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Abstract While graphene nanoplatelets (GnPs)
have emerged as promising nano-modifiers of asphalt
binder in recent years, much is still unknown in
terms of the existing correlations between the physi-
cal, chemical, and geometric characteristics of this
nanofiller and observed asphalt binder properties.
In this work, we investigate the important correla-
tion between the geometric characteristics of GnPs
and the rheological properties of the GnP-modified
asphalt binder at high temperatures. Our results indi-
cate that, in general, incorporating GnPs with large
mean particle diameters (> 14 pm) and thicknesses
(> 8 nm) enhances the high-temperature performance
of the asphalt binder. The results of the multiple
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stress creep and recovery tests confirm that includ-
ing GnPs in asphalt binder can decrease its perma-
nent deformation by 33.2% and enhance its elastic
recovery by 53.9%. Phase contrast images obtained
by atomic force microscopy further indicate that the
presence of GnPs with large mean particle diameters
alters the morphology of the asphalt binder, leading
to improved temperature stability and less susceptibil-
ity to permanent deformation.

Keywords Graphene nanoplatelets - Asphalt
binder - Particle diameter - Rheological properties -
Multiple stress creep and recovery test - Atomic force
microscopy

1 Introduction

Enhancing the high-temperature properties of asphalt
binders is imperative for prolonging the lifespan
of asphalt roadways and minimizing the associ-
ated maintenance costs. One of the most common
approaches to enhance the performance of asphalt
binders at high temperatures is through the addition
of modifiers such as rubbers [1-3], polymers [4-6]
and, recently, nanomaterials [7-9]. Nanomaterials
have shown great promise in improving various prop-
erties of asphalt binders, such as high-temperature
performance, thanks to their large surface area and
unique physicochemical properties [10]. Examples of
nanomaterials used to modify asphalt binders include
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nano-TiO, [9, 11, 12], nano-clays [13, 14], nano-silica
[15], nano-ZnO [16], carbon nanofibers [17, 18], car-
bon nanotubes [19, 20], and more recently graphene
[10, 21]. These nanomaterials offer promising pros-
pects for enhancing asphalt binder performance, and
the unique characteristics of graphene have received
a lot of interest in recent research efforts [7, 10, 19,
22]. For example, Li et al. [10] examined the effect
of graphene on the high-temperature performance
of asphalt binders at different aging conditions.
Their results indicated that adding 1 wt% graphene
to asphalt binder can significantly enhance its aging
resistance and improve its thermal stability. Nazki
et al. [21] reported that graphene can increase the
complex shear modulus and reduce the phase angle
of asphalt binder. In research conducted by Brcic
[23], it was observed that incorporating graphene at a
concentration of 2 wt% dramatically reduces the per-
manent deformation of the asphalt binder. Similarly,
Navarro et al. [24] reported that graphene obtained
from the reduction of graphene oxide can enhance the
elastic response and reduce the thermal susceptibil-
ity of asphalt binders when incorporated at an opti-
mal content of 0.5 wt%. Despite the existing efforts
to improve the performance of asphalt binders by the
inclusion of graphene or its derivatives in its formula-
tion, the evaluation of the physical, mechanical, and
chemical characteristics of graphene-modified asphalt
binders remains to be elucidated. In fact, determin-
ing the optimal content of graphene based on its
geometric and chemical characteristics is needed to
target the design of performance-grade engineered
asphalt. Based on the available literature, the optimal
graphene content ranges from 0.01 to 3 wt% [10, 21,
23-30]. This wide range becomes significant given
the substantial cost associated with such nanomateri-
als. The uncertainty in the reported optimal graphene
content might be related to the variability in the phys-
ical and chemical characteristics of graphene used for
asphalt binder modification as well as the modifica-
tion methods. Among these variables, the geometric
characteristics of graphene on the behavior of the
modified asphalt binder are hypothesized to be most
influential. Utilizing graphene without considering
its geometric characteristics may result in misleading
findings or, at the very least, limit the potential out-
come derived from employing graphene as an asphalt
binder modifier.

Several research efforts have been undertaken
to comprehend the underlying mechanisms behind
graphene-enhanced asphalt performance, but conclu-
sions remain ambiguous. The literature consensus is
that when graphene is added to asphalt binder, the
interlayer distance of asphaltene, a main component
of asphalt binder, increases, thereby enabling the
insertion of stiff and strong GnPs in its place and con-
tributing to the overall enhancement of asphalt binder
performance [28, 31, 32]. Another hypothesis sug-
gests that graphene acts as a micellar center, imped-
ing particle mobility and augmenting the viscosity
of the asphalt binder [10, 22, 33]. Nevertheless, to
date, there is no clear elucidation of how graphene
or its derivatives truly improve the asphalt binder
performance.

In light of the above discussion, it is important to
establish a correlation between the graphene char-
acteristics, such as mean particle diameter and sur-
face area, and the high-temperature performance of
graphene-modified asphalt binder. Addressing these
tasks can unlock the potential for maximizing the
performance of modified asphalt binders in extreme
temperatures, both high and low, by incorporating
graphene or its derivatives as modifiers for asphalt
binders. In this study, we investigated the high-tem-
perature performance of asphalt binders modified
with four different GnP sizes and various GnP con-
tents. For this purpose, a total of 14 binder specimens
were tested under two different conditions (unaged
and aged) following the AASHTO standards. The
impact of the GnP mean particle diameter and sur-
face area on the performance of an asphalt binder was
evaluated by the rotational viscosity, rutting param-
eter, and multiple stress creep and recovery (MSCR)
tests. Moreover, atomic force microscopy (AFM)
and Fourier transform infrared (FTIR) spectroscopy
measurements were performed to understand the
physico-chemical role of GnPs in improving the high-
temperature performance of the asphalt binder.

2 Materials and methods
2.1 Materials
Asphalt binder (PG 67-22, performance grade) was

provided by Ergon, Inc, Jackson, MS, United States.
Four GnP powder grades, i.e., xGnP® M15, M25,
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R25, and C750, were purchased from XG Sciences,
Inc, Lansing, MI, United States. The M15 and M25
grades have similar thicknesses and surface areas
but differ in their lateral dimensions or “particle
diameters,” while the M25 and R25 grades have
similar lateral dimensions but differ in their thick-
nesses and surface areas. The C750 grade has a very
small mean particle diameter and an exceptionally
high surface area. The geometric characteristics of
the xGnP® grades used in this study are listed in
Table 1.

2.2 Sample preparation

The GnP-modified asphalt binder samples were pre-
pared using the direct addition method. First, the
binders were conditioned in an oven at a tempera-
ture of 160 °C for 45 min. Next, the GnP powders
in the content range of 0.05-2.0 wt% (Table 2) were
added to the conditioned asphalt binders and rigor-
ously mixed using a high-shear mixer (L5M-A Lab-
oratory Mixer, Silverson Machines, United King-
dom) at a rotational speed of 9000 rpm for 45 min
to ensure uniform dispersions of the GnPs in the
binders. The temperature was maintained at 160 °C
during the mixing process. The sample formulations
and their assigned codes are listed in Table 2.

Table 1 Geometric characteristics of the xGnP® grades used
in this study

Geometric character- MI15 M25 R25 C750
istics

Surface area (mz/g) 128.30 132.80 41.30 750

Mean particle diameter  14.36  24.32  24.10 0.81
(pm)

D, (um) 389 574 554 0.35
Ds,? (um) 1201 1942 1835 225
Dg? (um) 28.07 50.58 51.55 476
D, (um) 11020 220.70 254.58 29.73

Thickness (nm) 6-8nm 6-8nm >15nm <2nm

Dy, D5y, and Dy are defined as the points on the particle size
distribution curve below which 10, 50, and 90% of the nano-
particles fall, respectively

®Maximum particle size

Table 2 Sample formulations and their assigned codes. All
samples contain the PG 67-22 asphalt binder

Sample no Sample Code GnP Powder GnP
Grade Content

(wWt%)

1 Control - 0

2 0.05 M15 M15 0.05

3 0.1 M15 M15 0.1

4 0.5 M15 M15 0.5

5 1.0 M15 M15 1.0

6 1.5 M15 M15 1.5

7 2.0M15 M15 2.0

8 0.025 C750 C750 0.025

9 0.05 C750 C750 0.05

10 0.1 C750 C750 0.1

11 0.5 C750 C750 0.5

12 1.0 C750 C750 1.0

13 1.0 M25 M25 1.0

14 1.0R25 R25 1.0

2.3 Characterization

The performance of the samples (Table 2) was eval-
uated at two different conditions, i.e., unaged and
short-term aged, which are outlined in Fig. 1. The
details of each characterization method are provided
next.

2.3.1 Rotational viscosity

The rotational viscosities of the unaged neat and GnP-
modified binder samples were measured at 120, 135,
150, and 165 °C using an FGB EVO-Series rotational
viscometer (New South Wales, Australia), as per the
AASHTO T-316 standard.

2.3.2 Rheometry

The rheological properties (dynamic shear) of the
neat and GnP-modified binder samples were evalu-
ated at 64, 70, and 76 °C using a Rheotest DSR RN
4.3 rheometer (Germany), following the AASHTO
T-315 standard. The dynamic shear theometer (DSR)
test provides the complex shear modulus (G*) and
phase angle (8) of the unaged and short-term aged
binders. A parallel plate with a diameter of 25 mm
was utilized to measure the rutting parameter, i.e.,
G*/sin(0). Specifically, the test was performed at a
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Binders
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Short-Term Aged
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Viscosity (RV) Properties S
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AASHTO T-316 AASHTO T-315 (FTIR)

Fig. 1 Characterization scheme for the samples

temperature of 64 °C. Then, the temperature gradu-
ally increased by 6 °C intervals until the rutting
parameter value was lower than 1.00 and 2.20 kPa for
the unaged and short-term aged binders, respectively.

2.3.3 Multiple stress creep and recovery

The multiple stress creep and recovery (MSCR) test
was performed to determine the rutting resistance by
measuring the creep and recovery behavior of the neat
and GnP-modified binders. The test was conducted on
the short-term aged binders at 64 and 70 °C following
the AASHTO T-350 standard. Cyclic constant creep
stress with two different stress levels, including 0.1
and 3.2 kPa, were applied to the samples for 1 s, fol-
lowed by a recovery period of 9 s. Then, the results
obtained from the DSR test were used to calculate the
non-recoverable creep compliance (J,,) and percent
recovery (Rq) at each stress level.

2.3.4 Fourier-transform infrared spectroscopy

The chemical structures of aged and unaged GnP-
modified binders were investigated with Fourier-
transform infrared spectroscopy (FTIR) using a Cary
630 FTIR instrument (Agilent Technologies, Santa
Clara, CA, United States) with a Golden Gate sin-
gle reflection attenuated total reaction (ATR) acces-
sory. The FTIR Spectra were recorded in the range of
650-4000 cm™! at a resolution of 32 cm™!. All spec-
tra were obtained after an accumulation of 32 scans.

Rheological
Properties

AASHTO T-315

Multiple Strain
Creep Recovery
AASHTO T-350

Atomic Force
Microscopy (AFM)

2.3.5 Atomic force microscopy

The sample morphologies were investigated with a
Dimension XR Scanning Probe Microscope and Icon
scan head (Bruker Nano Inc., Santa Barbara, CA,
United States) in tapping mode with a TESPA-V2
probe. The height and phase contrast images (40 x40
um) were analyzed with Gwyddion (version 2.62), an
open-source data analysis and visualization software
for scanning probe microscopy. The AFM samples
were prepared by placing a bead of the binder on a
glass microscope slide, which was heated in an oven
at 160 °C for 20 min and then cooled to room tem-
perature prior to imaging.

3 Results and discussion
3.1 Rotational viscosity

The effect of the GnP geometric characteristics/con-
tent on the viscosity of the unaged asphalt binder
samples at different temperatures is illustrated in
Fig. 2. For the M15 GnPs, the viscosity of the bind-
ers increases as the GnP content increases at all tested
temperatures (Fig. 2a). For example, at the testing
temperatures of 120, 135, 150, and 165 °C, adding
2.0 wt% MI15 GnP to the asphalt binder results in
rotational viscosity increases of 90.9, 71.3, 81.1, and
74.7%, respectively. In contrast, the influence of the
C750 GnP with the smallest mean particle diameter
and largest surface area on the rotational viscosity of
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Fig. 2 Effects of the different contents of a M15 GnPs and b C750 GnPs on the rotational viscosity of the PG 67-22 asphalt binder

at different temperatures

the asphalt binder is found to be limited (Fig. 2b). At
a temperature of 120 °C, a slight increase in the vis-
cosity of the binder (approximately 16%) is observed
when the C750 GnP content reaches or exceeds 0.05
wt%. As the testing temperature goes above 135 °C,
the influence of C750 GnPs on the rotational viscosity
of the binder becomes significantly less noticeable,
and the differences in the viscosity values between
the unmodified and modified binders become very
marginal. For example, the addition of 1 wt% C750
GnPs to the binder results in only a 2.5% increase in
the rotational viscosity. Hence, the effects of M15 and
C750 GnPs on the viscosity of the binders are clearly
divergent. One possible explanation for this observa-
tion is that GnPs with large mean particle diameters
interact better with the asphalt components, hindering
the movement of the particles, and resulting in more
resistance to flow. It is worthwhile to measure the
level of GnP dispersion in asphalt binder, though this
measurement is extremely challenging and there are
very few reports in the literature in this respect. For
example, Wang et al. [34] used optical microscopy
and 2D image processing to determine the GnP dis-
persion in asphalt binder. However, the reliability of
this analysis becomes uncertain at lower GnP concen-
trations, and, therefore, no measurements were made
of the level of GnP dispersion in the asphalt binders
in this work. Nevertheless, the GnPs are believed
to be well-dispersed in the asphalt binder samples
herein since the results do not show appreciable vari-
ations with repeated measurements. It’s important to

note that an optimal GnP content typically exists for
each GnP grade, beyond which the properties of the
asphalt binder may deteriorate. Besides the GnP dis-
persion, the graphene-modified asphalt binder is rec-
ognized for its favorable colloidal stability, ensuring
effective storage stability over time [35].

A comparison between the effect of the different
GnP grades (C750, M15, M25, and R25) on the rota-
tional viscosity of the asphalt binder at the constant
GnP content of 1.0 wt% and different temperatures
is provided in Fig. 3. As mentioned before, the M15
and M25 GnPs have similar thicknesses but different

1.8 -
16 1 @ Control PG 67-22
14 ©1.0 C750
©1.0 M15
1.2 1 21.0 M25
11 ©1.0 R25

0.8 -
0.6 -
0.4 -
0.2 -

Viscosity (Pa-s)

120 135 150 165
Temperature (°C)

Fig. 3 Effects of the different grades of GnPs on the rotational
viscosity of the PG 67-22 asphalt binder at different tempera-
tures. The GnP content is fixed at 1.0 wt% for all samples
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lateral dimensions. Conversely, M25 and R25 GnPs
have the same average lateral dimensions but differ
in thicknesses and surface areas. The asphalt binder
modified with R25 GnPs is observed to yield the
highest rotational viscosity (Fig. 3), confirming that
the larger the GnP mean particle diameter and thick-
ness, the higher the GnP-modified binder viscosity.
This observation provides evidence that the viscosity
increase in the GnP-modified asphalt binder is attrib-
uted to the geometric characteristics of the GnPs. It
is important to mention that, in accordance with the
AASHTO standards, the rotational viscosity of the
asphalt binder at 135 °C should be below 3 Pa s to
ensure adequate workability of the asphalt mixture
during pavement placement and compaction on the
road. This criterion can still be met for all the GnP
grades and contents used herein, suggesting that there
are no detrimental effects on the asphalt mixture
workability by incorporating GnPs in asphalt binders.

3.2 Rheological performance

The rutting parameters of the unaged GnP-modi-
fied asphalt binders are provided in Fig. 4. For the
M15 GnPs, at all testing temperatures, as the con-
tent increases, the rutting parameter increases too
with an optimal GnP content ranging from 1 to 1.5
wt%. At an M15 GnP content of 1.5 wt%, the rut-
ting parameter increases by 53, 44.4, and 44.5% at
temperatures of 64 °C, 70 °C, and 76 °C respec-
tively (Fig. 4a). This observation can be attributed
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%0.1 M15

20.5M15

©1.0 M15

21.5M15
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2.5 1
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A
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- o

(=]
[¢,]
1

64 70 76
Temperature (°C)

to the increase in the complex shear modulus (G*)
and decrease in the phase angle (8), brought about
by the presence of M15 GnPs in the asphalt binder,
as shown in the black diagram (Fig. 5). Overall, the
inclusion of M15 GnPs in the asphalt binder results
in higher complex shear modulus and a shift toward
a lower phase angle, indicating an increase in its
elastic response. As a consequence, the resistance
of the binder to permanent deformation is enhanced
[36]. Additionally, the improvement is less pro-
nounced when the M15 GnP content exceeds 1.5
wt%, which could be attributed to a reduction in the
GnP dispersion level. On the other hand, a slight
improvement is observed in the rutting param-
eter when the binder is modified with C750 GnPs

-
o
L

] ——Control PG67-22
1 -=--0.05 M15

] —-0.1M15

| -*-05M15

-+ 1.0 M15

1 —-1.5M15
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T T T
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Phase angle () (°)

Fig. 5 Rheological black diagrams for M15 GnP-modified
asphalt binders
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Fig. 4 Effects of the different contents of a M15 GnPs and b C750 GnPs on the rutting parameter, i.e., G*/sin(d), of the unaged PG

67-22 asphalt binder at different temperatures
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(Fig. 4b). The optimal content for this GnP grade
is 0.1 wt%, which corresponds to a rutting param-
eter increase of less than 18.6% at all temperatures.
Thus, the overall performance of the asphalt binder
modified with M15 GnPs is better than that modi-
fied with C750 GnPs. These results further high-
light the significant role of the geometric charac-
teristics of GnPs in enhancing the high-temperature
performance of asphalt binders. It is postulated that
large-diameter GnPs enable the creation of a more
compact 3D network between the GnPs and asphalt
components, resulting in decreased molecular
mobility of the binder and, hence, improved rutting
parameters [10, 33].

3 @ Control PG67-22
o5 | ©1.0 C750
, @1.0 M15
2 1.0 M25

1.0 R25

64 70 76
Temperature (°C)

Fig. 6 Rutting parameters of the unaged PG 67-22 asphalt
binders modified with different GnP grades
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1 4
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64 70 76
Temperature (°C)

In Fig. 6, the effect of the GnP grade/size on
the rutting parameter of the GnP-modified asphalt
binder is depicted. For this subgroup, the GnP con-
tent is fixed at 1 wt% for all GnP grades. In general,
the rutting parameter is observed to be the high-
est for the asphalt binder containing R25 GnPs fol-
lowed by M15, M25, and C750 GnPs. Once again, it
is confirmed that the GnPs with large mean particle
diameters are more effective in improving the rut-
ting parameter of the asphalt binder. Additionally, it
is observed that the surface areas of the GnPs do not
influence the high-temperature properties of the GnP-
modified asphalt binder.

The rutting parameters of the short-term aged
GnP-modified binders are shown in Fig. 7. By con-
sidering the results of both the unaged and Roll-
ing Thin-Film Oven (RTFO)-aged binders, it can be
observed that the inclusion of only a small amount of
the GnPs improves the high-temperature grade. For
further analysis, the G* ratio (G* RTFO/G* unaged)
was employed to evaluate the aging resistance of the
binders [29, 30]. A lower G* ratio indicates a better
anti-aging performance of the binder. In Fig. 8, the
G* ratios of the GnP-modified samples at all test-
ing temperatures are presented. In general, adding
GnPs to the asphalt binder was observed to enhance
its aging resistance across all temperatures, while the
maximum anti-aging performance was achieved with
the addition of M15 GnPs, as opposed to the C750
GnPs. These results demonstrate that the inclusion of
1.5 wt% M15 GnPs significantly improve the aging

b) & Control PG67-22
§0.05 C750

. 0.1 C750

b i

3 1.0 C750

)

£

0

o

Temperature (°C)

Fig. 7 Effects of the different contents of a M15 GnPs and b C750 GnPs on the rutting parameter, i.e., G*/sin(d), of the short-term

aged PG 67-22 asphalt binder at different temperatures
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Fig. 8 Effects of the different contents of a M15 GnPs and b C750 GnPs on the G* ratios of the short-term aged PG 67-22 asphalt

binder at different temperatures

resistance of the asphalt binder. Based on literature,
GnPs may act as micellar nuclei in asphalt and gra-
phene sheets can impede and/or prevent the diffusion
of oxygen into asphalt binder [8]. Moreover, there is
computational evidence that graphene sheets inhibit
the oxidation of saturated phenols and, thereby,
improve the aging resistance of asphalt [37].

To highlight the significant effect of GnPs on the
rutting performance of asphalt binder, a comparison
was made between the properties of a GnP-modified
asphalt binder and a control polymer-modified binder.
For this purpose, the PG 67-22 asphalt binder was
modified with 2.0 wt% high-density polyethylene
(HDPE), and its rutting performance was compared to
those of GnP-modified binders with 1.0, 1.5, and 2.0
wt% M15 GnPs. The results are presented in Fig. 9.
Notably, the performance of the M15 GnP-modified
asphalt binder was observed to surpass that of HDPE
at GnP contents of 1.0-1.5 wt% at nearly all tempera-
tures (Fig. 9).

3.3 MCSR results

The MSCR test was also performed to assess the
rutting performance of the asphalt samples. The
results are presented in terms of the unrecoverable
creep compliance (J,) and the percent recovery
Ry. J,, can be utilized as an indicator of perma-

nent deformation, while R, represents the elastic
response. In Fig. 10, the MSCR findings for the

3 q @ Control PG67-22
25 ] @1.0 M15
a =1.5M15
S 2 ©2.0 M15
< 2.0 HDPE
© 15
£
o
o 1
05
0

Temperature (°C)

Fig. 9 Effects of the different contents of M15 GnPs and a
control HDPE modifier (2.0 wt%) on the G* ratios of the PG
67-22 asphalt binder at different temperatures

M15 GnP-modified binders at two temperatures of
64 and 70 °C are shown. The results indicate that
adding M15 GnPs to the asphalt binder signifi-
cantly reduces its permanent deformation. At both
temperatures, the presence of GnPs notably reduces
the J,. and increases the R; of the binder, signify-
ing improvements in its rutting resistance and elas-
tic behavior. For example, at 70 °C, adding 1.5 wt%
M15 GnPs to the binder can reduce the J,, by 33.2%
and increase the Ry by 53.9%. Herein, the optimal
content of M15 GnPs was found to be between 1 to
1.5 wt%. The reduction of J,, can be attributed to
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Fig. 10 MSCR test results, a /. and b Ry, of the M15 GnP-modified asphalt binders at a stress of 3.2 kPa and different GnP con-

tents and temperatures

the ability of the GnPs to improve the binder stiff-
ness, leading to a significant reduction of the per-
manent deformation in the binder. Additionally,
GnPs enhance the aging resistance and anti-aging
properties of the binder, which can lead Jto a more
elastic short-term aged binder. On the contrary,
the impact of C750 GnPs (Fig. 11) on . and R is
observed to be negligible. Furthermore, changing
the content of C750 GnPs does not result in any
substantial improvement in the J,. or Ry values of
the binder.

a) 4 -
= Control PG 67-22

=0.05 C750
3 1 m0.1C750
1.0 C750

Jnr (1/kPa)
N

%%

70
Temperature (°C)

The observed improvements in the MSCR results
of the GnP-modified asphalt binder can be evalu-
ated with reference to the AASHTO M332 binder
specification requirements. In this context, the con-
trol binder is graded as PG 64S, a standard grade in
a 64 °C maximum pavement design temperature cli-
mate. Therefore, the asphalt binders with 0.1, 1.0,
1.5, and 2.0 wt% M15 GnP contents would all be
graded as PG 70S, the standard grade in a 70 °C cli-
mate. Since the control asphalt binder is quite close
to meeting the 70S requirements, this is a small

P s | = Control PG 67-22
25 | 50.05 C750
) | 0.1C750
£1.0 C750

R% (%)
(6]

64
Temperature (°C)

Fig. 11 MSCR test results, a J,, and b Ry, of the C750 GnP-modified asphalt binders at a stress of 3.2 kPa and different GnP con-

tents and temperatures
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difference from a pavement design perspective. How-
ever, the binders with 0.05, 0.1, and 1.0 wt% C750
GnPs exhibit sufficient improvement in the J,, values
to meet the requirements for a 70H or heavy traffic
grade in a 70 °C climate.

3.4 FTIR results

The chemical structures of the neat and GnP-modified
asphalt binders were analyzed using ATR-FTIR spec-
troscopy. In addition, the potential interactions at the
binder-GnP interface were also monitored using this
technique. Typical ATR-FTIR spectra of the unaged
samples are shown in Fig. 12. The samples were
observed to exhibit similar peaks in terms of shape,
intensity, and position, supporting the formation of
a homogenous asphalt binder structure. Specifically,
the C-H bond stretching and bending vibrations were
observed in the region of 2924-2851 and 1452-1373
cm™! respectively, which confirms the presence of
saturated hydrocarbons in the asphalt compounds.
The C=C stretching vibration appeared at 1602 cm™!,
which reveals the presence of the corrugated vibra-
tion of the benzene ring, corresponding to the aro-
matic compounds in the asphalt binders. The absorp-
tion bands of GnPs were completely absent from the
FTIR spectra due to the overwhelming effect of the
asphalt binder spectrum over that of the GnP due to
the very low GnP contents incorporated in the bind-
ers. Furthermore, no variations in the peak positions

/L

or intensities were detected upon GnP incorpora-
tion in the binder, similar to the findings of Li et al.
[10]. Therefore, it can be concluded that GnPs did
not alter the structural integrity of the asphalt binder.
They were merely dispersed in the asphalt matrix and
established noncovalent n-n interactions between the
aromatic components of the asphalt binder and the
sp>-hybridized GnPs.

3.5 AFM results

Because the optimum GnP content was found to be
between 1.0 and 1.5 wt% M15 GnPs, these M15
GnP-modified binder samples were selected for
AFM imaging and compared to the control, as well
as the 0.1 and 1.0 wt% C750 GnP-modified binders.
In Fig. 13, the height image of the control sample is
shown, where three relative phase distinct regions can
be distinguished: the Catana, Peri, and Para phases.
Each phase exhibits different characteristics, such as
elastic modulus, adhesion, and refractive index [38,
39]. The Catana phase, known as the “bee” struc-
ture, corresponds to the wave-like microstructure
on the binder surface. The Peri phase, or the resin,
is the phase surrounding the bee structure (slightly
recessed) and is relatively stiff. The Para phase is
characterized as the flat and softest phase present on
the asphalt surface [38, 39]. In general, the Peri phase
is relatively stiffer than the Para phase, while the Cat-
ana phase may show both hard and soft domains [39].

/ L

C-H bending
T 11452 & 1373

/i
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Fig. 12 FTIR spectra of the unaged a M15 GnP-modified binders and b C750 GnP-modified binders
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Fig. 13 AFM image of the neat PG 67-22 asphalt binder (con-
trol sample-no graphene)

It has been shown that adjusting the tapping force
of the probe can produce high-contrast phase images
of the Peri and Para phases of asphalt binder [40].
To quantify the effect of the addition of GnPs to
asphalt binder on its morphological properties, Otsu’s
method of image thresholding [41] was adopted to
create a mask of the Peri phase from which the pro-
jected surface area (PSA) of the mask was calculated.
The PSA indicates changes in the size and number
of the Peri phase surrounding the bee structures. In
Fig. 14, the phase and masked images of the neat and
GnP-modified binder samples are shown. Moreover,
in Fig. 15 the calculated PSA of the Peri and Catana
phases are presented. One significant observation
is that the Peri phase is softer than the Para phase
in the C750 GnP-modified binders. This is indirect
contrast to the reports in the literature for unmodi-
fied binders, as well as findings presented here for the
control and M15 GnP-modified binders. This needs
to be explored further. Additionally, the C750 GnPs
reduced the PSA of the Peri/Catana phases in com-
parison to the control, with a 13.7% and 3.4% reduc-
tion observed for the binders modified with 0.1 and
1.0 wt%, respectively. There is no significant differ-
ence in the rotational viscosity for these two sam-
ples. Interestingly, the C750 GnP-modified binder
with 0.1 wt% GnPs, which had the greatest reduc-
tion in the PSA, is the optimal C750 GnP-modified
binder sample for the rutting parameter. The 1.0 wt%
M15 GnP-modified binder had the largest PSA, with

an 11% increase from the control, though there was
also a moderate increase of 5.2% in the PSA of the
1.5 wt% M15 GnP-modified binder. In contrast to the
C750 GnP-modified binder, this shows a positive cor-
relation between the increase in the PSA of the M15
GnP-modified binder and the increase in its rotational
viscosity, as well as the rutting parameter. More
work needs to be done to explore and explain these
relationships.

4 Conclusion

In this work, the effect of the geometric characteris-
tics of GnPs on the high-temperature performance of
asphalt binder PG 67-22 was investigated. Four GnP
grades with different mean particle diameters, i.e.,
xGnP® M15, M25, R25, and C750, were utilized to
modify the asphalt binder. The GnP content varied
between 0.05 and 2 wt%. The results demonstrated
that GnPs with large mean particle diameters, such
as M15, have a more pronounced effect on the high-
temperature performance of the asphalt binder than
the small-size ones, such as C750. The former causes
an increase in the binder viscosity and enhancement
in several other binder characteristics, including the
rutting parameter, resistance to permanent deforma-
tion, and elastic recovery. Moreover, they enhance the
short-term anti-aging properties of the asphalt binder,
possibly by acting as a gas barrier, impeding the dif-
fusion of the oxygen molecules into the binder. The
GnPs with smaller mean particle diameters have a
negligibly small effect on the high-temperature per-
formance of the binder. The FTIR results indicate that
only noncovalent n-n interactions exist between the
aromatic components of the asphalt binder and the
GnPs. The absence of absorption bands of GnPs in
the FTIR spectra is attributed to the overwhelm-
ing influence of asphalt binder, resulting from the
very low GnP contents. Based on the obtained AFM
images, the GnPs with large mean particle diameters
can increase the projected surface area of the Peri/
Catana phases, while those with small mean particle
diameters have the opposite effect.
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«Fig. 14 AFM phase and masked contrast phase images of
unaged a control PG 67-22 asphalt binder, b 0.1 C750, ¢ 1.0
C750,d 1.0 M15, and e 1.5 M15 GnP-modified binder
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Fig. 15 Percent projected surface area of Peri/Catana phases
of the neat and GnP-modified asphalt binders, as determined
by AFM contrast phase images
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