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Supporting Information
Selection of lamp orientation relative to the preform
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Figure S1: Four thermocouples (T1 to T4) are placed at different positions along a customized Pyrex mold to
probe azimuthal and axial gradients in temperature induced by the IR lamps oriented (a) parallel to the preform
and (b) perpendicular to the preform. T1 and T2 are located ~30mm from the center of the mold while T3 and
T4 are at the center of the mold. T1 and T3 probe the temperature of the mold surface directly facing the lamps
while T2 and T4 probe the temperature of the mold surface 90° from T1 and T3. Temperature traces are plotted
for a lamp exposure time of (a-b, ii) 50s and (a-b, iii) 180s.

It is desirable to achieve uniform heating of the preform prior to expansion for homogeneous
deformation and wall thickness. The IR lamps (OD:10mm and length:118mm) can be oriented either
parallel or perpendicular to the preform. We tested both configurations (Fig. Sla-b,i) using a
customized Pyrex mold (ID: 8mm, OD:10mm and length: 60mm) with incisions for thermocouples
made at the center (one facing the lamps and the second 90° away) and 30mm from the center (one
facing the lamps and the second 90° away). For an exposure time of 50s, the difference in temperature
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across all four thermocouples is ~10°C for the parallel configuration but is ~20°C for the perpendicular
configuration (compare Fig.S1a-b, ii); prolonged exposure (180s) increases these gradients to ~15°C
for the parallel configuration and >30°C for the perpendicular configuration (compare Fig. Sla-b, iii).
It is reasonable to expect that the parallel configuration minimizes axial gradients in temperature as
the lamps illuminate a greater portion of the mold surface. Based on these data, we orient the lamps
parallel to the mold for the experiments described in this report.
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Numerical simulations of the energy absorbed by the mold and the preform
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Figure S2: Ray tracing calculations performed in Zemax estimate the fraction of Infra-red (IR) light absorbed by
the mold and the preform (a) without reflectors and (b) with curved reflectors. The fraction of energy absorbed
is presented as (a-b, ii) 2D maps at different positions along the axis of the mold and the preform. The 2D data
are averaged to calculate (a-b, iii) from the inner to the outer diameter to obtain the azimuthal distribution of
absorbed energy (bin size is 30°) for the mold (left, a-b, iii) and the preform (right, a-b, iii); Bin 1 is facing the
lamps and Bin 3 is 90°C from the plane containing the lamps.

The two 500W IR lamps have an operating temperature of 2900K; Planck’s law is used to estimate
the fraction of light absorbed by Pyrex (the mold) and poly L-lactide (PLLA, the preform) in accord
with their IR absorption spectra [1]. Pyrex is mostly transparent to IR radiation between 1 to 2.7um
(Table S1), a region where PLLA strongly absorbs IR radiation (particularly between 2.2 to 2.7um,
Table S1). Beyond 3um, Pyrex absorbs most of the IR radiation and hardly any light passes through
(Table S1). We estimate that for a Imm thickness, the mold and the preform absorb ~15% and ~14%
of incident IR radiation respectively (Table S1).

The fraction of energy absorbed by Pyrex and PLLA guide the setup of ray tracing simulations
in Zemax to determine the distribution of energy in the perform and the mold (Fig. S2). The preform
(ID: 0.64mm, OD: 1.52mmm, length: 60mm) is placed inside the mold (ID: 3.9mm, OD: 6.0mm, length:
60mm) and the two IR lamps (OD: 10mm, total length: 118mm, filament length: 82mm) are positioned
25mm on either side of the preform (Fig. S2, i) in the parallel configuration (described in Figure S1).
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As the two 500W IR lamps are operated at 48V, they are assigned an effective power of ~100W in
Zemax (of this, it is assumed that the mold can absorb a maximum of 15W and the preform can absorb
a maximum of 14W). Ray tracing calculations are performed with and without curved reflectors (arc
length: 42mm, axial length: 82mm, radius: 25mm), placed 10mm from the OD of the lamps, to note
their impact on the absorbed radiation (Fig. S2, i).

Table S1: Fraction of incident IR radiation absorbed by the Pyrex mold and the PLLA preform

Wavelengths Fraction of Total Energy Fraction absorbed by Fraction
Pyrex mold absorbed by
PLLA preform

Opm - 1.5pum 48% <5% <5%
1.5um - 2.2pum 24% <5% 20%
2.2um - 2.7um 10% <5% 95%
2.7um — 3pum 4% 50% ~0%
3pum—3.5um 3.5% 54% ~0%
3.5um —4um 2.5% 75% ~0%
>4um 10.5% >90% ~0%

The simulations provide insight on the distribution of energy with and without reflectors along
the axial and azimuthal directions of the mold/preform. The reflectors induce a 200% increase in the
energy absorbed by the PLLA preform (compare a-b, Fig. S2).; the heat flux in Bin 1 (B1), a volume
element directly facing lamps, increases from ~ 2.1 mW/mm? to ~4.8 mW/mm? (compare absorbed
heating of the preform, which is desirable to minimize quiescent crystallization prior to expansion.
The simulations indicate minimal gradients in the absorbed energy along the z-axis (~10% from the
for both the mold and the preform from Bin 1 to Bin 3, which is facing away from the lamps; Fig. S2,
ii).

The heat flux data from Zemax are used in the finite-element software Abaqus to estimate the
rate and distribution of temperature in the mold (o0 =2.2 g/cm?, k = 1 W/m-K, Cp =750 J/kg-°C [2])
and the preform (o = 1.3 g/cm? [3], k = 0.13 W/m-K [4], Cp = 1800 J/kg-°C [5]). Abaqus predicts that
the PLLA preform heats up faster than the mold: after 50s of heating, the mold reaches a temperature
of ~90°C (rate: ~1.1°C/s, Fig. S3) while the preform reaches a temperature of ~125°C (~1.75°C/s, Fig.
S3). Furthermore, the azimuthal gradients for both the mold and the preform are minimal (<3°C, Fig.
S3), suggesting that there are no “hot spots” in the preform that can lead to non-uniform expansion.
The faster heating rate of the preform is in agreement with experimental data (Fig. S4). The
instrument was modified to probe the temperature of the mold, a PLLA preform inside the mold,
and a PLLA preform outside the mold during the heating and annealing steps (Fig. S4a); for a set
mold temperature of 85°C, the PLLA preform inside the mold is ~20°C warmer at the onset of
annealing (Fig. S4b). Furthermore, the PLLA preform temperature does not increase during the
annealing step (Fig. S4b), indicating that the rapid increase in strain beyond the inflection point (Fig.
4a,b,ii) is not influenced by an increase in temperature.
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Figure S3: (a) 2D heat map generated by Abaqus illustrating the azimuthal gradients in temperature for the
mold (left) and the preform (right) during heating for 50s. (b) 1D plots for bins located 0, 45 and 90° from the
plane containing the lamps (location of bins defined in a,left) for the mold (left) and the preform (right). The
predicted temperature of the mold (bins 1-3 in b, left) is compared with experimental data acquired on the
surface of the mold (black line in b, left).
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Figure S4: The instrument is modified to simultaneously probe the temperature of the mold in relation to a PLLA
preform both inside and outside the mold. (a) image highlighting the position of the preforms with respect to

the mold. (b) Temperature traces for the preforms and the mold are presented for two consecutive cycles of
heating and cooling (b, left and right). The first dashed vertical line indicates the onset of annealing (at a set mold
temperature of 85°C) and the second dashed vertical line indicates the end of annealing and the onset of cooling.
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Implementation of the instrument at the X-ray beamline

[N Preform
Detector / 1Pos
. i | )

W

Figure S5: Position of the instrument with respect to the incident X-ray beam, the detectors (only WAXS detector
is visible here) and the camera used to monitor inflation. The preform, molds and IR lamps are placed with their
z-axis normal to the plane of the image.

The instrument is mounted on an optical bench at the beamline that can be translated in the
horizontal direction (in and out of this plane) and the vertical direction (up and down in this plane)
for sample alignment. The instrument is placed between two nose cones (identified by green arrows,
Fig. S5) that are 70mm apart. Incident X-rays travel from the right nose cone and scattered X-rays are
probed by detectors towards the left (Fig. S5). It is critical to avoid contact with the nose cones when
the instrument is mounted/dismounted from the beamline. The instrument was designed with these
spatial constraints in mind to have a minimal footprint at the synchrotron beamline.
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X-ray scattering analysis

Poly L-lactide (PLLA) performs are expanded inside Pyrex molds with simultaneous acquisition
of wide (WAXS) and small angle X-ray scattering (SAXS) data. The thickness of PLLA in the beam
varies from ~400pm (preform) to ~140um (expanded tube), which is less than half that of the Pyrex
mold (~1mm). As a result, relatively strong scattering from the mold obscures WAXS features of the
expanded tube, particularly in the vicinity of g ~1.5 A (Fig. S6). Diffraction patterns acquired on the
mold alone indicate a ~15% variation in the scattered intensity (~300 counts, Fig. S7), which is ~50%
of the scattering from PLLA alone (~700 counts, Figs. 5-6 and Figs. S11-514). Therefore, direct
subtraction of the Pyrex background from PLLA+Pyrex frames results in under or over-subtraction.
The variation in scattered intensity of the mold can be attributed to a shift in the position of the mold
with respect to the beam from one experiment to the other; this subtle variation in the thickness of
the mold gives rise to discrepancies during subtraction. To overcome this complication, we take an
average in 2D of 30 Pyrex patterns acquired immediately before and after tube expansion
experiments over a period of 7 hours; this average background frame is then rescaled using the
method described below and subsequently subtracted from PLLA+Pyrex frames to minimize
subtraction errors.

30001 T r T r T r T r T v
— PLLA+Pyrex (preform)
2500F — PLLA+Pyrex (expanded)
—_ i — Pyrex 1
]
&, 2000 i
é\ 3
é 1500 |
£
1000 -
500 , . , \ \
1.0 1.5 2.0 25 3.0 3.5
qA")

Figure S6: Comparison between 1D WAXS profiles for PLLA+Pyrex (before and after expansion) and the Pyrex
mold.

We rescale the background by identifying g-intervals for the PLLA preform that are mostly
unchanged before and after expansion. The prior literature informs us that scattering from PLLA is
negligible at a low-q interval of 0.5-0.6 A-. However, we do not have access to scattering below 0.68
A at this beamline due to the size of the beamstop. Therefore, the lowest possible g-interval available
to us is 0.68 to 0.75 A (indicated by a black box in Fig. S6); the intensity in this g-interval changes
during inflation (t < 100s, Fig. S8a) but hardly varies post expansion (t > 100s, Fig. S8a). At high-q, we
use an interval spanning 1.80 to 1.90 A (indicated by a black box in Fig. S6) as the intensity in this
region varies by ~ 3% before and after inflation (Fig. S8b). Therefore, we use the average intensity in
these low-g (0.68 to 0.75 A1) and high-g (1.80 to 1.90 A1) intervals to two define two parameters (a
and p) to rescale the average Pyrex background with respect each PLLA+Pyrex frame. The parameter
a relates the difference in intensity (AI) between the low-g (It) and high-q (I#) intervals for the
PLLA+Pyrex frame to that of the average Pyrex frame. The parameter  applies an offset to the
average Pyrex background to match the In of the PLLA+Pyrex frame. Using g for the radial
wavevector and ¢ for the azimuthal angle, we arrive at the following equations to isolate the
scattering of PLLA (Ssubtracted) from PLLA+Pyrex (S) by subtracting the average Pyrex frame (B):
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S(q' (p)subtracted = S(q' (P) - Q. B(q' (P) - B [51]
K- I

= LT H [s2]
I - 13

B=I—alf [S3]

The two-parameter subtraction method is applied in 2D to rescale the background, which is
subsequently subtracted pixel by pixel from the frame of interest. To test our approach, the rescaled
background is subtracted from each of the Pyrex frames in Figure S7 and the resulting residuals (Fig.

S9) are analyzed in relation to the scattered intensity from PLLA alone. The impact of rescaling on
the averaged background is illustrated in Figure S10; the shape of the rescaled background (dashed
golden line, Fig. S10) mimics that of each Pyrex frame (black line, Fig. S10). As a result, the resulting
error in subtraction (~20 counts, Fig. 59) is < 3% of the scattered intensity from expanded PLLA (~700
counts, Figs. 5-6 and Figs. 511-514). We acknowledge that this method introduces errors in
subtraction at low-g (0.68 to 0.75 A1) for PLLA frames prior to expansion, but these errors do not
affect our interpretation of the data.
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Figure S7: Variation in scattering from the Pyrex mold over a period of 7 hours during tube expansion
experiments. The WAXS data are presented as (a) 2D patterns and (b) azimuthally averaged, I(g), 1D plots.
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Figure S8: Drift in the average intensity at (a) low-g (0.68 to 0.75 A1) and (b) high-¢ (1.80 to 1.90 A-') for Temola =
80°C (Fig. 510) during tube expansion. The sudden decrease in the low-g intensity at ~50s corresponds with
inflation of the PLLA preform (the decrease in thickness of the tube and the transformation of amorphous content
to crystallites is responsible for the drop in amorphous content at low-g).
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Figure S9: The error is subtraction is minimal when the average Pyrex background is rescaled using the two-
parameter method and subtracted from each of the Pyrex frames (see Fig. S2). The residuals are presented as (a)
2D patterns and (b) azimuthally averaged, I(g), 1D plots.
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Figure S10: 1D WAXS profiles indicate how the average Pyrex background (blue) is rescaled (dashed golden
line) to mimic each of the individual Pyrex frames.
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Summary of in situ WAXS and SAXS data for Temoa = 80°C during the heating and annealing steps
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Figure S11: In situ (a) WAXS and (b) SAXS data acquired on a PLLA preform stretched at Temola = 80°C. The
corresponding temperature and strain profiles are presented in Figs. 3-4a. The WAXS and SAXS data are
presented as (a-b, left) 2D patterns, (a-b, i) azimuthally averaged intensity, I(g), and (a-b, ii) radially averaged
intensity, I(@).
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Summary of in situ WAXS and SAXS data for Temoa = 90°C during the heating and annealing steps
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Figure S12: In situ (a) WAXS and (b) SAXS data acquired on a PLLA preform stretched at Temola = 90°C. The
corresponding temperature and strain profiles are presented in Figs. 3-4a. The WAXS and SAXS data are
presented as (a-b, left) 2D patterns, (a-b, i) azimuthally averaged intensity, I(g), and (a-b, ii) radially averaged
intensity, I(@).
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Figure S14: In situ (a) WAXS and (b) SAXS data acquired on a PLLA preform stretched at T*mola = 90°C. The
corresponding temperature and strain profiles are presented in Figs. 3-4b. The WAXS and SAXS data are
presented as (a-b, left) 2D patterns, (a-b, i) azimuthally averaged intensity, I(7), and (a-b, ii) radially averaged
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X-ray scattering data during the cooling phase

The intensity of the SAXS peaks increases during the first half of annealing (<200s Figs S15-20b)
but decreases rapidly during cooling (>350s, Figs. S15-20b). On the other hand, the interlamellar
spacing monotonically decreases with time post expansion during both the annealing and the cooling
steps (Fig. S22a-b, right). We hypothesize that a combination of oriented crystallization and changes
in density driven by temperature explain the observed trend in the SAXS data. The inflation of the
tube imposes strains in excess of 400% at the inner diameter, which is likely to induce “shish-kebabs”
along the O-direction of the tube (meridional peaks in the SAXS patterns, Figs. S15-20b). This
morphology is characterized by regularly spaced lamellar stacks called “kebabs” that decorate a
central stem of oriented polymer chains called “shish”. The SAXS intensity increases during the first
200s due to a decrease in the density of the interlamellar space and to the growth of kebabs; the
gradual thickening of kebabs during annealing may explain the steady decrease in the long period.
During the cooling step, the SAXS intensity decreases due to the densification of amorphous
interlamellar space (see Fig. S15-20b); the possible growth of fringed micelles in the interlamellar
space during cooling may also contribute towards a decrease in SAXS intensity. In the final SAXS
frame, there is little to evidence of regularly alternating lamellar superstructures in the expanded
tube (700s, Figs. S15-20b). Therefore, the transient structure reveals aspects of the PLLA
semicrystalline morphology that are concealed in the final state of the expanded tube. The instrument
also helps to identify expansion conditions that may favor the growth of shish-kebabs (e.g. the
transient SAXS intensity is much stronger in T*mold = 100°C compared to T*mod = 80°C, compare Fig.
518 with Fig. S20), which may be advantageous for the BVS as they are known to boost strength in
polymers by an order of magnitude.
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276  Summary of in situ WAXS and SAXS data for Temod = 80°C including the cooling phase
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278 Figure S15: In situ (a) WAXS and (b) SAXS data acquired on a PLLA preform stretched at Temoa = 80°C; the first
279 9 patterns capture the transient expansion and annealing steps (t <350s, T2mola = 100°C) while the last 3 patterns
280 capture the structure of the expanded tube during cooling (t > 350s). The WAXS and SAXS data are presented as
281 2D diffraction patterns, (a-b, i) azimuthally averaged intensity, I(g), and (a-b, ii) radially averaged intensity, I(¢).
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Summary of in situ WAXS and SAXS data for Temoa = 90°C including the cooling phase
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Figure S16: In situ (a) WAXS and (b) SAXS data acquired on a PLLA preform stretched at Temoa = 90°C; the first
9 patterns capture the transient expansion and annealing steps (t <350s, T2mold = 100°C) while the last 3 patterns
capture the structure of the expanded tube during cooling (t > 350s). The WAXS and SAXS data are presented as
2D diffraction patterns, (a-b, i) azimuthally averaged intensity, I1(g), and (a-b, ii) radially averaged intensity, I(¢).
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Summary of in situ WAXS and SAXS data for Temoa = 100°C including the cooling phase
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Figure S17: In situ (a) WAXS and (b) SAXS data acquired on a PLLA preform stretched at Temoa = 100°C; the first
9 patterns capture the transient expansion and annealing steps (t <350s, T2mold = 100°C) while the last 3 patterns
capture the structure of the expanded tube during cooling (t > 350s). The WAXS and SAXS data are presented as
2D diffraction patterns, (a-b, i) azimuthally averaged intensity, I1(g), and (a-b, ii) radially averaged intensity, I(¢).
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Summary of in situ WAXS and SAXS data for Txmea = 80°C including the cooling phase
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Figure S18: In situ (a) WAXS and (b) SAXS data acquired on a PLLA preform stretched at T*moid = 80°C; the first
9 patterns capture the transient expansion and annealing steps (t <350s, T?mold = 80°C) while the last 3 patterns
capture the structure of the expanded tube during cooling (t > 350s). The WAXS and SAXS data are presented as
2D diffraction patterns, (a-b, i) azimuthally averaged intensity, I1(g), and (a-b, ii) radially averaged intensity, I(¢).
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Summary of in situ WAXS and SAXS data for Trmoa = 90°C including the cooling phase
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Figure S19: In situ (a) WAXS and (b) SAXS data acquired on a PLLA preform stretched at T*mold = 90°C; the first
9 patterns capture the transient expansion and annealing steps (t <350s, T?mold = 90°C) while the last 3 patterns
capture the structure of the expanded tube during cooling (t > 350s) The WAXS and SAXS data are presented as
2D diffraction patterns, (a-b, i) azimuthally averaged intensity, I(g), and (a-b, ii) radially averaged intensity, I(¢).
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Summary of in situ WAXS and SAXS data for Txmoa = 100°C including the cooling phase
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Figure S20: In situ (a) WAXS and (b) SAXS data acquired on a PLLA preform stretched at T¥motd = 100°C; the first
9 patterns capture the transient expansion and annealing steps (t <350s, T?mold = 100°C) while the last 3 patterns
capture the structure of the expanded tube during cooling (t > 350s) The WAXS and SAXS data are presented as
2D diffraction patterns, (a-b, i) azimuthally averaged intensity, I(g), and (a-b, ii) radially averaged intensity, I(¢).
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Quantitative WAXS analysis for patterns acquired during the heating, annealing and cooling steps

The g-position of the (110)/(200) peaks is shifted towards lower values during annealing in
accord with thermal expansion of the crystal lattice (t <350s, Fig. S21c); at the end of the cooling step,
it appears that the crystallites predominantly belong to the rigid and ordered a morph (g ~ 1.17 A+,
Fig. S21) [5-7].
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Figure S21: Quantitative characteristics of 1D WAXS profiles for expansion performed at (left) Temoia = 80, 90 and
100°C and (right) Txmoa = 80, 90 and 100°C. The variation in (a) amorphous content, (b) crystallinity, (c) peak
position of the (110)/(200) peaks and (d) full width at half maximum of the (110)/(200) peaks is presented. The
vertical dashed lines indicate the onset of the annealing and cooling steps. The corresponding temperature
profiles are presented in Figure 3 of the main text.
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339 Quantitative SAXS analysis for data acquired during the heating, annealing and cooling steps
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341 Figure S22: Quantitative characteristics of 1D SAXS profiles for expansion performed at (a) Temoia = 80, 90 and
342 100°C and (b) T*moia = 80, 90 and 100°C. The variation in (a-b, left) maximum intensity of the meridional SAXS
343 peaks and (a-b, right) the interlamellar spacing is presented. The vertical dashed lines indicate the onset of the
344 annealing and cooling steps. The corresponding temperature profiles are presented in Figure 3 of the main text.
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