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The objective of this study aims to investigate the performance of thermoplastic
polyurethane elastomers (TPU)-modified asphalt, with special focus on the influence
of polyurethane synthesis parameters upon the performance of base asphalt. In this
study, the TPU modifier was incorporated into base asphalt to prepare TPU-modified
asphalt by using a self-determined laboratory process. The properties of polyester-based
TPU and polyether-based TPU modified asphalt with different contents was analyzed
by the base performance tests. The Fourier transform infrared spectroscopy (FTIR),
fluorescent microscope, scanning electron microscopy (SEM), differential scanning
calorimetry (DSC), thermal gravity (TG), dynamic shear rheology (DSR), and bending
beam rheology (BBR) tests were conducted to expose chemical, microstructure, and
rheological properties of the asphalt binders, respectively. The results indicated that the
modified asphalt with 5% TPU modifier exhibited a favorable performance in terms of the
penetration, ductility, softening point, and rotational viscosity, respectively. The isocyanate
and polyol reacted to form carbamate in the TPU-modified asphalt, and moreover the
isocyanate and aromatic compounds reacted to form halohydrins in the asphalt. Large
particles contained in the polyester-based TPU-modified asphalt increased obviously
with the increase of Cy, (Hard segment content) and r (Isocyanate root index, molar
ratio between NCO and OH) value, the fracture mode of it subjected to external load
indicated a typical brittle fracture. The content of MDI in the synthesized polyurethane
modifier was an important factor affecting the high-temperature stability of the modified
asphalt. The polyester-based TPU modifier had a better high temperature performance
than the polyether-based TPU modifier. The polyether polyol chain segment showed
a greater flexibility as compared to polyester polyol; the addition of polyether polyols
can be effectively offset of MDI chain rigidity as r < 1 and Cp, < 40% leading to the
improvement of the viscoelastic property of asphalt. When C, = 40% and r = 0.95, the
polyether-based TPU-modified asphalt exhibited the same high-temperature grade as
the polyester-based TPU-modified asphalt, whereas the polyether-based TPU-modified
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compared with polyester-based TPU-modified asphalt, the
thermal decomposition temperature of polyether-based TPU-
modified asphalt was slightly lower, there was no weight

TABLE 10 | T59, and T+, of polyether-based TPU-modified asphalt.

Ch r Tse (°C) T10% (°C) Residual mass
ratio (%)

20% 0.95 282.9 321.2 14.36
1 291.4 322.3 14.63
1.05 294.6 323.4 16.07
30% 0.95 285.3 323.3 13.87
1 291.2 325.1 16.66
1.05 293.8 326.9 16.11
40% 0.95 292.3 3271 14.78
1 294.7 327.3 15.59
1.05 299.11 327.7 14.99

loss from room temperature to 200°C. The largest weight
loss occurred over the temperature range of 300-500°C,
which was attributed to the macromolecules splitting into
small molecules and eventually becoming a gaseous and
volatile substance.

The Tsy4 and Tjoy of all substances obtained by TG
curves are shown in Table 10. It is proven that the content
of MDI in the synthesized polyurethane modifier was an
important factor affecting the high-temperature stability of
the modified asphalt. The polyester-based TPU modifier had
a better high temperature performance than polyether-based
TPU modifier.

DSC

Asphalt molecular mass generally will not exceed 6,000, the bonds
between the molecules are weak due to the smaller molecular
weight, so it is difficult to maintain a state under the action of a
force. A mixture of asphalt is complex and morphologic changes

FIGURE 26 | DSC curves of TPU-modified asphalt. (A) Polyester-based TPU-modified asphalt. (B) Polyether-based TPU-modified asphalt.
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often occur at different temperatures, from the size of Ty, it can
be seen that the proportion of saturated fraction and asphaltenes
in asphalt is distributed, the higher the saturation content, the less
asphaltene and the lower the T, will have. The midpoint of Ty can
reflect the average situation of the entire glass transition region.
Therefore, Tg is selected in part for the vitrification transition
analysis, with the purpose of studying the influence of design
parameters of polyurethane modifier on the thermal performance

of asphalt.
Both the polyester-based TPU-modified asphalt and
polyether-based TPU-modified asphalt began to absorb

heat with the increase of temperature (see Figure 26). The peak
value appeared on the DSC test curves, indicating that the chain
segment began to move. As the temperature continues to rise,
the material began to melt. This indicated that the phase state
of all asphalt had changed. The asphalt is composed of a variety
of complex components; different components have different
phase transition temperatures, peak values, and temperature
ranges. According to the theory of thermal characteristics,
temperature causes the aggregation state of different molecules

and components of the molecular structure in asphalt to change
from the glass state to the rubber state and finally to the viscous
state. From Figure, polyester-based TPU-modified asphalt by
DSC curves show that when the C,, = 20 and C;, = 30%, there
are two irregular strong peaks in the melting area; the first peak
is caused by imperfect hard segment crystallization, namely,
the material hard segment of the arrangement was not neat
which made internal hydrogen bond and the cohesion of the
drops melt first (Bazmara et al, 2018), and then the crystal
with a neatly arranged area began to melt. The absorption
(discharge) heat peak on the DSC test curve represents the
aggregation state of asphalt, with a ratio of solid to liquid.
In the aggregation state, the larger the peak value, the more
intense the reaction, and then the worse thermal stability gets. By
comparing the DSC curves of Figure 26A, it is obvious that the
peak area of polyether-based TPU-modified asphalt was slightly
larger than that of polyester-based TPU-modified asphalt which
indicates that the high-temperature stability of polyester-based
TPU-modified asphalt was better than that of polyether-based
TPU-modified asphalt. However, the high-temperature stability
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FIGURE 27 | T, of different samples. (A) Polyester-based TPU-modified asphalt. (B) Polyether-based TPU-modified asphalt.
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of the two were similar, which is consistent with the results of
TG analysis.

In fact, vitrification transformation is the phenomenon of
molecular chain fracture in asphalt (Hao and Liu, 2003). As
shown in Figure 27, asphalt manifested a viscoelastic property
above Ty and a brittle fracture property below T. Although the
heat absorption peak of polyester-based TPU-modified asphalt
and polyether-based TPU-modified asphalt were similar, the
variation trend of glass transition temperature was obviously
different between each other. The reason for this is because the
polyester-based TPU’s molecular chain, of which the main chain
is composed of a saturated single bond of polymer, can rotate
within a fixed single bond. Steric hindrance of the matrix asphalt
side chain substituents increased along with the increase of MDI
content, rotating hampered when the molecular chain increases,
and the Ty increased. However, when the Cy, of polyether-
based TPU-modified asphalt was constant, Ty decreased first and
then increased with the increase of r value. When r value was
unchanged and the increase of Cy,, Ty had no obvious change

regularity, the polyether polyol chain segment had great flexibility
compared to polyester polyol. When r < 1 and Cy, < 40%, the
addition of polyether polyols can effectively offset the MDI chain
rigidity and improve the viscoelastic property of asphalt, so as to
improve the low temperature performance of asphalt. It should
be noted that with a large polarity of polyester-based TPU, the
polyester diol inside can not only form a hydrogen bond between
hard segment, and the polar groups can also be part of the
soft segment to form hydrogen bonds with the polar groups
on the hard segment, but the hard phase can be more evenly
distributed in soft phase crystallization phase formation, causing
asphalt materials to become hard and brittle, thus affecting
the mechanical properties of the asphalt. The soft segment of
polyether showed a weak polarity, and the main chain structure
of the molecule contains ether bonds, hydroxyl groups at the end
of the base band of alcohol polymers, or oligomers. Due to the
low cohesion and easy rotation of the ether bond in structure,
the low temperature compliance was better, but the mechanical
properties were not as good as polyester-based TPU. The above
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FIGURE 28 | DSR test results of different samples. (A) Polyester-based TPU-modified asphalt. (B) Polyether-based TPU-modified asphalt.
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factors indicated that polyester-based TPU can affect the low
temperature performance of based asphalt to a certain extent,
while polyether-based TPU can improve the low temperature
performance of base asphalt.

Rheological Properties

DSR

The high temperature rheological properties of asphalt binders
are closely related to the rutting resistance of the asphalt mixture.
The rutting factor is the characteristic index of the anti-rutting
performance of the asphalt binder (Zhou et al., 2020). The
temperature sweep test results of the TPU-modified asphalt
are summarized in Figure 28; a rapid fall at the start stage
in the G*/sin§ of polyester-based TPU-modified asphalt and
polyether-based TPU-modified asphalt samples were observed
with the increasing temperature from 46 to 64°C, and then
the temperature curves smoothed as the temperature increased.
When Cp, was 40%, the high temperature grade of both types of
TPU-modified asphalt can reach 76°C. In addition, it is displayed
that the G*/siné of polyester-based TPU-modified asphalt and

polyether-based TPU-modified asphalt gradually increased with
the same Cy, as r value increased from 0.95 to 1.05. When Cy, was
< 40%, G*/siné of polyester-based TPU-modified asphalt showed
little difference from that of polyether-based TPU-modified
asphalt, indicating that Cj, played a crucial role in improving
the high-temperature performance of modified asphalt compared
with the molar ratio of NCO to OH. This is mainly due to the
increase of MDI content, which will increase the crystallinity
of modified asphalt, thus improving the high temperature
rheological properties of modified asphalt. It is found that when
Ch, reached 40%, in detail, the G*/sind of modified asphalt under
medium-temperature and high-temperature conditions can be
improved relatively well. Taking into account the above results
also verified the thermal properties from a rheological view.

BBR

In this study, BBR test was used and the test temperature was
from —10 to —34°C. The creep stiffness (S) and creep rate (m-
value) obtained from the test were used to evaluate the low-
temperature performance of TPU-composite-modified asphalt.
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FIGURE 29 | BBR test results of polyester-based TPU-modified asphalt. (A) S. (B) m-value.
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The relationship between S or m-value with temperature of
the polyester-based TPU-modified asphalt is shown in Figure 29.
The S of the polyester-based TPU-modified asphalt exhibited
a rapid increase with the decreasing temperature when the
temperature was in the range from —16 to —34°C. With a
temperature range between —10 and —16°C, the S of the
polyester-based TPU-modified asphalt gradually leveled off. For
an identical Cy,, the influence of r value on S and m-value of
polyester-based TPU-modified asphalt had no regularity. And
the r value was unchanged, with the increase of Cy the S
increased and m-value declined as the temperature increased.
This indicates that the higher the content of polyester-based
TPU, the worse the low-temperature crack resistance of the
modified asphalt will get. The main reason is that with the
increase of Cy, the vitrification transition temperature of the
modified system increased gradually, however, the molecular
chain rigidity of the modified system became more and more
rigid with the continuous decrease of temperature. This means
the low temperature deformation resistance of the modified
asphalt was affected.

The BBR test results of the polyether-based TPU-modified
asphalt are depicted in Figure 30, the results showed that the
variation trend of polyester-based TPU-modified asphalt was
similar to that of polyester-based TPU-modified asphalt. Within
the temperature range from —16 to —34°C, the S of all samples
increased rapidly with the decrease of temperature. S gradually
became stable in the temperature range of —10 to —16°C. When
C}, remained the same, S first increased and then decreased
with the increase of r value, however m-value did not increase
with the increase of Cy, as r value was different, Therefore, it
can be concluded that the low temperature ductility and self-
healing ability of polyether-based TPU-modified asphalt will
improve after fatigue failure. When r value reached 1, the m-
value of modified asphalt can be improved to the greatest extent,
which also reflected that most of the internal stress generated by
the modified asphalt can be effectively absorbed and dispersed
by TPU when the modified asphalt was deformed by external
forces, and then the low-temperature cracking resistance of
the base asphalt can be significantly enhanced. This is due
to the polyether polyols being favorable for decreasing the
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TABLE 11 | PG of polyester-based TPU-modified asphalt.

interaction of molecules and improving the chain flexibility.
Although the content of hard segment increased, ether group

Ch r pala G /sins (kPa) S (MPa) m can offset the negative effect of the increase of hard segment
20% 0.95 64-22 1.530 204 0.350  and the decrease of soft segment on low temperature rheological
1 64-22 1.556 163 0.340  energy. Also, it was shown that polyether-based TPU-modified
1.0 64-16 1.703 214 0412 asphalt can improve the rheological properties of base asphalt
30% 0.95 64-22 1314 216 0364 more effectively than polyester-based TPU-modified asphalt at
1 64-22 1.615 272 0.464 low temperatures.
1.05 64-22 1.756 199 0.386
40% 0.95 70-22 1.015 156 0.489
1 70-22 1.080 85.3 0.328 PG
1.05 70-22 1.197 212 0.387
Based on the DSR and BBR test results, the PG of the PU-
composite-modified asphalt was conducted according to
TABLE 12 | PG of polyether-based TPU-modified asphatt, the Tnethod of SHRP asphalt performance specification
(G*/sind>1kPa, S<300MPa, m-value>0.3), and the results
Ch r PG (°C) G'/siné (kPa) S (MPa) m are shown in Tables 11, 12. It can be seen that the higher the
content of MDI, the better the high-temperature performance of
20% 0'35 22_22 1'122 9338 8'325 modified asphalt will be. When Cy, was 40% and r was 0.95, the
105 6400 1 585 063 oso1 PG grading of polyester-based TPU-modified asphalt was the best
30% 0.95 64-08 1.005 300 0sg97  While the PG grading of polyether-based TPU-modified asphalt
1 64-20 1172 67.6 0.494  was better as Cy, reached 40% and r was 1. Besides, polyether-
1.05 64-28 1.594 241 0.323  based TPU-modified asphalt had the same high-temperature
40% 0.95 70-22 1.001 106 0.320  grade as polyester-based TPU-modified asphalt, but the low
1 70-28 1.015 290 0330 temperature grade was obviously higher than polyester-based
1.05 70-28 1.094 297 0.388 TPU-modified asphalt.
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MSCR Test
Figure 31 displays the MSCR test results of the PU-composite-
modified asphalt at shear stress level of 0.1 and 3.2 kPa. Short-
term aging of the TPU-modified asphalt samples were achieved
using the rolling thin-film oven test (RTFOT) to simulate aging
during construction according to AASHTO T 240, and the
fatigue resistance of the specimens was obtained from the time-
strain curves at 64°C. The change trend of polyester-based TPU-
modified asphalt was consistent with that of polyether-based
TPU-modified asphalt. As r increased from 0.95 to 1.05, the
strain of two types of modified asphalt increased first and then
decreased. When the C;, was certain, the irrecoverable strain
increased first and then decreased with the increase of r value
from 0.95 to 1.05. When r value was the same, the irrecoverable
strain gradually decreased with the increase of Cp, and Cy
reached 40%, and the irrecoverable strain was the smallest when
r value was 1.05.

Additionally, the result from the MSCR test presented a
superior consistency with the DSR test. The comparison of Jy,,

0.1 (the corresponding unrecoverable compliance at 0.1kPa) and
Jnr 3.2 (the corresponding unrecoverable compliance at 3.2kPa)
are shown in Figures 32, 33. According to R and ], calculated
by experiments, it was found that when the r value increased
from 0.95 to 1.05 with the same Cy, the R of both polyester-
based TPU-modified asphalt and polyether-based TPU-modified
asphalt first increased and then decreased, which showed that
the increase of MDI content can improve the elastic recovery
ability of modified asphalt. For TPU-modified asphalt whose
hard segment was composed by MDI type, the elastic recovery
ability was the best when the molar ratio of NCO to OH was
1. When r value was certain, R gradually increased with the
increase of Cy,. Compared with polyester-based TPU-modified
asphalt, the R of polyether-based TPU-modified asphalt was
significantly improved as the polyether-based TPU had more
elastic components than polyester-based TPU which can better
improve the recovery and deformation capacity of base asphalt.
The overall trend of polyester-based TPU-modified asphalt
was the same as that of polyether-based TPU-modified asphalt.
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The non-recoverable creep compliance decreased with the
increase of Cy,, which indicated that the increase of MDI content
in TPU made the high-temperature resistance to permanent
deformation of modified asphalt stronger. However, when the Cy,
was fixed and the r value gradually increased, the unrecoverable
creep compliance of polyester-based TPU-modified asphalt
first increased and then decreased while that of polyether-
based TPU-modified asphalt gradually increased. Nevertheless,
the unrecoverable creep flexibility of polyether-based TPU-
modified asphalt was significantly lower than that of polyester-
based TPU-modified asphalt, indicating that the elastic recovery
ability of TPU-modified asphalt with soft segment polyether
polyol is obviously better than that with soft segment polyester
polyol. In conclusion, it can be concluded that polyether-
based TPU-modified asphalt has more excellent resistance to
permanent deformation.

Figures 34, 35 showed the influence rules of different types
of TPU modifiers on Ry and Jy,_gig- It can be seen that
all modified asphalt samples meet the standard requirements
of AASHTO MP 19-10 being < 75%. When C;, was fixed,
the Ry and Jy—gif of both polyester-based TPU-modified
asphalt and polyether-based TPU-modified asphalt showed little
effect as the change of r value. However, when r value was
unchanged, Ry and Jn._gf showed a downward trend with
the increase of Cy. Rgif and Jy,—qif of polyester-based TPU-
modified asphalt showing the smallest as C; and r value
were 40% and 0.95, respectively. When the Cy of polyether-
based TPU-modified asphalt reached 40% and r 1, Ragg
and Jy,_gif were at a minimum, indicating that the stress
sensitivity was the least, which also means that the line
viscoelasticity was more significant. The Ry and Jp,—qi of
polyether-based TPU-modified asphalt was greater than those
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of polyester-based TPU-modified asphalt, indicating that the
addition of polyether-based TPU can more reduce the stress
sensitivity of base asphalt.

At last, in combination with conventional performance
indexes, microscopic performance characterization, and high and
low temperature rheological properties test results, polyether-
based TPU is recommended as an ideal asphalt modifier with a
hard section content of 40%, and r = 1 is preferred.

CONCLUSIONS

In summary, the polyester-based TPU and polyether-based
TPU-modified asphalt samples were successfully produced
by a newly developed preparation process, and then the
laboratory performance, including rheological properties
and micro-characteristics, were investigated and discussed.
Based on the study conducted, the following conclusions can
be drawn:

(1) For the use of polyester-based TPU in the modified asphalt,
there was an increased content of TPU from 1 to 7%, the
penetration increased 3 to 75%, and the ductility increased
—35 to 300%, however, the softening point exhibited a
slight variation from 0 to 35%. As the polyether-based TPU
raised from 1 to 7%, the softening point of the modified
asphalt increased —4 to 27%, whereas the penetration and
ductility increased —14 to 69% and 2 to 419%, respectively.
The modified asphalt with 5% TPU exhibited a favorable
performance in terms of penetration, ductility, softening
point, and rotational viscosity. With the TPU composed of
MDI, the increased Cp, and r value can improve the high-
temperature deformation resistance of base asphalt. The
molecular weight showed little influence on the physical
properties of the polyester-based TPU and polyether-based
TPU-modified asphalt. The polyether-based TPU is more
suitable to be used as a modifier of asphalt.

The FTIR test further proved that both polyester TPU
and polyether TPU can react with some active functional

2)
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groups in the base asphalt, and new compounds, such
as generated isocyanate, in the modified asphalt reacted
with phenol and carboxylic acid in asphalt. Moreover,
the isocyanate and polyol reacted to form carbamate
in the TPU-modified asphalt and the isocyanate and
aromatic compounds reacted to form halohydrins in
the asphalt.

From the morphology and microstructure analysis, it
was observed that the polyester-based TPU showed large
and small particles were uniformly distributed in the
base asphalt after the modifier had been sheared. The
modifier had good swelling and dispersion effect. The
asphalt and polyurethane cooperate with each other
to form a typical continuous with two-phase structure
mixture of spatial network structure. It was also found
that the organic molecular chain in the modifier of the

(4)

polyether-based TPU-modified asphalt can be embedded
into the layered structure which can promote the formation
of the cross-linked structure in polyether-based TPU,
so as to improve the low temperature resistance of
asphalt binder.

The polyester-based TPU-modified asphalt exhibited a
similar improvement as compared to the polyether-based
TPU-modified asphalt with regard to the thermal stability.
However, the polyether-based TPU can increase the low-
temperature performance. The addition of polyester-based
TPU into the PU-modified asphalt reduced the low-
temperature performance and increased the formation
of hydro-keys. In addition, the content of MDI in the
synthesized polyurethane modifier was an important factor
affecting the high-temperature stability of the modified
asphalt. The polyester-based TPU modifier showed a better
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high temperature performance than the polyether-based
TPU modifier.

The polyester-based TPU modifier has a better high
temperature performance than the polyether-based TPU
modifier. The polyether polyol chain segment showed a
great flexibility compared to polyester polyol; the addition
of polyether polyols can be effectively offset with MDI
chain rigidity as r < 1 and Cy, < 40%, which improved the
viscoelastic property of asphalt. When C,, = 40% and r =
0.95, the polyether-based TPU-modified asphalt exhibited
the same high-temperature grade as the polyester-based
TPU-modified asphalt, the polyether-based TPU modified
asphalt showed a higher low temperature grade, which
also verified the investigation results exhibited for the
thermal properties.

The permanent deformation resistance of the TPU-modified
asphalt was improved with the inclusion of MDI, and the
polyester polyol performed a better resistance to permanent
deformation than the polyether polyol. The unrecoverable
creep compliance at 3.2 kPa stress combining with the high
temperature PG can more accurately evaluate the resistance
to permanent deformation of the TPU-modified asphalt.
The Ry and Jy,—gig of polyether-based TPU-modified
asphalt was greater than those of polyester-based TPU-
modified asphalt, indicating that the addition of polyether-
based TPU can better reduce the stress sensitivity of
base asphalt. Overall, the TPU-modified asphalt added 5%
polyether-based TPU with Cy, = 40% and r =1, and can be

€)

(6)
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