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ABSTRACT

This paper reviews the influence of the hard segrft¢8) chemical structure on the properties
of thermoplastic polyurethanes based on dimer fattgt soft segments, and on their resulting
blends with bitumen. Three types of hard segmemete wsed which consist in 4,4’-methylene
bis(phenyl isocyanate) (MDI) reacted either with-butanediol (BDO), 1,4:3,6-dianhydro D-
sorbitol (isosorbide) or 2-ethyl-1,3-hexanediol (B). The characterization of thermoplastic
polyurethanes (TPUs) containing 13 wt% HS was cotatl by differential scanning
calorimetry, dynamic mechanical analysis, Hansdabddy parameters measurements and
morphology analysis. The use of Hansen solubilayameters combined with thermal and
swelling analyses provides information about thalityiof phase separation occurring in the
neat TPUs. Phase separation depends on the hamdmsisgused and on their ability to self-
organize within crystalline structures. Morpholagyalysis and swelling measurements of the
TPU blended with bitumen by fluorescence microscslpyw that the swelling of the polymer
is highly dependent on the quality of phase separditetween soft and hard segments in the
pure polymer as well as on the compatibility ofsthesegments with bitumen. Highly phase
separated TPUs offer elasticity improvement toltiweminous blend.

Keywords. polymer-modified bitumen; thermoplastic polyuretbanHansen solubility

parameters, morphology, mechanical properties.
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1. INTRODUCTION

The properties of a polymer-modified bitumen arghhy dependent on the polymer used to
manufacture the blend, due to a variation of affioif bitumen with the polymer. As a result,
morphology differences can come up whether e.g. stendard copolymer modifier
poly(styrene-b-butadiene-b-styrene) (SBS), polylethe-co-vinyl acetate) (EVA) or
poly(ethylene-co-butyl acrylate) (EBA) are usetihe nature of the polymer is assumed to be
a key factor in the modification of bitumen. Indedatumen can either present good
compatibility with the polymer, as an example wilolyethylene sulfide, only partial

compatibility such as with SBS copolymer, or bachpatibility like with polyether sulforfe

Furthermore, literature has revealed that for aes@m)polymer nature, the difference of either
composition, (i.e. for block copolymers the ratib smft:hard blocks) or macromolecular
architecture affects the viscoelastic propertiethefpolymer-modified bitumen blend. Indeed,
for linear SBS copolymers, the optimum polymer cosifion for bitumen modification
typically is a styrene:butadiene ratio of 3&,78nd for EVA copolymers a content of 18% of
vinyl acetaté. Similarly, for a SBS copolymer, the architectafeéhe polymer, either radial or
linear, leads to compatibility differences with thikumen. Indeed, during the manufacturing
of a SBS-modified bitumen, the polybutadiene bloaks preferentially swollen by the light
fractions of bitumen while the polystyrene bloclsnain poorly swollen. This leads to a
globally discrete swelling of the polymer. This $émg governs the morphology of the blend:
for a given amount of SBS copolymer, low styrenbéutadiene ratios induce highly swollen,
bigger and more polydisperse polymer domains. Astime time, increasing the global amount
of SBS copolymer in the blend turns the disperd@8-8ch phase into a co-continuous SBS-
rich phase after phase inversion that usually acclose to 6 wt% SBS for linear SBS
therefore, swelling is directly responsible forsthurucial feature that is phase inversion. It
results in a change in viscoelastic propertiehef$BS-modified bitumen, where the viscous
behavior observed before phase inversion changes telastomeric mechanical behavior

beyond phase inversian

Radial SBS is more favorable than linear SBS al$nitvs the formation of a continuous network
in bitumen due to higher swelling, and leads teead with pronounced elastic response. Others
reported on polyethylene-based polymers the impoeaf the polymer crystallinity as well as
polarity, which informs on the bitumen-polymer irgtetion§. They showed that polymers
having crystalline particles in their structuredea blends with higher elastic respchse



In recent years, polyurethane polymers have gamedrtance in bitumen modification, and
have become a competitive polymer to the usualmpelyg used for bitumen maodification in
roofing applications or road pavements. The intarepolyurethanes or more specifically in
thermoplastic polyurethanes (TPU) comes from thsatdity of those polymers, constituted
with a polyol, a diisocyanate and a chain extendkis particular formulation results in more
or less alternating soft (polyol) and hard (diismagte/chain extender) blocks. The variation of
the soft and hard block architecture leads to chahg thermodynamics within the two blocks
of the polyurethane, as simply illustrated with thariation of the polyol nature (e.g.
polybutadiene, polypropylene, or poly(tetramethglenxide) [PTMO] exhibit different
solubility parametefst®. The degree of phase segregation in the polyanetlas described by
Camberlin and Pascatfibased on thermal analysis and discussed in agquework! depends
on the interactions between soft and hard blockeyThave shown a variation in the Flory-
Huggins interaction parameter in the polyurethane when changing the soft segtent
Similarly, weaker interactions between soft andliadocks provide a better phase segregation
as shown with polyurethanes made from MDI and ®ibrevs polyether polyoi$3where the

polyether polyol contributes to decrease the intéras.

However, all three building blocks can impart theperties of the polymer. Indeed, the
properties of the hard segments, as well as thiodee segmented polymers clearly vary when
changing the chain extend&t®. The occurrence of strong H bond-type interactioitsin the
hard segment is particularly related to the resglthermal properties. For example, literature
reported differences in morphology and thermal proes (such as glass transition temperature,
crystallization ability and potential melting termgire) for hard segments made from 4,4'-
diphenylmethane diisocyanate (MDI) with chain exiens of different chemical and/or spatial
structures such as 1,4-butanediol (BDO), hydrogquénbis(2-hydroxyethyl) ether (HQE®)
isosorbide and othéfs also when varying their chain length e.g. withyéne glycol, BDO,

or 1,6-hexanediél''® or even when comparing diols with odd and evenlers of methylene
groups®?% Table 1 shows the thermal properties of some Isagients reported in the

literature for various TPUs as a function of thaiohextender used.



Table 1. Observed thermal properties of some hard segmesets in thermoplastic
polyurethanes (@= glass transition temperature;xI= melting temperatures associated with
high temperature endotherms)

Tg (°C) Tm (°C)

MDI-BDO 14.1¢ 107 198-225-240
MDI-HQEE 14.1¢ 98 215-245
MDI-CHDM 14.1€ 134 190-210
MDI-NPG 14.1¢ 94 -
MDlI-isosorbide!41¢ 187 235
MDI-HDO 2° - 180-190
MDI-PDO %€ - 210-225
MDI-EDO %€ - 245-260

BDO : 1,4-butanediol ; HQEE : b¥(hydroxyethyl) hydroquinone ; CHDM : 1,4-bis(hydsonethyl)
cyclohexane ; NPG : neopentyl glycol ; HDO : 1,6&deediol ; PDO : 1,3-propanediol ; EDO : ethylehegl

Briefly, changing the architecture of the buildibpcks used to prepare the TPU leads to
varying compatibility between the soft and the halatks, and consequently to polymers with
different propertiel!®. However apart from the chemical composition, sgh@her parameters
impart the properties of the TPU, such as the bfoolkar mass and the soft:hard block ratio.

Finally, the soft and hard block respective cordeats well as the compatibility between the
blocks, or in other words the degree of phase a#ipar impact the mechanical properties of
the TPU. The hard segment content plays a keyimdlee resulting mechanical properties of
the polyuretharé?% A number of studies reported that increasingrthel segment content

leads to an increase in the modulus of the polyhi&f3

In our earlier work, we have shown that the behaefol PUs in bitumen was quite similar to
that of block copolymers such as $89ndeed, at low polymer content, a viscous blend
presenting a morphology with dispersed TPU-richsplsavas replaced beyond phase inversion
by the appearance of a continuous TPU-rich phasergmg the mechanical properties and
conferring elasticity to the blend as long as tlaedhsegment content was high enough to
maintain an elastic behavior in the swollen TPUsaffaAs for SBS block copolymers with
polystyrene domains, the hard nanodomains in TRopcsed of MDI/BDO hard segments
have revealed reduced compatibility with bitueéfy characterized by a decrease in the whole



polymer swelling. However, literature shows thathagh polymer content, the mechanical
properties of the bitumen-polymer blends are goseioy the polymer rich-phase, and in the
case of TPU, the versatility of the polymer arctiiiee can give rise to various mechanical
properties for the blend, as anticipated from theous properties of the polymers themselves.
The present study aims to understand the influehtiee hard segment chemical composition
and more specifically of the chain extender naturéhe morphology and rheological properties
of TPU-modified bitumen blends. Three chain extesdeere used to synthesize TPUs and the
properties of the polymers are discussed beforedbig with bitumen. Phase separation in the
polymer is discussed regarding the chain extended by means of Hansen solubility
parameters tool, differential scanning calorimedryd microscopy analyses. Fluorescence
microscopy observations of the blend are then cateduto analyze morphology and swelling
of the polymer in bitumen. Finally, relationshipse aestablished between the polymer

properties, swelling in bitumen based on its cortyddy and the blend rheological properties.

2. EXPERIMENTAL SECTION

2.1. Materials

A 160/220 grade bitumen (sourced from the MinelaRegfinerie Oberrhein GmbH & Co in
Karlsruhe, Germany) was used to make the blend thghTPU. The composition of this
bitumen in SARA fractions consists in 10% saturad@86 aromatics, 15.5% resins and 12.5%
asphaltenes. This bitumen is characterized by@aird ball softening temperature between
35°C and 43°C and a needle penetration of 176 rikh0at 25°C.

The TPUs are synthesized using a fatty acid derpagester polyol, Radia 7285 (P3000)
having a molar mass of 3200 g.mMsupplied by Oleon Co. The chain extenders, 1,4srdiol
(BDO), 1,4:3,6-dianhydro D-sorbitol (isosorbidedérethyl-1,3-hexanediol (EHDO), and the
diisocyanate 4,4’-methylene bis(phenyl isocyan@t#)l) were provided by Sigma Aldrich
Co.
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Figure 1. Chemical structure of the chain extenders used.

2.2. Synthesis and Processing

The procedure to synthesize the polymers has besmided in a previous paperA two-step
procedure involving the formation of a polyurethamepolymer was usét® The first step
consisted in adding the polyester polyol and aaldei excess of MDI diisocyanate (in view of
obtaining a constant final HS content of 13 wt%)air800 mL closed reactor at 80°C. The
mixture was placed under nitrogen atmosphere anmedtat 600 rpm for 50 minutes. The
precise required amount of chain extender BDO,oidmde or EHDO was then added in the
reactor with a syringe after being conditionednroaen to lower the viscosity and the mixture
stirred at 1,000 rpm during 1 minute, then at 6@ for about 10 minutes according to the
viscosity changes.. The polymer was then put betviswe metallic plates under a hot press at
110°C under 40 bar pressure for 1 hour and coaleddm temperature to process a 2 mm-
thick TPU film. The plates were covered with acsihie sheet in order to limit the material
oxidation. Even though silicone is quite permedblair, oxidation is still reduced, as shown
by the light color of the plates obtained aftersgieg.

The procedure for the synthesis of MDI-EHDO and Mdaisorbide model hard segments
is the same as that described in an earlier warkidl/BDO polymet!. The polymers were
synthesized by solution polymerization in a 250 fitakk in tetrahydrofuran. The reaction was
catalyzed by 0.01 wt% dibutyltin dilaurate for 24ihder magnetic stirring at 65°C (reflux).
After 24h, the obtained turbid solution was codliedvn to room temperature under air before
the addition of distilled water, which allowed theecipitation of the model hard segment. The



precipitated hard segment was washed with distieder several times and filtered on a
Buchner filter to obtain a white powder in the ca$®&DO and isosorbide HS, and a film for
EHDO HS which was finally dried in an oven at 10G&C4 h.

To prepare the bitumen-TPU blends, 100 g of 16042@e bitumen were placed in a metal
pot and heated at 180°C for 1 h. Granules of TPkéwdded in the hot bitumen. Once the TPU
was softened in the bitumen, the mixture was stiate2,500 rpm at 170°C for 15 minutes with
a Rayneri agitator. The hot blend (“binder”) wasiga on a silicon sheet which was placed
between two metallic plates and pressed to obteam2thick films that were then cooled down

under ambient air to room temperature.

2.3. Instruments and methods

Dynamic mechanical analysis (DMA) was made in torsinode on a homemade pendulum
under inert atmosphere (helium) at 600 mbar fro@0-10 130°C with a heating rate of
1 K.minl. The test was performed at a constant frequendytéz and low strain amplitude

(10%) on parallelepipedic specimen (2 x 6 x 123nm

Rheological properties of TPUs were measured wsin§RES rheometer from TA Instruments
Co. at 1 Hz from 80 to 180°C considering a platd-plate geometry (25 mm diameter, 2 mm

gap) and 2% strain amplitude.

Differential scanning calorimetry tests were catreit using a Q20 TA Instrument calibrated
with Indium. Hermetic aluminum pans were used tal SBPU samples of 5-7 mg which
underwent a first cooling stage from room tempesata -80°C, followed by a heating ramp of
10 K.min! up to 240°C. The specimens were submitted to eogeh flow rate of

50 mL.min. The value of the glass transition temperatugivien at the onset.

Protocols for determination of Hansen’ solubiligrameters have been described elsewhere
The measurements were made using HSPiP® sofixaditer testing the polymer solubility in
various solvents (choosing an increment value fifr Isoluble situation and a value of O for
non-soluble situation). The measurement was basddansen’s calculation of the solubility
parameter and led to a three dimension (3D) diagéam dispersivepp= polar;on = hydrogen
bond) of solubility parameters with a solubilityhgpe of radius Rencompassing the good

solvents for the considered compound.



Fluorescence microscopy tests were conducted wsingptical microscope Zeiss equipped
with a high pressure mercury UV lamp HBO in reflest mode with a two-filter system
allowing to analyze specimens under 300-400 nm45@490 nm wavelength ranges. The
polymer-modified bitumen samples were broken attienvperature in liquid nitrogen to allow
analysis of the morphologies across the samplé&nbas. The fluorescence images obtained
were segmented using the Bgoftware. The percentage of swollen TPU, whicheappwhite

in the images (due to the absorption of aromatmmaunds), was then measured and averaged
on at least five images. A swelling coefficient wagn estimated as the ratio between the
average surface fraction of TPU-rich phase measurdtie images and the initial weight
fraction of added polymer. Considering the closasitg values of bitumen and TPU, this

coefficient is expected to be equal to 1 for nomitem TPU, and >1 when swelling occurs.

Samples for transmission electron microscopy, Ti##te prepared by cryo-ultramicrotomy at
-80°C on a UC7 Leica microtome device using twordiad knifes, the first one for the pyramid
preparation and the second for cutting slices 6fifd thickness. Observations were conducted

on a Philips CM120 at an acceleration voltage @& B at ambient temperature.

Atomic force microscopy (AFM) was performed with Rimension 3100 AFM device
connected to a NanoScope V scanning probe cont(@teker Instruments, Plainview, NY).
All images were obtained at ambient temperatur@pping mode using a pointprobe-plus®
silicon (PPP-NCH) from Nanosensors with a high nesee frequency (ca. 300 kHz). A lateral
resolution of 3-5 nm can be achieved by this camfijon with a vertical resolution of 0.5 nm.
Very flat surfaces were obtained by cryo-ultramicmy, for this reason only phase images
(highlighting a hard/soft contrast) after treatmefith Gwyddion freewarg are shown in the

present paper.



3. RESULTS AND DISCUSSION
3.1. Properties of the hard segments used to prepathe polymer

Thermal analysis was run on the model hard segnmeizared with BDO, isosorbide and
EHDO as chain extenders (Figure 2). The first $ughlights that only the hard segments MDI-
BDO and MDI-isosorbide are semi-crystalline, witle presence of several melting endotherms
at 172, 203 and 213°C for MDI-BD® and 210 and 223°C for MDI-isosorbide, respecyivel
The second scan reveals the presence of a glasstiva at 172°C for MDI-isosorbide hard
segment, followed by a melting endotherm at 21&it@rature reported higher glass transition
temperatures of the model hard segments MDI-isadertrespectively 187°C for Cognet-
Georjonet al'* and 183°C for Mariret al®. For MDI-BDO, two melting endotherms are
present at 203 and 217°C. Concerning MDI-EHDO lssgment, only a glass transition at
91°C is shown on both scans which is associatell tvé amorphous nature of this segment.
Regarding the melting enthalpy of the semi-crystallhard segments in the second scan, it
could be concluded that MDI-BDO hard segment (dpthaf 48.0 J.¢f) exhibits a higher
crystallinity than MDI-isosorbide hard segment (eipy of 13.8 J.¢). This assumption is
confirmed by WAXS analysis (Figure 3) with a diagrahowing well defined peaks for MDI-

BDO, while only a sort of halo is present for MBbsorbide.

T T T T T T T T
{(a) ] 1(b) ]
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= 3 e 1 R ‘j
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Figure 2. Differential scanning calorimetry thermograms afth segments MDI-BDO,
MDI-isosorbide and MDI-EHDO a) first scan; b) secbscan.
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Figure 3. Wide angle X-ray scattering patterns of the serystalline hard segments
a) MDI-BDO with indexed peaks according to liten&fi3!*2and b) MDI-isosorbide.

To go further, Hansen solubility parameters (HSRyewvevaluated for the different hard
segments used in this study through experimentab#ity tests are described in section 2.3

and in more details in a previous article (fromethare extracted HSP values for MDI-BBO)

Table2 shows the value of these solubility parameterstaagphere radius for the three hard
segments. The obtained hydrogen components of H&F & higher value for MDI-BDO and

a lower value for MDI-EHDO, which agrees with thmliy of BDO to provide a higher amount

of hydrogen bonds than the secondary and asymmleticohols. MDI-BDO and MDI-
isosorbide hard segments show close HSP valuespett@at the radius of the solubility sphere
is slightly higher for MDI-isosorbide, meaning thabsorbide based hard segments are more
easily soluble. Regarding MDI-EHDO, lower HSP valwe globally observed with a high
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radius for the solubility sphere. These resultsiareotal agreement with the ability of the
studied hard segments to crystallize since MDI-B&fows a higher crystallinity than MDI-
isosorbide, and even more than MDI-EHDO that i/famorphous.

Table 2. Hansen solubility parameters of the hard segments

Polymer otor dp op on Sphere radius R
(MPa?®  (MPa'?®  (MPa'?®  (MPa'?d (MPa'?
MDI-BDO 243+15 182+05 82+1.7 13.8+0.9 3.4
MDI-isosorbide 240+05 18.0+05 99+06 124+1.1 3.9
MDI-EHDO 215+0.7 17.3+03 7.7+0.5 10.2+0.5 5.9

3.2. Properties of the polymer used for the modifetion

Three thermoplastic polyurethanes containing 13 Wwt¥a segments based on different chain
extenders were then used in this study. Thermodymeaompatibility between hard and soft
segments (SS) was evaluated based on the HSP ditaesed for the soft segment prepared
with the polyol P3000 and MDI diisocyanate in oveydous work! which led to experimental
solubility parameters values 6§ = 19.1 + 0.6 MP&, 6, = 4.2+ 0.9 MP&?, 6, = 6.7 +

0.4 MP&"2. Figure 4 shows the overlapping diagrams of tiiessw hard segments solubility
spheres. The calculated distance between centdige agolubility spheres of soft and hard
segments is equal to 8.4 Mfdor the TPU P3000-MDI-BDO, 8.4 MPafor the TPU P3000-
MDI-isosorbide and 6.1 MPZ for the TPU P3000-MDI-EHDO. The percentage of
overlapping of the soft sphere with the hard sedmsphere gives 0% for P3000-MDI-BDO,
2% for P3000-MDI-isosorbide and 22% for P3000-MDHEO. Considering the criteria
established by Hansen suggesting that above andéstaf 8 MPH? incompatibility occurs
between two components, TPU P3000-MDI-BDO and TR300R-MDI-isosorbide provide
complete incompatibility between soft and hard sexgis and thus high phase separation. It
appears that the high crystallinity of MDI-BDO halgments promotes phase separation and
drives the thermodynamic equilibrium for this pobmi. Furthermore, the percentage of
overlapping of the spheres is consistent with ttieioof compatibility expected based on the
distance. In the case of TPU P3000-MDI-EHDO theadlise is lower than 8 MP3 suggesting
that these hard segments are expected to pregmntial compatibility with the soft phase.
Based on the previous assumption, solubility dsgaior TPU P3000-MDI-EHDO suggests
that the soft and hard segments are compatiblegiged the amorphous nature of MDI-EHDO
hard segment, limited or no phase separation isctzd.
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Figure 4. Solubility sphere diagrams in the 3D space
(6p(MPa'/?); §p(MPa'’?); 5§y (MPa'/?)) comparing solubility spheres of soft segments
(green sphere) and hard segments (light green)arezgpwith
a) MDI-BDO; b) MDI-isosorbide; ¢) MDI-EHDO.

Thermal properties of the polymers analyzed witfedential scanning calorimetry (Figure 5)
revealed at -54°C a glass transition for the sefinsents of TPUs made with hard segments
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based on BDO or isosorbide, while the TPU P3000BEIDO showed a glass transition at
-49°C, thus a few degrees higher. Unlike P3000-NEBIDO, other phenomena occur at higher
temperature for P3000-MDI-BDO and P3000-MDlI-isosdeh i/ close to 47°C for TPU
containing BDO as chain extender, a phenomena afmtioned but not clearly explained in
the literature, which could be associated eitheh wihe glass transition of separated and
amorphous hard domains, or with the breakage obhti8!33 ii/ at high temperature small
endothermal peaks between 170 and 190°C for BD@ebBBU, and a glass transition at 172°C
for isosorbide-based TPU. On this basis, it is m&glithat the latter corresponds to the glass
transition of the amorphous MDI-isosorbide hardnsegts. In the case of P3000-MDI-BDO,
the endotherms at high temperature are associatedet melting of well-organized hard
segments, as it is well-known that MDI-BDO segmemtssemi-crystalline (Figure2)1423

P3000-MDl-isosorbide

P3000-MDI-BDO

P3000-MDI-EHDO

Heat flow (a.u)

-50 0 50 100 150 200
Temperature (°C)

Figure 5. Differential scanning calorimetry thermograms loé fTPU P3000-MDI-chain
extender containing 13 wt% hard segment content.

The presence of several transitions for P3000-MDEB and P3000-MDI-isosorbide
associated to the soft and hard segments in thetste of the polymers confirms that phase
separation occurs in these TPUs. In contrast f@0P3VIDI-EHDO, the absence of any
transition related to the hard segments and thease in the low glass transition temperature
suggests that this TPU is not phase-separatedathgrrcomposed of homogeneously mixed

soft and hard segments.
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Morphology investigation of the TPUs by TEM and ARdnfirmed the phase separation in
P3000-MDl-isosorbide, and the presence of only phase in P3000-MDI-EHDO (that
incidentally makes the sample too soft and stickathieve AFM observations with the tips
used). (Figure 6). In the case of P3000-MDI-BDOrlieastudies using SAXS and AFM
analyses have shown the phase separation in tHik @rfél that its microstructure can be
described considering one soft phase made of pohyaihs and short miscible hard segments
and a hard phase organized as semi-crystallinedoamains® (Figure 6a and Figure 6d).
Finally, unlike P3000-MDI-BDO that is phase sepadatnd semi-crystalline, P3000-MDI-
isosorbide is amorphous and phase-separated, ad@ORBDI-EHDO is amorphous and

homogeneous (Figure 7).

0.0 ym 0.1 0.2 0.3 0.4 00pm 0.1 0.2 0.3 0.4
6.24 deg0.0

5.50
500 01
4.50
400 o,
3.50
3.00
2.50
2.00
150 04

1.00
0.38

Figure 6. Microstructural analyses of the TPU P3000-MDI-ahaixtender containing
13 wt% of hard segments; a) TEM image of P3000-8MDD; b) TEM image of P3000-MDI-
isosorbide; c) TEM image of P3000-MDI-EHDO; d) ARiflase image of P3000-MDI-BDO,;
e) AFM phase image of P3000-MDI-isosorbide.
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Figure 7. Scheme of the microstructures of the TPU as aifumof the chain extender used
a) BDO; b) Isosorbide; c) EHDO.

Dynamic mechanical analysis of the TPUs (Figursi®)ws that the main relaxation associated
to the glass transition of the polymers occurselws-50°C for BDO and isosorbide based
TPUs and about 10 °C higher than the other polyfeerSHDO based TPU, thus in agreement
with thermal analysis (Figure 5). TPU P3000-MDI-EE@ows right after the main relaxation
while TPU P3000-MDI-BDO and TPU P3000-MDI-isosombigresent a rubbery plateau over
a wide range of temperature before flow finally urscat high temperature (100-120 °C). The
difference of behavior is due to the presence passded nanodomains of hard segments in
BDO and isosorbide based TPUs, absent for P3000-BHIDO, which act as physical
crosslinking nodes in the soft segments continuais phase. These small hard domains in
addition to physical entanglements confer to theenngls a thermoplastic elastomer mechanical
behavior by maintaining a high modulus up to thaxa&tion temperature of the HS, i.e. melting
of the crystallized HS for P3000-MDI-BDO, and redéiwn of the amorphous HS at 172°C for
P3000-MDI-isosorbide.
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Figure 8. Dynamic mechanical analysis of the TPUs, storagdutus G’=f(T).

3.3. Bitumen modification

The TPUs described above were mixed with bitumemase blends containing 13 wt% of

polymer. Fluorescence microscopy was used to aadlyg morphology of the three blends
(Figure 9). For this polymer content, only the llgmepared with TPU P3000-MDI-isosorbide

gives a morphology containing a TPU-rich continugise (white phase) with dispersed
bitumen-rich phase (dark phase), characteristiphafse inversion. In the case of the blend
prepared with TPU P3000-MDI-BDO, co-continuous tngn and TPU-rich phases are
obtained while the blend with TPU P3000-MDI-EHDCegents a non-inverted morphology
with a dispersed TPU-rich phase.

This result shows that even at low hard segmentecdr(13 wt%), the nature of the hard
segments and more precisely of the chain extertdengdy impacts the morphology of the

bituminous blend.

16



Figure 9. Fluorescence microscopy images of blends contgihdwt% TPU made with
a) P3000-MDI-BDO, b) P3000-MDI-isosorbide, c¢) P3a0DI-EHDO.

An estimation of the swelling coefficient of thelymers was made based on fluorescence
microscopy image analysis (Figure 10). TPU P3000HidDsorbide seems to be the most
swollen by bitumen, followed by TPU P3000-MEHDO and finally by TPU P3000-MBlI
BDO which shows the lowest swelling coefficient.

Hansen solubility parameters of the bitumen weraluated in a previous wotkand give
solubility values o, = 17.9 + 0.2 MP&?, §, = 3.1 + 0.6 MPa’? 6, = 2.3 + 0.6 MP&"2
Solubility parameters of the bitumen were comparethose of the hard segments and the
distance between centers of the solubility spheses calculated (Table 3 and see supporting

information Figure S 1).
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Table 3. Distance and percentage of overlapping betweersohgbility spheres of bitumen
and the hard segments.

Distance to bitumen % of overlapping with

sphere (MP&?) bitumen sphere
MDI-BDO 12.1 0
MDl-isosorbide 12.2 0
MDI-EHDO 9.2 13

First, all the hard segments can be expected tav sigh incompatibility with bitumen, since
the distances between centers of solubility sphafrbgumen and of the hard segments are all
higher than 8 MP#& (Table 3). As a consequence the hard segmentxpeeted to be hardly
swollen by bitumet?f. Based on those distance values, it is thus asbtimaeonly the soft phase
is responsible for the swelling observed in theypar, as previously discussed in another
work’. More generally, if the difference of swelling ebged regarding the TPU used is only
due to the composition of the soft phase, and kngwhat every TPU is here composed of the
same soft segments, made of the P3000 polyol aniddiidcyanate, then finally the difference
should originate only from the degree of hard segmeoluble in the soft ones. HSP results
have suggested that MDI-isosorbide and MDI-BDO haebments were completely
incompatible with the soft phase, with a high disebetween centers of the solubility spheres

and a percentage of overlapping of only 2% for Mddlsorbide (Figure 4).

In the case of isosorbide which leads to both lokgactivity (due to its secondary hydroxyl
groups) and amorphous hard segments, mobilityasiged which allows the polymer to get
complete phase separation thanks to thermodynaroa@mipatibility. As a result, while the
presence of short MDI-BDO hard segments in theudise limits its swelling by bitumen, the
absence of MDI-isosorbide hard segment in theudise allows the soft phase to be entirely
and as much as possible swollen by bitumen. Thyh Bvelling gives rise to the observed

morphology with a continuous TPU-rich phase.

For TPUs based on MDI-EHDO HS, a lower swellingfGoent is presumably due to the
presence of mixed hard segments in the soft phasalescribed with Hansen solubility
diagrams (Figure 4) by lower solubility distances § MP&®) and higher percentage of
overlapping with the soft segments with 22% for MEHIDO. The presence of incompatible
hard segments in the soft phase could explain ¢oeedse of swelling observed for the soft

phase as well as the resulting morphology, sineera highly swollen soft phase leads to co-
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continuous morphology by fluorescence microscopyseolmtion§® (see supporting
information in Figure S 2). Then, the study of siweelling of the different polymers highlights
the presence of mixed hard segments in the sofiepaad, combined with Hansen solubility
parameters, confirms that distance values belowPg!fllead to partially compatible soft and
hard segments, with a compatibility which can binested by the percentage of overlapping
of the sphere. Thus, despite the semi-crystallatere of the TPU P3000-MDI-BDO, which
presents high phase separation thanks to the mghadinity of MDI-BDO HS, small HS

remain in the soft phase.

Rheological analyses were carried out on the @iffeblends and show a general improvement
in mechanical properties compared to the neat @Etymwvith a higher modulus for the three
blends but also a change in mechanical behavigu(€ill). Overall, it is assumed that the
mechanical properties of the blend are governetth&ygontinuous or co-continuous TPU-rich
phase. Indeed, plenty of works have shown the irgnent in mechanical properties observed
when changing a morphology with a dispersed polyptexse to a morphology with a co-
continuous pha$é?4 The blend with P3000-MDI-EHDO shows a lower stgranodulus than
the others, explained by the homogeneous charatters polymer that flows after its main
relaxation, and this blend has a permanently visc@lnavior. For the blend made with P3000-
MDI-isosorbide, an increase in storage modulus iccampared to the previous blend, with
the appearance of a viscoelastic behavior duestthgtrmoplastic elastomer nature of the used
TPU (Figure 8), but also to the morphology of thisnd (Figure 9) showing a continuous
swollen soft phase containing amorphous incompatibDI-isosorbide HS nanodomains. As
discussed earli&t, despite the continuous TPU-rich phase exhibitgd R8000-MDI-
isosorbide/bitumen blend a viscous behavior isatgerved, and thus this specific morphology
is not the only requirement to promote a changen@thanical behavior of the bituminous
blend.

For the blend prepared with bitumen and P3000-MDIEBthe storage modulus increases once
again and a change in mechanical properties ochigislighted by ta® <1. This shows that
the blend with P3000-MDI-BDO behaves like a thertasfic elastomer, with the appearance
of a small rubbery plateau. The difference in meada behavior between the blends made
with P3000-MDI-BDO and P3000-MDI-isosorbide comemni the higher swelling of P3000-
MDI-isosorbide in bitumen. Indeed, the higher simegllof this polymer leads to a bulky TPU-
rich phase but having a lower storage modulus.édier work has already shown that high
swelling resulting in a morphology with a contingoLPU-rich phase is not sufficient to induce
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high mechanical properties, which is in agreeméitt this study”. In addition, the nature of
the nanodomains of hard segments, which are sgmsiatline in the case of P3000-MDI-BDO,
and amorphous for P3000-MDI-isosorbide could als@é#rt of an explanation.

As a result, it appears once again that the svgetiirthe soft phase of the polymer is the key
parameter when designing polymer modified bitumedeed, in the case of TPU, the choice
of the HS nanodomains is of great importance dineeompatibility between HS and SS could
be a parameter to tune the degree of swelling @fstit phase and consequently govern the
mechanical properties. Then, the physical statth@fhard segment, i.e. semi-crystalline or
amorphous, is a critical parameter for designing¥iodified bitumen. A semi-crystalline or
a well phase-separated polymer would rather beeble to impart a thermoplastic elastomer
mechanical behavior to the bituminous materiakeithe swelling can be adjusted with the HS
content* (Figure S 2). Literature has pointed out the ingoaze of the crystallinity of the hard
domains in the polymer, with higher amounts of tajme domains giving rise to higher
elasticity for the blerfti(higher storage modulus and lower phase anglejchwis in total
agreement with this study. Nevertheless, it is twonentioning that the polymer P3000-MDI-
isosorbide revealed itself to be an interestingymelr for bitumen modification, which allows
an effective swelling of the soft phase and consatiy a morphology with a continuous TPU-
rich phase for a lower amount of polymer compace@RU P3000-MDI-BDO. In addition, it
is well-known that the MDI-isosorbide HS is usuasigmi-crystallin& 2330 which suggests
that a potential increase in hard segment conte®8000-MDI-isosorbide could lead to better
mechanical properties for the corresponding blemds)e maintaining good swelling by
bitumen’s light fractions.
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Figure 11. Rheological properties of the blend containingwtt% of TPU
a) storage modulus G’=f(T), b) loss factor &efi(T).
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CONCLUSION

In this study, we proposed to highlight the inflaenof polyurethane building blocks and
specifically hard segment chemical nature on thapgnties of TPU-modified bitumen. By
combining thermodynamic aspects using Hansen dijulparameters with thermal and
swelling analyses, an explanation for phase saparat the polymer have been suggested by
the ability of the hard segments to organize witbigstalline structures. Three types of
polymers were synthesized, semi-crystalline ands@hseparated, amorphous and phase
separated, or amorphous and homogeneous. AlthoukBdO based TPU is known to be
well phase separated, the use of swelling coeffiaa the polymer in bitumen highlights the
presence of hard segments MDI-BDO trapped in tlfiepdase (P3000-MDI). In the case of
MDI-isosorbide based TPU, these methods revealkithfitompatibility between the HS and
the P3000 based soft segments, which is consisiémtHansen solubility parameters results.
The different nature of hard segments leads tewfft degree of mixing of the hard segments
in the soft phase, and govern the way the polysiemollen by the light fractions of bitumen
and thus the morphology of the blend as well agniéshanical behavior. The presence of
bitumen-incompatible HS in the soft phase allowsdotrol its swelling by lowering it, which

promotes blends with higher elasticity when usinigeamoplastic elastomer.
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Figure S 1. Hansen solubility diagrams comparirigksbty spheres of bitumen (light green)
and hard segments a) MDI-BDO; b) MDI-isosorbideME)I-EHDO.

26



(a)

= g U w w
(8] o (8] o (8]
1 1 L 1 L

i
HIH
HEH

Swelling coefficient

—_
o
1

005 010 015 020 025 030

HS weight fraction

Figure S 2. a) Swelling coefficient diagram of TfeU P3000-MDI-BDO as a function of
hard segment (HS) content; b) Fluorescence micpysitoages of the bitumen-TPU blend
made with a TPU at low HS content (8 wt%); c) Fesmence microscopy images of the
bitumen-TPU blend made with a TPU at high HS canf2d wt%).
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