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Consumers, companies, and governments are becoming more interested in compostable materials as the

amount of waste generated from single-use petrochemical-based and non-biodegradable plastics has

grown exponentially since 1960. A drawback to compostable flexible option films is the lack of equivalent

moisture barrier performance to maintain a comparable shelf life of food products compared with tra-

ditional petrochemical-based versions. Stereocomplex PLA (SC-PLA), a combination of the stereoisomers

L-PLA (PLLA) and D-PLA (PDLA), offers a potential solution to this problem. This study presents a viable

and novel method to cast extrude SC-PLA films without using a masterbatch. For comparison, several

blend compositions were produced, including 85/15, 70/30, 50/50, and 30/70 PLLA/PDLA and homo-

complex PLLA and PDLA films. The samples were then annealed at 160 °C for 5, 15, and 30 min to under-

stand the effect on the crystallinity (Xc), moisture vapor permeability coefficient (MVPC), and functional

and mechanical performance. As expected, the Xc increased for all the samples upon annealing. We

observed increased crystallization kinetics in the blended samples, which crystallized in 5 minutes, which

can be ascribed to the nucleation effect, while the PLLA and PDLA started crystallizing between 15 and

30 minutes. PDLA acted as a nucleating agent at levels as low as 15% to induce crystallization in

≤5 minutes in the blended samples. We observed a correlation between the crystallization trend of

various compositions and MVPC, with the blended annealed films having a significantly better moisture

barrier than all the non-annealed films. The increased Xc reduces the strength properties due to higher

brittleness associated with the higher Xc. Further optimization is needed to produce fully viable films for

commercial applications; however, this work shows pathways to unlock the creation of PLA films with

high barriers to water.

1. Introduction

The global flexible packaging industry is expected to grow
from approximately $129 billion (USD) in 2020 to roughly $178
billion (USD) by 2027. The growth is attributed to the
increased demand in the food, beverage, cosmetic, personal
care, and pharmaceutical industries.1 By 2030, the demand is
expected to reach an estimated $272 billion (USD).2 Along with
the growth of plastic usage comes the issue of disposal.
According to the U.S. EPA, in 2018, 35.7 million tons of plastic
waste were generated only in the U.S., representing 12.2% of
the total municipal solid waste (MSW). Of the 35.7 million
tons, only 8% were recycled, 16% were incinerated, and 76%

were sent to landfills.3 This lack of recycling has concerned
consumers, businesses, and governments and led to an inter-
est in developing industrial compostable polymers that can
potentially replace non-biodegradable and fossil-based plastics
since they can be disposed of with organic waste when
contaminated.4

Poly (lactic acid) (PLA) is considered one of the leading can-
didates to replace fossil-fuel-based polymers since it has the
most significant commercial production capacity, with increas-
ing market growth.5,6 It is used in several industrial appli-
cations, including biodegradable thermoplastics and food and
agricultural packaging.7–9 However, there are a few issues with
its widespread usage and potentially increased commercializa-
tion, including low heat distortion temperature,10 brittleness,11

poor thermal and hydrolytic stability,12 and moderate barrier
properties.13,14

One potential solution to overcome some of the issues is to
combine the two enantiomeric forms of PLA, namely L-PLA
(PLLA) and D-PLA (PDLA), to produce stereocomplex PLA
(SC-PLA).15 For a well-blended PLLA and PDLA mixture, multi-
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center hydrogen bonding leads to a potential alternative
arrangement of helical chains between L-lactyl and D-lactyl por-
tions with opposing chiral confirmation for PLA stereocomplex
formation.16,17 The stereocomplex formed from the PLLA/
PDLA enantiomers allows for improved intermolecular inter-
actions via dipole–dipole interaction and hydrogen bonding. A
more tightly packed chain conformation results side-by-side
within the stereocomplex crystal structure, allowing for
improved thermal stability and mechanical properties.18,19

SC-PLA has a melting temperature (Tm) of approximately
225 °C, while homocrystallite PLA (HC-PLA) melts around
180 °C, exhibiting a 50 °C variance between them.18 Tensile
strength, Young’s modulus, and elongation at break of SC-PLA
are all reported to improve over HC-PLA.20 Annealed films,
after extrusion, increase crystallinity. So, annealing is a
common technique in processing polymers to alter their physi-
cal and chemical properties.21 Producing SC-PLA within the
PLA matrix and increasing their crystallinity through annealing
can improve barrier properties.22 The moisture vapor trans-
mission rate (MVTR) of solvent-cast SC-PLA films is 14–23%
better than that of HC-PLA, opening new markets in industrial
applications such as packaging.23 The higher the crystallinity
of SC-PLA, the better the water barrier properties may be if the
rigid amorphous fraction (RAF) – the phase between the crys-
talline fraction (CF) and the mobile amorphous fraction (MAF)
– is fully controlled.22

This work aimed to determine the optimal conditions for
producing SC-PLA by cast film extrusion and explore potential
mechanical and barrier properties enhancements. Others have
reported on injection molding and twin-screw extrusion of
SC-PLA. Luo et al. described the melt processing of PLLA/PDLA
to form SC-PLA via an injection molding process.24 Alhaj and
Narayan reported a scalable process of SC-PLA by twin-screw
extrusion formation of pellets for injection.25 However, cast
extrusion films of SC-PLA have yet to be reported and pro-
duced. This work focuses on producing SC-PLA films on a
single screw extruder without first making a masterbatch.
Blends of 85/15, 70/30, 50/50, and 30/70 PLLA/PDLA, along
with PLLA and PDLA, were produced for comparison.
Maximizing the amount of PLLA is logical, given its wide-
spread presence in the market, as it is expected to offer advan-
tages in supply chain efficiency and cost.26 PDLA is currently
mainly used for the nucleation of PLLA and for producing
SC-PLA but is still in much lower demand in the market.27 The
role of SC-PLA content on the properties of these blends, such
as thermal, mechanical, and moisture barrier measurements,
was measured and reported.

2. Experimental
2.1 Materials

PLLA (Luminy® L175, ≥99%(L-isomer)), PLLA (Luminy® L130,
≥99%(L-isomer)), PDLA (Luminy® D070, ≥99%(D-isomer)), and
PDLA (Luminy® D120, ≥99%(D-isomer)) were supplied by
TotalEnergies Corbion (Gorinchem, Netherlands). All homopo-

lymers were crystalline white pellets in appearance, with a
reported weight average molecular weight (Mw) of 175 kDa for
L175, 130 kDa for L130, 70 kDa for D070, and 120 kDa for
D120.28–31 The resins were used as received. Tetrahydrofuran
(THF), HPLC grade and stabilized with butylated hydroxyto-
luene, was procured from Pharmco (Brookfield, CT).

2.2 Film processing

The PLLA and PDLA resins were dried in a vacuum oven (VWR
International, USA) overnight (minimum 12 h) at 60 °C and 24
in-Hg before processing to prevent hydrolytic degradation
during processing.28,29

Dried PLLA and PDLA resins were processed separately to
produce respective cast films. Then, the two isomers in a
weight ratio of 85/15, 70/30, 50/50, and 30/70 PLLA/PDLA were
weighed and thoroughly mixed in a plastic bag before being
introduced into the extruder. Each mix was extruded with a
microextruder (Randcastle Extrusion Systems, Cedar Grove, NJ,
USA) and made into a cast film as a monolayer film. The extru-
der has a 1.5875 cm diameter screw, 34 cm3 volume, and a 24/1
L/D ratio. The processing temperature and the extrusion con-
ditions are provided in Table S1 of the ESI† available online.

The machine was allowed to stabilize at a chill roll speed of
10 RPM, and the first film sample was collected. The nip roller
speed was increased to 15 RPM and then 20 RPM to obtain
samples with the desired film thickness.

2.3 Thermal annealing

Each film sample of approximately 25.4 × 16.5 cm was annealed
in a QL438-C hydraulic press (PHI, USA) at 160 °C. Samples
were placed between 25.4 × 25.4 cm plates lined with non-stick
aluminum foil. The annealing was conducted below the Tm of
the HC-PLA, and 160 °C was determined to be the optimal
temperature for maximum crystallization without destroying
the film’s integrity. All the samples were annealed for 5, 15, and
30 min; after annealing in the press, the samples were allowed
to cool at ambient temperatures. The annealed samples were
stored in a freezer at −20 °C until further analysis.

2.4 Size exclusion chromatography (SEC)

The Mw and the number average molecular number (Mn) of the
PLLA and PDLA resins were measured using an SEC system
from Waters (Milford, MA, USA) equipped with an isocratic
pump, an autosampler, a refractive index detector, and a series
of Styragel® columns (Styragel® HR-4, HR-3, HR-2), with a con-
trolled temperature of 35 °C and flow rate of 1 mL min−1.
Approximately 20 mg of each resin was dispersed in 10 mL of
THF and stored overnight to dissolve. Each sample was filtered,
transferred to a 2 mL glass vial, and capped. The Mw, Mn, and
the polydispersity index, Đ, were analyzed using the Waters
Breeze2 software. Six replicates of each resin were measured.

2.5 Melt flow rate (MFR)

The MFR of each resin was measured using a Ray Ran (New
Castle, DE, USA) Melt Flow Indexer MK II Digital Model 2A.
MFR was evaluated at 190 °C with a 2.16 kg weight as per pro-
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cedure A of the ASTM D1238-20 test standard.32 At least 8
specimens, each of PLLA and PDLA, were evaluated to obtain a
low dispersion on the results.

2.6 Thermogravimetric analysis (TGA)

PLLA and PDLA resin samples were characterized using a Q50
thermogravimetric analyzer (TA Instruments, USA) from 100 to
600 °C at 10 °C min−1, under 50 mL min−1 nitrogen gas flow.
Three samples (5–10 mg) of each resin were evaluated.

2.7 Differential scanning calorimetry (DSC)

Thermal analysis was conducted using a Q100 differential
scanning calorimeter (TA Instruments) with a refrigerated
cooling system under a 70 mL min−1 nitrogen flow. Resin and
film samples, each weighing between 5 and 10 mg, were
packed and sealed in a standard aluminum pan and lid. The
samples were equilibrated to 20 °C, ramped to 0 °C at 10 °C
min−1, ramped to 260 °C at 10 °C min−1, held isothermal for
1 min, ramped to 0 °C at 10 °C min−1, and then to 260 °C at
10 °C min−1 for a total of two cycles. The heat of fusion (ΔH)
of 100% HC-PLA used for the Xc calculation was 139 J g−1.18

The ΔH of 100% SC-PLA used for the analysis was 142 J g−1.18

Three replicates of each resin and film were tested.

2.8 Wide angle X-ray diffraction (WAXD)

The wide-angle X-ray diffraction was analyzed on an AXS D8
Advance X-ray diffractometer (Bruker Co., USA) equipped with
a global mirror filter Cu Kα radiation source at 40 kV 100 mA.
The diffraction pattern was recorded between a 2θ range from
10° and 40° at a rate of 0.24° min−1 and an increment of 0.01°.
The instrument worked in combination with Diffrac.
Measurement Center version 7.5.0 software (Bruker Co.) to
collect the data. One replicate each of PLLA, PDLA, and produced
blend compositions, with each annealing time was studied.

2.9 Thickness

Caliper measurements of each film (n = 3) were recorded with
a TMI digital micrometer (model 49-70-01-0001; USA).

2.10 Barrier properties

Moisture vapor transmission rate (MVTR) was evaluated for
PLLA, PDLA, and the produced blended films on a Permatran-
W® 3/34 instrument (MOCON, USA) at 38 °C and 90% RH
according to ASTM F1249-20.33 Six or more replicates were
evaluated for each film.

2.11 Tensile strength

Tensile testing was conducted on a Universal Testing System
Model #5565 (Instron, USA) and measured according to ASTM
D882-18.34 The samples were evaluated in the machine direc-
tion (MD) and cross direction (CD). The initial strain rate was
0.1 mm mm−1 min−1. The grip separation was 12.7 cm for the
MD samples and 7.62 cm for the CD samples. The annealed
samples were not wide enough in the CD to achieve a 12.7 cm
grip separation, as recommended by the standard. All non-
annealed samples and the 85/15 and 70/30 PLLA/PDLA

samples annealed at 5 and 15 minutes were also tested for
comparison. All samples were conditioned at 23 °C and 50%
RH for over 40 h before testing. The bluehill version 4.25 soft-
ware (Instron) is integrated with the Universal Testing System
to record and calculate the data. Eight replicates of each vari-
able were evaluated.

2.12 Data analysis

Universal Analysis 2000 software version 4.5A (TA Instruments)
was used for analyzing and compiling the DSC and TGA data.
DIFFRAC.EVA version 5.1.0.5 (Bruker Co.) was used to evaluate
the data generated from the Diffrac.Measurement Center soft-
ware for the WAXD. Fityk 1.3.1 was used to deconvolute the
XRD data for analysis.

MATLAB® (Mathworks®, USA) and Microsoft Excel
(Microsoft®, USA) were used to compile the data and create
the graphs. SAS® (Cary, NC, USA) was used for the statistical
analysis of the data. An analysis of variance (ANOVA) calcu-
lation was completed on the tensile strength and permeability
measurements.

3. Results and discussion

Making a blended PLA film via cast extrusion was initially
challenging. At first, only one version of each high Mw PLLA
and PDLA were obtained, PLLA (L175) and PDLA (D070), and
several trials were conducted to establish the best method to
produce SC-PLA films. Due to the markedly different MFRs of
PLLA (L175) and PDLA (D070), we tried to produce master-
batches in a twin extruder and use the resulting masterbatches
to produce SC-PLA. However, due to SC-PLA formation during
masterbatch production, we could not cast the films in a
single extruder from the masterbatches since the films crystal-
lized in the die. Multiple temperature settings were attempted
without success.

Another attempt was to vigorously mix PLLA (L175) and
PDLA (D070) in a plastic bag and then cast them in a single
extruder. The Tm measured was 176.5 ± 1.3 °C and 177.4 ±
0.5 °C for PLLA and PDLA, respectively, and reported as 175 °C
for both resins according to the manufacturer.30,31 However,
due to the different MFRs of PLLA (L175) and PDLA (D070),
3.5 ± 0.3 and 10.0 ± 0.9 g per 10 min (190 °C per 2.16 kg),
respectively, a good mixing was not achieved, and the films
could not be cast. We tried to extrude it at a lower temperature
closer to the Tm of the two resins and then at a higher temp-
erature closer to the Tm of SC-PLA. Still, the MFR was a major
issue, regardless of the extrusion temperature. Additional
attempts were made, but they were futile.

We then obtained two alternative resins, PLLA (L130) and
PDLA (D120), which had similar measured MFRs of 12.1 ± 1.5
and 12.2 ± 1.8 g per 10 min (190 °C per 2.16 kg), respectively,
potentially facilitating the extrusion mixing. The data sheet
reported the MFR as 10 g per 10 min for both resins (190 °C
per 2.16 kg).28,29 The Tm measured was 176.2 ± 0.5 °C and
179.4 ± 1.2 °C for PLLA and PDLA, respectively, and reported
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as 175 °C for both resins according to the manufacturer.28,29

Table S2 in the ESI† summarizes the MFR data of the four
resins. Table S3 and Fig. S1† provide a full characterization of
all four resins.

The PLLA (L130) and PDLA (D120) resins with comparable
MFR at a similar Tm were crucial for obtaining a homogeneous
mixture and optimizing the temperature profile for SC-PLA to
be formed during the extrusion process while extruding and
casting it into a film in one process. Several trials were needed
to optimize the temperature profile: at too low of a tempera-
ture, only HC-PLA was achieved, while at high temperatures,
the mixture flowed too rapidly and did not form a film.

3.1 Cast film production of PLLA/PDLA blend ratios

SC-PLA film has previously been made by solvent casting19

into a masterbatch for injection molding25,35 and for additive
manufacturing.24

To the authors’ knowledge, no published reports are avail-
able on producing SC-PLA film directly using cast film extru-
sion in a single screw extruder. This is likely due to a combi-
nation of differences in the flow characteristics of two enantio-
meric resins and/or sub-optimal temperature profiles of the
extruder. In this study, several blends of PLLA/PDLA resins
with similar MFR, Tm, and similar Mn were combined and
directly extruded in a single-screw extruder without the assist-
ance of a master batch under the processing conditions indi-
cated in Fig. S1.† The film combinations included 85/15, 70/
30, 50/50, and 30/70 PLLA/PDLA and homopolymer PLLA and
PDLA films for comparison purposes.

Fig. 1a shows images of the final films produced and the
accompanying UV transmission values at 600 nm, indicating
their transparency,36 which were similar for all the films.
Fig. S2 in the ESI† presents all the films’ transmission rates
versus wavelength.

Fig. 1b shows the stress versus strain characteristics of all
the films in the MD. Fig. S3 in the ESI† shows the film’s
tensile strength in the CD. No significant differences were
observed between the HC-PLA and the various blends. All the
samples exhibited fragile behavior with low elongation at
break. Table S4 in the ESI† presents the entire tensile charac-
terization of the films. Improvement in tensile strength charac-
teristics has been reported by others when SC-PLA samples
were annealed or injection molded.19,25 The extruded homopo-
lymer films and the blends were extruded at about 230 °C. The
resulting films were fully amorphous due to the low residence
time. The process could not induce crystallinity as it cooled
too quickly during the casting/chill process to allow crystalliza-
tion to take place, as confirmed by DSC and WAXD (discussed
in section 3.3). Fig. 1c shows the thermograms of PLLA, PDLA,
and PLLA/PDLA blends as extruded, verifying minimal to no
crystallization. As reported, the melting point of HC-PLA can
be observed at around 175 °C and that of SC-PLA between 220
and 230 °C.18 The PLLA and PDLA thermograms do not show
melting peaks at about 220 °C since they are only HC-PLA. All
the blends have the characteristic peak, with the 50/50 PLLA/
PDLA blend having the most significant enthalpy depression
due to the equimolar composition of L and D-PLA, maximizing
the SC-PLA formation. The other four blends have an excess of
either PLLA or PDLA and can only form the stereo-complex
until one of them is fully consumed. Crystallization of SC-PLA
in excess of PLLA or PDLA has been explored and reported.
Brochu et al. studied a blend of 100L/80D, which allowed
easier crystallization of the HC-PLA and, at the same time,
potentially improved the formation of SC-PLA by isothermal
crystallization.37 Park and Hong reported that SC-PLA for-
mation significantly promoted crystallinity and that the
amount of PDLA dictated the crystallization of the PLLA/PDLA
blend; as the amount of PDLA increased, the SC-Xc increased,
with the equimolar blend having the highest amount of
formed SC-PLA.38 Schmidt and Hillmyer studied blends of
PLLA with 0.25 to 15 weight percent optically pure PDLA and
determined the blend ratio and the thermal treatment signifi-
cantly modified the capability of the stereocomplex to nucleate
the excess PLLA homopolymer. Also, the stereocomplex influ-
enced the ensuing HC-PLLA crystallization. The amount of
HC-PLA crystallization was lower than anticipated compared
with the value of the pure homopolymer, attributed to the hin-
dered mobility of the PLLA chains bound to the
stereocomplex.39

3.2 Annealing the cast film

After the films were successfully produced, the effect of
annealing was evaluated. The optimal annealing temperature
was determined by running trials at 100, 140, 160, and 180 °C
(data not shown). Annealing at temperatures higher than
160 °C made the film unusable since the HC-portion of the
material melted. After reviewing the Xc data from the trials, it
was established to use 160 °C as the annealing temperature.
Fig. 2 shows the DSC thermograms and WAXD patterns of
PLLA, blends of 70/30 and 50/50 PLLA/PDLA, and PDLA

Fig. 1 (a) PLLA, PLLA/PDLA 85/15, 70/30, 50/50, 30/70, and PDLA films
along with %T at 600 nm; (b) tensile strength of PLLA, blends, and PDLA
in the machine direction (MD); (c) DSC of PLLA, blends, and PDLA. The
identification legend in Fig. 1b carries over to Fig. 1c (e.g., PLLA – light
blue color in the online version of the manuscript).
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obtained for 30, 15, 5, and 0 min at 160 °C. Fig. S4 in the ESI†
shows the DSC thermograms and WAXD patterns obtained for
the other blends, 85/15 and 30/70 PLLA/PDLA. Fig. 2b and h
show that at 15 min, crystallization started in the PLLA and
PDLA films, but full crystallization was not obtained until
30 minutes. All blends exhibited almost full crystallization at
5 min and complete saturation in crystal growth was observed
at 15 min. The crystallization peaks at about 100 °C are absent
at ≥5 min of annealing in Fig. 2c and e, indicating that com-
plete crystallization is obtained for the blends with just 5 min
of annealing or even less (data not shown). The WAXD patterns
in Fig. 2d and f show distinct peaks corresponding to
α-crystals (2Θ at 14.9°, 16.8°, and 19.2° associated with the
010, 110/220, and 203 crystal planes) and SC-crystals (2Θ at
12.0°, 20.8°, and 24.1° associated with the 110, 300/030 and
200 crystal planes) not present in the non-annealed
samples.40,41 Brochu et al.37 reported the nucleating effect of
PDLA on PLLA; they looked at PLLA/PDLA blends produced by
solvent casting and showed that racemic crystallites formed

with as little as 10% PDLA. This finding is consistent with the
findings of Tsuji and Ikada,19 indicating that a 50/50 PLLA/
PDLA blend produced via solvent casting had complete crystal-
lization at 5 min, while PLLA and PDLA did not show appreci-
able crystallization until 10 min. Our work shows that com-
plete crystallization can be achieved in cast films with a 50/50
PLLA/PDLA blend and the other blends (85/15, 70/30, and 30/
70 PLLA/PDLA) at even 5 min, and maybe even less.

Fig. 3 shows the tensile stress versus strain for the 70/30
and 85/15 PLLA/PDLA blends after annealing at different
times. The film strength dropped dramatically in the MD and
CD at 5 and 15 min due to increased brittleness. The tensile
stress and strain of the two blends were no better than those
of the HC-PLA samples after extruding (data not shown).
Table S4 in the ESI† summarizes non-annealed tensile stress
and strain for all the films. By annealing the samples, the crys-
tallinity was increased to 16–47%, depending on the annealing
time, analyzed via WAXD. Park and Hong also reported tensile
curves of PLLA/PDLA blended films, indicating a brittle
material with no yield point or plastic deformation;38 samples
annealed at 30 min could not be measured due to their brittle-
ness. Table 1 summarizes the tensile stress and strain results
for the two blends and shows that all the annealed samples
had significantly lower tensile stress and tensile strain than
the non-annealed samples; most annealed samples were not
significantly different (P > 0.05). Suder et al. reported that the
tensile strength of PLA increased with increasing annealing
temperature, with a maximum increase at 100 °C; however, as
the annealing temperature went above 100 °C, the tensile
strength decreased and was even lower compared with the

Fig. 2 (a) DSC thermograms of annealed PLLA-A-0,5,15,30 min; (b)
WAXD patterns of annealed PLLA-A-0,5,15,30 min; (c) DSC thermograms
of annealed PLLA-PDLA (70/30)-A-0,5,15,30 min; (d) WAXD patterns of
annealed PLLA-PDLA (70/30)-A-0,5,15,30 min; (e) DSC thermograms of
annealed PLLA-PDLA (50/50)-A-0,5,15,30 min; (f ) WAXD patterns of
annealed PLLA-PDLA (50/50)-A-0,5,15,30 min; (g) DSC thermograms of
annealed PDLA-A-0,5,15,30 min; (h) WAXD patterns of annealed
PDLA-A-0,5,15,30 min. Note: all DSC samples were annealed at 160 °C.
In the WAXD patterns, the dashed black lines represent α-crystals, and
the dashed blue lines represent SC-crystals.

Fig. 3 Stress versus strain at 160 °C and various annealing times for (a)
PLLA/PDLA (70/30) and PLLA/PDLA (85/15)– machine direction(MD),
and (b) PLLA/PDLA (70/30) and PLLA/PDLA (85/15) – cross direction
(CD).
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non-annealed samples.42 The samples in this study were all
annealed at 160 °C to maximize crystallization and nucleation
of SC. The data collected from the trials mentioned above sup-
ported the annealing temperature chosen. The process of
annealing the samples had a beneficial effect on inducing
crystallinity but had a detrimental impact on the film’s overall
strength. However, samples with 5 min of annealing time
provide sufficient crystallization to tailor other properties,
such as moisture vapor transmission rate, discussed in the
next section.

3.3 Moisture vapor barrier characteristics

Annealed and non-annealed samples were evaluated for moist-
ure vapor transmission to confirm the benefit of the increased
crystallinity. The moisture vapor permeability coefficient
(MVPC) for PLLA, PDLA, and all the blends annealed at 30 min
was compared. Fig. 4 summarizes the results and shows that
all the annealed samples had significantly better (lower)
MVPCs than the non-annealed samples; however, there was no
difference among any of the annealed samples. Increasing the
crystallinity generally reduces a polymer’s solubility, diffusion,
and permeability.43 In this case, the increase of crystallinity
directly affected the reduction in MVPC. In addition, the inter-

mediate blends of PLLA/PDLA (85/15, 70/30, 50/50, and 30/70)
also resulted in significantly improved barriers. Shogren
reported the MVTR of a solvent-casted PLLA film to be more
than double that of an annealed film at 54 °C for 10 min,44

consistent with the results in Fig. 4. Siparsky et al. reported on
the barrier of solvent-casted PLLA and PLLA/PDLA blends
ranging in Xc from 0 to 46%; the permeability coefficients of
the three annealed samples measured at 38 °C/90% RH were
lower than the non-annealed ones,45 indicating a similar trend
as we observed in this study.

The effect of annealing time was explored as it relates to the
MVPC and Xc. Fig. 5 shows the MVPC for each treatment and
indicates whether the sample is amorphous (A) and the
HC-PLA and SC-PLA crystalline ratio, where applicable.

Table 2 summarizes the MVPC for each treatment and
includes the Xc obtained by DSC and WAXD for each annealing
time. There was a direct correlation between the improved
barrier and the overall percentage of crystallinity. The same
trend discussed earlier concerning crystallinity at the various
annealing times also appears valid for the MVPC. The blended
non-annealed samples significantly differ from the annealed

Table 1 Summary of tensile stress and stain for PLLA/PDLA (70/30) and PLLA/PDLA (85/15) at varying annealing times

Material

Tensile stress at Maximum load Tensile strain at tensile strength

MD CD MD CD
MPa MPa % %

PLLA/PDLA(70/30)–0 minutes 35.49 ± 2.66a 30.19 ± 3.93d 2.34 ± 0.14f 1.82 ± 0.16h

PLLA/PDLA(70/30) A160–5 minutes 5.15 ± 1.25b 5.49 ± 2.23e 0.74 ± 0.14g 0.86 ± 0.14i

PLLA/PDLA(70/30) A160–15 minutes 5.37 ± 1.36b 8.21 ± 2.38e 0.6 ± 0.06g 0.93 ± 0.10i

PLLA/PDLA(85/15)–0 minutes 43.97 ± 4.94c 28.77 ± 1.15d 2.42 ± 0.22f 1.33 ± 0.10j

PLLA/PDLA(85/15) A160–5 minutes 8.80 ± 3.54b 5.63 ± 1.82e 0.73 ± 0.10g 0.63 ± 0.11k

PLLA/PDLA(85/15) A160–15 minutes 5.70 ± 2.91b 8.10 ± 1.22e 0.73 ± 0.19g 0.86 ± 0.22i

Values are means ± SD (n = 8); within columns, means with different letters are significantly different at P ≤ 0.05 (Tukey–Kramer test). Values at
30 min could not be obtained.

Fig. 4 Moisture vapor permeability coefficients for all blends evaluated
annealed at 0 and 30 minutes. Note: values followed by a different letter
are significantly different at P ≤ 0.05 (Tukey–Kramer test).

Fig. 5 Moisture vapor permeability coefficients for all blends evaluated
annealed at 0,5, 15, and 30 min. The magenta bars represent amorphous
samples, the blue bars represent the HC-PLA crystalline portion, and the
cyan bars represent the SC-PLA crystalline portion.
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blend composition for all annealing times i.e. 5, 15, and
30 min. The PLLA samples do not vary considerably from the
non-annealed sample until 15 min of annealing time. The
15 min and 30 min annealed PDLA samples show a significant
difference from the non-annealed sample; however, the 5 min
PDLA sample does not differ significantly from the other PDLA
samples. Tsuji et al. reported that the MVPC of PLLA films
decreased monotonically as the Xc increased from 0 to 20%
but leveled off at Xc greater than 30%. The finding was attribu-
ted to the elevated production of RAF regions to moisture per-
meation compared with the MAF regions.46 All our annealed
samples had an Xc greater than 30%, with no significant differ-
ence. Tsuji and Tsuruno reported the MVPC for PLLA, PDLA,
and a blend of (50/50) PDLA/PLLA for solvent-cast film and
observed a similar trend where all three films markedly
improved with annealing; the values reported ranged from
1.00 to 2.29 ((kg m)/(m2 s Pa)) × 10−14,23 like our reported
values. Our work further demonstrated that the intermediate
blends of PLLA/PDLA (85/15, 70/30, and 30/70) also resulted in
significantly improved barriers. This finding means that
improvement is obtained with as low as 15% PDLA, which
should be commercially beneficial since PLLA is more econ-
omical and commercially available than PDLA at present.

The WAXD crystallinity was decoupled between the α-crystal
and the SC-crystal by looking at the various peaks. The peaks
at 2θ = 14.9, 16.8, and 19.2 correspond to the α-crystal. The
peaks at 2θ = 12.0, 20.8, and 24.1 correspond to the SC-

crystal.41,47 As shown in Fig. 5, the α-crystal dominates in all
the blends except the 50/50 PLLA/PDLA blend. In the PLLA/
PDLA 50/50 scenario, equal amounts of PLLA and PDLA can
maximize the interactivity between the two enantiomeric
materials, increasing the amount of SC-PLA formed. Hence,
the 50/50 blend has the highest SC-PLA amount of all the
samples. In all other combinations, PLLA or PDLA is present
at different levels, limiting the reaction between the two and
leaving an abundance of unreacted PLLA or PDLA, depending
on the blend ratio. This does not stop the remaining PLLA or
PDLA from forming α-crystal at the annealing temperature/
time combination. The overall WAXD Xc,t for all the annealed
materials ranges from 16% to 47%, depending on the anneal-
ing time. The MVPC is also about the same for all the
annealed samples since there is no significant difference
between the annealed blended samples or the HC-PLA
annealed samples at 15 min of annealing or more. Chen et al.
reported similar findings on SC-PLA and the distribution
between the formation of α-crystals and SC-crystals; they
reported that at 140 °C, the α-crystals formed in a much higher
abundance than SC-crystals.41 This study was conducted at
160 °C but yielded similar findings, which means the overall
XC improves the barrier more than the individual XHC or XSC
formed. Additional studies could be conducted to decouple
the role of the α-crystals and the SC-crystals. Maybe selective
film manipulation could further improve the properties of
final films.

Table 2 Moisture vapor permeability coefficients for PDLA, PLLA, various blends, and DSC and WAXD crystallinity values

Material

MVPC DSC WAXD

n ((kg m)/(m2 s Pa)) × 10−14 Xc,HC Xc,SC Xc,t % SC Xc-α Xc,SC Xc,t % SC

PLLA-A160-30 min 12 0.853 ± 0.324e,f 41 — 41 — 31 — 31 —
PLLA-A160-15 min 12 0.892±0.233e,f 42 — 42 — 26 — 26 —
PLLA-A160-5 min 9 1.62±0.320a,c,d 27 — 27 — 16 — 16 —
PLLA-A160-0 min 14 2.15±0.720a,b 0 — 0 — 0 — 0 —
PLLA/PDLA(85/15)-A160-30 min 10 0.508±0.269f 31 14 44 31 34 8 42 19
PLLA/PDLA(85/15)-A160-15 min 12 0.744±0.3260e,f 26 15 41 38 29 13 42 30
PLLA/PDLA(85/15)-A160-5 min 14 1.130±0.590d,e,f 29 12 41 28 23 5 28 18
PLLA/PDLA(85/15)-A160-0 min 8 1.960±0.240a,b,c,d 0 0 0 — 0 0 0 —
PLLA/PDLA(70/30)-A160-30 min 23 0.798±0.617e,f 28 15 42 35 24 12 36 34
PLLA/PDLA(70/30)-A160-15 min 7 0.981±0.312e,f 22 17 39 44 20 13 33 40
PLLA/PDLA(70/30)-A160-5 min 10 1.140±0.230d,e,f 30 19 49 39 29 5 34 14
PLLA/PDLA(70/30)-A160-0 min 8 2.520±0.590b 0 0 0 — 0 0 0 —
PLLA/PDLA(50/50)-A160-30 min 21 0.953±0.341e,f 19 24 42 56 15 22 37 59
PLLA/PDLA(50/50)-A160-15 min 8 0.918±0.113e,f 21 25 47 54 40 7 47 15
PLLA/PDLA(50/50)-A160-5 min 10 0.998±0.179e,f 26 22 48 47 38 7 45 16
PLLA/PDLA(50/50) A160-0 min 9 2.36±0.230a,b 0 0 0 — 0 0 0 —
PLLA/PDLA(30/70)-A160-30 min 8 0.433±0.310f 29 17 46 37 25 7 32 21
PLLA/PDLA(30/70)-A160-15 min 8 0.856±0.450e,f 26 17 43 40 22 13 35 37
PLLA/PDLA(30/70)-A160-5 min 10 0.741±0.287e,f 18 16 34 47 11 12 23 51
PLLA/PDLA(30/70)-A160-0 min 15 2.61±0.370b 0 0 0 — 0 0 0 —
PDLA-A160-30 min 8 0.732±0.293e,f 43 — 43 — 37 — 37 —
PDLA-A160-15 min 6 1.270±1.530d,e,f 48 — 48 — 21 — 21 —
PDLA-A160-5 min 6 1.290±0.820c,d,e,f 34 — 34 — 22 — 22 —
PDLA-A160-0 min 7 2.250±0.600a,b,c 0 — 0 — 0 — 0 —

MVPC values are means ± SD; means followed by a different letter are significantly different at P ≤ 0.05 (Tukey–Kramer test). DSC and WAXD
measured crystallinity. WAXD is the ratio of the crystalline peaks’ area to the diffraction pattern’s total size. The crystalline peak areas were
obtained by subtracting the amorphous halo from the entire peak areas.
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4. Conclusion

SC-PLA was produced using cast film extrusion directly in a
single-screw extruder without first producing a masterbatch.
This is an excellent first step in producing commercial SC-PLA
film in one process. We annealed the SC-PLA film with a
hydraulic press at a lab-scale level, but the same results could
be obtained by orienting in line on a commercial scale while
casting the film due to the fast conversion times. The barrier
properties were improved from 2.5 to 6 times with annealing,
depending on the film, including PLLA and PDLA, indicating
that annealing alone can improve MVPC. This is a superior
MVPC compared to other compostable options and is a good
first step for a high moisture barrier film compared to its pet-
rochemical-based counterparts. However, stereocomplexation
decreases the annealing time needed to induce crystallization
and subsequent MVPC improvement. Improvement of MVPC
characteristics can be achieved with as little as 15% PDLA,
which is highly beneficial since PLLA is the more commercially
available of the two stereoisomers, helping with the economics
due to the price and availability of PDLA compared to PLLA in
the marketplace. The total formed crystallinity dictates the
improved MVPC and not the contribution of either the homo
or stereocomplex crystals. Even though the increased crystalli-
nity improved the MVPC, it had a detrimental effect on the
strength characteristics. Future work should be conducted to
tailor the brittleness while maintaining the improved MVPC
values.
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