International Journal of Material Forming (2021) 14:375–389
https://doi.org/10.1007/s12289-020-01539-y

ORIGINAL RESEARCH

Experimental characterisation on the behaviour of PLLA
for stretch blowing moulding of bioresorbable vascular scaffolds
Huidong Wei 1 & Gary Menary 1

&

Fraser Buchanan 1 & Shiyong Yan 1 & James Nixon 1

Received: 8 July 2019 / Accepted: 9 January 2020 / Published online: 17 January 2020
# The Author(s) 2020

Abstract
Processing tubes from poly (l-lactic acid) (PLLA) by stretch blow moulding (SBM) is used in the manufacture of bioresorbable
vascular scaffolds (BVS) to improve their mechanical performance. To better understand this processing technique, a novel
experimental setup by free stretch blow inside a water bath was developed to visualise the tube forming process and analyse the
deformation behaviour. PLLA tubes were heated, stretched and blown with no mould present inside a temperature-controlled
water bath whilst recording the processing parameters (axial force, inflation pressure). The onset of pressure activation relative to
the axial stretch was controlled deliberately to produce a simultaneous (SIM) or sequential (SEQ) mode of deformation. Realtime images of the tube during forming were captured using high speed cameras and the surface strain of the patterned tube was
extracted using digital image correlation (DIC). The deformation characteristics of PLLA tubes in SBM was quantified by
analysis of shape evolution, strain history and stress-strain relationship.
Keywords Experimental characterisation . PLLA . Free stretch blow . Water bath . DIC

Introduction
Poly (L-lactic acid) (PLLA) is a biodegradable polymer typically used as the base material for manufacturing bioresorbable vascular scaffolds (BVS) [1–5]. PLLA based BVS offer
significant advantages over permanent metal scaffolds due to
their ability to provide a temporary scaffold that resorbs once
the artery has healed. These properties enable the scaffold to
reduce the risk of late stent thrombosis and provides more
options for future potential repeated interventional treatment
[6, 7]. One weakness of PLLA BVS is the poor mechanical
performance due to the inadequate stiffness, strength and ductility of PLLA, resulting in thicker struts (∼150 μm) compared
to metal stents (∼80 μm), which significantly limits its clinical
applications [8–10]. One widely used approach to fabricate
PLLA BVS is to perform laser cutting on a PLLA tube to
obtain the scaffold pattern by a femtosecond laser [11, 12],
achieving very high resolution (< 100 nm) with negligible
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formation of a heat-affected zone (HAZ) [13] hence the mechanical properties of PLLA tubes have a primary influence
on the final performance of products [5].
PLLA material processed by melting or solution state usually has low tensile modulus, strength and elongation to break.
However, its mechanical properties can be significantly improved by altering the morphology by a secondary mechanical
stretch in its semi-solid state above the glass transition temperature (Tg) (>60 °C) [14–17]. In order to take advantage of
this feature, stretch blow moulding (SBM) was introduced in
the fabrication of PLLA BVS [2, 18, 19]. In this operation,
thick walled tubes were prepared by extrusion [18, 20] or dip
coating [19, 21, 22] and subsequently processed into a parison
(or preform) shape. The tube parison was heated in a mould to
temperatures just above the glass transition temperature (Tg)
but below the thermal crystallisation temperature (Tcc) and
biaxially deformed by applying internal pressure and axial
stretch [23]. The biaxial deformation altered the material morphology and microstructure [24] and hence enhanced the mechanical properties (stiffness, strength and ductility) [18, 25,
26].
A combination of temperature, pressure, and stretch is
needed for the application of stretch blow moulding. Of these
conditions, processing temperature (Tp) for stretch blow
moulding of PLLA scaffolds has typically been performed at
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10~20 °C or 20~40 °C above Tg (~60 °C) [18]. The tube
parison can be heated inside a hot mould by convection [26]
or radiation [24] at a controlled heating time. Processing temperature has previously been observed to influence the tensile
modulus and strength when compared at the same hoop strain
level [27] and the strain level mainly determined the final
orientation [26]. The operational sequence is another influence factor, i.e. supplying axial stretch and pressure simultaneously (SIM) or sequentially where the material was initially
stretched in the axial direction and subsequently inflated in the
hoop direction (SEQ). It was found that there was less anisotropy in the SEQ process indicated by balanced hoop and axial
modulus and yield strength at low axial strain rate (~0.2 s−1)
[26, 28]. Although the literature highlights the relevance of
processing conditions with the blown tubes, there is little information on the actual strain rate occurring during blowing
and the evolution of hoop and axial strain during forming.
Previous research on stretch blow moulding has offered
different approaches to better understand the forming process.
By using a transparent mould, the shape evolution of preforms
in the blowing process was recorded by high speed cameras
for PET bottles [29] and PA-12 angioplasty balloons [30]. The
disadvantage of inspecting blowing inside the mould is the
lack of accurate quantitative data during deformation. An approach that removes the mould to perform ‘free blow’ was
subsequently proposed [31] and enabled the measurement of
surface strain by digital image correlation (DIC) [32–34]. The
stress during deformation was calculated based on the measured processing parameters (pressure, reaction force) during
stretching [35]. In free blow, the preforms were heated firstly
to the desirable temperature, transferred to a blowing station
and blown in air without the mould. However the time dependent temperature profile of preforms need to be accounted for
due to the complexity of the coupling between the thermal and
mechanical properties [32, 34].
Based on the successful investigation of stretch blow
moulding by free stretch blow for PET bottles [32–36], this
article describes a technique for characterising the behaviour
of PLLA tubes for stretch blow moulding of BVS. A novel
experimental setup by processing tubes within a water bath
has been introduced to ensure isothermal conditions, overcoming the surface cooling problems from exposure in the
atmosphere during transfer from heating station to blow station. Along with this approach, a test rig was developed to
conduct the stretching and blowing operation whilst recording
processing parameters (axial force, inflation pressure) with
incorporated sensors. Digital image correlation (DIC) was
employed to acquire accurate evaluation of the surface strain
by analysing deforming images of the tube parison. With a
combination of the pressure, force and strain field, the stressstrain relationship of the PLLA material can be acquired directly from the tube and provide an insight into how this
stress-strain behaviour changes with processing conditions.
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Thus a methodology to characterise the behaviour of the
PLLA material directly from the parison is developed.

Experimental setup
Tube preparation
Pellets of PLLA (Tradename: PURAPOL LX175) were supplied by Corbion PURAC (Amsterdam, The Netherlands)
with 96% L-isomer of stereochemical purity and weightaverage molecular weight (Mw) of 14.25 × 104 g/mol. The
PLLA pellets were melted and extruded into tubes by a
KILLION single screw extruder with a pin of 5.4 mm and
die of 10.5 mm. The temperature of the extrusion barrel
ranged from 175 °C to 194 °C whilst the rotation speed of
the extruder was set at 15.0 rad·min−1. The extruded tubes
were precisely calibrated by a vacuum calibrator and by a
drawing machine operating at a speed of 7.26 m·min−1.
They were quenched by a water bath in a long (~2m) tank to
ensure an amorphous state which was confirmed by an initial
crystallinity of 3.0% via a DSC test. The final extruded tubes
had dimensions of 4.0 ± 0.1 mm outside diameter (OD) and
1.00 ± 0.03 mm wall thickness (WT).
In the lab operation, the extruded PLLA tubes (OD:
4 mm, WT: 1 mm) were cut into pieces with a length of
105 mm, producing specimens with a central part of
20 mm and two ends of length equal to 60 mm and
20 mm (Fig. 1a). The extruded PLLA tubes were further
processed into a parison shape with two pre-stretched
ends as is typically done for the stretch blow moulding
of angioplasty balloons [37, 38]. Each end of the tube was
immersed in a silicone oil bath of 100 °C for two minutes
and then stretched to a ratio of 5.0 within 10 s. The
stretched tube was trimmed at each end to leave 60 mm
at one end and 20 mm at the other end to create a tube
parison (Fig. 1b). The purpose of this preparation was to
leave an effective length of the tube at the original dimension that ultimately was stretched and blown. Orientation
and crystallization (~30%) were introduced at the two
ends with enhanced stiffness to avoid these sections being
inflated.

Experiment design
A schematic diagram of the equipment for the free stretch
blow of the PLLA tubes is shown in Fig. 2. The PLLA tube
parison was heated and formed inside a water bath in a glass
tank. A thermostatic heating circulator with temperature display and control was employed to heat the water to the desired
temperature. Compressed air was supplied with the pressure
regulated to a desirable level. The pressure activation was
controlled by a solenoid valve. A test rig capable of standing
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Fig. 3 Test rig arrangement in water bath

Fig. 1 Dimensions of PLLA tubes (unit: mm), (a) original tube, (b) tube
parison

vertically in the water tank was built to conduct the stretching
operation without a mould to visualize the forming process.
The pressure and axial force were measured by a pressure
sensor at working pressure from 0.0 to 1.2 MPa and a load
cell with a maximum force limit of 250 N respectively. A
programmable microcontroller (Arduino Mega 2560) with a
user interface (LCD terminal) was used to conduct the process

Fig. 2 Experimental setup

control and data collection. The tube forming process was
monitored by two high speed cameras.
The details of the test rig are shown in Fig. 3. The tube
parison was installed between two grips where the top end
grip was connected to a motion table mounted on the shaft
and driven by a stepper motor whilst the bottom grip was fixed
on a support frame. An initial axial stretch (~6 mm) within
0.3 s was used to provide axial tension on tubes to avoid
sagging as the sample heated. The maximum stretching distance of the motion table from the stepper motor was 60 mm
whilst a maximum speed of 25 mm·s−1, allowing for a total
forming time of 2.5 s. Considering the initial effective length
of 20 mm of the tube parison, the stepper motor was able to
provide a maximum possible axial strain of 2.0 at an average
strain rate of 1.3 s−1. The amount of initial axial stretch was
varied by modifying the timing of the application of the
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pressure. In order to provide a simultaneous deformation process (SIM), the timing of the onset of pressure was set at a
value of 0.3 s, following the initial axial deformation whilst
the timing was increased to a value of 1.3 s to supply a sequential (SEQ) deformation process by applying an initial
larger axial strain (~1.7). During the pressure supply, a constant pressure value of 6.0 bar was provided for a time of 2.0 s,
accomplishing the inflation process without the specimen
bursting. Two processing temperatures (Tp) were selected at
Tp = 72 °C and Tp = 77 °C, within the range of 10~20 °C
above Tg (~60 °C) [23]. Overall 4 blowing cases, which were
defined as T72SIMP6, T72SEQP6, T77SIMP6, T77SEQP6
were studied in the free stretch blow experiment.

Digital image correlation
The technique of digital image correlation (DIC) calculates the
strain field on the external surface of an object by comparing
the grayscale of captured images during the deformation process, where a subset with points is tracked by building a correlation on the grey values [39]. To employ this technique, the
surface of PLLA tubes along the 20 mm effective length was
painted thoroughly with a white background by a permanent
paint marker. A random black speckle pattern in the foreground was applied by an acrylic spraying aerosol (Fig. 4a).
A black rubber O-ring was installed on the top cone region of
the tube parison to mark the effective height of tube. Two
Photon Fastcam SA1.1 high speed cameras with resolution
of 1024 × 1024 pixels at a frame rate of 1000 frames per second (fps) were used to set up a stereo DIC on a fixed support.
LED panels were used to provide the necessary lighting. A
Tokina 100 mm F2.8 AT-X Macro Lens was installed on each
camera to adequately observe the scale of the speckle pattern.
The lens had a full coverage of 35 mm with the closest focusing distance of 300 mm that yields a 1:1 reproduction ratio. A
Fig. 4 Preparation of DIC, (a)
speckle patterns on the tube, (b)
calibration in water bath
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calibration process was performed after setting up the configuration of DIC by using the painted plate with 3 mm dots
immersed in water to obtain the configuration parameters before experiment (Fig. 4b). The commercial software Vic-3D
(Correlated Solutions, US) was used to analyse the captured
images during forming, based on the parameters in the DIC
setup (Table 1).

Deformation assessment
Strain extraction
Only the effective length of the tube parison was subjected to
deformation and a section of this length equal to 15 mm was
selected for the strain measurement (Fig. 5a). The contours on
Fig. 6a represent the vertical distance in mm (Y) from a reference point on the middle of the specimen marked with a label of
zero. The time dependent nominal hoop and axial strain history
was extracted at the zero point and at a distance of plus and
minus 5 mm from it. In addition to DIC measurement, the
average hoop and axial strain were calculated by measuring
the length and diameter of tube images before and during
forming manually (Fig. 5b). The deformed images at processing time of t = 0.2, 0.6, 1.0, 1.4, 1.8 and 2.2 s were selected to
investigate the shape evolution and perform subsequent measurement. The average hoop strain is calculated by Eq. (1)
based on the initial diameter (D0) and deformed diameter
(D1). The average axial strain is calculated by Eq. (2) based
on the initial length (L0) and deformed length (L1).
εave
h ¼

D1 −D0
D0

ð1Þ

εave
a ¼

L1 −L0
L0

ð2Þ
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h

h
i

π R20 −ðR0 −t 0 Þ2 ¼ π R2 −ðR−t Þ2 1 þ εext
a


R ¼ R0 1 þ εext
h

DIC setup details

Speckle size

3~8 pixels

Subset
Step size
Measurement points
Camera
Field of view
Focal length
Displacement resolution
Correlation method
Smoothing method

29 × 29
1
7500~8000 (approx.)
12-bit, 1024 × 1024
68.5 × 68.5 mm (approx.)
535 mm (approx.)
0.6689 μm, 0.01 pixel
Incremental
Gaussian filter, 15

To obtain the average values of hoop strain through the
wall thickness, the measured strains on the external surface
were converted to the results on the middle surface based on a
number of assumptions, (1) the deformation was perfectly
axisymmetric [40, 41], (2) the axial strain was uniform
through the thickness [40, 41] and (3) the material was assumed incompressible, which is a reasonable assumption for
a deforming polymer with finite strain above Tg [42]. The
average hoop strain on the middle surface can be calculated
by Eq. (3) and the unknown wall thickness was calculated
based on the equivalent volume before and after deformation
by Eq. (4). The updated external radius can be solved by the
measured surface strain by Eq. (5).
εmid
h

t
2 −1
¼
t0
R0 −
2
R−

Fig. 5 Strain extract, (a) initial
tube length (t = 0) and data points
extracted by DIC, (b) average
strain by measurement

ð3Þ

i

ð4Þ
ð5Þ

Where, εhmid is the hoop strain on the middle surface; R0
and t0 are the initial external radius and wall thickness of tubes
before deformation; R and t are the external radius and wall
thickness of deformed tubes during deformation respectively;
εaext and εhext are the hoop and axial strain on the external
surfaces extracted by DIC respectively.

Stress calculation
It has been reported that the contribution of inertia during
forming is negligible compared to the elastic and viscous effect
[43]. When the tube is long enough, the stress state of the tube
can be estimated by an analytical approach without considering
the boundary effect [40, 41]. It is considered to be a closed end
cylinder under internal pressure and an axial stretch (Fig. 6).
Before blowing, the tube has a diameter to thickness ratio of
2.0, placing it in a thick-walled cylinder category. This ratio
changes significantly however when the tube begins to blow. It
has been found that even during stretch blow moulding of PET
bottles for preforms with diameter to thickness ratio of 3.0, the
hoop stress can be calculated by thin walled theory due to the low
initial stress values [35]. To confirm this conclusion, the stress on
the middle surface is computed by two methods. Eq. (6) and (7)
calculate the hoop and axial stress by the thin-walled shell theory
whilst Eq. (8) and (9) calculate the hoop and axial stress based on
thick-walled shell theory [44].
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Fig. 6 Stress state of the middle
surface for the cylindrical part of
the tube parison


σthn
h

¼

σthn
a ¼
σthk
h ¼
σthk
a ¼


PRmid
t


1
F
2
PRmid þ
2Rmid t
π


PðR−t Þ2
R2
1þ 2
Rmid
R2 −ðR−t Þ2


1
F
2
PðR−t Þ þ
π
R2 −ðR−t Þ2

ð6Þ
ð7Þ

background and speckle patterns in the foreground) (Fig. 7b).
The onset of inflation occurred at the same time point as the
original tube (t = 1.0 s) and further expansion showed the
same characteristics. The blown product with painting at t =

ð8Þ
ð9Þ

Where, σh and σa are the hoop and axial stress on the
middle surface, with a subscript ‘thk’ for thick walled cylinder
theory and ‘thn’ for thin walled theory; F is the axial force
induced by the mechanical stretch; Rmid, R and t are the middle radius, external radius and wall thickness of the tube
respectively.

Results
Influence of paint on forming process
For the case of T72SIMP6, the forming process of the original
tube parison without paint was investigated and compared
with the parison with the painting required for DIC (Fig. 7).
It can be seen that for the original tube parison (Fig. 7a), after
pressure supply at t = 0.3 s, between 0 and 1 s the tube is
stretched axially with little or no hoop deformation however
after 1 s an initial homogenous expansion along the tube
length was observed. The formed product at t = 2.2 s had a
cylindrical shape with a diameter of 8.2 mm. A similar evolution process was found for the tube parison with paint (white

Fig. 7 Shape evolution at T72SIMP6, (a) original tube parison, (b) tube
parison with speckle pattern
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2.2 s exhibited a cylindrical length with a diameter of 8.7 mm,
indicating a small deviation of 6% when compared with the
tube without paint. This comparison displayed the repeatability of the free stretch blow test in the experiment and the
irrelevance of speckle painting to the forming process.

Influence of mode of deformation
As stated in section 3, two different modes of deformation
were analysed in the free stretch blow test, (1) the case where
the axial stretching and pressure were applied simultaneously
– referred to as simultaneous stretching (SIM) and the case
where there was an initial axial strain of 1.7 before blowing
commenced, referred to as sequential stretching (SEQ).
Figure 8 shows the shape evolution of the parison when
stretched sequentially at Tp = 72 °C and 6 bar (T72SEQP6).
In contrast to the onset of inflation for the SIM process
(~1.0 s), it can be clearly seen that all the hoop deformation
in the SEQ process occurs after a time of 1.8 s after the axial
deformation has completed.
The measured pressure and axial force data during the
forming process were extracted and compared for the two tests
(T72SIMP6 and T72SEQP6) (Fig. 9). The difference between
the SIM and SEQ mode of deformation was clearly evident by
the time shift of 1.0 s from the pressure supply. This is deliberate to enable a reasonable difference in the level of axial
strain applied before pressurisation to initiate the SIM and
SEQ deformation modes. The small drop of pressure measured after t = 2.3 s in the SIM process is due to a pressure
release after stopping the air supply at the point when the
experiment had finished.
A linear increase of axial force was observed before t =
0.7 s for T72SIMP6 (Fig. 9a) and T72SEQP6 (Fig. 9b). This
indicated the initial elastic stage of the PLLA material in the
small strain regime [23, 45]. There was an initial higher axial
Fig. 8 Shape evolution at
T72SEQP6
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force at T72SEQP6 as the stretch was exclusively from the
motor movement whilst the stretching load was shared with
the axial force from the internal pressure for T72SIMP6.
Quantitative information of the forming process was provided by analysing the tube images with digital image correlation (DIC) and average strain from manual measurement.
The strain vs time in the axial and hoop directions for 3 points
on the surface of the tube (as highlighted in Fig. 5a) are shown
in Fig. 10. For the T72SIMP6 test (Fig. 10a), it can be seen
that the evolution of strain for each location was similar. The
deformation resulted in a final hoop and axial nominal strain
of approximately 1.3 on the external surface. In contrast to the
linear increase of axial strain at a rate of 0.5 s−1, three stages
were observed in the hoop direction, which can be described
by (1) onset of pressurisation time (t = 0.3 s), (2) onset of rapid
inflation (t = 1.1 s), and (3) cessation of rapid inflation (t =
1.7 s). Before t = 0.3 s, the axial stretch introduced a decreasing diameter, i.e. negative hoop strain. After pressurisation
(~0.3 s), a short duration of 0.1 s was required for the pressure
to reach the desirable level characterised by a fast increase of
hoop strain. Deformation continued at low strain rate
(~0.2 s−1) until yielding at t = 1.1 s, after which a rapid inflation occurred at a maximum strain rate of 1.9 s−1. At the latter
stage of inflation, the hoop strain rate decreased gradually
towards zero until t = 1.7 s, where the deformation in the hoop
direction significantly reduced due to the material strain hardening [23].
At T72SEQP6 (Fig. 10b), the axial strain data by DIC
showed a linear increase over time but that the strain rate
and the final strain was strongly dependent on the location
thus indicating a non-uniform stretch along the tube in the
case of large initial stretch. The average axial strain by measurement (blank circle) was found to be similar to the result at
position 3 (−5 mm). The agreement of hoop strain at the three
positions was observed by strain data from DIC, showing a
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Fig. 9 Pressure (P), displacement
(D) and force history (F), (a)
T72SIMP6, (b) T72SEQP6

maximum deviation of 7% with the average results by measurement. The deformation can be split into 3 distinct regions,
i.e. uniaxial stretching for t < 1.3 s which was indicated by the
increasing axial strain with decreasing hoop strain, followed
by rapid inflation (strain rate = 3 s−1) between t = 1.3 s and t =
2.3 s and strain hardening beyond this time point.
Based on the assumption of uniform axial strain throughout
the wall thickness and consideration of constant volume, the
point strain data from DIC similar to average measurement strain
was selected to calculate the hoop and axial strain on the middle
surface at Tp = 72 °C (Fig. 11). The hoop strain vs time for both
the SIM and SEQ process showed similar qualitative behaviour
to the result of the external surface but both had significantly
different magnitudes. A final hoop strain of 2.1 on the middle
surface was displayed for T72SIMP6 and T72SEQP6, a 50%
increase compared to the result of the external surface (~1.4).
The maximum hoop strain rate during inflation reached 2.8 s−1
for the SIM process and 4.2 s−1 for the SEQ process, approximately 40% higher than the results as calculated from the external surface (SIM: 1.9 s−1, SEQ: 3.0 s−1).

Increase of temperature
At the elevated processing temperature of Tp = 77 °C, the
shape evolution of the PLLA tubes was inspected for both
simultaneous and sequential mode of deformation (Fig. 12).
At T77SIMP6 (Fig. 12a), after the pressure was supplied at t =
0.3 s, the inflation occurred at t = 0.6 s, a time interval of 0.3 s
Fig. 10 Strain history of external
surface by DIC (purple: −5 mm,
green: 0 mm, magenta: 5 mm) and
average manual measurement, (1)
onset of pressurisation time, (2)
onset of rapid inflation and (3)
cease of rapid inflation; (a)
T72SIMP6, (b) T72SEQP6

smaller than the T72SIMP6 test. The external diameter
reached a stable size (no further increase in hoop strain) at
t = 1.0 s and a ‘banana’ shaped tube was observed. Since the
balloon is acting as a closed end pressure vessel and hence has
both an axial and hoop stress it is clear that the cause of the
“banana” shape is due to the axial deformation contribution
from the internal pressure deforming the tube axially at a faster
rate than that capable of being produced by the stepper motor
(~1.0 s−1). Beyond this time point, the axial deformation from
the internal pressure became stable. The elongation from the
motor acted on the top end of the tube, enabling it to recover to
a straight state at t = 1.4 s. At T77SEQP6 (Fig. 12b) however,
the distortion of the tube parison was prevented. By comparing the results at 72 °C and 77 °C, the effect of temperature
can be clearly seen for both the SIM and SEQ deformation
mode, with an earlier onset and more rapid blowing process
for the higher temperature tests.
A different evolution of axial force was illustrated between
the SIM and SEQ process at 77 °C in Fig. 13. An initial elastic
stage was observed before t = 0.6 s and subsequent slow increase of force at T77SIMP6 from t = 0.6 s to 1.7 s. This was
similar to the evolution of T72SIMP6 at the same time interval
but showed smaller axial force due to the reduced material
stiffness at high temperature [23]. Beyond 0.6 s (T77SIMP6)
and 1.7 s (T77SEQP6), a rapid decrease of the axial force was
observed, which was caused by the increase of axial force
from internal pressure at a higher rate than the axial elongation
from the stepper motor. The negative axial force at t = 1.0 s at

Int J Mater Form (2021) 14:375–389

383

Fig. 11 Average strain history on
the middle surface, (a)
T72SIMP6, (b) T72SEQP6

T77SIMP6 highlighted the more significant influence and
overrode the axial stretch completely, corresponding to the
‘banana’ shaped tube parison. Comparatively, the axial force
remained positive at this stage before t = 1.9 s at T77SEQP6.
After the accomplishment of hoop inflation, the axial force
remained constant from t = 1.0 to 1.4 s at T77SIMP6, implying a duration of 0.4 s to re-engage the axial stretch from the
stepper motor. This re-engagement became faster at
T77SEQP6 taking place between t = 1.9 to 2.0 s. In the subsequent axial stretching stage, there was a stronger

Fig. 12 Shape evolution, (a) T77SIMP6, (b) T77SEQP6

sequentially secondary stretch effect at T77SIMP6 than
T77SEQP6 due to the early accomplishment of the hoop deformation for the SIM process.
The hoop and axial strain for the T77SIMP6 and
T77SEQP6 tests are shown in Fig. 14. A big influence on
the strain history from processing temperature was observed
in both processes. After pressure supply at 0.3 s (T77SIMP6)
and 1.3 s (T77SEQP6), a hoop strain rate of 0.8 s−1 (SIM) and
2.5 s−1 (SEQ) was found before yielding, which is approximately four times the respective values at 72 °C (0.2 s−1
(SIM), 0.6 s−1 (SEQ)). The strong time dependency was attributed to the dramatic change in moduli in this temperature
range, which has been highlighted in DMA tests in previous
research [23, 46]. After the rapid inflation occurs at t = 0.5 s
(T77SIMP6) and t = 1.4 s (T77SEQP6), the maximum hoop
strain rate reached 6.5 s −1 (T77SIMP6) and 11.8 s −1
(T77SEQP6) respectively, which was 240% and 290% higher
than that at 72 °C. This finding confirmed the significant
change of the viscoelastic behaviour as a function of processing temperature at finite strain [23]. After rapid inflation at
0.5 s (T77SIMP6) and 1.4 s (T77SEQP6), the axial strain
history showed a significant difference with much more evidence of nonlinear behaviour than the axial strain history at
72 °C. This implied that the axial load from the internal pressure increased more quickly after the onset of inflation and
dominated the axial deformation. A maximum axial strain rate
of 3.5 s−1 (T77SIMP6) and 5.0 s−1 (T77SEQP6) was exhibited
in the nonlinear stage, which was much higher than the maximum possible axial strain rate from elongation of the motor
(~1 s−1). At the end of the forming period, an average hoop
strain of 2.0 on the outer surface was observed in both processes whilst the average axial strain reached 1.6~1.8.
In Fig. 15, it was found the final hoop strain on the middle
surface increased to approximately 3.0 for both T77P6SIM
and T77P6SEQ. The maximum hoop strain rate was found
to be 9.1 s−1 for the SIM process and 16.8 s−1 for the SEQ
process and was 40% greater than the rate on the external
surface (SIM: 6.5 s−1, SEQ: 11.8 s−1). The maximum hoop
strain rate on the middle surface during inflation at 77 °C
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Fig. 13 Pressure (P),
displacement (D) and force history (F), (a) T77SIMP6, (b)
T77SEQP6

showed a significant increase of 225% and 300% compared to
the results at 72 °C.

Stress state
Since the strain is available via the DIC, the evolution of the
corresponding stress is also of interest thus providing an opportunity to obtain the constitutive behaviour of PLLA directly from the inflating parison. The ratio between the internal
diameter (Din) and wall thickness (t) as the tube inflates for all
tests was initially calculated to evaluate whether thick walled
or thin walled shell theory was the most appropriate for calculating the stress (Fig. 16). As the inflation progressed over
time it can be seen the Din/t increased and that it reached a
critical value of 10 at t = 0.95 s for the T72SIMP6 and at t =
1.5 s for T72SEQP6 (Fig. 16(a)). In both cases this time
corresponded to the onset of rapid inflation. At Tp = 77 °C
(Fig. 16(b)), the characteristic time for the change of Di/t to
reach greater than 10.0 was t = 0.55 s (T77SIMP6) and t =
1.44 s (T77SEQP6), approximately 40~50 ms beyond the
onset of rapid inflation. The results showed that the tube behaved as a thick-walled shell before inflation with nonuniform hoop stress through the wall thickness and a membrane after the onset of rapid inflation due to the big increase
of Din/t.
Fig. 14 Strain history of external
surface by DIC (purple: −5 mm,
green: 0 mm, magenta: 5 mm) and
average manual measurement, (a)
T77SIMP6, (b) T77SEQP6

The case of a slow geometric transformation (T72SIMP6)
before Di/t = 10 (t = 1.0 s) was selected to calculate the stress
history on the middle surface using Eq. (6) ~ (9). The resulting
hoop stress from thin-walled shell (σhthn) was slightly higher
than that by thick walled-shell (σhthk) with a deviation of
~0.3 MPa (Fig. 17(a)). The small deviation between σhthk
and σhthn confirmed that the assumption of membrane state
was valid [35]. The axial stress calculated by the thin (σathn)
and thick (σathk) walled cylinder shell on the middle surface
showed a similar stress shift (~0.3 MPa) (Fig. 17(b)), proving
the reliability of the assumption of uniformly distributed axial
stress. Based on these investigations, the simplified σhthn and
σathn (Eq. (6) and (7)) were used in the following section to
characterise the average stress state along the cross section in
the inflating tube.
Before rapid inflation (t = 1.1 s) at T72SIMP6, a consistent
hoop and axial stress response was observed in Fig. 18a. This
was attributed to the consistent hoop and axial strain history
(Fig. 15a) at the early stage. The uniaxial stretch for the
T72SEQP6 process led to a smaller axial stress compared to
the biaxial stretch in the SIM processes. A more rapid increase
of hoop stress occurred after the onset of inflation due to the
growth of diameter of the tube. In the SIM process, this resulted in the hoop stress being higher than the axial stress. The
increase of hoop stress due to rapid inflation introduced an
intersection between the hoop and axial stress at (t = 1.8 s) in
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Fig. 15 Strain history on the
middle surface, (a) T77SIMP6,
(b) T77SEQP6

the SEQ process. The final hoop stress (~25 MPa) in the SEQ
process was approximately 5 MPa higher than the result in the
SIM process (~20 MPa) whilst a similar axial stress
(~15 MPa) was found for both modes of deformation. These
stresses are similar to those observed from previous studies by
the authors on biaxially stretching of planar sheets at similar
temperature conditions (~70 °C), e.g. a stress value of 30 MPa
was measured from an equal biaxial (EB) test stretched to a
final stretch ratio of 2.5 at a constant strain rate of 4 s−1 [23].
A similar stress history was found when the processing
temperature increased to T p = 77 °C (Fig. 18b). At
T77SIMP6, the axial and hoop stress evolved at a similar level
in a very short time period from t = 0.3 to 0.6 s due to the early
onset of rapid inflation. The axial stress had a slower increase
in the SEQ process at uniaxial stretch due to the smaller stiffness at high temperature [23]. The intersection point of hoop
and axial stress (SEQ) was observed earlier due to the rapid
inflation. After inflation, the hoop stress in the SIM and SEQ
continuously increased to reach a final stress of 38 MPa (SIM)
and 45 MPa (SEQ). The axial stress experienced a nonlinear
rapid increase during inflation but returned to a linear increase
after that, giving a final value of 20 MPa (SIM) and 25 MPa
(SEQ). The effect from processing temperature by comparing
Fig. 18a, b indicated a high stress level at high Tp due to the
higher stretch of material. A higher stress difference
Fig. 16 Geometrical evolution of
(Din/t) in the deformation process,
(a) Tp = 72 °C, (b) Tp = 77 °C

(~20 MPa) between the hoop and axial direction was observed
at high Tp compared to the result (~5 MPa) at low Tp.
The stress-strain relationships on the middle surface curves
were created based on the strain and stress history (Fig. 19).
As shown in Fig. 19a, isotropic stress-strain relations below a
strain of 0.6 was found for T72SIMP6 due to an equal biaxial
strain and stress response. For the SIM stretch condition, the
strain evolution showed different levels vs. time during the
inflation, showing a primary hoop deformation due to the
higher inflation rate, leading to a higher axial stress than hoop
stress at the same strain. For T72SEQP6 however, no initial
coincidence of axial and hoop stress-strain relationship was
found due to the deliberate sequential effect of the primary
axial stretch. At the same strain, the hoop stress in the SEQ
process was higher than that in the SIM process for the initial
secondary hoop deformation. For strains less than 1.1, the
axial stress (SEQ) was smaller than the hoop stress, corresponding to the stage before the intersection point. After that,
the hoop inflation dominated, and the secondary axial stretch
introduced higher axial stress than hoop stress.
At Tp = 77 °C (Fig. 19b), the stress-strain response for
T77SIMP6 displayed similar characteristics as the results at
72 °C, with an overlap in behaviour in the small strain regime
(< 0.3) and a higher axial stress after that. At a strain level of
2.0, the material behaved softer in the hoop direction at high
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Fig. 17 Stress history at
T72SIMP6 (a) hoop, (b) axial

temperature condition, i.e. a hoop stress of 15 MPa at 77 °C in
comparison to 20 MPa at 72 °C (SIM). A large final hoop
strain of 3.7 created a high stress level value of 38 MPa for
the test at 77 °C. The early onset of inflation at 77 °C and the
fact that hoop strain rate exceeded the axial strain rate enhanced the sequential effect by secondary stretch in the axial
direction. For T77SEQP6, higher hoop stress than the SIM
process was observed by the effect of delayed hoop deformation. An intersection between axial and hoop stress curves
occurred at a strain level of 0.7, which was smaller than that
(~1.0) in the SEQ process at 72 °C. In general, it can be seen
that both the temperature and operational sequence had a great
influence on the stress-strain relationship by changing the
evolution process and final values.

Discussion
In this study a new apparatus has been designed and built
enabling a new load-controlled test for measuring the stressstrain behaviour of PLLA directly from a parison under blow
moulding conditions. It provides valuable data on typical
strain rates experienced by the material during forming along
with its response when subjected to nonlinear loading paths,
Fig. 18 Stress evolution on the
middle surface, (a) Tp = 72 °C,
(b) Tp = 77 °C

which enables a good experimental idealisation of the blow
moulding process.
The data presented in this paper highlights the strong influence of temperature and mode of deformation on the blowing
characteristics of the PLLA tubes and the corresponding
stress-strain behaviour. The sensitivity to temperature is strong
with only a 5 °C increase in temperature from 72 °C to 77 °C,
resulting in an increase in maximum strain rate from 4 s−1 to
17 s−1, an increase in final strain from 2.0 to 3.0 and an increase in final stress from 25 MPa to 45 MPa. Since the maximum temperature tested here was 77 °C, additional work is
required to evaluate how this effect evolves as the temperature
increases further towards the cold crystallisation temperature
(maximum forming temperature) of ~100 °C [23].
Although the influence is not as strong as the temperature,
the mode of deformation also has an influence on the blowing
characteristics and the stress strain behaviour with an increase
in the final stress from 38 MPa to 45 MPa and a reduction in
final hoop strain from 3.8 to 3.2 observed for tests conducted
at 77 °C for the two conditions investigated. In this paper only
one scenario of a sequential test is provided (initial strain equal
to 0.5) but further work exploring the influence of the magnitude of the strain in the axial direction on the subsequent
behaviour in the hoop direction should be investigated. The
other factor that is able to influence the deforming sequence is
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Fig. 19 Stress-strain relationship
on the middle surface, (a) Tp =
72 °C, (b) Tp = 77 °C

the magnitude of the pressure however this parameter has not
been part of this study.
The test method provides a major step forward for
characterising the behaviour of PLLA for stretch blow moulding. Whilst previous studies have produced stress strain behaviour at different temperatures and strain rates [23, 45, 47,
48], these have been performed on planar sheets which by
default have a different processing history to the tube. In addition, this new test method has the benefit that the properties
are measured at conditions directly comparable to stretch blow
moulding i.e. with varying strain rates and modes of deformation. One weakness of the test is that due it being a loadcontrolled test the individual contribution of strain rate and
temperature is difficult to detect since the strain rate varies
significantly during each test and for tests conducted at different temperatures. For this reason, the rig provides important
complementary data to the data already presented in the previous study from displacement controlled tests [23, 45, 47,
48]. One anomaly compared to previous published data
stress-strain behaviour of PLLA is that no obvious yield point
is observed in the stress strain results. This is also due to the
load-controlled nature of the test since the material rather than
being forced to stretch at a specific speed regulates itself
resulting in variable strain rate and no obvious yield point.
One potential criticism of the test method that it was conducted in a water bath given that it is known that hydrolysis
and water absorption of PLLA can have a major effect on the
mechanical properties [49–52]. However it should be noted
that the timescale of the experiment is orders of magnitude
smaller than the timescale for hydrolysis to have an influence
[53–57]. To verify this, additional experiments have been performed where PLLA tubing was uniaxially stretched after
heating in a wet environment for 8 min (similar to the timescale of the experiments in this paper) and after heating in a
dry environment with no significant difference observed [58].
There is an opportunity to further explore the effect of both
temperature and mode of deformation by conducting corresponding mechanical property measurements on the blown

tubes to assess the influence of the processing history on the
modulus, yield and strain at break - although given the dimensions of the blown tubes this provides its own challenges,
especially in the hoop direction. With this data in addition to
the stress strain data it would be feasible to fit it to a previously
developed material model of PLLA [23] and create a forming
simulation that has the capability of optimising the parison
dimensions and corresponding process conditions to produce
a BVS with optimal properties. Even without such a model the
raw data presented from the test is a valuable design aid for
engineers in the design and manufacture of BVS where the
natural draw ratio of a material as a function of temperature is
readily available enabling appropriate nominal parison dimensions and processing temperature values to be chosen.

Conclusion
By a novel experimental setup, a tube forming process for
characterising the behaviour of PLLA tubes for stretch blow
moulding of BVS has been developed. The experimental
scheme was highlighted by the forming process at isothermal
conditions in a water bath and measurement of surface strain
by digital image correlation (DIC). Operations at designed
processing temperature and blowing sequence revealed the
deformation behaviour of PLLA materials by the qualitative
results on evolution of tube shape and quantitative data of
strain and stress. Quantitative results reveal the strong dependence of the stress strain behaviour on strain history experienced by the inflating tube as well as the processing temperature. The unique test rig and methodology developed and the
corresponding results offer the ability to characterise materials
and understand the influence of processing on material behaviour and provide stress strain data at conditions relevant to
forming that is critical for forming simulation development.
As a result, the research output has great potential to benefit
industry in the development and optimisation of stretch blow
moulding of PLLA.
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