact angles decreases, and angles of less than
20° are obtained after treatments of 90 to 120-s. Further changes in
contact angles are difficult to measure accurately. Contact angles
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30 scth (14.16 lit/min)
B 20 scth (9.44 lit/min)
010 scth (4.72 lit/min)

Contact Angle (deg)

Control 10 sec 20 sec 30 sec 60 sec 90 sec
UV Treatment

FIGURE 4 Contact angles of UV-treated PC for ozone flow rates of 10, 20,
and 30 scfh, indicating no mass transfer limitations.

measured for treatments at all three flow rates were found to be ident-
ical within the limits of experimental error and leads to the conclusion
that no mass transfer limitation is present when flow rates on the
order of 10-30 scfh are used. All further experiments in this article
were performed at a flow rate of 30 scth.

The ozone concentration is a potentially important process variable.
Depending on the kinetics of the surface reaction between ozone and
the UV-treated surface, the reaction can be strongly dependent on
the concentration of ozone on the surface. To determine the influence
of ozone concentration on the UV-treatment process, polycarbonate
samples were treated at various ozone concentrations at identical
operating conditions of irradiance and exposure time. Sessile drop
equilibrium contact angles were measured at various locations on mul-
tiple samples as shown in Figure 5.

It was found that ozone was necessary for UV treatment, but the
concentration of ozone did not have any effect on the quality of treat-
ment achieved. Without additional ozone, contact angles between
70 and 80° were measured for most samples after a 30-s UV exposure.
With 400 to 800 ppm ozone in the treatment chamber, contact angles
of 30° were obtained for the same exposure. With decreasing ozone
concentration, the data show a large amount of variability in the
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FIGURE 5 Contact angles of PC after 30-s UVO treatment as a function of
ozone concentration. Horizontal line indicates the lowest angles measured at
the lower limit of measured ozone concentrations.

individual measurements. However, the lowest value of contact angles
measured (shown by horizontal line) was ca. 30° for all samples irres-
pective of the ozone concentration. This was observed to be true even
at the lower limit (ca. 10 ppm) of our capability to measure ozone con-
centration accurately. In terms of process parameters, UV treatment
of PC can be considered to be independent of ozone concentration
because, for a surface reaction, ideally only a small amount of ozone
is needed to form a monolayer and obtain full surface coverage.
To reduce data scatter, ozone concentrations in the range of
700-800 ppm were used for all experimentation.

3.2. Irradiance

The measurement of radiation is broadly classified into two categories:
radiometry and photometry [31]. Radiometry is the measurement of
energy emitted in a range of wavelengths by a source of radiation,
whereas photometry is the measurement of visible light, more
commonly concerned with the effect and response of the human
eye to light. Radiometric measurement at specific wavelengths of the
spectrum or spectral bands is called spectral radiometry. In terms of
chemical applications of radiation, spectral radiometry is widely used
because chemical reactions often occur at particular wavelengths
and the measurement of the amount of radiation emitted at those
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wavelengths can be used to quantify the processes. Because of the var-
iety of radiometric units available to quantify radiation, it is important
to choose the right unit to describe the system. In an application such
as UV surface treatment, the amount of radiation reaching the surface
is the quantity of interest, and both intensity and irradiance can be
used to quantify the radiation. However, it is important to note that
the two units differ in concept: intensity is a unit related to the source
of the radiation whereas irradiance is a unit related to the receiving
surface. Thus, intensity is more useful in describing the amount of
UV radiation emitted by the UV lamp whereas irradiance is more
useful in describing the amount of emitted radiation received by a sur-
face exposed to it. Therefore, irradiance is used to quantify radiation
in this study.

The relationship between irradiance and distance from a point
source is defined by the inverse square law, which states that the
irradiance decreases as the square of the distance between the detec-
tor and the source [31]. The results of irradiance measurements for the
RC500 lamp is shown in Figure 6. The irradiance increases as the dis-
tance from the lamp decreases. However, the change in irradiance
does not follow the inverse square law exactly because the lamps,
far from being point sources, are high-aspect-ratio cylindrical tubes.
Additional deviation is caused by the presence of the chamber and
window, which limit the angle of view of the detector assembly. This

9
8 1 o\ —— 02 flow
,_E, 7 —e— 03 flow H
g 6
=
g 5
@ 4
Q
8 3 b\
©
g 2
D
0 T T T T T T T T T 1

0 1 2 3 4 5 6 7 8 9 10
Distance from Lamp (inch)

FIGURE 6 Irradiance measurements for RC500 lamp with ozone and
oxygen flow.
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alleviates the effect of increasing distance as a greater length of the
UV lamp is brought into the limited angle of view of the detector as
the lamp is moved farther away. The irradiance values obtained also
take into account the radiation absorbed by the gas layer (oxygen
and ozone) and any reflection and refraction effects from the quartz
window and aluminum chamber. The data obtained are a measure
of the actual irradiance received by a sample placed in the UV treat-
ment chamber under these specific conditions. Because the irradiance
is invariant for a given set of physical conditions, values from the
irradiance—distance calibration curves were used for calculating the
total irradiation (irradiant energy) received by a sample during treat-
ment such that

t
H:/ Edt = Et,
0

where H is the irradiant energy or irradiation (J/cm?), E is the
irradiant power or irradiance (W/ cm?), and ¢ is the total UV exposure
time (s). The presence of the gas flowing through the chamber has a
marked effect on the irradiance. Ozone has a very strong absorption
peak at 254 nm, and the incident UV radiation is absorbed by the layer
of gas present between the sample and the quartz window. This
decrease is absent in the case of oxygen (or air), which has no signi-
ficant absorption at 254nm, and consequently higher levels of
irradiance were obtained.

Irradiance is the most important variable in the UV-treatment pro-
cess. The irradiance received by the sample determines the extent of
modification possible on the surface. Irradiance levels were measured
and varied by controlling the distance between the lamp and sample
(however, the path length of ozone the radiation travels through
remains constant). Polycarbonate films were exposed to UV radiation
from the RC-747 lamp at distances ranging from 1 to 5 inches (2.5
to 12.5cm) in the presence of approximately 700 to 800 ppm sup-
plemental ozone concentration and a flow rate of 30 scfh. Contact
angles of the UV-modified surfaces with deionized water are shown
in Figure 7.

As the treatment time is increased, a reduction in contact angles is
observed until the contact angles reach 20°, and further reduction in
contact angles is difficult to measure accurately as the liquid spreads
on the surface. At treatment distances of more than 3 inches (7.6 cm)
(irradiance < 2.6 mdJ /mz), the rate of change of the contact angles is
almost linear. As the treatment distance is decreased, the increase
in irradiance causes the rate of change to be increasingly nonlinear.
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FIGURE 7 Equilibrium contact angles of deionized water on UV-treated
polycarbonate as a function of time at various irradiance levels.

It is of particular interest to relate the rate of change of contact angles
with an absolute process parameter such as UV irradiance. From
observations of the trends in contact angles, it was found that it is
possible to superposition the work of adhesion curves for different
combinations of irradiance and exposure time. This is similar to the
concept of time-temperature superpositioning in polymer creep
properties [32]. The time—irradiance superpositioning of the thermo-
dynamic work of adhesion can be expressed as a function of the total
irradiation incident on the surface. Figure 7 shows the work of
adhesion for deionized water on UV-treated polycarbonate treated at
various combinations of distances and UV exposure times. The
irradiance was varied by a factor of five, and exposure times of 20 to
150 s were used to generate work of adhesion data. All data in Figure
7 can be reduced to the single curve shown in Figure 8. To test the
robustness of this assumption, work of adhesion data were also col-
lected using the low-power RC-500 lamp to create irradiance levels dif-
fering by almost an order of magnitude compared with the RC-747
lamp. The data from both lamps follow the superpositioned wettability
curve for polycarbonate shown in Figure 8. Acid-base components of
the surface energy measured using five liquids of varying acid-base
character are shown in Figure 9. As polar functional groups are incor-
porated on the polymer surface, the wettability and surface energy



20: 35 21 January 2011

Downl oaded At:

Surface Modification of Polycarbonate 57

150

o
140 A B P & o
D
g
130 @
c 120 % W
S o]
$E 10 $
g &
52 1001 7
z & z
5 #
= 90§
O RC747 lamp (1500 W)
g0d ® RC500 lamp (300 W)
70 §
60 A . , . : , :
100 200 300 400 500 600 700

Irradiation (mJ/sg.cm)

FIGURE 8 Work of adhesion of UV-treated polycarbonate with deionized
water as a function of irradiation for data obtained at various combinations
of irradiant power and exposure times for multiple lamps.

increases. The surface energy of PC increases from ca. 38 md/m? to
55md/ m? after UVO treatment. The Lifshitz—van der Waals (39—
41mJ/m?) and acid (0.5-1mJ/m?) contributions remain constant, and
most of the increase in surface energy is from an increase in the basic
component from 2mdJ/m? to 60 mJ/m?.

XPS analysis was used to quantify the changes in surface chemistry
occurring after UVO treatment. Table 3 shows the results of deconvo-
luted Cls XPS spectra of untreated and UVO-treated polycarbonate.
The aliphatic/aromatic carbon peak was assigned at 284.7eV.
Hydroxyl/ether (286.2eV), carbonyl (287.5eV), carboxylate/ester
(289.8eV), and carbonate (290.9eV) peaks were deconvoluted and
quantified using Gaussian—Lorentzian statistical fits to the Cls envel-
ope. The results show that UVO treatment leads to an increase in the
O/C ratio, indicative of surface oxidation by ozone, and a change in the
surface functionality. The total carbonate and hydrocarbon content of
the surface decreases with irradiation, indicating chain scission, and
hydroxyl, carbonyl, and carboxylate functional groups are incorpor-
ated into the surface via reactions with ozone. The resultant high-
energy, functionalized surface is ideal for bonding with adhesives such
as epoxy because of increased wettability and the creation of sites that
can form covalent bonds with a reactive adhesive.
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FIGURE 9 Acid-base surface energy of UV-treated polycarbonate for various
combinations of irradiance and exposure time.

The construction of a master curve for the change in wettability as a
function of irradiation is significant in terms of developing a process
model. One of the implications is that time ceases to be a controlling
variable in the UV-treatment process, and a specific targeted level of
wettability can be achieved by a variety of combinations of irradiance
and time. Short treatments at high irradiances and long treatments at
low irradiances can yield the same work of adhesion. However, there
can be qualitative differences between treatments at high and low

TABLE 3 XPS Surface Chemical Composition of UVO-Treated Polycarbonate

Irradiant  Total Ether/
energy carbon Hydrocarbon® hydroxyl* Carbonyl® Carboxyl® Carbonate®
(mJ/em?) (%) (%) (%) (%) (%) (%)
0 87.6 73.1 10.0 0.0 0.0 4.5
53 76.8 55.0 11.6 3.9 3.3 3.1
85 76.0 52.2 13.7 3.6 4.6 1.9
120 72.6 44.5 12.1 6.3 6.9 2.8
160 71.0 43.4 134 5.9 6.4 1.9
200 68.8 38.9 13.8 7.1 7.9 1.1

“Values expressed as percentage concentration of total surface.
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irradiances. Surface modification by UV depends on the ability of chro-
mophores in the material to absorb radiation, which is necessary to
start a chain of complex reactions. Absorption in the material follows
Beer’s law, and the intensity of radiation at any point in the thickness
of the material depends on the intensity of the incident radiation.
Consequently, as irradiance levels are increased to reduce exposure
times, the depth at which chemical changes occur in the material
can potentially increase. The penetration depth of radiation can thus
become an important consideration in choosing combinations of
irradiance and time to suit a given application.

3.3. Nanoindentation

Nanoindentation tests on UVO-treated polycarbonate films were per-
formed using a Berkovich pyramidal tip to make 36 indents in the
sample surface to a depth of 2000 nm. The spacing between indents
was 50 pum, and Poisson’s ratio of 0.35 was used for the polycarbonate.
Three samples were tested for each treatment condition, and the data
for the each sample (36 indents) were averaged separately. Nanoin-
dentation uses the load-displacement data obtained by pushing the
diamond tip into the sample surface to calculate surface modulus
and hardness. On soft polymer samples, this analysis is complicated
by the difficulty experienced by the tip in determining the topmost
layer of the surface. The surface is found by the instrument by increas-
ing displacement untill a predetermined load is experienced. Because
of the nature of the surface-find segment, properties measured very
near the surface have large standard errors. Figure 10 shows the sur-
face modulus of UVO-treated PC as a function of depth up to 500 nm.
For both untreated and UV-treated PC, the modulus has a gradient
with the highest modulus measured near the surface and a gradual
decrease as the probe depth is increased to 2000 nm. The difference
in moduli of the top 20-25nm of the surface for untreated and UVO-
treated PC is statistically indeterminate because of the high varia-
bility. In spite of the large standard deviations in the top 100 nm of
the surface, trends in modulus can be observed as a function of UVO
treatment. The untreated material has a modulus between 2.7 and
2.8 GPa in the top 100 nm, which increases to 2.9-3.0 GPa after UV
treatment. This trend is seen clearly as the probe depth increases
beyond 100nm. The increase in modulus of the polymer is believed
to be due to photo-induced cross-linking of the surface layers. Similar
increases in modulus and hardness of physically aged polycarbonate
have been reported in the literature and attributed to changes in free
volume and chain-scission-induced cross-linking [33].
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FIGURE 10 Modulus vs. depth profiles of UVO-treated polycarbonate
measured by nanoindentation tests. Higher modulus in the surface layers is
observed with increasing UVO exposure.

3.4. Adhesion

The adhesive performance of UV-treated polycarbonate was measured
using two adhesion tests: tensile stub-pull and stub-shear. Tensile
tests used a pneumatic piston to pull off an aluminum stub bonded
to the PC film, and the failure load was recorded. Shear tests were per-
formed on similar samples and the shear load-displacement curves
were recorded. The UVO and UV/air (abbreviated as UVA treat-
ment)-treated polycarbonate was bonded to 0.5-inch (1.27 cm) diam-
eter aluminum stubs with a two-part epoxy adhesive (Vantico,
Araldite 2011). Figures 11 and 12 show the peak adhesive strength
for UVO and UVA samples, respectively. The untreated polycarbonate
has a bond strength of ca. 300 psi (2.07 Mpa). After UV treatment, no
statistically significant change in the adhesive strength was observed
for treatments up to 120s. Increased adhesive bond strengths were
expected from UV-treated samples because of the increase in work of
adhesion and surface energy. It has been reported in the literature
that UV treatment of polymers can lead to the formation of low-mol-
ecular-weight (LMW) fragments on the surface due to chain scission
[16,17]. LMW fragments are typically loosely bonded to the surface
and can be washed away with weak solvents such as water or ethanol.
The presence of weak LMW material at the interface can interfere
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FIGURE 11 Adhesive strength of UVO-treated PC with epoxy adhesive.

with adhesion by creating a weak boundary layer that fails under low
loads. Adhesion test samples were prepared using UV-treated PC,
which was rinsed in ethanol prior to bonding. The effect of ozonation
(no UV irradiation) was also studied for unwashed and ethanol-
washed PC. Figure 13 shows the results for ozonated and UVO-treated
samples before and after washing. As in the case of previous results,
no significant changes in adhesion were observed.

Shear tests were performed to address the possibility of debonding
between the PC film and the rigid backing to which it is attached during
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FIGURE 12 Adhesive strength of UVA-treated PC with epoxy adhesive.
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FIGURE 13 Adhesive strength of ozonated and UVO-treated polycarbonate
before and after ethanol wash to remove low-molecular weight material.

tensile testing. Such debonding can lead to the development of peeling
forces, which can reduce bond strengths. Shear test load-displacement
curves were used to determine the adhesive bond stiffness and peak fail-
ure loads. Figure 14 shows the shear bond stiffness for UVO- and UVA-
treated samples bonded with epoxy (Vantico, Araldite 2011). As in the
case of tensile tests, no statistically significant changes in adhesion bond
stiffness and peak failure loads were observed.
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FIGURE 14 Shear adhesive bond stiffness for UVO-treated polycarbonate cal-
culated from the slopes of load displacement curves for stub-shear adhesion tests.



20: 35 21 January 2011

Downl oaded At:

Surface Modification of Polycarbonate 63

The locus of failure of the adhesive bonds was investigated by frac-
ture surface analysis using XPS. During testing, failure of the bond
was found to consistently occur near the polycarbonate—epoxy inter-
face. The two fracture surfaces generated are referred to as polycarbo-
nate-side and epoxy-side fracture surfaces. XPS analysis of the
polycarbonate-side fracture surface showed a surface resembling
untreated polycarbonate even in UV-treated samples. Analysis of the
epoxy-side fracture surface provided an insight into the failure mode
of the UVO-treated PC—epoxy bond. The amine-cured epoxy adhesive
has a unique nitrogen peak, which is absent in polycarbonate. Table 4
shows the atomic composition of cured epoxy adhesive, polycarbonate,
and the adhesive-side fracture surfaces for untreated and UVO-
treated PC—epoxy adhesive test samples. Three samples were ana-
lyzed for each condition to ensure accuracy. The cured epoxy has
8.5% nitrogen and 6.1% oxygen on the surface. The adhesive-side
fracture surfaces have a much lower nitrogen concentration ranging
from 3 to 4% and a higher oxygen concentration between 12 and
15%. The compositions of the fracture surfaces were identical within
experimental error for untreated PC, UVO-treated PC, and UVO-
treated PC samples rinsed in deionized water to remove LMW
material from the surface prior to bonding. The composition of the
adhesive-side fracture surface is consistent with the presence of a thin
layer of polycarbonate on top of the epoxy adhesive. The nitrogen tag
atom on the epoxy allows further quantification by using the C/N ratio
of the pure epoxy to attribute part of the total carbon signal from the
fracture surfaces to carbon atoms in the epoxy. Using this method-
ology, the amount of Cls signal attributable to epoxy was calculated

TABLE 4 Atomic Composition and Analysis of Adhesion Test Fracture
Surfaces (Adhesive Side) for UVO-Treated Polycarbonate—Epoxy Bonds

C/N Epoxy PC

Surface C (%) N (%) O (%) Ratio (%) (%)
Baseline epoxy 854+03 85+0.2 6.1+03 10.1+0.2 100 0
Baseline polycarbonate 85.4 +1.4 0 145+14 0 0 100

0-s UVO PC—epoxy 82.0+3.1 3.2+08 148+24 272481 39+11 61+11
failure surface

30-s UVO PC-epoxy 83.1+1.1 3.6+0.9 13.3+0.6 23.84+53 44+11 56+11
failure surface

120-s UVO PC—epoxy 81.8+27 40+1.0 143+19 21.5+56 49+14 51+14
failure surface

120-s UVO + water 849420 3.0+0.7 121+13 294+81 36+8 64+8
rinsed PC—epoxy
failure surface
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and is shown in Table 4. The remainder of the carbon signal is attrib-
uted to polycarbonate. The results show that the epoxy-side fracture
surface, within the XPS sampling depth, is composed of 50-60%
polycarbonate for all samples irrespective of surface treatment or
removal of LMW material by washing. The percentage of polycarbo-
nate may be slightly overestimated if the polycarbonate is present in
the form of a continuous film on the adhesive surface because of the
higher bias for the topmost surface layers. In all cases, it was observed
that UV treatment did not change the amount of polycarbonate
removed by the epoxy during bond failure.

The fracture surface analysis indicates that failure occurs approxi-
mately within the top 30—60 A of the polycarbonate surface irrespec-
tive of UV treatment or removal of any LMW polymer formed by
UVO oxidation. Such failures are indicative of a weak boundary layer
within the substrate or very high interfacial adhesion, which forces
the locus of failure into the relatively weaker substrate. This model
of cohesive substrate failure also explains the invariance of adhesive
bond strength after surface treatment. The results from nanoindenta-
tion tests show a slight increase in the modulus of UVO-treated poly-
carbonate in the top 500 nm of the surface, but this increase may be
inconsequential if bond failure is caused by a weak boundary layer
near the PC surface.

4. CONCLUSIONS

The surface treatment of polycarbonate by UV oxidation was charac-
terized by wettability and surface energy measurements. UV exposure
in ozone and air was found to impart strong hydrophilic nature to the
normally hydrophobic PC surface. UV process variables such as the
ozone flow rate were carefully chosen to avoid mass transfer limita-
tions, and under these conditions, it was found that the UV modifi-
cation was independent of the ozone concentration in the treatment
environment. The most important process parameter was found to
be the UV irradiance. The changes occurring in the polymer are
strongly dependent on the total irradiant energy, or irradiation, inci-
dent on the surface, which makes the UV-treatment process inde-
pendent of the exposure time. Short exposures at high irradiances
and long exposures at low irradiance levels were found to yield ident-
ical surface properties (wettability, work of adhesion, and surface
energy) when irradiances were varied from 1.6 to 7.5 mW/cm”.

The mechanical properties of the modified surface were probed by
nanoindentation tests. UVO-treated PC showed an increase in the
modulus in the top 500nm with increasing UV irradiation. This is
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expected to be a result of UV-irradiation-induced cross-linking in the
near-surface material. Despite the increase in surface modulus,
adhesion tests showed no change in the adhesive bond strength with
epoxy and polyurethane adhesives. Fracture surface analysis of the
epoxy—polycarbonate adhesive bond using XPS showed the removal of
approximately 30-60 A of polycarbonate material by the epoxy adhesive.
The cohesive failure in the substrate may be indicative of a weak
boundary layer within the polycarbonate, surface or a very high level
of interfacial adhesion between the epoxy and polycarbonate, which
forces the locus of failure into the relatively weaker polycarbonate.
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