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Abstract The stretching-induced phase transition of biodegradable poly(butylene succinate) (PBS) was explored using a combination of me-
chanical testing and in situ wide angle X-ray diffraction characterization. The phase transition from a phase to 8 phase can be effectively triggered
by severe stretching, in which the threshold strain is dependent on the PBS crystallites. Interestingly, this a-8 phase transition can be reversed im-
mediately once mechanical stretching begins to be released. It should be pointed out that the finish of 8-a phase transition reversed, correspond-
ing to the disappearance of the generated 8 phase, does not necessarily need the external stretching to completely release. For the relaxation-re-
versed phase transition, the evolution of the normalized B-phase fraction exhibited a similar correlation with the stress released. It was indicated
that the decay kinetics followed a stretching-dominant mechanism, and the amount of 3 phase generated just prior to relaxation had a negligi-

ble influence on the reversed phase transition.
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INTRODUCTION

For semicrystalline polymers, the mechanical deformation that
is often applied during the processing and/or use of a product
may lead to significant structural evolution and consequently
vary the material performance.'! Among the various structural
evolutions, the stretching-induced phase transition is a quite
general and important phenomenon observed in many poly-
mers.>-8 For example, in polybutene-1 (PB), stretching can trig-
ger a phase transition from the tetragonal phase into the trigo-
nal phase, resulting in an increase in the strain hardening mod-
ulus by nearly two orders of magnitude.”~""! For poly(vinyli-
dene fluoride) (PVDF), stretching can induce a pseudo-or-
thorhombic phase with excellent thermal stability to transform
into an orthorhombic phase with high piezoelectricity.!'>"!
However, in some other polymers, such a stretching-induced
new phase may recover as the external deformation is dimin-
ished.?>=231 |In poly(butylene terephthalate) (PBT), a conforma-
tional transition from a phase to 3 phase is observed by apply-
ing tensile stress, whereas those crystallites of 8 phase gradually
revert to the initial a phase in the relaxation process.?*-2"! Dur-
ing the past decades, many excellent investigations have been
devoted to stretching-induced phase transition, but the corre-
sponding reversed phase transition with relaxation has attract-
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ed much less attention and is still far from a comprehensive un-
derstanding.

The stretching-reversed phase transition may experience
direct and indirect processes. Yokouchi et al. studied the re-
versible transition of two crystalline forms in PBT and found
that the stretching-generated B phase was unstable and
could revert to the original a phase once the stress was re-
moved.[?5! This reversible phase transition during stretching
can primarily be attributed to the stretching-induced confor-
mational adjustment of the molecular chains and relaxation-
induced subsequent recovery upon stress removal.[26-301 |t
should also be noted that in some polymers, the elevation of
temperature was required to trigger the occurrence of the re-
versed phase. For poly(butylene adipate-co-terephthalate)
(PBAT), the stretching-generated 8 phase can directly trans-
form back to a phase only when the stress was removed, and
at the same time, the un-stretched sample was annealed at
100 °C.BY In addition to the above solid-solid phase transi-
tion, Men et al. also found that in PB, stretching easily gener-
ated a trigonal phase from the tetragonal phase at room tem-
perature, and further stretching at an elevated temperature
of 115 °C can re-obtain the tetragonal phase through the
melt-recrystallization pathway.3233! Clearly, the correlation
between the phase transition and external deformation large-
ly varies with the crystalline features.

Semicrystalline poly(butylene succinate) (PBS) is a repre-
sentative biodegradable polyester with excellent toughness
and safety for food contact and is an attractive candidate for
environmentally friendly packaging solutions.l34-42 Mean-
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while, PBS is a polymorphic polymer, and its different phases
could transform between each other. Under quiescent condi-
tions, PBS adopts a monoclinic a phase crystalline structure,
which can transform into a monoclinic 8 phase by severe
stretching.[3) In a pioneering work, Ichikawa et al. studied the
stretching-induced morphology of PBS fibers and found that
the a-f phase transition was triggered by the application of
tensile stress and reversed with subsequent unloading.4
Their detailed structural analysis on PBS also showed that the
a phase unit cell has the following parameters: a = 0.523 nm,
b=0.912 nm, c=1.090 nm, and B = 123.98°, while the 3 phase
unit cell is in the dimension with a = 0.584 nm, b = 0.832 nm,
¢ = 1.186 nm, and B = 131.68°.2043-46] To properly pack into
the crystal lattice, a phase has a conformation of T,GTG and 8
phase has a conformation of T;o, where T, G, and G denote
trans, gauche, and minus gauche, respectively.#46l |t is
known that the occurrence of stretching-induced phase tran-
sition may require various stretching strengths. Zhou et al.
found that in PBAT, the a-8 transition starts quickly with in-
creasing strain of stretching.B' Differently, the in situ wide an-
gle X-ray diffraction characterization performed by Liu et al.
disclosed that the a-f phase transition of PBS began in the
strain hardening stage, where oriented microfibrillar struc-
tures were formed, although these two phases are both of
monoclinic modification.23! On the other hand, it was recog-
nized that for PBS, the removal of stress alone can induce the
reversed transformation of the stretching-generated 8 phase
back to the original a phase, which is different from the case
of the above PBAT, which required both stress removal and
temperature elevation. However, the detailed process of this
relaxation-induced $-a phase transition is unclear.

In this work, the stretching-triggered phase transition of
PBS and especially its corresponding relaxation-induced re-
versed process were studied with the in situ wide angle X-ray
diffraction. The a-B phase transition started after severe
stretching was applied, whereas the reversed -a process be-
gan immediately with the decrease of stress. What is more in-
teresting is that the complete decay of B-phase crystallites
back to the initial a-phase crystallites can be achieved by par-
tial unloading of stretching. For various fractions of 8 phase in
the total crystallites to be recovered, their decay kinetics
seem to follow a similar correlation with the strength of the
relaxing stretching.

EXPERIMENTAL

Materials

The PBS studied in this work was obtained from Xinjiang Blue-
ridge Tunhe Polyester Co., Ltd. The molecular weight was mea-
sured by Gel Permeation Chromatography (GPC) with an Agi-
lent PL-GPC 50 instrument using HFIP (1,1,1,3,3,3-hexafluoro-2-
propanol) as the eluent, which was combined with a Refractive
Index detector. The polystyrene was used as the standard at 25
°C with a flow rate of 1.0 mL/min. The weight-averaged molecu-
lar mass was 116 kDa and the polydispersity index was approxi-
mately 2.5.

The PBS granules were first hot-pressed into sheets and
held at 180 °C for 10 min to clean the thermal history. Next,
the tensile samples were prepared by two different thermal
protocols. To prepare the isothermally crystallized samples,

the sheets were quickly placed in a water bath set at 25, 50,
70 and 90 °C for crystallization (referred to as PBS-IT25, PBS-
IT50, PBS-IT70, and PBS-IT90, respectively). In addition, to pre-
pare the quenched and annealed samples, the molten sheets
were quickly quenched in an ice/water mixture, which was
subsequently annealed at 25, 50, 70 and 90 °C for 4 h (re-
ferred to as PBS-ANN25, PBS-ANN50, PBS-ANN70, and PBS-
ANNO9OQ, respectively). The samples were cut into dumbbell-
shaped strips of 0.5 mm thickness for mechanical experi-
ments.

Mechanical Measurement

The mechanical property tensile tests were performed using the
Linkam TST350 tensile tester. The tensile speed was 5 um-s™.
The specific stress-strain curves are shown in Fig. S1 (in the elec-
tronic supplementary information, ESI).

Wide Angle X-ray Diffraction (WAXD)

Characterization

In situ wide-angle X-ray diffraction (WAXD) measurements were
performed on a SAXSFocus 3.0 system (GKINST, China). The set-
up consisted of a multilayer focused Cu Ka X-ray source (MFO-
CUS, GKINST, China). The X-ray wavelength was 0.154 nm. The
two-dimensional (2D) images were recorded using an EIGER2 R
1M detector, which has a resolution of 1062 x 1028 pixels (pixel
size of 75 pm X 75 pm). The sample-to-detector distance of
WAXD was 63 mm. The exposure duration for each WAXD pat-
tern was 300 s.

Prior to stretching, the crystallite structures were examined
for the un-deformed samples. The WAXD results are shown in
Fig. 1. The diffraction signals of the same characteristic
(020)/(111), (110) and (111) crystallographic planes were ob-
served, which demonstrated the formation of the sole a
phase in all PBS samples.[2244]
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Fig. 1 The 1D WAXD patterns of the isothermally crystallized
samples (solid lines) and the annealed samples (dash lines).

Considering the fact that stretching induces the appear-
ance of highly oriented crystallites (Fig. 2a), only the diffrac-
tion signals of the (103), and (103); crystallographic planes
over the meridian region (azimuth range from —15° to 15°) in
the 2D patterns were integrated. The multi-peak fitting
method was employed to obtain the fractions of various
phases (Fig. 2b). The fraction of 8 phase was estimated by

fy = AA_ﬁ
B + CAa
where A, and Ag are the integral areas of the diffraction peaks
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Fig. 2 (a) The 2D WAXD pattern of stretched PBS, where the stretching direction was horizontal. (b) The
corresponding 1D integrated curve and the applied peak fitting method to quantify various phases.

of the a phase (103) and the B phase (103), respectively. A fac-
tor C=0.37 was employed to correct the diffraction intensity dif-
ference between crystallographic planes.?> 4

RESULTS AND DISCUSSION

To track the stretching-induced evolution, the in situ wide-angle
X-ray diffraction was employed. Taking PBS-IT25 as an example,
Fig. 3(a) shows the stretching-induced structural evolution to-
gether with the mechanical response. Prior to stretching, the
original crystallites in a phase were isotropic (Fig. 3a). With the
application of stretching, the crystallites started to rotate and
became slightly oriented, as indicated by the in-homogeneous
distribution of diffraction peaks over the azimuthal angle. As the
stretching reached an increased strain of around 100%, the
diffraction signals of a-phase (110), and (020), crystallographic
planes became concentrated in the equatorial region. The ori-
entation of the initial crystallites in a phase gradually developed
further with continuous stretching, while the distinct signal of
the (103)4 crystallographic plane belonging to 8 phase could
appear in the meridional region, demonstrating that a phase
began to transform into 3 phase. Fig. 3(b) presents the detailed
1D WAXD curves that were mainly integrated over the merid-
ional region. For the original a phase, the (110), and (020), in-
tensities decreased by stretching, which was mainly caused by
the continuous orientation evolution towards the equatorial re-
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gion. Differently, the (103), intensity of a phase changed in a
distinct manner, which was mainly associated with a distinct ori-
entation into the meridional region. Then, the a phase (110), in-
tensity became absent completely in the equatorial region at
200%. Afterwards, the (103);; intensity of B phase was detected
at a stretching strain of 240%. Once triggered, the a-8 phase
transition proceeded with the continuous stretching. The WAXD
intensity of the (103), crystallographic plane that originated
from the newly generated 8 phase, continued to increase until
fracture.

Normally, stretching-induced phase transition corresponds
to the re-arrangement of packed stems by adjusting the posi-
tional ordering and/or helical conformation.l26471 Actually, the
crystal lattice as a whole can also be stretched to rotate to
align along the stretching direction. It was recently disclosed
in polybutene (PB) that these two structural evolutions at var-
ious length-scales may happen simultaneously, where the
phase transition from tetragonal into trigonal modification
could happen mainly within the off-axis oriented
crystallites.*8! After the finish of this phase transition, the
transformed trigonal crystallites of PB rotated further and be-
came highly oriented along the stretching direction. In this
work, the orientation of PBS a phase proceeds earlier than its
phase transition into 8 phase, which always requires the ini-
tial a phase to be completely oriented and aligned along the
stretching direction.
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Fig.3 (a) Selected in situ 2D WAXD patterns and (b) the corresponding 1D patterns obtained during stretching of

PBS-IT25. The stretching direction is horizontal.
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Furthermore, it has been reported that the stretching-gen-
erated 8 phase might decay back into the original a phase af-
ter the mechanical stress was unloaded.[" 27 However, the de-
tailed evolution of this reversed phase transition remains
mysterious. Consequently, the relaxation-induced reversible
phase transition was explored by the in situ WAXD in this
work. Our experiment showed that PBS-IT25 has a large frac-
ture strain of around 350% (black lines in Fig. S1 in ESI), and
the relaxation process did not start until a quite large strain of
340% to obtain B8 phase as much as possible (Fig. 3a). It was
noteworthy to see that within the unloading process, the
(103)g intensity of the newly transformed § phase decreased,
but the (103), intensity of a phase increased (red curves of
Fig. 3b). Eventually, 8 phase (103)ﬁ intensity could completely
disappear during unloading. This means that the crystallites
in B phase completely transformed back into a phase. The
quantitative evolution of 8 phase during stretching and re-
covery was summarized in Fig. 4(a). Importantly, the com-
plete recovery from B into a phase just needs a partial relax-
ation condition with a strain = 313% and a stress = 15.6 MPa.
In summary, three quantitative aspects were disclosed for the
inversed phase transition. First, those generated  phase im-
mediately started to transform back to initial a phase once
the stretching was unloaded. Secondly, it is intriguing to
quantitatively identify a partial relaxation condition to allow
all of the generated 8 phase to completely transform back.
Thirdly, the quantitative evolution of the inversed -a phase
transition seems to exhibit a strong correlation with the re-
laxed stretching.

However, a question may arise whether this specific incom-
plete relaxation condition of decaying all 8 phase is deter-
mined by the kinetics of the aforementioned B-a transition
during unloading. Then, another constant-stress protocol was
applied to examine the contribution from kinetics of the re-
versed B-a phase transition. In this type of experiment, PBS-
IT25 crystallites were stretched to two representative stresses
of 38.7 and 42.4 MPa, corresponding to the low and high frac-
tions of 3 phase, respectively. The WAXD characterization was
performed to disclose the evolution of those generated
phase changes under the fixed stress. It is striking to find that
the B-phase content did not change under constant stress,
even the constant-stress duration lasted as long as 14 h (Fig.
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4b). It was implied that the phase transition kinetics under
constant stress is negligible.

In addition, the isothermal temperatures of preparing crys-
tallites were elevated to 50, 70 and 90 °C, in order to tune the
crystallites to be transformed. However, only PBS-IT50 was
stretchable, while PBS-IT70 and PBS-IT90 were so brittle that
were not suitable for in situ WAXD experiments (Fig. S1 in ESI).
Thus, Fig. 5 presents the stretching-induced reversible a-
transition of PBS-IT50. It is seen that the (110), intensity of
original a phase decreased gradually with stretching, but be-
fore the complete disappearance of a phase, the (103)ﬁ
diffraction signal of 8 phase quickly appeared at strain =
210%. This is different from the above PBS-IT25 that the
(103)5 diffraction signal of 3 phase appears after the disap-
pearance of a phase. In this case, the starting strain of a-f3
transition cannot be identified, due to the fact that their two
crystallographic planes are too close to be distinguished. On-
ly after strain = 210%, the intensity of the (020), crystallo-
graphic plane completely disappears in the meridional re-
gion. This means that the precise fractions of 8 phase can on-
ly be determined for the relatively late stretching stage with a
strain equal to and larger than 210%. However, these results
are sufficient to demonstrate that PBS-IT25 and PBS-IT50 have
distinct strain thresholds for triggering a-B phase transition,
of which the former is 240%, but the latter is much smaller
than 210%. During stretching, 8 phase was more easily gener-
ated in PBS-IT50 than in PBS-IT25. This was confirmed by the
fact that at the identical strain of 340%, the fraction of 8
phase reaches 0.63 in PBS-IT50, while that was 0.55 in PBS-
IT25. More interestingly, the fraction of 8 phase in the recov-
ery (red curves) gradually decreased and completely disap-
peared at the strain of 310% (Fig. 5a).

From the above results of PBS-IT25 and PBS-IT50, it was
found that the stretching-induced appearance of 3 phase can
be reversed by a partial relaxation. To examine the availabili-
ty of the relaxation-induced S-a phase transition, an alterna-
tive preparation approach, that includes the two sequential
quenching and annealing steps, was also utilized, preparing
more stretchable PBS crystallites. Fig. 6(a) shows the stretch-
ing-induced reversible phase transition of PBS-ANN25 and
PBS-ANN70 as the representative. Considering the crystal lat-
tice as a whole, the crystallites change from isotropic texture
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(a) The evolution of PBS-IT25 8 phase fraction during stretching and relaxation. The blue points represent the

stretching process, while the red indicate the relaxation process. (b) The unchanged fractions of PBS-IT25 8 phase under

constant stresses for long durations.
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Fig. 6 Selected in situ 2D WAXD patterns plotted with stress-strain curves and the corresponding 1D WAXD patterns of (a) PBS-ANN25
and (b) PBS-ANN70. (c) The determined fraction of 8 phase in PBS-ANN25, PBS-ANN50, and PBS-ANN70 during stretching and relaxation.

The stretching direction is horizontal.

into a highly oriented structure by stretching. Concerning the
crystal lattice in a smaller length-scale, it was found that the
weak signal of the (103),3 crystallographic plane appeared in
the meridional region (blue lines). For the original a phase in
these PBS-ANN samples, the crystallite orientation developed
outwards from the equatorial region much faster than its
phase transition into 3 phase, so the precise critical strain of
the starting a-f8 phase transition can be determined. As

shown by Fig. 6(c), PBS-ANN25 and PBS-ANN50 have a similar
critical transition strain of 240%, which is larger than 220% of
PBS-ANN70. As stretching was continuously implemented,
the B-phase fraction of PBS-ANN70 was higher than that of
PBS-ANN25 and PBS-ANN50, which afterwards reaches com-
parable levels at a large strain of 340%. Interestingly, the re-
laxation-induced evolution of 8 phase follows a similar de-
pendence on the relaxation for various annealed samples.
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It is known that due to stretching, the stems packed within
the crystal could be elongated along chain axis, and the trans-
formed 8 phase possesses a relatively larger value of the unit
cell parameter ¢ than the original a phase (1.186 nm versus
1.090 nm).[*4431 This means that a minimum strain of around
8.8% is needed to meet the geometry requirement of a-f
phase transition. As expected, all critical strains of forming 3
phase are well above this basic strain solely for crystal lattice,
of which a majority was consumed by the crystallite fragmen-
tation and the relative movements. On the other hand, the re-
versed a-B transition seems to finish at the incomplete
stretching conditions with a strain of around 310% and a
stress of around 15.6 MPa. It was implied that in addition to
the decay of 8 phase, other relaxation event such as amor-
phous network happens also. The kinetics of reversed trans-
form of 8 phase back to a phase was examined by normaliz-
ing the relaxation-induced decay of 8 phase fraction, which
shows that the B-phase fraction before relaxation had a negli-
gible influence on the reversed phase transition (Fig. 7b).
Consequently, it is interesting to see all the quantitative pro-
cesses of the reversed B-a phase transition follow a similar
mechanism. The 8 phase immediately started to transform
back to a phase once the relaxation began. On the other
hand, the disappearance of B phase does not necessarily
need the elastic strain and elastic stress to completely release.
This is consistent with the stretching-induced appearance of
B phase, where severe stretching is required to trigger the
phase transition from a phase. The serial model was devel-
oped to understand the stretching-induced formation of 8
phase from a phase in PBS. In addition to the crystalline part,
two types of amorphous components could exist in the
stretched system, of which one is a series component con-
nected to crystallites and the other one is a parallel compo-
nent surrounding crystallites. The results of this work further
indicate that for the B-a process of interest, the crystalline
part seems to include crystallites in both a and 8 phases,
which are connected also series. With crystallites, the series
amorphous component could be the intrinsic alternatively
connected amorphous layers, while the parallel amorphous
component might be the network built by the entangled
chains as a whole. Starting from the initial isotropic texture,
the complex stretching-induced structural evolution has to
experience several steps, including destruction of the whole
crystallite aggregates, fragmentation and slippage of lamellar
crystallites, formation of microfibrillar structures, and effec-
tive stretching of the entangled amorphous network.3349
Thus, the substantial formation of 8 phase by stretching im-
plies that the whole system was highly stretched. Differently,
the relaxation process is much simpler, where some of the
above events are permanent and cannot be recovered. For
example, the generated fibrillar crystallites remained in the
stress-relaxed system, which is consistent with persistent
highly oriented crystallites. For PBS, the reversed phase transi-
tion exhibits to an extent like a special formation of elastic de-
formation. Once stretching was interrupted to unload, these
generated B phase not only stopped forming but also de-
cayed, where the decay process showed a direct correlation
with the recovered stretching. In addition, the partial relax-
ation is able to allow 8 phase completely to change back, thus
the corresponding residual stretching should be undertaken
by the amorphous components and the crystallites in recov-
ered a phase. The residual stretching after relaxation-de-

cayed B phase is consistent with the requirement of critical
condition sufficient to generate B8 phase during stretching,
where the original components should be stretched to trans-
fer sufficiently external stimuli to trigger phase transition.
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Fig.7 (a) Plot of stretching-induced 8 phase as a function of strain.
(b) Plot of normalized B-phase fraction as a function of stress for the
relaxation process.

CONCLUSIONS

In this work, the detailed evolution of the reversible PBS phase
transition between a and 8 phases was investigated by employ-
ing the time-resolved wide angle X-ray diffraction method. For
the stretching-triggered PBS transition from a phase into 8
phase, a threshold of severe stretching was required, which is
different from the case of PBAT, in which the phase transition
started immediately with stretching. For example, the PBS a-
phase crystallites prepared by isothermal crystallization at 25 °C
require a large strain of around 240% to trigger the phase tran-
sition into B phase. However, for all crystallites prepared in this
work, a phase of PBS can only be partially transformed into 8
phase, even until sample fracture. Next, the decaying process of
those transformed B-phase crystallites was also monitored with
unloading the stretching. The relaxation can immediately re-
verse the phase transition as soon as the stress was reduced.
During the relaxation, both a and 8 phases maintained a high
degree of orientation. Quantitatively, the decaying kinetics was
examined by the correlation between nominalized fraction of 8
phase with the stretching stress. It seems that the relaxation-re-
versed phase transition of PBS follows a similar correlation with
the strength of unloading stretching, which was not distinctly
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influenced by the amount of 8 phase generated to be relaxed.
Notably, 8 phase completely transformed back to a phase be-
fore the stress was fully unloaded.
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