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Recent studies have indicated that the addition of a diluent significantly affect its mechanical properties and performance of a
coating, but no works have been reported on the influence of diluent content on the Young’s modulus of a coating, and the
evolution law between them is also not clear. To address the deficiency, polyurethane coatings (paint samples) with different
diluent contents were prepared. Force-displacement curves and microscan images of the coatings were obtained by atomic force
microscopy, and the Young’s modulus of the coatings was calculated on the basis of the indentation method, and positron
annihilation lifetime spectroscopy was used to test the microstructure of the coatings. The results reveal that: (i) Young’s modulus
of the coating initially increase and then decreases with diluent content increasing; (ii) the free-volume aperture size had a greater

effect on Young’s modulus by grey correlation analysis.

1. Introduction

The addition of coating as a protective layer can effectively
improve the surface properties of a substrate, such as
through abrasion resistance and corrosion resistance
[1, 2]. In the coatings industry, polyurethane is widely
used in various surface protection applications because of
its excellent weather resistance, chemical resistance, water
resistance, and flexibility at low temperatures, among
other advantages [3, 4]. Studies have shown that the
mechanical properties of the cured coating can seriously
affect its using effect [5]. Among the many mechanical
performance indexes of a coating, the Young’s modulus is
one of the most critical and represents the relationship
between elastic deformation and applied stress [6]. The
mechanical response, cracking, spalling, and residual
stress state of the coating during the process of application
are all related to the Young’s modulus of the material
[7-9]. Therefore, study into the Young’s modulus of a
coating is crucial to the prediction of its performance
upon application [10].

Saalah et al. [11] studied the effect of the extent of OH in
polyols on the mechanical properties of polyurethane
coating, and the results showed that the Young’s modulus
increased with an increase in the number of hydroxyl
groups. This was attributed to the higher concentration of
OH groups providing more cross-linking sites for the for-
mation of hydrogen bonds on hard segment chains. Simi-
larly, Hwang et al. [12] found that increasing the cross-
linking density of polyurethane reduced the fluidity of the
chain segment, thus providing improved resistance to ex-
ternal tensile force, increasing the elastic modulus of the
coating, and reducing the deformation when subjected to an
external load. Zheng et al. [13] reported that phase sepa-
ration significantly affects the mechanical properties of
polyurethane, and that the absence of phase separation leads
to a decrease in Young’s modulus and strain at the fracture
site. Brunette et al. [14] and Li et al. [15] found that the
Young’s modulus and other mechanical properties of
polyurethane coatings were closely related to the content
ratio of the hard and soft segments, and that the elastic
modulus decreased with an increasing content of soft
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segments. Finnigan et al. [16] demonstrated that adding
layered silicate nanometer powder into the polyurethane
system would not destroy the phase separation, but the
increase in the elastic modulus was obvious. Han et al. [17]
found that the Young’s modulus of most polyurethane-clay
composite samples was lower than that of pure polyure-
thane. Valentine et al. [18] pointed out that the properties of
polyurethane materials were usually tested only at a low
strain rate of uniaxial tension under dry, room temperature
conditions. However, studies found that the Young’s
modulus of polyurethane coating was significantly corre-
lated with the temperature and humidity of the test
environment.

The aforementioned studies explored the effects of
various factors on the Young’s modulus of polyurethane
coating from different perspectives. The fluidity of the paint
is commonly adjusted by adding diluent, with the extent of
the adjustment determined per the engineering demands for
the specific application [19]. Meanwhile, the addition of
diluent also has an impact on the performance of a cured
coating [20, 21]. However, there no works reported on the
influence of diluent content on the Young’s modulus of
coatings. Therefore, deepening the knowledge of this
problem forms the main objective of the present study.

The study described herein designed paint systems with
different diluent contents and prepared corresponding
polyurethane coatings by a spin-coating method. The force-
displacement curve between the probe and the coating was
measured by atomic force microscopy (AFM) [22]. Fur-
thermore, a method for calculating Young’s modulus of each
coating was developed and applied to each coating on the
basis of an AFM pyramidal probe test, which considers the
force-indentation relationship of the pyramidal punch [23],
and previous results obtained from an indentation technique
[24, 25]. In addition, positron annihilation technology
[26, 27] was used to investigate the free volume of each
coating group, with subsequent analysis performed for the
variation law of Young’s modulus from the microscopic
perspective. Finally, the relationship between the free vol-
ume indexes and the Young’s modulus of each coating was
quantitatively determined using grey relation theory.

2. Material and Methods

2.1. Materials. The polyurethane paint and diluent used were
provided by Urumgqi You Bao Te Anti-corrosion Paint Co. Ltd.
The polyurethane paint (BS52-40 type) was a one-component
moisture-curing paint, and the diluent was nonactive diluent
matched with polyurethane anticorrosive paint.

2.2. Sample Preparation. The original intention of this study
is to provide some theoretical basis for the construction of
the actual project, so the use of coating in the actual project is
also referred to in the design test. Relevant study [19] in-
dicates that in practical engineering, the fluidity of coating is
usually adjusted by diluent to ensure the smooth completion
of construction, and pure polyurethane coating without
diluent will not be used in the actual project. Considering the
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application of coating in practical engineering and the
current research situation, the addition amount of diluent is
designed in five cases from higher level to lower one to
prepare the experimental paint, then the influence of diluent
content on Young’s modulus of coatings will be. In this
paper, the diluents were added as 10%, 15%, 20%, 25%, and
30% of the mass of polyurethane coating, and these samples
are hereafter denoted as C-10, C-15, C-20, C-25, and C-30,
respectively. A glass slide (1.5 cm in length) was used as the
substrate and fixed in the center of the homogenizer (KW-
4A type desktop homogenizer; Shanghai Camet Company).
The prepared coating was dropped (1 mL) onto the substrate,
which was placed in the instrument, and the coating was
spread evenly over the substrate under the effect of the
centrifugal force. The spinning rate was 2500 revolutions per
minute and the rotation time was 40 seconds. Finally, the
cured coating sample was put in a sealed bag for testing to
prevent contamination of the surface.

2.3. AFM. Microscopic images of the coating and force-
displacement curves between the probe and the sample were
measured by AFM (MFP-3D type, Asylum Research In-
strument Co. Ltd.). Images were collected using the tapping
mode and the force-displacement curve was measured by the
contact mode. The probe used in this study is a FM-type
probe produced by Nano World, with a spring constant and
resonance frequency of 2.8 N/m and 75kHz, respectively.
The exact spring constant was determined by the thermal
tune method before each measurement. The parameters after
debugging the instrument were: spring constant=2.5nN/
nm; scan rate=1Hz; set point=0.2"V. Each image had a
scanning area of 2ym x2ym. All experiments were con-
ducted in an environment with a relative humidity of about
38% and a temperature of 22 +2°C.

2.4. PALS. The microstructural information of the coating
was tested using PALS, with the experiments carried out on
the positron research platform of the Institute of High
Energy Physics, Chinese Academy of Sciences. The positron
annihilation lifetime spectrum was measured by fast-slow
coincidence measurement technology and the time reso-
lution of the spectrometer was about 195 ps. The lifetime
spectrum was measured with two million counts to ensure
statistical accuracy and the LT9.0 program was used to
analyze the positron lifetime spectra [27].

2.5. Transmission Electron Microscopy (TEM). The mor-
phology of the AFM probe tip was imaged with a trans-
mission electron microscope (JEM-2100F, JEOL Ltd., Japan)
operated at 200 kV and a magnification of 100,000. Images
are shown in Figure 1.

3. Results and Discussion

3.1. AFM Data Processing and Calculation of Young’s
Modulus. Hertz theory is commonly used to analyze contact
mechanics problems [28], and the indentation method
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F1GURE 1: Morphology of AFM probe tip: (a) micrograph of TEM for probe tip; (b) the shape diagram provided by the production company.

established on the basis of Hertz theory has been widely
applied to the determination of Young’s modulus of coating
films [24, 25]. For probes with different geometric tips, their
test results will be different, and the contact model applicable
to the indentation method will also be different [29]. In AFM
technology, spherical or conical tip probes [30-32] are most
often used, and they are suitable for smooth surface and hard
texture samples. However, when the indentation depth
during AFM testing is larger than the apparent radius of
curvature of the probe tip (10 nm-50 nm), the accuracy of the
above calculation method will be seriously reduced [29]. For
samples with soft texture and a wide range of indentation
depth testing, such as the polyurethane coating tested in this
paper, it is appropriate to use a pyramid-tipped probe, which
can achieve more accurate testing results [33]. Therefore,
this paper will use pyramid tip probe for experimental re-
search. The tip shape is positive triangular pyramid shape, as
shown in Figure 1. In this case, the corresponding me-
chanical contact model will also change, and there are few
reports on this case. Therefore, this paper will combine AFM
test results to explore a new calculation method to determine
the young’s modulus of the coatings.

Previous literature [23] has proposed a force-indentation
calculation relationship for the case of a pyramid-shaped
punch:

C,G&

- (1-wtan o M

where F is the load applied to the coating (in units of nN); J is
the depth of the indentation generated under different loads
(in nN); and G and y are the shear modulus and Poisson’s
ratio of the coating, respectively. « is the angle between the
side and the bottom of the probe tip. In this study, the probe
tip is a triangular pyramid, where tana = 2v2. C, is the
influence coefficient of the relationship between the force and
indentation depth caused by the change in the tip geometry.
Accounting for the number of pyramids (n), these influence
coeflicients are listed in Table 1.

The shear modulus (G), Young’s modulus (E), and
Poisson’s ratio (u) are all related according to equation (2)
[29], yields equation (3). This then describes the relationship

among the E of a coating, the applied load, and the in-
dentation depth. Finally, by applying the known parameters
for the positive triangular pyramidal probe used in this
study, the relationship between load and indentation depth
is given by equation (4).

E
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Figure 2 shows a typical force-displacement curve, in
which A-B-C is the approach curve and C-D-A is the
withdrawal curve. More specifically, section A-B in the figure
shows the process when the probe gradually approaches the
sample surface. At this stage, the probe cantilever gradually
bends downward from the initial state of no load and the
distance between the tip and the sample decreases contin-
uously. When the distance between the tip and the sample
reaches a certain small value, the surface forces (van der
Waals force and electrostatic force) are large enough for the
probe to jump and make contact with the surface of the
sample (Point B in the figure). As the cantilever of the probe
continues to move down, the tip presses into the surface of
the sample until the force peaks at Point C. The B-C section
of the curve provides relevant information about the me-
chanical properties of the sample [34]. When the force on
the cantilever reaches a predetermined value, the probe
begins the withdrawal section of the test cycle. Before Point
D, the probe maintains contact with the sample surface due
to adhesion forces. However, at Point D, the adhesive force
peaks and the cantilever deflects in the reverse direction
(relative to Point B). The probe then separates from the
sample and the cantilever returns to the initial position
(Point A).

To calculate the E of the coating, it is necessary to derive
the force-indentation depth relationship from the force-
displacement curve. The force exerted on the coating surface
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TaBLE 1: Force-indentation coefficients.

Number of pyramids 3 4 5 6 8 10 15 20 50

Influence coefficient (Cy) 1.777 1.491 1.398 1.355 1.316 1.300 1.285 1.280 1.274
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FIGURE 2: Force-displacement curve.

by the cantilever can be calculated from Hooke’s Law
(equation (5)) with the spring constant of the cantilever:

F =k, (5)

0=2Z-d. (6)

The indentation depth is calculated using equation (6),
where Z is the piezo displacement, and d is the deflection of
the cantilever, as shown in Figure 3.

Because of thermal drift in the detection system and the
stress of the cantilever beam, the deflection of the free
cantilever was not equal to zero. Therefore, the deflection
offset, d, [35], should be subtracted from all deflection
values. This offset was determined from the force-dis-
placement curve by measuring the average cantilever de-
flection when the cantilever was far from the sample surface.
Therefore, equation (5) can be written as:

F =k, (d-d,). (7)

Similarly, considering that the tip of the probe has a
height deviation of Z, when it initially contacts the surface of
the sample, equation (6) becomes equation (8):

8=(Z-2y) - (d-d,). (8)

By combining equations (7) and (8) with the approach
portion of the force-displacement curve measured by AFM
(B-C section in Figure 2), the relationship diagram between
the force and indentation depth can be obtained. The
force-indentation depth relationships of each coating group
are shown in Figure 4.

Poisson’s ratio was taken as the reference value [36], the
force-indentation depth curve was fitted and analyzed using
the model deduced above, and the E of each coating was
obtained, as shown in Table 2:

The calculated E of the coatings ranged over
6.12-6.92 MPa, which are in the same range as previously
reported Young’s modulus for polyurethane coatings

Coating

FIGURE 3: Relative movements of the sample-AFM tip system in the
indentation experiment.

[11, 18, 37]. Compared with C-10, the E of C-15, C-20, C-25,
and C-30 increased by 3.9%, 13.1%, 8.5%, and 6.4%, re-
spectively. This indicates that the diluent content in the paint
has a significant effect on the E of the coating.

It is clear from Table 2 that the E of the cured coating
initially increased and then decreased with increasing dil-
uent content in the paint. This is because the diluent can
reduce the curing rate of the coating and, hence, the curing
reaction can be performed more completely. This increases
the cross-linking density and improves the E [12]. However,
the addition of diluent also increases the free-volume
concentration and size of the coating [38], as shown in
Section 3.3. This will provide a larger space for the migration
of molecular chain segments, and enables more flexible
rotation of the side chains. This leads to easier movement of
the molecular chain segments when the coating is subjected
to an external load [39], which will reduce the E. Therefore,
the E exhibits an initial increase, followed by a decrease with
increasing diluent content.

3.2. Microscan Images. To more intuitively research the
change in E of the coating, AFM was adopted to conduct
microscopic image scanning. The phase diagram of each
specimen is shown in Figure 5. During AFM scanning,
smaller phase angles indicate harder or more rigid materials,
whereas higher phase angles indicate the presence of softer
material. Therefore, the lighter colored regions in the figure
have lower hardness [40], which also indicates that their E is
smaller [41]. In contrast, the hardness of the darker colored
regions is larger, which corresponds to a larger E.

As can be seen from the phase diagram, the highest phase
angle of C-20 was only 52.5" and the area of the high-phase-
angle region was less than that of the other samples. This
indicates that, overall, C-20 has a large E. However, the
maximum phase angle observed in C-10 was 72.3" and the
high-phase-angle region was large; thus, its overall E was
small. The maximum phase angle and the corresponding
area in samples C-15, C-25, and C-30 are somewhere in
between C-10 and C-20.



Advances in Materials Science and Engineering

Force (nN)

Force (nN)

76 | 78
A
AL .
72 AA 75 | .
A | ]
AA "
68 |- AAA 72 - "
A | |
A Z 69 l.
64 - RS gr -~
uA g o
A 5 66 | ]
60 |- ax = ty
A ot
at 63} .=
56 A ]
A -
A 60 | a®
| |
52 ~ .
1 1 1 1 1 1 1 57 1 1 1 1 1 1 1
100 105 110 115 120 125 130 100 105 110 115 120 125 130
Indentation (nm) Indentation (nm)
A C-10 m CI5
(a) (b)
84 [
88 |-
o *®
°® 00
“ 80 | @
84l o o
o* 76 o"o
[ B J
80 | ] 0
® = o
®
® Ent »®
°
76 . 3 3
°® S o
o° = 68 |- *®
72+ ° *®
o o
® 64 P
68 | o* *®
o o®
°® 60 |-
64 B . 1 1 1 1 1 1 1
0 105 10 115 120 125 130 100105 110 115 120 125 130
Indentation (nm) Indentation (nm)
e C-20 ® C-25
(c) (d)
80 |- 99
4
&
QQ
76 - %
&
&
o®
Z 72t 99
G &
g o
S 68 L QQ
s
&
&®
64 | QQQ
&
QQ
60 - QQ
1 1 1 1 1 1 1

100 105 110

115 120 125 130

Indentation (nm)

& C30

(e)

FIGURE 4: Force-indentation depth chart of (a) C-10, (b) C-15, (c) C-20, (d) C-25, and (e) C-30.
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TaBLE 2: Calculated Young’s modulus data for coating samples.

Sample E (MPa) R?

C-10 6.12 0.9782
C-15 6.36 0.9566
C-20 6.92 0.9861
C-25 6.64 0.9642
C-30 6.51 0.9479

FiGgure 5: Continued.
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FIGURE 5: Phase diagram of (a) C-10, (b) C-15, (c) C-20, (d) C-25, and (e) C-30.

The same probe loading force was maintained during the
scanning process for capturing each sample’s indentation
depth image. Therefore, the greater the pressing depth, the
softer the coating texture, and the smaller the E [41].
Therefore, in the indentation depth images, the E of the
coating in the lighter colored areas is smaller (deeper in-
dentation). Conversely, the E of the coating in the darker
colored areas is larger. The indentation depth scanning
results of each specimen are shown in Figure 6.

Under the same loading force, the maximum pressure
depth of C-20 was only 1.38 nm, while that of C-10 reached
2.38nm in the scanning area. As the diluent content in-
creased, the maximum pressure depth of the coating de-
creased firstly and then increased, and the area
corresponding to the lighter color (i.e., deeper indentation
depth indicating softer material) also showed the same
trend. These results suggest that the overall E of the coating
initially increased and then decreased with increasing dil-
uent content, as reflected in the phase diagrams and the
calculation results in Section 3.1.

3.3. Free Volume. Free volume refers to the volume not
occupied by molecules in the polymer, which is dispersed in
the entire material in the form of holes. The free volume
represents an intrinsic defect in polymer materials, and it
includes the holes that exist between molecular chains and
the spaces needed for the chains to move. The size of the free
volume will directly affect the stacking density of chemical
bonds [42, 43], thus also impacting the mechanical prop-
erties of materials [38]. Therefore, the free volume of each
coating was tested to further analyze the variation law of the
E.

PALS is an important method for measuring the free
volume of a polymer [44-46], which provides microstruc-
ture information of the tested samples [47]. The positron
annihilation lifetime spectrum was resolved into three
lifetime components: 73, 7,, and 75 [48]. Among them, 73

originated from o-Ps pick-off annihilation in the free volume
holes in the polymer amorphous region, which can be lo-
calized preferentially in the cavities. Therefore, the o-Ps
annihilation lifetime (73) and intensity (I5) were used to
characterize the sample free volume aperture size and
concentration (quantity), respectively [49-51].

The positron annihilation results for each sample are
shown in Figure 7. 7; and I5 decrease initially and then
increase as the diluent content in the paint increases. This
indicates that the aperture size and concentration of the free
volume of the coating both decrease first and then increase
with an increase in diluent content. In addition, comparison
with the calculated results of E of the coatings (Table 2)
reveals that the E gradually decreases with the increase of 75
and I;. This is consistent with the conclusions presented in
the literature [47-52], whereby an increase in the free
volume aperture size and concentration will lead to dete-
rioration of the mechanical properties of materials.

Compared with C-10, the 73 of C-15, C-20, C-25, and
C-30 decreased by 1.8%, 10.1%, 4.2%, and 3.0%; the I
decreased by 2.8%, 11.4%, 9.5%, and 6.0%; and the E in-
creased by 3.9%, 13.1%, 8.5%, and 6.4%, respectively. It is not
difficult to see that the change in free volume will have a
significant impact on the E of the coating. To further
quantify the influence of the aperture size and concentration
of the free volume on the E, grey relation theory [53] was
used for the correlation analysis. The mapping variables
(parent sequences) representing the behavior characteristics
of the system were represented by the E of the coating and
were denoted as X,,. The 73 and I of the coating were taken as
the effective factors (subsequences) affecting the main be-
havior of the system, which were denoted as X; and X,
respectively. By calculating the grey correlation degree, the
influence of free volume aperture size and concentration on
the E of the coatings could then be analyzed quantitatively.
The parameters used in the calculation are listed in Table 3.

Putting the calculated correlation coefficients from the
above table into equation (9):
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FIGURE 6: Indentation depth image of (a) C-10, (b) C-15, (c) C-20, (d) C-25, and (e) C-30.
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FIGURE 7: Positron annihilation test results: (a) 75 of each sample and (b) I5 of each sample.

TaBLE 3: Calculated parameters for determining the grey correlation degree.

Initial value image for each sequence

Difference sequence

between each . .
Correlation coefficient

Sample subsequence and parent
sequence
X(; X1, Xz, A A, Yo1 (k) Yoz (k)
C-10 1 1 1 0 0 1 1
C-15 1.0491 0.9825 0.9720 0.0667 0.0772 0.6465 0.6126
C-20 1.1311 0.8985 0.8863 0.2326 0.2449 0.3440 0.3325
C-25 1.0820 0.9580 0.9056 0.1239 0.1764 0.4961 0.4089
C-30 1.0656 0.9703 0.9404 0.0953 0.1251 0.5614 0.4936
1 (ii) With an increasing diluent content, the aperture
Yoi = " Z Yoi (k). 9) size and concentration of the free volume of the
k=1

The grey correlations between 73 and I; and E were
0.6096 and 0.5695, respectively. According to these calcu-
lations, the free-volume aperture size has a larger degree of
correlation with the E of the coating, relative to the free-
volume concentration.

4. Conclusion

This work involved studying the Young’s modulus of
polyurethane coatings with different diluent contents and
testing their microstructure. In addition, grey relation
theory was applied to analyze the influence of micro-
structure indexes on the Young’s modulus. The method
proposed in this paper can accurately calculate the
Young’s modulus of the coating, and the test results of its
microscan images have the same variation trend as those
obtained by the method. The following conclusions can be
reached:

(i) Young’s modulus of polyurethane coating increases
firstly and then decreases with increasing diluent
content.

coating show a trend of decreasing firstly and then
increasing.

(iii) The analysis based on grey relation theory reveals
that the aperture size of the free volume has a greater
influence on its Young’s modulus than the
concentration.

The achieved results in this study are important that the
requirements of the construction technology and the in-
fluence of diluent content on coating properties be con-
sidered at the same time to determine the best suited diluent
content for the coating when designing polyurethane
coatings that can achieve good utility in practical engi-
neering applications.
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