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1. Introduction

Polymer adhesion was previously studied in the framework of polymer physics,
materials science, and technological applications [1-7]. Adhesion is a physical process of
joining separate material surfaces together by means of quantum-mechanical,
mechanical, chemical, or thermodynamic forces. This process is affected by polymer
miscibility, and polymer blends with few exceptions tend to separate [1-7]. Accordingly,
a rare miscibility or frequent immiscibility of polymers have a significant effect on the
adhesive strength at the contact surfaces [1-7], typically causing a weak adhesion
between two polymer surfaces. Note that several theoretical results on polymer-polymer
adhesion linking it to polymer reptation through the interface is available, most notably

[8-12].

Even with such weak adhesion, blended polymer systems are frequently
employed for various technological applications ranging from the semi-conductor
industry to the textile industry. In the semi-conductor industry, a process known as spin-
coating is frequently used to create patterned polymer surfaces [13-15]. Similarly, in the
development of optical devices, spin coating is used to create thin polymer blended films
for anti-reflective coatings [13, 16-18]. In the textile industry, polymer blends are used to
form fibers with desired properties [19-20]. Blended polymers are also used as protective
coatings [21]. In all these applications, the immiscibility of polymers, solvent diffusion,
interaction energies between the surfaces, wettability, etc., influence the final surface
concentrations and morphologies of the polymer systems [15, 22-24]. As a result, the
surface concentration of these mixed systems do not represent the bulk concentrations

utilized. For example, in the case of spin-coating, the surface concentration of the thin



films would not be equivalent to the bulk concentration of the spin-coated emulsions [15,
22-24]. Frequently used methods to measure this surface concentration are often
complicated and costly such as the X-ray photoelectron spectroscopy, Fourier transform

infrared spectra, or atomic force microscopy [15, 22-24].

In addition to the need to understand and properly measure the surface adhesion,
and its dependence on the surface concentration of blended polymer films, the
characterization of the surface morphology and homogeneity is crucial. Different
properties such as optical reflectance and light transmission, as well as the adhesive
strength would be severely influenced by the morphology and uniformity of the blended
films. Thus, a means of quantifying such a uniformity becomes imperative. Various
approaches are used to characterize the spatial uniformity in the ecological, geological,

textile, nano-materials, etc. contexts [25-29].

The present work aims at measuring the adhesive energy between the blended
polymer film and a monolithic polymer film consisting of one of the components. To
facilitate characterization of the adhesive energy, a novel, efficient and straightforward
method of characterization of the surface topography of blended polymer systems is

introduced. This method employs selective staining of individual polymers at the surface.

2. Experimental Methods
2.1 Materials

Two commercially available polymers were chosen for this work, PCL (Mn= 80

kDa) and N6 (molecular weight of each polymer repeat unit 104.83 Da [30]). The glass



transition temperatures of PCL and N6 are -64 °C [31] and 62.5 °C, respectively, whereas
their melting temperatures are 60 °C and 228.5 °C, respectively. The polymers were used
as received without any further purification. Where not specified, properties were
obtained from the manufacturer. The solvents that were used here were acetic acid (grade
99>%) and formic acid (grade >95%). For the surface characterization and selective
staining, Rhodamine B (basic violet 10) dye was utilized. All the materials were obtained

from Sigma Aldrich.

2.2 Sample Preparation

Sample preparation is depicted in Fig. 1. Spin coating was conducted as follows.
Thin, rectangular copper wafer platelets of dimensions 60 mm x 30 mm with a 3 mm
hole at the center were used as the base for spin coating. Note that the copper wafers were
polished with a 1000 grit sandpaper. After the copper wafers were polished, they were
rinsed thoroughly with ethanol and exposed to open air for one day. This allowed them to
develop an inert copper oxide layer on the surface which would minimize reactions
between the copper surfaces and the solvents used during the following spin-coating
process. The center hole in these wafers aimed the subsequent blister test where adhesion
energy is to be measured. One opening of the hole in the copper wafers was covered with
a tape prior to the wafer being placed into the spin-coating setup, taped side down, as

shown in Fig. 1a.

Either a 0.5 mL drop of the 15 wt% PCL solution or a drop of an emulsion of

PCL in N6 was placed at the center of a copper wafer on the spin-coater. The 15 wt%



PCL solution used was prepared by dissolving PCL in a 1:1 ratio (by weight) mixture of
the acetic acid and formic acid. Similarly, three separate emulsions of PCL in N6 were
prepared for spin coating. The first emulsion contained 70 wt% PCL and 30 wt% NG6; the
second emulsion contained 60 wt% PCL and 40 wt% NG6; and the third emulsion
contained 40 wt% PCL in 60 wt% N6. These emulsions were prepared by mixing the 15
wt% PCL solution with a 20 wt% N6 solution prepared in the same 1:1 ratio (by weight)
mixture of the acetic and formic acid. After thoroughly mixing, the polymer solutions
were left for 30 min before spin-coating, permitting spinodal decomposition of the co-
dissolved polymers and formation of clearly visible droplets of PCL in N6 matrix, or N6

in PCL matrix, i.e. the emulsion formation similarly to [32].

After depositing a 0.5 mL droplet on the copper wafers on the spin-coater, they
were spun at 2700 rpm to form thin films from 70 % PCL spin-coated substrates using
the 70 wt% PCL to 30 wt% N6 emulsion, or 60 % PCL spin-coated substrates using the
60 wt% PCL to 40 wt% N6 emulsion, or 40 % PCL spin-coated substrates using the 40
wt% PCL to 60 wt% N6 emulsion. In addition, monolithic thin films on copper wafers
were spin-coated from the 15 wt% of PCL. It should be emphasized that after spin-
coating, the pre-drilled holes in the copper wafers were not filled with polymer solutions
or emulsions despite being exposed to the solution during spin-coating. The samples were
then left for two days for the solvents to fully evaporate. The process resulted in the
approximately 0.1 mm thick blended (PCL with N6) films (substrates) adhering to the

underlying copper wafers (cf. Fig 1b).

The samples thus prepared were characterized using two methods. First, images

of the resultant surface topography of the blended polymer substrates were obtained using



the novel staining method. Namely, N6 at the surface of the blended polymer films was
selectively stained. Images were then obtained of these selectively stained films, and
through an image analysis described in detail in subsection 2.5, the surface topography
was evaluated. These polymer films were also used in the blister tests to measure the

adhesion energy, as described in detail in subsection 2.4.
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Figure 1. (a) Schematic of the spin-coating setup with copper wafer placed on top. (b)
Cross-sectional view of the spin-coated polymer film composed of either monolithic PCL

or blended PCL and N6 spin-coated on the copper wafer.

The monolithic PCL films used to measure adhesion energy were formed by spin
coating. An aluminum petri dish (53 mm in diameter) was uniformly coated by 2 mL of
the 15 wt% PCL solution. The PCL solutions in such petri dishes were left on a hotplate
at 45 + 2 °C to facilitate evaporation and formation of the PCL films. The films were left

for two days for the solvent to fully evaporate. After that, these monolithic PCL films



were removed from the petri dishes and located onto the spin-coated substrates, forming a
sandwich that was heat-treated at 55 + 2 °C, below the glass transition temperature of N6,
62.5 °C. As described in the following subsection 2.3, adhesion would not occur between
PCL and N6 at this temperature. The spin-coated blended substrates which were
thermally adhered to the monolithic PCL films consisted of 100 % PCL, 70 % PCL, 60 %

PCL, and 40 % PCL (with the rest being N6).

To further observe the effect of heat treatment on the adhesion between PCL and
N6 and to characterize the surface structure by the selective staining with Rhodamine B,
additional thin PCL films and N6 films were formed. These monolithic thin films were
formed by spinning pure PCL or pure N6 solutions on the spin-coating setup shown in
Fig. 1. In this case, a sheet of aluminum foil acting as the substrate was placed onto the
spin-coating setup (instead of the copper platelet), and a 1.5 mL of the 15 wt% PCL
solution was used to form monolithic PCL films. Alternatively, a 20 wt% N6 solution
was used to form monolithic N6 films. In both cases the solvent was a 1:1 ratio (by
weight) of acetic acid and formic acid. These solutions were spun for 30 s at 170 rpm.
The aluminum foil with the thin film of polymer solution was then removed from the spin
coater and placed onto a hotplate for 2 days to facilitate evaporation. In the case of PCL,
the hotplate was set at the temperature of 45 + 2 °C, while in the case of N6, it was set at
the temperature of 60 + 2 °C. It should be emphasized that formation of N6 films by a
simple evaporation method in an aluminum petri dish is not robust and yields non-
uniform films. After these monolithic PCL and N6 films were solidified, they were

removed from the hotplates and used to evaluate their adhesion energy to one another at



temperatures below the glass transition of N6. These films were also used in the staining

experiments described in subsection 2.5.

2.3 Sample Heat-Treatment

The spin-coated substrates containing either monolithic PCL or the PCL and N6
blends were placed (with the attached copper wafer down), onto a hotplate at 55 + 2 °C.
Then, the monolithic PCL films were placed onto the polymer side of the substrates, and
a copper block pre-heated to the same temperature as the hotplate was placed onto these
films, applying a low constant pressure of 0.01 MPa to facilitate an initial adhesion. The

samples were heated for 180 s in this sandwich-like configuration, shown in Fig. 2.
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Figure 2. Schematic depicting conduction heating process used to heat-treat and adhere
monolithic PCL films to different spin-coated substrates. The same approach was used in

the attempt to thermally adhere the monolithic PCL films to the monolithic N6 films.

After the 180 s heat treatment, the pre-heated copper block was removed, and a
steel roller of radius 30 mm was pressed to the substrates and rolled manually to remove

air bubbles and facilitate uniform conglutination in the still hot samples. This was



conducted 20 consecutive times similar to [33]. The corresponding pressure applied by

the roller can be found using the following equation [33-34]
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where L is the half-width of the roller contact area, E is the Young’s modulus of the steel
roller, v is the Poisson’s ratio of the steel roller, R is the radius of the roller, and F is the

force applied by hand-pressing.

The pressing force measured by a balance was F = 9.8 N. The material properties of
the steel roller are E = 200 GPa and v=0.3. The radius of the roller was R = 44.62 mm.
Then Eq. (1) yields the half-width L as 114 pm. Thus, the applied pressure which can be

calculated asp = F/ (2Lx W), with the width W = 30 mm, was p=1.8 MPa. This shows

that a sufficient load was applied to laminate the samples and remove the entrapped air-
bubbles. Furthermore, this pressure also facilitated adhesion between the monolithic PCL
film and the underlying blended polymer substrates. After heating and lamination, the
samples were cooled to room temperature and used in the blister tests detailed in the

following subsection 2.4.

It should be emphasized that the temperature of heat-treatment, 55 °C, is below
the glass transition temperature of N6 and thus, the monolithic N6 films should not
adhere to the monolithic PCL films [1, 5, 35-39], which was confirmed by the present

results.
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2.4 Blister Tests of Heat-Treated Samples

Blister tests are widely used to measure the adhesion energy between two
materials [33, 40-43]. The blister-test setup, shown in Fig. 3, was built to measure the
adhesion energy of the heat-treated samples. The heat-treated substrates were fixed in
position. Then, a 0.5 mm diameter needle was advanced by a micrometer stage through
the through-hole in the copper wafer to apply a force and delaminate the overlying spin-
coated monolithic PCL film adhered to the underlying polymer substrate. The resistive
force experienced by the 0.5 mm needle due to the delamination of the PCL film from the
underlying polymer surface was measured by a force gauge (Inda model DS2-11). It
should be emphasized that the blended films were fixed on the copper substrates, and
thus did not contribute to the adhesion energy values measured in the blister test. Note
also that blister tests were conducted at a fixed lowest rate of strain of about 0.3 mm/min.
At such a low rate of strain mechanical behavior of PCL films, and thus the measured
adhesion energy is unaffected by the strain rate (which is corroborated by stretching of
PCL films using Instron machine). A DSLR camera, along with light sources, was used
to obtain video recordings of the blister profile during the entire process. These
recordings were then interpreted in conjunction with the load measured by the force

gauge to obtain the adhesion energy.
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Figure 3. (a) Image of the blister test setup. (b) Schematic depicting the blister test setup

with the observation system used to measure the blister profile. Here the maximum force
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P measured before the complete delamination or failure of the sample, as well as the

maximum blister diameter 2a are shown.

Using the blister profiles obtained from the images and the corresponding applied
loads, the adhesion energy between the PCL film and different spin-coated polymer

substrates was found using the following equation [33]

3 P4 1/3
T=2| ——— 2
8[n4Eha4J @)

where T is the adhesion energy, P is the maximum load measured before blister failure, E
is the Young’s modulus of the PCL layer, h is the thickness of the PCL layer, and a is the

measured blister radius.

2.5 Selective Staining

During the spin-coating process, the surface concentration of a polymer in a blend
would not necessarily be equivalent to that of the emulsion used during spin-coating [15,
22-24]. To characterize the surface composition and uniformity in spin-coated substrates,
a novel method of selective staining is used in the present work. It stems from the ability
of the Rhodamine B dye to selectively stain only N6 in the N6-PCL blends at the surface

of the blended spin-coated films.

To reveal the ability of selective staining of N6, monolithic thin films of PCL or

N6 were independently dipped into a Rhodamine B solution. The Rhodamine solution
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used for dyeing was a 0.02 wt% solution of Rhodamine B dissolved in DI water. This
solution was kept heated on a hotplate at 90 °C. Then, small rectangular pieces,
approximately 3.5 cm x 8.0 cm, of either thin monolithic PCL films or monolithic N6
films were submerged for 10 s into the solution. After that, the films were removed and
rinsed with DI water at room temperature. After the rinsing, additional DI water was
poured over the films and subsequently patted dry with a clean towel. Several images of

samples before and after dyeing are shown in Fig 4.

Figure 4. Sample images before and after submerging monolithic PCL and N6 films in
the Rhodamine B solution. Panel (al) depicts a PCL film submerging, and panel (a2) —
after it has been submerged. Panel (b1) depicts a N6 film before submerging, and panel

(b2) — after it has been submerged.
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Figure 4 shows that Rhodamine B does not dye PCL, whereas it clearly dyes N6.
According to [44], the anion of Rhodamine B dye attaches to the amide bond of N6
owing to the unbalanced charge, whereas in the case of PCL there is no such unbalanced
charge. Thus, Rhodamine B dye does not attach to PCL. This makes selective staining of

a single component at the surface of PCL-NG6 blended polymer substrates possible.

The spin-coated samples of 70 % PCL, 60 % PCL, and 40 % PCL were
selectively stained. After that, surface images of such samples were obtained by using
LED illumination. The images of a total area of 2.03 cm? were then taken by a DSLR
camera (cf. Fig. 5a). The aperture settings on the camera was f = 7.1 and the exposition

time was 1/5.

2.5 mm

Figure 5. Images of a dyed spin-coated blended PCL-N6 sample before and after
processing. Panel (a) depicts the original image, and panel (b) depicts the processed
image converted to black and white, with white corresponding to PCL and black

corresponding to N6.
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The images of stained blended samples were then analyzed using an in-house
image analysis code developed on the Matlab R2016 platform. The original color images
were converted to black and white binary images in such a way that white corresponded
to the PCL domains, and black — to the dyed N6 domains (cf. Figs. 5a and 5b). The
threshold value for converting color images to black and white images was kept same for
all the images. Five images from distinct locations on two samples of each of the blended
polymer spin-coated substrates (70 % PCL, 60 % PCL, and 40 % PCL) were analyzed
using this image analysis software. Using these binary images, information on the
resultant PCL surface concentration, as well as the uniformity of the spin-coated films

can be readily evaluated, as described in detail in subsection 2.6.

2.6 Surface Topography Analysis

To calculate the surface concentrations, a Matlab code was developed in which
each binary image of the various spin-coated substrates was converted into a two-
dimensional binary array. Namely, each pixel of the binary image was assigned a value of
“0” corresponding to white (i.e. PCL), or “1” corresponding to black (i.e. N6). Using this
binary array, the total area fraction of white can be calculated. This corresponds to the

surface concentration of PCL in the various blended polymer substrates.

Sample homogeneity and uniformity can be assessed using the stained blended
substrates. Various approaches were used in different fields for this purpose [25-29]. The
most widely used approach is based on the quadrant method, which employs such

statistical characteristics as the index of dispersion [26]. Another statistical characteristic,
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the uniformity index, was used in the textile-oriented applications [28]. In the present
work, both statistical characteristics were evaluated. Note, that according to [26] the

index of dispersion is expected to be the most robust and reliable.

The uniformity was characterized as follows. The resultant binary (black and
white) two-dimensional array is expressed as a matrix of pixels. It is subdivided into n

rectangles, with n = i?, with i being an integer greater than 1 (cf. Fig. 6).

; ‘c

N-number of Quadrants
n=4 n=9

Figure 6. Subdivision of a processed image into n rectangles. Panel (a) depicts the case

of n= 4, and panel (b) — of n = 9 equally-sized rectangles.

For each rectangle, the white fraction (PCL) f, is measured. The index of

dispersion, 1, is found as
02
I=— 3)
X

where o2 is the observed variance and X is the observed mean of the white faction f,

measured for different rectangles. Note that the value of | uniformity depends on the
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number of rectangles n used. The value of n was chosen so that the value of | would

change only slightly with n.

The index of dispersion as a function of the number of divisions of the binary
images depicted in Fig. 5 is shown in Fig. 7. It is seen that saturation is reached at about

n=50 and the plateau value | ~0.75.
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Figure 7. The index of dispersion (blue) and the coefficient of variation (red) with the

number of divisions n.

The coefficient of variation, CV, is defined as
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(4)

x| a

It also depends on the number of divisions n and saturates at about n=50 to 60 at the
value of CV =0.65 (cf. Fig. 7). This means that at n=50 to 60, the value of 6=I/CV=1.15.
Using the results of Fig. 7, in the present work the images were divided into 50

rectangles.

It should be emphasized that for each number of rectangles n, the chi-squared

value x> , which represents the goodness-of-the-fit, can be measured as [25, 28-29].

v, = Ll 5)

e

where fe is the expected white fraction, and f, the observed white fraction for each
subdivision number. The index describing the resultant % distribution, the uniformity

index Ul is then obtained as [25, 28].

1=Imax

Z Xzi

Ul=|1-—=2 |x100% (6)

Z (n, -1)

i=2

The uniformity index Ul varies between 0% and 100%, with 100% corresponding to the
case of perfect uniformity. Note that imax iS the maximum number of rectangles into
which the binary image was divided. The upper bound of the summation, imax, in Eq. (6)
is limited as the n-number of divisions reaches the size of a pixel. However, well before
reaching the size of a pixel, the resultant uniformity index would cease to significantly

alter and plateau to a constant value. Thus, a total number of rectangles n for the
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calculation of Ul was used at this plateauing limit. A Matlab code was developed to
measure Ul according to Eq. (6). The predicted values of Ul found from the images of

Fig. 5 are shown in Fig. 8.

100 -
A -
> 95-
-4 .
~ 90+
:5 3
,g 85:
o 80"
& 754
© py( >
S 70
= .
S 65-
.E o
60
- .
55

S0+ —T7T

0 25 50 75 100 125 150 175 200 225 250

i (Integer Counter)
max

Figure 8. Uniformity index calculated for the binary image shown in Fig. 5 using Eg. (6)
for various number of rectangles n. Note that n = i2, where n is the maximum number of

rectangles in the image.

Figure 8 shows that as the number of divisions into rectangles surpasses 150, the Ul

value saturates at about U ~60% . Accordingly, imax = 150 was chosen in this work.



20

3. Results and Discussion

3.1 Blister Tests of Heat-treated Samples

Blister tests were conducted with the monolithic PCL films thermally adhered at 55 °C to
the 100 % PCL spin-coated substrates, as well as with the blended 70 % PCL, 60 % PCL,
and 40 % PCL spin-coated substrates. Multiple blister tests for each of these cases were
conducted. Namely, in the case of the monolithic PCL spin-coated substrates, 11 trials
were conducted, whereas in the case of the blended 70 wt% PCL, 60 wt% PCL, and 40
wt% PCL, 6, 15, and 9 trials were conducted, respectively. The results for the average
adhesion energy found using Eq. (2) for all the cases of spin-coated substrates are listed
in Table 1. The Young’s modulus of PCL according to [45] is E=343.9-364.3 MPa, thus
the value of E=354.1 MPa was used. The measured adhesion energies for all the tested
spin-coated substrates were also normalized by the average adhesion energy for the case
of monolithic PCL spin-coated substrates. The results for this normalized average
adhesion energy for all the cases of the spin-coated substrates are shown in Fig. 9.
Several examples of the recorded blister profiles for all the cases of the spin-coated

substrates are shown in Fig. 10.

Spin-coated | Adhesion energy
substrate (3/m”?)

100 % PCL 7.91+2.98

70 % PCL 7.41 £ 0.67

60 % PCL 6.81 +2.22

40 % PCL 4.24 +1.26
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Table 1. Average adhesion energy for all the tested heat-treated samples.
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Figure 9. Normalized adhesion energy of the heat-treated samples. E1oo/ E100 COrresponds
to the case of 100 % PCL in the substrate (monolithic PCL film adhered to PCL), E70/E100
corresponds to the normalized adhesion energy for the case of 70 % PCL in the substrate
adhered to PCL. Eeo/E100 corresponds to the case of 60 % PCL in the substrate adhered to
PCL, and Eso/E100 - to the case of 40 % PCL in the substrate adhered to PCL. The error
bars in these normalized results reflect the standard deviation in the results listed in Table

1.
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100 % PCL 70 % PCL

2 mm

40 % PCL

60 % PCL ’-

2 mm

Figure 10. Blister profiles for different heat-treated samples.

Also, it was observed that PCL does not thermally adhere onto N6 at the chosen
temperature of 55 °C. This is due to the fact that the glass transition temperature of N6
was not achieved, which is a known requirement for the adhesion between polymers [1,
5, 35-39]. Thus, the normalized adhesive energy shown in Fig. 9 should be associated
with the surface concentration of PCL, since the adhesion only occurred between the
monolithic PCL films and the PCL islands at the surface of the spin-coated blended
substrates. An additional possibility of the presence of PCL-N6 mixed domains and their

effect on the adhesion energy is discussed in sub-section 3.3.

3.2 Surface Topography Measurement
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Surface mapping of PCL on the spin-coated blended substrates of 70 % PCL, 60
% PCL, and 40 % PCL was conducted using the method of selective staining. After
dyeing, five images from distinct locations on the two samples of each stained spin-
coated substrates, namely the 100 % PCL, 70 % PCL, 60 % PCL, and 40 % PCL, were
processed and converted into binary images. Here, two images were taken at opposite
sides of the through hole, along the length of 60 mm, for each sample, resulting in four
images or locations, while the fifth image was additionally taken toward the edge of one
of these samples. The results for all the locations on spin-coated substrates, as well as the
average and standard deviation are listed in Table 2. Several characteristic images of the
selectively stained blended samples of 70 % PCL, 60 % PCL and 40 % PCL, as well as
the processed binary images are shown in Fig. 11. Note, N6 islands at the surface of the

substrates was dyed pink, leaving only PCL undyed.

Table 2 reveals that the average surface concentrations of PCL are somewhat
different from the volume fraction of PCL in the film. In fact, the surface concentration
varies widely between different locations. This can be attributed to the fact that both
polymers have different macromolecular structure, chain length, polymer-solvent
interaction, polymer-polymer miscibility, diffusion coefficient in solvent, the interaction
energies, etc. [15, 22-24, 46]. This results in an uneven localization of PCL and N6 over

the surface of the blended samples.

It should be emphasized that on averaging the surface concentration of PCL, the

results did not reveal a wide variation across the samples.

Percent surface concentration of PCL
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70 % PCL | 60 % PCL (40 % PCL
Location 1 85 % 56 % 51 %
Location 2 65 % 63 % 50 %
Location 3 70 % 51 % 53 %
Location 4 2% 62 % 35 %
Location 5 62 % 61 % 43 %
Average 71+9% 59+5% 46+7%

Table 2. Surface concentration of PCL for all observed locations of the two samples of

the spin-coated blended substrates containing 70 % PCL, 60 % PCL, and 40 % PCL.
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2.5 mm

2.5 mm

Figure 11. Images of the selectively stained spin-coated blended samples before and after
processing. Panel (al) depicts the dyed spin-coated film of 70 wt% PCL, and panel (b1)
depicts the processed binary black and white image, with white corresponding to PCL
and black corresponding to N6. Panel (a2) depicts the dyed spin-coated film of 60 wt%
PCL, and panel (b2) depicts the processed binary black and white image. Panel (a3)
depicts the dyed spin-coated film of 40 wt% PCL, and panel (b3) depicts the processed

binary black and white image.
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The statistical characteristics of the surfaces of the blended samples obtained from
the binary images of Fig. 11 are shown in Table 3. The data for the uniformity index are

listed in Table 4.

Index of Dispersion / Coefficient of Variation

70% PCL | 60% PCL | 40 % PCL

Location1 | 0.82/0.53 0.77/0.61 0.75/0.65
Location2 | 0.83/0.48 0.84/0.49 0.69/0.80
Location3 | 0.75/0.65 | 0.68/0.80 | 0.77/0.62
Location4 | 0.87/0.43 | 0.83/0.49 | 0.64/1.01
Location5 | 0.86/0.43 | 0.78/0.65 | 0.74/0.95
Average 0.83/0.50 0.78/0.61 0.72/0.81

Table 3. The index of dispersion and coefficient of variation of PCL at the surfaces of the

spin-coated blended 70 % PCL, 60 % PCL, and 40 % PCL substrates.

Uniformity Index of PCL
70% PCL | 60% PCL | 40% PCL
Location 1 77 % 69 % 64 %
Location 2 83 % 76 % 64 %
Location 3 75 % 65 % 66 %
Location 4 83 % 75 % 59 %
Location 5 83 % 74 % 70 %
Average 804 % 72+25% 65+4 %
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Table 4. The uniformity index of PCL at the surface for all observed locations of the two
separate samples of each of the spin-coated blended substrates containing 70 % PCL, 60

% PCL, and 40 % PCL.

The statistical characteristics listed in Tables 2-4 show that as the PCL
concentration increased, the uniformity of PCL distribution over the sample surface
increased as well. This has a direct impact on the adhesion energy of the blended samples

with the monolithic PCL film described next.

3.3 Blister Test Results versus Surface Topography

The results of the blister tests for the adhesion energy listed in Table 1 and
depicted in Fig. 9 elucidate the polymer-polymer adhesion (or its absence) between PCL
and N6. A decrease in the PCL concentration at the surface of the spin-coated blended
substrates reduced the adhesive energy to the overlying monolithic PCL film, since PCL
had not adhered to N6 at the surface. The measured normalized adhesive energies shown
in Fig. 6 are, to some extent, linked to the surface concentration of PCL in the spin-
coated blended films. However, the measured values of the normalized adhesion energy
Ei/E100, With i=40, 60, 70 and 100 are not linearly proportional to the measured surface

concentrations of PCL of 71+9 %, 59+5 %, and 467 %, as Fig. 12 shows.
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Figure 12. The normalized adhesion energy of the heat-treated blended samples versus
the surface concentration of PCL. The vertical error bars correspond to the standard
deviation of the results listed in Table 1, whereas the horizontal error bars correspond to
the standard deviation of the results listed in Table 2. The dashed red line is inclined by

45°,

In the present work, the weight percentage of PCL in blend with N6 is
significantly higher than the miscibility limit [47,48]. According to [47], full miscibility

of PCL with nylon 6 is achieved at ~14-16 wt% PCL content. The ester groups of PCL



29

are oriented in the direction opposite to the main chain direction and conform to a N6 -
like structure [48]. As a result, PCL can be mixed at low contents with nylon 6 and form
a mutually entangled structure. It should be emphasized that in spite of the immiscibility
of PCL and N6, their blend results in a durable film [48]. The tendency to the
immiscibility associated with the ester-amide interactions [47], was attributed to a
significant difference in the glass transition temperatures Ty of both polymers. At higher
than ~14-16 wt% PCL content, a part of PCL stays unmixed (cf. Figs. 5 and 6, where
digital photographs reveal the partial mixing of PCL, as well as the unmixed domains).
This partition of PCL into mixed and unmixed parts explains the deviation from linearity
in the dependence of the adhesive energy on the PCL content seen in Figure 12,

ascertaining the fact that the still-mixed domains can also contribute to adhesion.

For the 70% blended sample the adhesion energy approached that of the
monolithic PCL film (cf. Fig. 12). It should be emphasized that the present results have
far-reaching implications for the industrial applications where polymer composites are
produced extensively by adhering polymer layers by thermal bonding accompanied by
pressurization. Most of those applications tend to replace a part of the polymer content by
another filler to minimize cost, supposedly without losing the adhesion energy. This work
shows that by achieving a higher uniformity of the matrix polymer in the composite film,

the adhesive energy can be tuned to match that of the monolithic polymer film.

Note also the possible sources of experimental error in the adhesion tests
conducted. There may have been an experimental inaccuracy in measuring the adhesion
energy, namely the method of obtaining blister radii using an image analysis where the

camera may have been slightly tilted relative to the sample. Reproducibility of forming
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the substrates was also an issue. During formation of various spin-coated substrates, the
copper on the wafer surface, albeit being partially passivated by the oxide layer, would
still react with the solvents (the formic and the acetic acid). In addition, variations in
humidity have been observed to severely alter the evaporation rate of various spin-coated
blended substrates and monolithic PCL films. Finally, the heat treatment process can
introduce variability. The substrates were heated at 55 + 2 °C, which is close to the
melting point of PCL, 60 °C. Upon reaching the melting point, a strong adhesion would
occur between the monolithic PCL films and the PCL contained at the surface of the
various spin-coated blended substrates due to spreading of molten PCL over the surface

of the blended samples.

4. Conclusion

The adhesive energy of blended and monolithic PCL and PCL-N6 surfaces was
measured by blister method and linked to the surface composition of the blended
samples. It was shown that PCL does not adhere to N6 after heat-treatment at 55 + 2 °C,
while the monolithic PCL films adhered to the blended samples via the PCL at the
surface. Furthermore, an effect of partially mixed PCL-N6 domains on the adhesion

energy has been elucidated.

The surface concentration of PCL in the blended samples was also established
using a novel staining method. It was shown that the surface concentration of PCL differs
from its bulk content in the blend samples. The measurements also revealed that the

normalized adhesion energy between the blended PCL-N6 samples and monolithic PCL
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films is related to the surface concentration of PCL. Due to the minor partial mixing of
PCL with N6 during spin-coating, the measured surface concentration of PCL would
remain an underestimate. However, this method may prove to be a useful first estimate in
the measurements of surface concentration of blended films. Several statistical
characteristics of the surfaces of the blended samples were also used to characterize their
uniformity/non-uniformity. It was shown that increasing the surface uniformity of the
adhering component in the blended samples (PCL), one increases the adhesion energy.
Moreover, at about 70% of PCL at the surface, the adhesion energy of blended samples to
monolithic PCL films could reach the value characteristic of the adhesion between two

monolithic PCL samples.
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