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ABSTRACT: Despite their technological relevance, the resistance of soft thermoplastic polyurethanes (TPU) to crack propagatiol
in cyclic fatigue has never been investigated in detail. In particular, a clear shortcoming in the literature for this class of material
the lack of connection between the cyclic fatigue resistance and the large strain behavior that has a fundameintatinele in de
materids resistance to crack propagation. We demonstrate hererfititine that when the strain-inducecesiing mechanism
of TPU (already observed for large deformation) is combined with the presence of the nonhomogeneous strain, as in the case
cyclic fatigue, it produces a selective reinforcement in the crack tip area, which is the key to explain the remarkable cyclic fatic
resistance of TPU. Using commercial TPU with similar mod8lldRa) but dierent large strain behavior, we show that the
described mechanism stems from the multiphase nature of TPU and it is not necessarily linkeddoge Specn property as
the case of TPU, which undergoes strain-induced crystallization.

T

INTRODUCTION is the ability to sustain a large number of cyclic loadings at low
stress levels without hazardous rupture of the material. In other

block copolymers characterized by alternating blocks of s rds, they must have an appreciable cyclic fatigue resistance.

segments (SS) and hard segments (HS). The former are ha prgvious pap%we proposed a method to probe the .
composed of long anexible polyester or polyether chains cyclic fatigue resistance of SOft. TPU based on the cIassm
that ensure high deformability, while the latter consist d‘]racture mechanics approach, originally developed for chemi-

; : lly cross-linked rubbers. We highlighted that during cyclic
urethane-rich hard segments. The TPU typically self-organ ; X S
in hard domains (HD), which are generated from the later ef%rmattlor;%s'l'tPLtJ Expenencg a s_galée:gawhstafnh?non d
stacking of HS through physical interactions and hydrogé)rﬁ € stressstrefch curve. rrovide at the loading an

bonding. They generally have dimensions of tens of nanonﬂ?—lofd'{]g cycles e;rr]e convinlently ad?pted to tacklgctt&; € dard
ters? comparable to that of common reinforcifers used of plastic creep, the crack propagation process in standar

in rubbers. TPU can be produced inetént grades with notched pure-shear samples can be robustly expressed as crack
Young moduliE ranging from a few MPa to 1.000 MPa. propagation per cycle/d as a function of applied energy

Among those, soft TPLE(< 10 MPa), where theexible rglease _raté‘:. These preliminary results amed the very _
chains represent the majority of the material and are physicj”gh resistance of soft TPU to crack propagation under cyclic
cross-linked by the HD, generally show high elasticity a gtigue conditions even for large applied strains. To date, a
excellent abrasion resistance at ambient temperatures. Despgite

their high price, soft TPU have already found manyreceived: April 28, 2021
applications in elds as sportswear and footwear and aré&ublished: September 16, 2021
gaining increasing industrial attention as recyclable alternative

to replace classicdled and vulcanized rubber in structural

applications such as cables, dampers, and belts. One of the

most desirable properties in this kind of structural applications

Thermoplastic polyurethanes (TPU) are segmented mult

© 2021 American Chemical Society https://doi.org/10.1021/acs.macromol.1c00934

W ACS Publications 8726 Macromoleculeg021, 54, 87268737


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giorgia+Scetta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eric+Euchler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianzhu+Ju"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nathan+Selles"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patrick+Heuillet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matteo+Ciccotti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Costantino+Creton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Costantino+Creton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.1c00934&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00934?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00934?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00934?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00934?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00934?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00934?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00934?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00934?fig=abs1&ref=pdf
https://pubs.acs.org/toc/mamobx/54/18?ref=pdf
https://pubs.acs.org/toc/mamobx/54/18?ref=pdf
https://pubs.acs.org/toc/mamobx/54/18?ref=pdf
https://pubs.acs.org/toc/mamobx/54/18?ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.macromol.1c00934?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf

Macromolecules pubs.acs.org/Macromolecules

clear shortcoming in the literature for this class of materiaighavior under uniaxial conditions. The materials were kindly
comes from the lack of connection between the cyclic fatig@eovided by BASF. _

resistance and the large strain behavior that has a fundament2°9-bone samples had a cross section of 2 &imm and were

role in dening the material resistance to crack propagation.CUt along the injection direction from a 2 mm thick square-plate

Alth h the tvoical f bulk strai din fati injection molded by the Laboratoire de Recherche et [Bott®
ough the typical range or bulk strain used In 1aliQue o tchoucs et Plastiques (LRCCP). The injection conditions are

experiments is generally considerably lower than the strainy@lorted inFigure S1 and Table .Slhe pure-shear geometry is
break in uniaxial tests, the presence of the crack inducgsnerally used in cyclic fatigue experiments because the energy release
signi cantly larger local strains at the cracktihis strain rateG can be easily calculated and is independent of crack’length.
concentration is particularly important for TPU since theiAll pure-shear samples were pre-notched using a fresh razor blade
structure, and hence the mechanical response, evolves Wit @ 20 mm cut. The chemical composition of both TPU is not
applied straif’>'* However, previous studies on the available since they are commercial products. The number-average

. . . . . olecular weightl,, and weight-average molecular weighof
structural evolution of hard domains with applied strain onlgﬂpu XTAL aftger innwjection ar% 47 andg61 kg/mol, respee‘g\tri]vely, and

focused on un_laX|aI tension samples and did not include t%re obtained by gel permeation chromatography (GPC). The values
e ect of local singularities generated by defects or notches agigbsolute molecular weights were extracted from refractive index
the case for fatigue fracture. Indeed, as proved by Mzabi et ahd light scattering signals, using a measuded/adlue of 0.11 mL

in lled and cross-linked styrene-butadiene rubber (SBR), tige* for the TPU. Fourier transform infrared (FTIR) spectroscopy was
presence of a loaded crack generates a local strain gradientsgél for structural analysis of the polymers. Only in the case of
the crack tip, the amplitude of which depends on externdPU_SOFT, it revealed an absorbance peak around 1840 cm

loading and on matefatharacteristics. To the best of our which may be consistent with the presence of bidentate urea. The
: latter is generally associated with stronger interactions than simple

knowledge, a comprehensive chal_racter]zatlon Of. the .IO% rogen bonding in H®and may explain the poor solubility of
morphology induced at the crack tip during a cyclic fatigu€py SOFT suggesting a stronger interdomain stability.
experiment, and the discussion of iects on the crack Step-Strain Cyclic Tests.The dog-bone-shaped samples were
propagation rate for soft TPU has never been carried out. strongly xed between mechanical clamps since TPU are very tough.
To understand the ect of a loaded crack on local structural An optical detection system was used to measure the local stretch in
modi cations, it is useful to brjerecall some key results the gauge area of the sample and to check the absence of slippage
obtained in the uniaxial extension of TBU® Bonart was ~ from the clamps during the test. The samples were loaded under
among therst authors to investigate the deformation behavioMiaxial conditions at the stretch rate sf4 S The loading was

. . . rformed in a stepwise mode: 10 cycles were performed for each
of TPU using small- and wide-angle X-ray scattering, SA reasing value ofpmaximum applied stretid botﬁ TPU. The

and WAXS, respectively. He proposed that, for moderate levgl@ss was reduced te 0 between two successive steps to prevent
of stretch ( < 3), the progressive alignment of the SS alonguckling. The mechanical quantities straitretch , Hencky strain
the tensile direction exerts a torque on the HD. As a result, tihenominal stress and true stresg are dened as below.

HD tend to orient in a transversal direction relative to the

applied load. In a TPU with a low percentage of HS, further = 1Sl _ Lh: d= IoldI: In() = iT
elongation generally corresponds to a reorganization of HD lo lo b Ao
and alignment along the loading direction. This frocess, = 1+ )

de ned as‘restructuring of the cross-linkimy Ishihara?

consists of breaking and re-forming hydrogen bonds to rea"iﬁre,l0 and| indicate the initial length and instantaneous length,

tivelyA, is the initial cross-sectional area; Bnid th
the hard segments. An excellent summary on X-rqx:ggﬁre§¥cﬁ%es € al cross-sectional area; &nis the

investigations in deformed TPU With low HS content (weight \waxS and SAXS Characterizatiorin situ WAXS and SAXS

percentage about 12%) was provided by Yeh and co-vorkeesperiments were carried out under two conditions: on relaxed
In this work, we tested the cyclic fatigue resistance of twgamples (= 1) and on strained samples=(2.5). The rst set of

TPU which share very similar small strain properties bugxperiments (= 1) was carried out on a GANESHA 300XL+ system

present completely @rent large strain behavior in uniaxial from JJ X-ray 1 in the X-ray lab at DSM Materials Science Center in

tension at ambient temperature: TPU_XTAL which displays ?e Netherlands. The in situ experiments on strained samples (

marked strain-hardening pelyi due to strain-induced .5) were carried out at the PETRA Ill beamline PO3 at Deutsches

Elektronen-Synchrotron (DESY) in Hamburg. The technical details

crystallization (SIC) and TPU_SOFT, which has highe"of the scattering experiments are summariZedle 1

extensibility and barely visible strain-hardening before rupturerhe two-dimensional (2D) scattering data were integrated using
In addition to the fatigue experiments, expressefd hysiG the software tool FIT-2f5.All data were corrected by subtracting
and uniaxial step-cycle tests, we used two additional technigbaskground scattering. In situ WAXS and SAXS experiments were
to characterize the érences between the bulk and at the
crack tip as the sample is experiencing loading cycles in fatigi&ble 1. Parameters of X-ray Experiments
digital image correlation (DIC) to characterize the stehdn

near the crack tip and spatially resolved in situ X-ray wide- a facility DESY, Petra Il DSM resolve
small-angle scattering analysis (WAXS, SAXS) to deteghergy 13 keV 8.4 keV
structural changes with the number of cycles both in thavelength § 0.096 nm 0.15 nm
bulk and near the tip. beam size 22 16 300x 300 m? (SAXS)
700x 700 m? (WAXD)
MATERIALS AND METHODS step width 100m
distance from detector

Materials. The used TPU are commercial polyester-based

polyurethane multiblock copolymers produced by BASF, Elastollan SAXS 4050 mm 1465 mm
series, with the trade names: 565A 12P and LP9277 10, respectively, WAXS rimm 120 mm
denoted as TPU_XTAL and TPU_SOFT based on their large straiffhage resolution 17172 pixel 17X 172 pixel
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Figure 1.Sketch of the experimental setup for WAXD and SAXS in situ experiments (a). Example of opele ertldeformed mesh
obtained from DIC analysis (B, and X, indicate the directions parallel (meridional) and perpendicular (equatorial) to the applied load,
respectively.

Figure 2.Example of azimuthal integration to evaluate the orientation factor (a). Example of Bagisfiarimuthal one-dimensional (1D)
pro le to evaluate the FWHM (b).

carried out for two sets of samples: samples that were pre-fatigued and is the wavelength. The long petiogpresents the recurrent
pristine samples. All of them contained a notch. For in sitspacing periodicity between hard domains, it was calculated as
experiments, the notched pure-shear specimens were stretched jna2_ whereg* represents the center of the Gaussiay of the
displacement-controlled mode up te 2.25, then 2D WAXS and a

SAXS scans were performed along the entire’sdemgth parallel ~ Peak in the 1D SAXS pte. _

to the crack and in front of it. The position of thet point (the Cyclic Fatigue Experiments. Fatigue results are generally
actual crack tip) has an uncertaint¢ 80 m, i.e., the step width  expressed in terms of crack propagation per cgbfeve G. All
between each successive §ogune & reports a schematic of the in  of the experiments were carried out on pure-shear samples following
situ scattering experimental sefigure b is an example of the the procedure developed for TPU by Scetta et al. in a previods paper.
crack prole of the loaded sample and shows the deformed mesh us@btie curveG( n,) was evaluated on un-notched pure-shear samples

to evaluate the local strain at the crack tip. TheXaxasd X, by applying sinusoidal cycles betwggr 0 and an increasing value
correspond to the direction parallel (meridional) and perpendiculaf the maximum stretciy,.at the frequency of 10 Hz. Under cyclic
(equatorial) to the applied load. conditions, the stré&ssiretch curve of TPU shows a very marked

WAXS AnalysisThe 2D WAXS pattern was circularly integrated. stress softening and some residual strain that eventually stabilizes
Peaks in the 2range between 12 and 2@ere deconvoluted using between 5000 and 10 000 cycles. Tkist é known as shake ddwn.
Gaussian/Lorentzian pedakng routines. The crystalline fractign We used the str&stretch curve at 10 000 cycles to evaBi{atg,)
was evaluated classically as the ratio between the total areaga®G = HWL{ ,,), WhereH is the unstrained height of the pure-
crystalline peaks and the total area (crystalline and amorplgus:  shear sample aldssis the strain energy density as a function of the

+ Iy underneath the diaction prole as maximum applied stretch,,, in the pure-shear geométryTo
evaluate the crack propagation per cycle, a single long notch of 22 mm
= ler was cut on pristine samples. Each notched sample was strained
¢ 2 g+ lam between .,;,=0 and 5 for a minimum of 36 000 cycles. During the

test, the extension of the crack was monitored using a digital camera

Azimuthal integration was performed on the most prominent pegIBAUMER VCXU-32M) with a resolution of 3.1 Megapixel equipped
as indicated iffigure A. The obtained peak was théied with a with a macro-objective resulting in a pixel size ah38he crack
Gaussian function to calculate the full width at half-maximurpropagation rate stabilizes after S20@00 cycles and then we
(FWHM) as inFigure B. The value of FWHM is indicative of the eyaluatedatn.
variability of the lattice parameter around its average value and it is amigital Image Correlation (DIC).DIC is a technique that allows
indicatiqn Qf the level of dis.order of the structure. A high value Qﬁeasuring displacemerglds by matching a reference with a
FWHM indicates less order in the crystal phase. ) ) deformed image. Here, the Correli-LMT softavkich represents

SAXS AnalysisSAXS data are expressed in terms of intensity asg@e displacemeneld by the same kind of mesh asnite element
function of wave vectqr= 4.5 where 2is the scattering angle methods, was used. Theal displacement is evaluated using an
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Figure 3.Uniaxial nominal str&stretch curve of TPU_XTAL and TPU_SOFT af@3a). Zoom on the small stretch region (b).

algorithm that minimizes the elience in the gray levels between the below which during a single fatigue experiment lasting 36 000
matched images, while imposing some level of regularity to th§cles and with the resolution of our optical systemm(g8
solutions. we could not detect any crack propagation. Under this

The objective adopted for this analysis corresponds to a pixel si o .
of 7 m and the mesh size washosen as 16 pixels. Under this &gndmon, tha?mmlnlmum de/tectfble crack growth per cycle was
————— 1 nm/cyct. Using this denition, the

condition, the spatial resolution of the DIC analysis (minimumequal t0:360000ycles

distance between two adjacent estimates of displacement) was 1§

m. Since the datapoint associated by convention with a distanceo}f ues ofG were found to be 3 "?‘”d 5kt fc.)r
mm from the crack tip is indeed the closest available point, this spatldr U_SOFT and TPU_XTAL, respectively. We underline that

resolution should also be considered as an uncertainty on the distaH# is not a physical value @f but it depends on the

of such point from the crack tip. The samples were uniformly backlg@xperimental system, and we cannot exclude that higher
A random speckle texture was obtained by black ink sprayingresolution and/or longer testing may lead to a lower value of
method which provides a good contrast with the sample surfa . Neverthe|essy in classical rubbers' the average tl@ﬁshold

(either white or transparent). For each DIC characterization, a set ; 2,
40560 images was acquired betwegrF 0 and ., To minimize Hgtyplcally found between 40 and 100"/, well below

the alteration of the gray levels by the large applied strains duri pse obtained for TPU’ which present a fatigue threshold
DIC, the correlation procedure wast performed between each (@nd the corresponding stretch more than 1 order of
couple of subsequent images starting from the unloaded condition &gnitude larger. Above the threshaldncof TPU_XTAL
to the maximum strain. Then, the total displacement for eech  increases as a power la®*’. This behavior is similar to that
evaluated by progressively adding theatitial displacemerglds found in several elastomeric systems, where the exponent
of each step. The total displacemettt was then used to evaluate ygries between 1 ané*Dn the other hand, TPU SOFT has
the local straineld following the same procedure as in Mzabji'et al. a rapid transition between a very slow- or almost not
propagating regime to a fast-propagating regime, where the
RESULTS values ofdd n are only weakly dependent@and are higher
Tensile TestsFigure @ reports the stréstretch curve in ~ than that for TPU_XTAL at comparakse The toughness,
uniaxial tension at 28 and highlights the main diencesin ~ generally deed as a critical val@ or  above which the
large strain behavior between TPU_XTAL and TPU_SOFT¢rack propagates so fast that the sample breaks in a few
Both TPU are characterized by a high extensibility at failugycles,” must be above 20 kXrin both TPU since this
(more than 1000%) and, after an initial linear elastic regiménstable regime was not observed. For comparison, for a
that only lasts a few percent strain, they soften as displayedypical lled natural rubber with similar linear modulus, the
Figure B. In the case of TPU_XTAL, this is rapidly followed average value of toughness is generally below £G°kJ/m
by a marked strain hardening, which is much less pronounc@sterall, both TPU have a higher fatigue resistance than
in TPU_SOFT.Table 2reports the elastic moduli as well as classicallled elastomers at the same ap@ietd require a
the stress and stretch at break for both TPU. much higher strain to propagate the crack during cyclic fatigue.
Cyclic Fatigue.Figure 4 shows the values afdh in the Figure & reports an equivalent representation in ternt of d
steady-state regime as a functio® &r both TPU. The  dn vs the maximum stretch,,, which demonstrates the
threshold value&, indicated in the picture, are convention- extremely large strain required to propagate a crack in cyclic
ally evaluated using the same procedure adopted in ofstigue for TPU. Interestingly, comparable valued ofar a
previous papéand correspond to the minimum valu&of  similarly high value of,., were reported by Li et%lin a
hydrogel material, which, similarly to TPU, presents a
Table 2. Tangent Modulusg], Maximum Stretch (,), and multiphase morphology. They showed that highly fatigue
Maximum Nominal Stress () at Break for TPU_XTAL and  resistance hydrogels containing a reinforcing hard phase at the

TPU_SOFT at 23C 100 nm scale, much larger than the characteristic size of the
polymer network deed as the characteristic distance between
name EMPa] »[MPa] cross-links (10 nm), can be deformeg,gt> 1 for thousands
TPU_XTAL 8.7 15.4 251 of cycles without initiating a catastrophic propagation of the
0.1 1.2 t13 crack. In those systems, the maximum stretch is a critical
TPU_SOFT 7.8 19.1 11.5 parameter in determining the resistance of the material against
+0.1 +2.8 +0.8 fatigue.
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Figure 4 Crack growth rate per cycle as a function of the applied rele@ge)rated applied stretch,,,(b) for TPU_XTAL and TPU_SOFT
at 23°C.

Sti ening E ect in Cycles of Uniaxial Deformation. microstructure=igure Zalso shows that the sthing eect in
Characterizing the large strain cyclic behavior is fundament@U_XTAL, which can crystallize under strain, is considerably
to better understand the fatigue resistance of TPU. In cyclinore pronounced than in TPU_SOFT for all values of applied
fatigue, the crack propagates at levels of bulk applied strefabximum stretch. To understand the role of the increase of the
considerably lower than the strain at break in quasi-statiastic modulus with applied strain in TPU under cyclic fatigue,
extension. Despite that, close to the crack tip, the local strainyg carried out a complete evaluation of the setairand of
higher than in the bulk because of the stress and strajRe reorganization of the microstructure at the crack tip before
concentration induced by the crack. The history of a materighq after fatigue cycling in TPU_XTAL and TPU_SOFT.
point being approached by the propagating crack during cyclic| gcal Strain Gradient in TPU before and after
fatlgug can be simplistically represented py step-strain cyq:lgtigue_ Figure 6reports the value of the local stretch
experiments up to rupture. In a previous papese the loading direction calculated aetént distances from the
performed cyclic uniaxial loading at increasing values gy tip for both TPU by DIC. Two sets of samples were
maximum stretch for the same TPU used in this work. Wgseq: pristine and fatigued. Pristine samples were directly

demonstrated that the dissipative behavior in the uniaxial . _ ; ; ;

. ) L rained at,,,,= 2.25, while fatigued samples were previously
extension of TPU_SOFT and TPU_XTAL is qualitatively very., 1o for 36 000 cycles and then monotonically strained at the
similar and cannot thus explain in any obvious way thggme value of,
considerably higher fatigue resistance of TPU_XTAL. As ax

explained in our previous waiguring the cyclic experi- For comparable distances from the crack tip, the value of

ments, the streSstrain response of the material is ve_rti_cal strain% of th? fatigu&digmplﬁ Is lower t_haPhthat of itsf
' : : . . pristine counterpart in bo . However, in the case o
permanently @cted by the maximum applied strain and_ 't'e( U_XTAL, the strain localization is much less pronounced
after fatigue and only involves a smaller area around the crack
( 1000 m), compared to TPU_SOFT (>200@n). This
result is consistent with the more pronounced cyclic strain-
sti ening eect of TPU_XTAL reported iRigure 5 At the
beginning of the test, the action of repeated cycles at the same
value of . gradually modes the local response of the
material, which eventually becomesrsdind less stretchable
at the crack tip explaining the lower values iof fatigued
samples. This ect is also accompanied by an overall induced
uniformization of the strain gradient after fatigue as shown in
Figure 7 which reports the strain distribution pélong the
directionX;, parallel to the applied load, in the close vicinity of
the crack tip. An additional remark must be made concerning
the value of ,,,in fatigued samples. As shown in our previous
_ _ _ work>?” TPU generally present some residual strain when
Figure 5.Tangent modulu vs maximum Hencky strain for both - cyclically loaded in uniaxial tension. The latter implies that the
TPU at 23°C. actual lengti9“eof unloaded samples after fatigue is longer
report the evolution of the tangent modiysalculated at than the original in pristine sampje which we used to
low strain) with . as often done to estimate damage in evaluate ,, Therefore, the real stretch experienced by the
material is lower thanp,,, This eect is visible ifigure &or

elastomers. For both TPH, rst decreases, as commonly o, Tpy, where, for large distances from the crack tip, the
observed inlled elastomefé,and above a critical strain, it value of ;, at the plateau (which corresponds to the

increases again achieving the same or higher value than fgcroscopic applieg,,) is slightly higher in pristine than
pristine sample. Overall, these results indicate a permangnfatigued sample. Thiseet is however barely distinguish-

sti ening eect, which combined with a residual deformationable and cannot explain the remarkable reduction of the strain
strongly suggests a strain-induced wetihn in the TPU  singularity after fatigue.

elastomers. We camed this result with two dirent
indicators both at large and small strain, aRdyime 5we
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Figure 6.Maximum stretch in the loading directipas a function of the distance from the open crack tip evaluated for TPU_XTAL (a) and
TPU_SOFT (b), both pristine and after being fatigued for 36 000 cyglgs=a2.25.

Figure 7 Distribution of the maximumat the crack tip along the loading directigior pristine and fatigued TPU_XTAL (a) and TPU_SOFT
(b).

E ect of the Strain Gradient on the Microstructure in images indicates that the amorphous SS gradually orient
Pristine and Fatigued TPU.As previously explained, the toward the loading directibAdditionally, the presence
mechanical properties of TPU are intrinsically related to the  of two meridional sharp egtions (or lobes) in the
hardSsoft domains organizatio The natural physical SAXS images indicates the preferential tilting of the HD

explanation for the overall reduction in the intensity of the along the meridional (loading direction) aXis=°

strain singularity in. the c_rack tip zone in fatigued TPU must be ii) The dissimilar morphology developed as the strain
found in the peculiar microstructural rearrangements induce gradient increases is demonstrated by treredt

by cyclic loading. ; ; . .
. . . patterns observed in the bulk and in the crack tip region.
In situ WAXS and SAXS experiments were carried out at In the 2D SAXS patterns corresponding to the crack tip

di erent distances from the crack tip on notched pure-shear .- the two meridional lobes are clearl ;

, y less intense,
samples OfTPU—XTA.L and TPU_SOFT Ipadeq]@: 2.25 while a new equatorial sharp streak appears. The
as detailed in thilaterials and Methodection. Also, in this appearance of the streak can be associated with either

structural analysis, two sets of samples were used: pristine and o hresence of void&l or a brillar morpholodé and
fatigued as already described for the analysis by DI&tWe is flcr)e%uentlg found in TPU defol?medﬁin large
discuss notched pristine samples loadegg e 2.25 Figure - 75101429 T -
8a shows representative WAXS and SAXS 2D patterns at two straing: This feature stems from the destruction
di erent sample locations, far away (bulk) and very close o poih elon ; ; ;

! . o gated SS and HS in the most strained region at
the crack tip, obtained for pristine TPU_XTAL (the the crack tip. A similar behavior was also observed in
corresponding images for TPU_SOFT are reportedune TPU_SOFT Figure SR The 1D WAXS integrated
S2. A rst qualitative analysis of the 2D patterns reveals two pro les for TPU XTAL and TPU SOFT are reported
important phenomena: (i) the development of a strain-induced Figure 8,c In the case of TPU XTAEiGure 8)
anisotropy both in the bulk and in the crack tip zone and (ii) the 1D WAXS prde close to the crack tip shows the
the change in the structure of the material as the local strain presence of two main crystalline peaks, absent in the

gradient develops. More spemily: bulk, indicating the presence of well-oriented strain-

of HD in favor of rod-like soft domains composed of

(i) The anisotropic character of strained TPU_XTAL is induced crystallization (SF€¥°in the higher stretched
visible in all diraction patterns. The darker area along area (see DIC data iigure §. On the other hand,
the meridional direction in the circular 2D WAXS crystalline peaks are clearly detected in the bulk and still
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Figure 8 Representative in situ WAXD and SAXS 2D pattern for TPU_XTAL close and far from the open crack for pristine sample monotonically
strained at, .= 2.25 (a). Integrated 1D pite of WAXS crystalline peak in TPU_XTAL (b) and TPU_SOFT (c) obtained for the crack tip and
the bulk area at,,,= 2.25.

Figure 9.Values of averaged FWHM ratio between pristine and fatigued sample (a) and crystalline fraction in TPU_XTAL at increasing distance
from the crack for pristine and fatigued sample (b) monotonically strajpge @t 25.

visible close to the crack tip for TPU_SOFT in the 1Dintegrated along the azimuthal direction (as indicated in the
WAXS prole of Figure 8. The position of these peaks Materials and Methodection) in the region within 5001 of
corresponds to those of the crystallized butadienthe crack tip and the subscripts p and f stand for the pristine
terephthalafé (PBT) sequence probably present as aand fatigued sample, respectively. Values lower than unity
comonomer in TPU_SOFT. This is however a hardindicate that the quality of the crystal orientation in the pristine
segment (crystalline in the absence of strain) becomirgample is higher than that for the fatigued sample, at a
less crystalline with strain. comparable distance from the crack tip. This implies that the

To evaluate how the ect of several cyclesats the local crystallites_ t.hat were eithgr produced during strain (TPU_X-
structure evolution in TPU, we now compare the X-raylAL) or originally present in the hard domains (TPU_SOFT)
scattering results obtained at a similar distance from the crtgcome fragmented and less oriented during fatigue. In the
tip for pristine and fatigued samples of TPU straingg,at case of TPU_XTAL, we can also extract the crystalline fraction
2.25. Consistent with the DIC resultsigfire 6we nd that , at di erent distances from the crack tip for both pristine and
the level of orientation and crystallinity is lower for fatiguefatigued samplegigure ®). It is striking to see that while
samples than for pristine orféigure @ shows in particular ~ strain-induced crystallization is very active in pristine samples
the ratio between peak widths FWHMd FWHM, where ( gradually increases when approaching the crack tip), the
FWHM indicates the averaged FWHM values of the peallegree of crystallinity at the crack tip almost completely
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Figure 10.Two-dimensional SAXS images and the corresponding [Ed@rpristine and unloaded fatigued (after 36 000 cycles) TPU_XTAL
(a) and TPU_SOFT (b). The schematics show the decrdaaadthe fragmentation of the HD structure before and after fatigue testing (not all
soft segments are represented for clarity). The X-ray patterns were collected at DSM, the Netherlands.

disappears in fatigued samplegufe ). After being

fatigued, both TPU_SOFT and TPU_XTAL are less oriented

and, in the case of TPU_XTAL, show less strain-induced

crystallinity when stretched again. This reduced ability of the

cycled sample to orient and crystallize under stretch is

somewhat counterintuitive, considering the remarkable fatigue

resistance showed by both TPU, and especially by

TPU_XTAL. Since the fraction of strain-induced crystallites

increases with the applied stfaiwe believe that the lower

crystalline fraction found in fatigued sample is a direct

consequence of the reduced strain concentration (and

therefore a lower value of maximum strain) generated at tirgyure 11.DSC thermogram for TPU_XTAL: pristine and fatigued

crack tip during cyclic fatigue. sample. The inset is a magation of the endothermic peak in the
Permanent Modi cation of the Microstructure fatigued sample corresponding to the melt of crystallites schematically

Induced by Strain History. In the previous section, we represented as red bars.

showed that loading cycles induce some reorganization of the

original two-phase structure of TPU when stretched at thgenerated during loading, which persists after the removal of

same value of,,, = 2.25. We now investigate whether thethe load (red bars in the schemati€igfire 1).

original morphology is completely recovered when the sample

is unloaded. To understand which changes are permanent after DISCUSSION

the removal of the external load, we compare the scatteringyjodel To Explain the Strain-Induced Reinforcement
patterns of TPU in its relaxed state=(1) for pristine and i TPU.In strained TPU containing an initial crack, the strain
fatigued sample with those obtained,gt= 2.25.Figure 10 singularity along the crack direction expressed as the
shows 2D SAXS images and the corresponding 1D scatterifigbtch eid ,(X,) evaluated at dérent distanceé ahead of
pro les for TPU_XTAL (a) and TPU_SOFT (b). In both the crack tip, is accompanied by a progressive change in the
cases, the 1D scattering prds shifted at higherfor the  microstructure as proved by X-ray analysis. The changes in
unloaded fatigued sample; therefore, the interdomain distanegal microstructure with applied uniaxial strain in TPU have
L related to the periodicity of the hard and soft phases reducggen investigated in-depth in the past for homogeneously
slightly for unloaded fatigued sample. The decréasg@mlbe  strained samplé§? 1314293336 pj erent authors showed
interpreted as permanent fragmentation of HD in smaller unitiat some of those changes are permanent and that the
during the fatigue experiméras shown ifrigure 18,b for  unloaded material does not completely recover its original
TPU_XTAL and TPU_SOFT, respectively. It is worthy to state’®*%?° but, depending on the maximum experienced
remark that the SAXS analysis for the unloaded sample vgasiin, the polymer retains a certain degree of anisotropy or
performed around 30 days after the sample was fatigued. Téisin-induced crystallites as shown by the DSC analysis in
led us to believe that such fragmentation is not easy to recov@tjure 11 In particular, for TPU made from SS able to
at ambient temperature even for materials that present somgstallize under strain, the formation of new crystalline
relaxation eects as physical cross-linked TPU. domains, which are persistent after unloading, may be
The fragmentation of HD is not the only permanesitte  responsible for the strengthening of the material with
induced by cyclic loading on TPU. In the case of TPU_XTALincreasing strain. In our case, the modulus of both TPU
the new crystalline phase formed near the crack tip duririgcreases with applied strain, but X-ray analysis shows that only
cycling is partially retained after fatigue as shown by thePU_XTAL crystallizes under strain. This indicates that the
di erential scanning calorimetry (DSC) thermograms compastrengthening ect induced by the strain is not uniquely
ing pristine TPU_XTAL and a pure-shear sample that walated to the formation of a crystalline phase, but is a general
previously fatiguedigure 1). As also reported by other property due to the self-organized structure of TPU in soft and
authors® the endothermic peak {TgJ absent in the  hard domains. We believe that the permanent reorganization of
pristine sample is associated with a new crystalline phdbe two-phase microstructure in TPU inducesnitig of the
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Figure 12.Sketch of the ect of elongation on HD restructuration.

Figure 13.Sketch of the spatial evolution of the tangent mdgélahus strain , for pristine and fatigued TPU. In a notched and loaded pristine

TPU, E is constant and a strain gradient is induced by the presence of the crack in the neighboring area (a). After thousands of cycles, tt

reorganization at the crack tip generates a hard core with a higher local modulus than the bulk, which strengthens the crack tip reducing the str
eld compared to the loaded pristine sample (b).

material through two main possible mechanisms, which in ;¢ it is not a necessary condition for strain-induced
some cases can act simultaneously: reinforcement of TPU.

(1) Above a certain value of,, the original HD are

(A)

(B)

@)

fragmented into smaller units and this new structur E ects _Related to the .Pfesef.‘ce .Of a Crack in Cyclic
partially persists after the removal of the strain (ak€formation. Previous investigations on the structural
suggested by the decrease of the long period for straing}ﬂomt'on of soft TPU with applied strain mainly focused on
TPU (Figure 1J). The fragmentation of HD may omogeneously_stra_lr_led materials an_d sometimes discussed a
contribute to the increase in stiss in two derentand . 'emarkable strain-sthing after elongationTo the best of
complementary ways: our kr)owledge! the ect of the presence of a crack and its
’ associated strain localization has never been investigated in this
Filler-like eect of HD. In a homogeneously stretched context. InFigure 6 we have shown that the presence of a
sample at the sarhdler volume fractidnthese smaller  strain gradient at the crack tip causes a corresponding spatial
and probably well-dispersed HD contribute more to theyradient in the structural reorganization within the TPU, thus
modulus in analogy with a nanoparticéete a ecting the local mechanical response to the applied strain.
Physical cross-linkingeet of HD. In classical cross- Intriguingly, we also observed that the repetition of several
linked elastomers, the elastic modulus fedevy the ~ 10ading cycles (at the same byl leads to a decrease of the
number of elastically active chains per unit volume. Iftrain-induced anisotropy darrystallinity fraction (in
pristine TPU, we can consider that not all of the |PU_XTAL) in the crack tip region and, in general, to a
polymer chains are elastically active and some of theficréase in the sharpness of the structural gradient. We infer
are coiled in closed loops. When HD are fragmented if1at the less oriented structure created by cyclic fatigue at the
smaller units, some elastic chains can be released frGFACK tip, compared to their pristine counterpart, is associated
their original conformation as schematically shown i¥ith & reduction of the severity of the strain concentration at
Figure 121n this case, although the density of elastid"® crack tip with number of cycles. Obviously, in cyclic
soft segment chains remains unchanged, the number!figue, the strain experienced in the bulk is lower than that
elastically active ones can increase causing an increase®fe (o the crack tip, which in tumn controls the crack

the modulus. The reloaded sample thus shows both f¥opagation rate. This drence jn .strain generates a spatially
increase in tangent modulus and a decrease in ifeterogeneous structure consisting of the region far from the

stretch at break with applied strain as shown in oufrack, which is deformed at belggand similarly to clqsslcal
previous papéf. elasto_mers has tangent m_odllﬂulswer than the_prlstl_ne
material, seféigure yand a stier core in the crack tip region,

In this new recorguration of HD, some soft chains, where the strain eventually may become large enough to
which were highly elongated during the deformation ofvercome the critical generating an increaseBnwhich

the sample, may be prevented from recovering thejocally becomes equal to (TPU_SOFT) or higher (TPU_X-
original conguration, thus remaining partially elongatedTAL) than the pristine one. This dience in sthess

in the unloaded sample explaining the presence @froduced by the spatial-dependent restructuration of hard
residual crystallinity in TPU_XTAL. This residual domains can be consequently interpreted as a sort of
crystalline phase acts as additional hard domains peotecting mechanism, which, after a short transitory, shields
suggested by the larger increage(ahd reduction of  the crack tip from achieving a very large strain, which may
1) In TPU_XTAL. This leads to a further increase of produce the rupture of material and therefore is correlated to
the fatigue resistance compared to noncrystallizing TPidrack propagation. Because of therstil core, the material

8734 https://doi.org/10.1021/acs. macromol.1c00934
Macromolecule021, 54, 87268737


https://pubs.acs.org/doi/10.1021/acs.macromol.1c00934?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00934?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00934?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00934?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00934?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00934?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00934?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00934?fig=fig13&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.1c00934?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules pubs.acs.org/Macromolecules

far from the crack in the fatigued TPU must deform more td@able 3. a3 Noy W( may, @nd goc for TPU_SOFT and
reach the same local strain around the crack tip comparedT®U_XTAL for Pristine (P) and Fatigued (F) Sample
the pristine sample and results in a decrease in the severityStfained at .= 2.25 Corresponding to Steady St&@ef
the strain concentration at the crack tip as visiblglines 6 5600 and 7800 [J//f], Respectively

and7. The proposed scenario is schematically shévguie

13 and is consistent with the lower crystallinity observed i [J,ﬁz] it [mhron] [V,\\,{(J,;“na?] [J%?ﬁﬂ]
TPU_XTAL after fatigue. . TPU_SOFT P 28 058 3.69 2143
Noteworthy, the equatorial streak that we observed in therPLJ SOFT F 5600 213 078 168 1316
SAXS 2D pattern for the area close to the cradkigipré 3 TPU XTAL P ) 5'3 0 5'6 3 62 2028
above a characteristic stretgh,(> 2.25) is characteristically TPU XTAL F 7800 1'7 0‘ 28 2 39 671

seen by X-ray scattering in several “TPJ and was
associated with the presence of eithglar structures or

voids, which could be seen as a signature of certain damaggasuredy,., in fatigued samples is always lower than that
produced in the system. For moderate applied macroscopifeasured in the pristine counterpart, and the drop is
strains, this streak is only visible in the crack tip regimeonsiderably more pronounced in TPU_XTAL (which
However, when the whole sample is strained above this strefgiasented the lowest values pf(X;) measured in DIC
threshold, some structural damage can take place in the bdfter fatigue in all of the area around the cradkitjpré ).
causing a ruin of the sample. This result is in agreement with the suggestion of Mzabi et al.
E ect of Crack Tip Sti ening on the Energy Available that the crack propagation resistance does depend on the strain
for Crack Propagation in Fatigue. We should nally  energy available within the highly strained region at the crack
discuss how the local spatial reorganization is related to thg. In the case of TPU_XTAL, the ability of crystallization
energy available for crack advance in cyclic fatigue. Mzabiu@ter strain and the corresponding remarkable increase in the
al’ proposed the concept of local energy releasgoéate  modulus with applied stretch not only reduces the local strain
indicating the locally stored elastic energy available for crasht also the elastic energy available to propagate the crack
propagation in derent SBR. They considered the highly compared to TPU_SOFT (where SIC is absent and the only
strained zone at the crack tip as homogeneously strainedsgengthening mechanism at the crack tip is the fragmentation
max11 (Corresponding to the maximum strain detected byof HD). Di erently from SBR and other typical vulcanized

DIC). gocaWas estimated as follows elastomers, the peculiar feature of the TPU is their ability to
W h maintain an excellent reversible elasticity in the bulk (necessary
Yocar= WC mad Mo for applications), while retaining the ability to plastically

where ., is the maximum strain calculated with DIC at thedeform at high s;raln tokredu;e .thﬁ sevenrt]y of thﬁ StLa'n
crack tip, W( ...) indicates the elastic strain energy concentration at the crack tip. A similar mechanism has been
NS _ o ] recently shown for polyampholyte hydrogels, where a strain-
W( mad = , d obtained from the uniaxial tension dependent structural change is also attive.
curve, andh, is the size of the strain concentration region in
the loading direction. In that paper, they show thetedit CONCLUSIONS
SBR, diering by almost 2 orders of magnitude in term® of d The cyclic fatigue behavior and structural evolution of notched
dn vsG, fall on a master curve whefdd is plotted against samples of two commercial soft TPU with nearly identical
Oocat IN particular, the highest fatigue-resistant SBR presemst®all strain moduli but @irent large strain behavior have
both a lower level of local strain at the crack tip and less eladbieen investigated at room temperature in the pure-shear
energy available at the crack gig.J for the same value of geometry and reported asoddn vs G. For both TPU, the
appliedG. We decided to apply the proposed métihod presence of a strain gradient in an area close to the loaded
calculate the local energy available at the cragk,tip the crack was shown to generate a self-strengthening nonuniform
pristine and fatigued TPU loadedat= 2.25. According to  spatial organization of the TPU microstructure above a
Mzabi et af,h, corresponds to the portion of the material in threshold value of strain. The more highly strained region at
the loading direction wherg,,> 0.95,;, and was calculated the crack tip becomes sti than the bulk, reducing the
from the data dfigure 7We used the 1st and 10th cycles to intensity of the strain concentration and the elastic energy
evaluat&d\( ..., (and thereforey,.,) in pristine and fatigued available at the crack tip. As a result of this weak strain
samples, respectively. The choice of using the 10th cycle of tmmcentration, the crack propagation resistance in TPU is
sample under uniaxial loading to evafjjaidor the fatigued  markedly increased compared to classical vulcanized elasto-
sample is justd by the fact that the major changes in themers. Furthermore, the presence of strain-induced crystal-
cyclic stre§strain curve of the TPU take place at thelization in one of the TPU improves the cyclic fatigue
beginning of the test. All of the values are reporiedia 3 resistance by reinforcing the crack tip in a similar way to that in
Noteworthy, in the case of the fatigued sagplgprovides stretched natural rubbers with the maimrrdince that the
only an upper bound value of the strain energy densityhenomenon in TPU is not completely reversible and some
experienced by the material at the crack tip. Indeed, assidual crystals are still visible in unloaded TPWirgea
discussed in our previous paper, during cyclic loading, thacal elastic strain enemgy, based on the methodology of
strain energys reduces with number of cycles. The mostMzabi et al., we further show that a laygfeads to a lower
dramatic drop G vs cycle occurs within thist cycles and  value of ddn at the same applied
then gradually achieves a steady state after some thousands ldbwever, when,,,, exceeds a critical value of stretch, the
cycles. For the same maximapplied strain, pristine HD restructuration and some damage (suggested by the
TPU_SOFT, which has a lower fatigue resistance thamquatorial streak) start to occur within the whole sample and
TPU_XTAL, has higher values @f.,, Moreover, the no longer selectively at the crack tip. Under those loading
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conditions, the entire material would experience a strain- REFERENCES
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