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ABSTRACT

Biodegradable plastics are thought to be the possible directions in managing plastic pollutions. Unfortunately, they are not recycled in most
countries since they are designed to decompose even though recycling is a more pragmatic method than landfill or incineration. Thus, it is
more constructive to develop methods to recycle biodegradable plastics or to develop biodegradable yet recyclable plastics. In this study, we
used cutlery with a composite of poly(lactic acid) (PLA) and talc. The possibility to recycle it to make foams was studied even though it will
have lowered mechanical strength from the recycling process as it is less significant for this product. Tensile properties of solid PLA and
foams showed no significant decrease in the strength up to three processes of compression molding and foaming. We performed shear
rheometry to determine the thermal stability and dependences of the complex viscosity on frequency and temperature. The magnitude of the
complex viscosity dramatically increased with decreasing frequency and such an upturn increased with temperature, but time-temperature
superposition was valid at high temperatures. The extensional rheometry showed no strain hardening, but physical foaming using supercriti-
cal carbon dioxide (CO2) could still occur, and the operating conditions to obtain various foamed structures were determined. We also com-
pared the effects of one-directional against three-dimensional expansion. Overall, the concentration of CO2 in PLA and crystallinity of the
foams are the two key variables to describe the bulkiness of foams. Surprisingly, the lower the CO2 concentration, the bulkier the foams at
any sorption temperature and pressure.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0050649

I. INTRODUCTION

Synthetic polymers, i.e., plastics and rubbers, have been providing
us benefits, such as hygiene, safety, functions, and convenience. Thus,
we cannot imagine our lives without them. However, we have minimal
knowledge regarding what to do after their lifecycle.1,2 Currently, plas-
tics are not only contaminating our food sources but also threatening
the whole ecosystem.3 The COVID-19 pandemic has clearly shown
that we cannot live without plastics,4,5 especially disposable ones. It is
scandalous that approximately half the production of plastics is used
for single-use applications.6 We are now consuming these more than
ever before,7 and the environmental issues will become even more
drastic. Unfortunately, we are not ready to deal with all the polymer
wastes that are disposed intentionally or accidentally. All those issues
arise from the non-biodegradability of plastics. Plastics can be frag-
mented but not completely decomposed into simpler molecules.8

Today, biodegradable plastics provide a possible solution to pre-
vent those issues.9,10 However, biodegradable plastics are not recycled
in most countries, including New Zealand, since those are designed to
degrade, i.e., break down, compromising mechanical strength, and

thus those should be disposed of in regular garbage bins. This is prac-
ticed by applying materials with a recycling code number of 7
(OTHER). For example, cutlery made of biodegradable plastics even-
tually end up in either landfill or energy recovery. One of the main rea-
sons why biodegradability has been introduced to the plastic industry
is to minimize adverse impacts on the environment due to disposals. It
is an irony that the end of life of those is either landfill or burning
rather than recycling, which is a much better treatment. Thus, it would
be more constructive to develop methods to recycle biodegradable
plastics or develop recyclable biodegradable plastics. If recyclable plas-
tics degrade during physical recycling, that should be more expected
for biodegradable plastics during physical recycling. For example, it
does not seem to be a practical or favorable approach to recycle biode-
gradable cutlery back into cutlery due to lowered strength after recy-
cling. Hence, it is reasonable to only consider recycling biodegradable
cutlery in the applications where its mechanical strength is less signifi-
cant. It is challenging to recycle one plastic product to another applica-
tion because each product is made of a grade specifically suitable for
each application.
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We have chosen cutlery made of poly(lactic acid) or polylactide
(PLA) to study the possibility of recycling it to make foams, as
mechanical strength is not crucial, and defining the process windows.
PLA is a thermoplastic aliphatic polyester which can be obtained by
polymerizing derivatives from biomasses, such as cornstarch, sugar-
cane, and other wastes. PLA is the most successfully adopted synthetic
bio-based plastic in the industry and research for applications, includ-
ing three-dimensional (3D) printing, fabrics, packaging/bottles, films,
automotive, electronics, and tissue engineering.11 Moreover, its prop-
erties are similar to various non-degradable plastics. Approximately
more than 200 000 patents have currently been published,12 and this
polymer is still actively studied. The number of relevant publications
increases exponentially, such as for phase and stereocomplex behav-
ior,13–16 rheology,17–20 foaming,21–25 and recycling.26–28 In addition,
there are a significant number of reviews and monographs11,12,29–42

that are available.
First, we obtained rheological properties of PLA cutlery which

are readily available in a local supermarket and were used as a model
of biodegradable plastic. Linear viscoelastic (LVE) and extensional
properties were used to determine the thermal stability, viscosity,
strain hardening, and effect of temperature on rheological properties.
We also studied the effect of the number of recycling processes on the
mechanical strength of solid PLA.

We employed supercritical fluid (SCF) to physically foam the
PLA cutlery rather than chemical foaming to avoid using any toxic
chemicals. Detailed aspects of PLA foaming can be found elsewhere.40

We have chosen supercritical carbon dioxide (SC-CO2) as a physical
blowing agent to foam PLA cutlery. Additionally, we performed foam-
ing without adding any additives, such as chain extenders or thermal
stabilizers. The studied PLA cutlery was made of an injection molding
grade, which means it is a linear polymer, and did show strain harden-
ing behavior, which is believed to be necessary for extending polymers
in extensional rheometry, and it is challenging to foam. However,
Weingart et al.43 recently showed that strain hardening is not the only
key parameter to achieve low density foams and they argued that slow
crystallization can lead to a low foam density even without strain hard-
ening. We performed foaming at relatively low pressure drop rates
(PDRs) (hoping slow crystallization) to achieve various foamed struc-
tures at selected temperatures, pressures, and pressure drop rates.

We determined the effects of temperature, pressure, and pressure
drop rate on the foamed structure, such as crystallinity, density, spe-
cific volume, cell (bubble) population density, and cell size to ensure it
is possible to foam PLA cutlery to various foam structures for different
applications. We also studied the effect of the expansion direction by
comparing one-dimensional (1D) and three-dimensional (3D) expan-
sion to account for different foaming situations. This comparison can
be a guidance to predict the foaming behavior when there are dimen-
sional constraints during foaming.

II. EXPERIMENTAL
A. Materials

We used carbon dioxide (CO2, BOC Gas & Gear, New Zealand,
>99.8% purity) as a physical blowing agent, nitrogen (N2, BOC Gas &
Gear, New Zealand, >99.99% purity, instrument grade) to make
oxygen-free environment for the differential scanning calorimetry
(DSC), thermogravimetric analysis (TGA), and rheometry, and helium

(BOC Gas & Gear, New Zealand, >99.8% purity, instrument grade)
for pycnometry.

We have chosen disposable cutlery, which is a commercially
available product (BioPak, New Zealand), as a model plastic product
to be recycled into foams. The cutlery was made of poly(lactic acid)
(Zhejiang Hisun Biomaterials Co., China), which is an injection mold-
ing grade. This grade has a composite of linear PLA with 25wt. % of
talc (diameter: 5–10lm), which was added to increase the thermal
resistance, flame retardance,44–46 and mechanical strength.46,47 The
talc content was determined by a burn-off test. A piece of raw PLA
cutlery was placed in a dried porcelain cubicle, and then this cubicle is
placed in a furnace at 500 �C for 2 h. The talc content was determined
from the residue amount assuming that there is no ash content other
than talc. Liu et al.48 reported that the composition of talc will change
above 200 �C, but its weight loss between 100 and 800 �C is below
0.5%. Hence, we assume that the burn-off test does not underestimate
the talc content. The melt flow rate of PLA/talc composite (i.e., cutlery)
at 2.16 kg is 8–20 g per 10min at temperature (T)¼ 190 �C and, the
Vicat softening temperature is higher than 95 �C, and the Izod impact
strength is higher than 2.5 kJ/m2. The neat PLA component had been
synthesized using one enantiomer, L-lactic acid, and the content of
D-lactic acid was controlled to be below 1%. Its number average
molecular weight (Mn) is 110 000 g/mol, weight average molecular
weight (Mw) is 210 000 g/mol,49 thus the polydispersity index (PDI) is
1.9.

B. Solubility and diffusivity of CO2 in polymer

We should foam polymer only after saturating that with CO2 to
study the effect of concentration of CO2 on foam properties.
Otherwise, foaming during the transient sorption can lead to unknown
concentration of CO2. For this purpose, the solubility and diffusivity
of CO2 in PLA are necessary. Both data sets were obtained from litera-
ture sources and calculation. Data based on CO2 sorption in PLA
around room temperature50–53 and above its melting temperature54,55

are available. Li et al.54 reported the solubility and diffusivity of CO2 in
PLA at various sorption pressures up to 28MPa and temperatures at
180 and 200 �C. Since it was not possible56 to obtain true solubility
solely by either conventional weight change measurements or theories,
Li et al.54 used equations of state (EOS): the Sanchez–Lacombe
(SL)54,56–59 and the Simha–Somcynsky (SS)54,60–62 models along with
their apparent (i.e., without considering the buoyancy change due to
swelling of polymer) solubility data. They reported model fitting
parameters for both EOSs. Meanwhile, Li et al.63 and Sarikhani et al.64

used a visualization system65 to obtain the volume swelling due to
CO2 absorption in polymers, and they could obtain the true solubility
of CO2 without any assistance of an EOS concluding that the SS model
along with apparent data is similar to their solubility data with the
combined visual and weight-measurement methods. Mahmood
et al.55 also argued that the SS model is a better choice for copolymers
of L-lactide and D-lactide. Thus, we obtained the solubility values for
pressures used in this study by interpolation using data by Li et al.54 at
180 �C and those by Sarikhani et al.64 up 12MPa at 140 and 160 �C.
The solubility at 20 and 28MPa at 140 and 160 �C was estimated by
SS model calculations based on the method and parameters reported
by Li et al.54 Detailed methods can be found in the above literatures.
One of the key parameters in predictions using an EOS is a set of the
interaction parameters for mixing of two materials. While those are a
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strong function of temperature in SL model predictions, those are tem-
perature invariant54 or a weak function of temperature55 in SS model
predictions. Thus, the same interaction parameters were used at 140
and 160 �C as reported values at 180 �C.54 Mahmood et al.55 showed
that the content of D-lactide has little effect on the solubility and diffu-
sivity of CO2 in PLA, and the very low content of D-lactide in our
sample should thus have no effect. The heterogeneity of the composite
should not affect the solubility of CO2 but could affect the CO2 diffu-
sion.66 However, we assumed that the talc content does not affect the
CO2 diffusivity, and this assumption is valid based on the foamed
structure (see Sec. II I 3). The resulting values are shown in Table I.

Li et al.54 reported the diffusivity of CO2 in PLA at 180 and
200 �C are a very weak function of pressure. It is obvious that the dif-
fusivity decreases with decreasing temperature, but those at 140 and
160 �C are not available in literature. An Arrhenius type of fitting
model67 was used, and parameters were obtained using the following
expression and data (average over pressure) available:

ln
D Tð Þ
D T0ð Þ ¼

�Ea;D
R

1
T
� 1
T0

� �
; (1)

where D Tð Þ is the diffusivity at temperature T, T0 is a reference T, R is
the gas constant, and Ea;D is the activation energy for the diffusion
process and found to be 17.1 kJ/mol. Table II shows the estimated
(140 and 160 �C) and average (180 �C) diffusivity of CO2 in PLA. The
saturation time will be estimated based on those values later in this
paper. The accuracy of the diffusivity is not as crucial as the solubility
since the full saturation can also be confirmed by the evenness of the
foam structure.

C. Sample preparation

The raw PLA cutlery, molded solid, and foam samples were
placed in a vacuum oven at room temperature more than two weeks
before going through any experimental processes and tests. This pro-
cedure is to evaporate oxygen and any volatile chemicals including
moisture and unreacted monomers present in those materials68–72

except for thermogravimetric analysis, where raw and unvaccumed
PLA cutlery was used. The moisture or volatility level was determined
using a moisture analyzer (Sartorius MA35, Germany) and was mea-
sured to be 0.3wt. % after drying in the vacuum oven.

The handle of a PLA fork was cut to obtain the following dimen-
sions of 7 (W)� 60 (L)� 1.3mm (T) for tensile test.

For all other tests, compression-molded PLA was used. Prior to
compression molding, the PLA cutlery and foams were cut into chip
sized pieces that were smaller than 5mm and crushed, respectively.
Those chips were placed in a 130 (W)� 130 (L)� 1mm (T) mold
and shaped into be a plate via using compression molding in a hot

press (model 3912, Carver, Inc., USA). The operating conditions were
5 tons of compression force and at T¼ 190 �C. Once the sample was
compressed, the hot press was cooled down with flowing water at a
cooling rate of 30 �C/min. The compression-molded plate was cut into
25mm diameter and 1mm thickness disk shapes for rotational rhe-
ometry, 13 (W)� 18mm (L) strips for extensional rheometry, 10 (W)
� 60mm (L) strips for tensile tests, and 25mm diameter and 1.5mm
thickness disk shapes for foaming experiments.

D. Thermogravimetric analysis

A thermogravimetric analyzer (TGA, NETZSCH STA449 F3
Jupiter, Germany) was used to determine thermal decomposition of
raw PLA cutlery, via its weight change due to heating up from 23 to
500 �C at 10 �C/min with nitrogen flow at 50ml/min. Meanwhile,
weight changes were recorded.

E. Differential scanning calorimetry

A differential scanning calorimeter (DSC, DSC8000, Perkin-
Elmer, USA) was used to determine the phase transition behavior of
the following three samples: raw fork, compression-molded plate, and
foam which was obtained by operating CO2 at T¼ 180 �C and
P¼ 10MPa with a normalized pressure drop rate (NPDR) [Eq. (11)]
of 0.06 s−1. Initially, a heating scan was implemented for each type of
the stated samples at a temperature rate of 20 �C/min and the heating
was from 35 to 255 �C to not only obtain the glass transition tempera-
ture and melting behavior but to also confirm whether the samples
have any stereocomplexity. For all other foam samples obtained at var-
ious foaming conditions, a heating scan from 35 to 200 �C was imple-
mented to attain their glass transition temperature and melting
behavior. Figure 7 shows the following properties that were deter-
mined. The glass transition temperature (Tg) is the temperature at
local maximum heat flow which was observed to be around 60 �C.
The peak melting temperature (Tm;peak) is the temperature of the local
maximum heat flow during the heating scan while the onset melting
temperature (Tm;onset) is the temperature where the peak starts to
develop from the baseline,73 and the end melting temperature (Tm;end)
is the temperature where the peak ends back to the baseline. In addi-
tion, the degree of crystallinity of every sample was determined using

vc �
DHm

1� /ð Þ � DHm;100%
; (2)

where / is the weight fraction of talc, which is 0.25 for this study,
DHm is the melting enthalpy of PLA which is obtained from the area
under the curve of the melting peak (J/g), and DHm;100% is the melting

TABLE I. Solubility of CO2 in PLA. Units are g CO2/g PLA.

P (MPa) 140 �C 160 �C 180 �C

10 0.12 0.076 0.066
12 0.15 0.090 0.078
20 0.25 0.15 0.13
28 0.32 0.21 0.19

TABLE II. Diffusivity of CO2 in PLA at various temperatures and the estimated satu-
ration time.

140 �C 160 �C 180 �C

Diffusivity (cm2/s) 7.24 � 10−6 1.25 � 10−6 2.05 � 10−6

(Ref. 54)
Saturation time (min)
for 1.5mm thick disk

31 18 11
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enthalpy of PLA with 100% crystallinity, which is 93.7 J/g at the equi-
libriummelting point.29

F. Rotational shear rheometry

Linear viscoelasticity (LVE) or shear rheological properties and
thermal stability were determined by SR5000 rotational rheometer
(Rheometric Scientific, USA) with parallel disks of a 25mm diameter
and with a sample thickness of 1mm at various temperatures. All tests
were performed in a nitrogen environment to produce an oxygen-free
environment. To minimize the effect of inertia, an inertia correction74

for the upper plate was used. The thermal stability was determined at a
frequency (x) of 10 rad/s and a strain (c) of 0.5% at 210 �C.
Meanwhile, the storage G

0
x; tð Þ and loss moduli G00 x; tð Þ were deter-

mined every 20 s. The change of the magnitude of complex viscosity
(simply “the complex viscosity” for the rest of this study) with time (t)
was used to determine the thermal stability,

g� x; tð Þ
�� �� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G0 x; tð Þ

x

� �2
þ G00 x; tð Þ

x

� �2
:

s
(3)

The complex viscosity with time was fitted to a linear equation. All the
tests including foaming were performed within the determined time-
frame where g� x; tð Þ�� �� is 10% less than its initial value. Saeidlou
et al.15 preheated their stereocomplex PLA to 240 �C prior to rheologi-
cal measurements at 180 �C to eliminate the previous stereocomplex-
ity. However, the main goal of this study is understanding how to
recycle PLA products, and this hardly involves such preheating in
actual applications so the samples in this study were not preheated.
Ultimately, all the D-content in the PLA sample in this study is rela-
tively low; hence, stereocomplexity was not a concern.

To perform frequency sweep tests within the linear regime, i.e.,
linear viscoelasticity (LVE) data, strain sweep tests were initially per-
formed. The maximum strains were determined by selecting the high-
est strain value before g� x; tð Þ�� �� starts decreasing with increasing
strain at 100 rad/s. A strain of 0.5% was found to be the maximum
strain at T¼ 180 �C to give LVE data. At higher temperatures, data
should be in the linear regime at the same strain since less stress will
be applied to the sample. Frequency sweep tests were performed at the
strain of 0.5% to determine G

0
x;Tð Þ, G00 x;Tð Þ, and g� x;Tð Þ�� ��,

where T is the test temperature of 180, 190, 200, and 210 �C, and at
decreasing frequency between 100 and 0.01 rad/s. Data with torque
values below the instrument limitation were not reported.

G. Extensional rheometry

Extensional rheometry was performed using a Sentmanat
Extensional Rheometer (SER, model SER-HV-A01, Xpansion
Instruments, USA)75,76 and an Advanced Rheometric Expansion
System (ARES, Rheometric Scientific, USA) to determine the tensile
stress growth function gþE _e; tð Þ of PLA at T¼ 180 �C. All tests were
performed in a nitrogen environment to produce an oxygen-free envi-
ronment. A sample was loaded on the vertically standing two drums
at T¼ 180 �C. After a certain soaking time at the test temperature, the
ARES motor started rotating the drums of SER and stretched the sam-
ple at a constant Hencky strain rate (_e)

_e ¼ 2XRD=L0; (4)

where X is the rotational speed of ARES motor (rad/s), RD is the drum
radius (0.5155 cm), and L0 is the fixed length of the sample (1.272 cm),
i.e., the distance between the two drums. Meanwhile, the torque (M)
necessary for the rotating drums was recorded.

The sample dimensions were measured at ambient temperature
(normally 20 �C) prior to loading to SER. Thus, those during a test
should be estimated after accounting for the changes in the cross-
sectional area, due to the thermal expansion76 and stretching, which
lead to the exponential decrease in the cross-sectional area with time
at a constant Hencky strain rate. The transient cross-sectional area of
the sample is then

A _e; tð Þ ¼ A0
q0
qT

� �2=3

e�_et ¼ W0H0
q0
qT

� �2=3

e�_et ; (5)

where t is elapsed time, qT is the sample density at the test tempera-
ture, and q0, A0, W0; and H0 are the density, cross-sectional area,
width, and thickness of the solid sample determined at room tempera-
ture, respectively. The transient tensile stress is the ratio of the tensile
force to the cross-sectional area,

rþ _e; tð Þ � F _e; tð Þ
A _e; tð Þ ; (6)

where F _e; tð Þ is the transient tensile force on the sample and can be
obtained from the torque on the drum,

F _e; tð Þ ¼ M _e; tð Þ
2RD

; (7)

where M _e; tð Þ is the torque measured by ARES. Finally, the tensile
stress growth function (often wrongfully defined as extensional viscos-
ity) is obtained by

gþE _e; tð Þ � rþ _e; tð Þ
_e

; (8)

and can be calculated by combining Eq. (5) through to Eq. (8),

gþE _e; tð Þ ¼ M _e; tð Þe_et

2R_eW0H0
q0
qT

� �2=3
: (9)

We reported only data with torque above the instrumental limit and
up to the time when the sample holding clamps of SER touch each
other after a 3=4 turn of the drums.

H. Tensile properties of solid PLA

Tensile properties of solid samples were determined by a univer-
sal test machine (UTM, model 5965, Instron, USA). All tests were per-
formed at tensile speed of 50mm/s at T¼ 20 �C. PLA is relatively
brittle and not ductile; therefore, the data analysis was comparatively
straightforward. Young's modulus is the slope of the stress vs strain
curve. The tensile strength and elongation at break are the stress and
strain, respectively, and at where the sample broke. The yield strength
of PLA is the same as the tensile strength since no yielding or ductile
behavior was found. Toughness is the area under the curve and the
average was taken from six replicates.
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I. Batch foaming

We used an environmentally benign foaming process to physi-
cally foam molded PLA disks using supercritical CO2 in a batch foam-
ing system. Even though CO2 has a bad reputation in terms of global
warming potential aspects, CO2 shows the lowest global warming
potential among physical blowing agents. It is also nontoxic and easy
to recycle. Moreover, a decent amount of CO2 can be absorbed by
many types of polymers. The principle of physical foaming is simple.
We dissolve supercritical CO2 in PLA at a high pressure and tempera-
ture because more CO2 can be dissolved at elevated pressure and we
needed the molten state of polymer to make bulky foams. After satu-
rating PLA with CO2, a vent valve is promptly opened to induce a sud-
den drop in the pressure and thus the solubility of CO2, which leads to
bubbling. This process does not involve any chemical reaction of toxic
chemicals; hence, it is not only environmentally benign but also
nonhazardous.

1. Foaming system

The piping and instrumentation diagram (P&ID) for this batch
foaming system is shown in Fig. 1. A high-pressure, foaming chamber
(Series 4651, Parr Instrument Company, USA) was preheated to the
desired sorption temperature using a ceramic band heater (TEMPCO,
New Zealand). The temperature was controlled using a thermocouple
and a temperature controller. Once the desired temperature was
reached, a compression-molded PLA disk was placed into the foaming
chamber and the system was evacuated for 5min. Then, CO2 was
injected into the system from a CO2 cylinder. The system was pressur-
ized to the desired sorption pressure using a syringe pump (D260,
Teledyne ISCO, USA). When the saturation of CO2 sorption in the
PLA sample was achieved, one out of the three vent valves was opened
to induce pressure drop in the system and foaming. For vent valve 1 or
2, the pressure drop rate is controlled by the set gap of the pin valve,
which was adjusted prior to CO2 sorption. In addition to the size of

the gap of the pin valve(s), the length of the tubing will affect the flow
of SC-CO2,

77 and jet disintegration78 may affect the release of SC-CO2.
Vent valve 1 is for the slowest pressure release.

The pressure drop rate (PDR) is often defined as the time deriva-
tive of pressure68,79,80

PDR � � dP
dt

; (10)

where P is the chamber pressure and t is the time. PDR decreases with
time as can be seen in Fig. 2(a) so that no single value can be reported
except for the initial value. To obtain a more proper definition of PDR,
i.e., a single value, PDR can be normalized by pressure to give the pres-
sure drop rate (NPDR),

NPDR � � 1
P
dP
dt

¼ � d lnPð Þ
dt

: (11)

Thus, PDR is the magnitude of the slope of ln P vs t. The PDR at the
beginning of depressurization can be also estimated by

PDRjt¼0 ¼ P0 � 1
P
dP
dt

� �
¼ P0 �NPDR; (12)

where P0 is the initial pressure. Both PDR and NDPR were used in
this study.

The two pin valves (vent valves 1 and 2) were adjusted at test
pressures and temperatures without a sample and with/without the
sample supporting fixture (Fig. 3), i.e., a blank run to give the desig-
nated NPDR values up on opening one of those vent valves. These
NPDRs could be different with the same opening of the pin valves in
tests with the sample and sample supporting fixture. However, Fig. 2(b)
shows that there is no difference in the slope, i.e., the pressure drop
for all the different methods is reproducible, up to 14 s. Trials with
the sample supporting fixture for the accelerated diffusion methods
(see Sec. II I 3) took less time to release the whole pressure from the

FIG. 1. Piping and instrumentation diagram for batch foaming process.
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foaming chamber compared to the blank runs. This suggests that
less amount of gas was present in the chamber due to the occupied
volume by the fixture. However, in 14 s, the pressure dropped to
only 10% of the initial value as shown in Fig. 2(a). The differential
pressure over time, which is the driving force for foaming, became
comparably small. In consequence, the difference in the total time to
complete the chamber evacuation will not matter even with a sample
inside the chamber. When the system is operated at the
same NPDR, it takes the same time to complete a depressurization
despite what the initial pressure and temperature were. Vent valve 3
was used to give the maximum PDR of the system. During

depressurization, a pressure transducer was used to record the pres-
sure profile every 0.001 s.

2. Foaming procedure and conditions

First, the chamber with the sample holding fixture was heated to
a desired temperature, and then a sample was loaded on the fixture
with or without the constraining cylinder. After closing the cover of
the chamber, the chamber was evacuated for 5min. The system was
pressurized to a desired pressure using the syringe pump after filling
the system with CO2. After soaking the sample for the estimated satu-
ration time (see Sec. II I 3), one of the vent valves was promptly opened
to induce depressurization and thus foaming. The sample holding fix-
ture (Fig. 3) was constructed to allow the bottom of the sample to be
in contact with CO2. This fixture composed of a tripod, a coarse mesh
made of stainless steel 316, and loosely woven glass fibers coated with
polytetrafluoroethylene (PTFE). It was confirmed that the saturation
with CO2 was four times faster by placing the sample on top of the fix-
ture instead of directly putting it on the chamber bottom.

In order to study the difference of one-dimensional (1D) vs
three-dimensional (3D) expansion at various PDRs, samples were

FIG. 2. Reproducibility of pressure release from P¼ 10 MPa and T¼ 180 �C at
various conditions inside the chamber. Blue dashed line indicates 14 s.
Polytetrafluoroethylene (PTFE) is the coating on the woven glass fibers cylinder, (a)
pressure with time and (b) ln P with time.

FIG. 3. Inner setup of the foaming chamber. (a) Sample loading for 3D foaming
(sorption) and (b) sample loading with a constraining cylinder for 1D foaming (sorp-
tion) study. The sample supporting fixture is composed of a tripod, a stainless steel
mesh, and loosely woven glass fibers coated with PTFE (images are not to scale).
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loaded in two different ways shown in Fig. 3. For 1D expansion, the
disk sample was placed on a fixture and in a constraining hollow cylin-
der. This cylinder was produced from woven glass fibers and coated
with PTFE to prevent samples from sticking onto its surface.81 For 3D
expansion, a disk sample was placed on the fixture without the con-
straining hollow cylinder. It should be noted that 3D expansion will be
described as two-dimensional (2D), i.e., radial and longitudinal expan-
sion in the cylindrical coordinate system.

The CO2 sorption temperature and the pressure were set to
T¼ 180 �C and P¼ 10MPa. As for foaming, it took place at three
NPDRs which were 0.06, 0.13, and 0.16 s−1. The average values of
foam properties were taken from four replicates.

To study the effects of operating conditions (temperature, pres-
sure, concentration of CO2) on the foamed structure, sorption condi-
tions were set to 140, 160, and 180 �C and 10, 12, 20, and 28MPa.
Foaming took place at NPDR of 0.02 s−1. Similarly to the above, the
average values of foam properties were taken from four replicates.

3. Estimating time for saturation of solid with CO2

The concentration of dissolved CO2 should be controlled as it is
one of the key variables in foaming study. One of the easiest
approaches to tackle this control will be leaving the sample in the
chamber at a given time. This will at least be after the time required
for the concentration of CO2 to reach its solubility in the polymer. To
minimize thermal degradation, the sorption time should also be mini-
mized. Thus, the estimation of saturation time is important. Park and
Dealy56 used the analytical solution of Fick's second law of diffusion to
estimate the saturation time in Cartesian coordinates system since
they saturated a rectangular sample. However, we used disk samples,
so Fick's second law of diffusion in cylindrical coordinates system
should be used,

@C
@t

¼ D
r

@

@r
r
@C
@r

� �
þ @

@h
1
r
@C
@h

� �
þ @

@z
r
@C
@z

� �� �
; (13)

where t is the elapsed time, C is the concentration of CO2 in polymer,
D is the diffusivity of CO2 in polymer, which is assumed to be inde-
pendent of C, r is the radial, h is the angular, and z is the axial (longitu-
dinal) coordinate variables in the cylindrical coordinates system. Since
there should be no change of C in h direction, Eq. (13) becomes

@C
@t

¼ D
r

@

@r
r
@C
@r

� �
þ @

@z
r
@C
@z

� �� �
: (14)

For 1D sorption (or expansion) [Fig. 3(a)], in which CO2 sorption
takes place only in z-direction, Eq. (14) can be reduced to

@C
@t

¼ D
@2C
@z2

: (15)

The analytical solutions are shown in Appendixes A and B, which
show the two different versions of solutions depending on how the
boundary conditions were defined. The transient amount of CO2

absorbed by polymer can be obtained by

M tð Þ ¼
ðh
o
C z; tð Þdz; (16)

where h is the length of the path of CO2 diffusing in polymer. Using
the analytical solutions of Eq. (15), Eq. (16) becomes

M tð Þ
M 1ð Þ ¼ 1�

X1
n¼0

8

2nþ 1ð Þ2p2 exp �D 2nþ 1ð Þ2p2t
4h2

� �
; (17)

whereM 1ð Þ is the amount of CO2 absorbed by polymer after infinite
sorption time and n is the summation index. For
M tð Þ=M 1ð Þ ¼ 0:99, which is considered saturation in this study,
Dt=h2 ¼ 1:64.56 As a result, the saturation time, i.e., the sorption time
for saturating polymer with CO2 can be calculated using

tsat ¼ 1:64h2

D
: (18)

Since we used the accelerated system in which sorption takes place not
only from the top but also from the bottom of the sample, as shown in
Fig. 3, h is half the thickness of the sample. It should be noted that the
sample will swell up on sorption, so that the thickness varies with
time. In order to obtain the saturation time, the final (ultimate) thick-
ness of the sample needs to be determined. This is the volume swelling
due to dissolved CO2 at P¼ 28MPa and the where the maximum
swelling was obtained by applying the SS model prediction with exper-
imental data.54

For the case of 3D sorption (or expansion) [Fig. 3(b)], Eq. (14)
should be solved, and Bessel function should be used in the analytical
solutions which are truly more complicated than Eq. (17). Since there
is another dimension for CO2 sorption, the saturation time for 3D
should be shorter than for 1D. Thus, it suggests that the saturation
time obtained for 1D sorption is sufficient for 3D sorption and pro-
vides the same thermal history for both 1D and 3D foaming.
Essentially, thin disks were used for foaming which denotes that the
sorption in axial direction will dominantly saturate the polymer over
the radial direction. In consequence, 3D sorption can also be approxi-
mated to 1D sorption. Table II shows the estimated saturation time for
1.5mm in thickness disks. Foaming (i.e., depressurization) was per-
formed after placing the sample in the chamber with CO2 at given
temperature to attain the saturation time. It was confirmed that there
is no significant difference in the foamed structure between locations
near the top and bottom surfaces and the center implying that the esti-
mated saturation time was reasonable.

J. Density of solid and foam

The density of all unfoamed and foamed PLA samples was deter-
mined using a densitometer kit (YDK01, Sartorius, Germany) on a
microbalance (CPA124S, Sartorius, Germany) utilizing the
Archimedes principle (ISO 1183–1987). First, the foam sample was
weighed in the air (Win air) and then weighed after it was submerged in
distilled water (WinW). By finding all those masses, the density of the
sample (q0) can be determined using the equation below where qW is
the density of distilled water

q0 ¼
Win airqW

Win air �WinW
: (19)

The average density of the sample was calculated by acquiring the
average from four measurement replicates.

The density of PLA/talc as a function of temperature is necessary
to analyze both shear and extensional rheometry data. Sato et al.82

reported pressure-volume-temperature (PVT) data of neat PLA and
fitting parameters for a modified cell model equation of state (MCM
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EOS) developed by Dee and Walsh.83,84 It should be noted that the
MCM EOS cannot be used to predict the density of PLA/talc alone, as
this model requires the experimental data for its parameters. In addi-
tion, PLA/talc composite is used in our studies and no PVT data were
published for that. Mehrjerdi et al.85 showed that the density of poly-
ethylene/talc linearly decreases with temperature, and its slope is
invariant with the content of talc. This implies that the talc does not
contribute to the density change of the composite with temperature.
Assuming that the same rationale is valid, we shifted Sato et al.'s data
vertically until this matches with the density of compression-molded
PLA/talc (T¼ 20 �C), which was used for rheological measurements.
The density of PLA/talc at high temperatures was extrapolated from
the shifted curves that are observed in Fig. 4.

K. Cell (population) density and cell size of foams

To capture cell structures, foams were cut parallel to the axial
(longitudinal) direction, i.e., vertical to the bottom surface to see the
side view (vertical shape) of the cells and parallel to the bottom surface
to see the top view of the cells (Fig. 5). Foams could be placed in liquid
nitrogen prior cutting to prevent shear deformation. For our samples,
those were not placed in liquid nitrogen since those were fairly brittle
and could be cut without shearing the surface. The cut foams were
sputter-coated with palladium using a sample preparation system
(Q150T ES, Quorum Technologies, Canada) at a sputter current of
30mA and sputter time of 60 s. A scanning electron microscope
(SEM, JSM-IT300, JOEL, Japan) is used to capture 2D images of
foamed structures.

The cell density, i.e., cell population per unit volume, can be con-
ventionally determined from a 3D cross-sectional image of a foam
sample as shown below by assuming that spherical cells are uniformly
distributed in all directions,

qcell ¼
n
A

� �3=2

foam

; (20)

where qcell is the density of the cell, A is the area of the image of inter-
est, and n is the number of cells in the area. However, we need to

exclude the void volume contributed by cells in the control volume for
the cell density calculation. The easiest method is using a correction
factor (the volume expansion ratio) as the following equation:68,86,87

qcell �
n
A

� �3=2

foam

Vfoam

Vsoild
¼ n

A

� �3=2

foam

q0;solid
q0;foam

; (21)

where Vfoam is the volume of foam, and Vsoild is the volume of solid
sample without foaming, q0;solid is the density of solid, and q0;foam is
the density of foam. This definition can help compare the density of
the cell (qcell) among the foams with different bulk volumes, since this
shows the number of cells per unfoamed volume excluding void vol-
ume. Thus, the physical meaning of qcell is also the cell-nucleus density
at the beginning of the foaming process assuming that no coales-
cence88,89 or breakup90–92 occurred during foaming. The cell density
was determined on two different locations of an SEM image of four
replicates. The cell density is an important parameter as it can be
related to the mechanical and bulk properties of the foam.

L. Cell circularity of foams

Cell properties (circularity, density, and diameter) were deter-
mined by using an image processing software, ImageJ using the SEM
images of cell structures. The circularity of cells is defined by the fol-
lowing equation:

Circularity � 4pArea
Perimeter2

; (22)

where Area is the cross-sectional area of a cell, and Perimeter is the
perimeter of a cell. When a cell is circular, Circularity is unity. As for
when this circularity term decreases, cell shape is polyhedral with
decreasing number of vertices. When a cell is a line, this term is zero.

M. Void fraction and open cell contents

The volume of a foam (Vfoam) can be obtained by

Vfoam ¼ mfoam

q0;foam
; (23)

where mfoam is the mass of the foam sample assuming that air in the
cells does not contribute to the foam mass, and is composed of three
volumes,

Vfoam ¼ Vsolid þ Vclosed þ Vopen; (24)

where Vsolid is the volume of the solid member which can be deter-
mined by

Vsolid ¼ mfoam

q0;solid
; (25)

where Vclosed is the volume of closed cells and Vopen is the volume of
open cells which was determined using a pycnometer (UltraFoam,
Quantachrome Instruments, Austria) at T¼ 20 �C based on ASTM D
6226 (Standard Test Method for Open Cell Content of Rigid Cellular
Plastics) using helium at P¼ 0.4 bar. The volume of closed cells
(Vclosed) can be obtained by

Vclosed ¼ Vfoam � Vsolid þ Vopenð Þ: (26)

For the total cell (void) volume (Vcell) which is either occupied by CO2

or air in the foam is expressed as

FIG. 4. Experimental densities of PLA at various temperatures and compression-
molded PLA/talc at T¼ 20 �C. The density of PLA/talc at high temperature
was gathered from the shifted Sato et al.'s data.82 The inferred densities at 20,
180, 190, 200, and 210 �C are 1.472 (raw fork), 1.474, 1.290, 1.283, 1.276, and
1.267 g/cm3, respectively.
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Vcell ¼ Vclosed þ Vopen ¼ Vfoam � Vsolid: (27)

The degree of foaming can be determined by the cell (void) volume
fraction (fcell), which is denoted as

fcell � Vcell

Vfoam
¼ 1� q0;foam

q0;solid
: (28)

Hence, the volume fraction of the solid (fsolid), closed cell fsolidÞ, and
open cell contents (fopen) can be obtained, respectively, with the
following:

fsolid ¼ Vsolid

Vfoam
; (29)

fclosed ¼ Vclosed

Vfoam
; (30)

fopen ¼ Vopen

Vfoam
: (31)

N. Statistical analysis

Statistical analysis was performed by a one-sided student t-test
using Microsoft Excel. We considered the statistical significance when
the p-value was lower than 0.05. We marked two different significance
levels as � for p<0.05 and �� for p<0.01. The number of replicates
implemented is shown in the relevant sections.

III. RESULTS AND DISCUSSION
A. Thermal stability at high temperature

Thermal stability of raw PLA fork, which had not been dried,
was determined by TGA measurements in a nitrogen environment.
The two sets of weight change data with temperature are almost iden-
tical as shown in Fig. 6. The initial weight decreased by 1.5% is thought
to be due to the moisture evaporation. The weight decreased
immensely between 300 and 390 �C implying most of the organic
components are decomposed to gases in that regime. The lowest
weight percent stayed around 26% even after leaving the sample at
500 �C for hours (not shown in Fig. 6) and there was a dark-colored
debris, i.e., an undecomposed organic material on the sample cubicle.
This happened because there was the presence of talc that was holding
the organic components together as it is commonly used as a flame
retardant. The weight % of talc shown in TGA is slightly higher than
the actual specified amount of talc. All those behaviors are similar

to what Jain et al.93 reported for neat PLA and PLA with talc up to
5wt. %.

B. Phase transition behaviors

Thermal behavior of three samples: raw fork, compression-
molded plate, and foam foamed at T¼ 180 �C, P¼ 10MPa, and
NPDR¼ 0.06 s−1 were determined by DSC measurements. Figure 7
shows the glass transition and melting behaviors of the samples.

Table III shows the resulting transition temperatures and crystal-
linity. The melting behavior of the three samples is quite different
implying that those had experienced very different cooling history
after each molten process. The molded plate shows a bimodal melting
peak, and the foam shows an even trimodal peak while the fork shows
only a unimodal peak with a small shoulder. The phenomenon of
peak splitting is similar to the case of stereocomplex PLA,14,15 but this
is not the case as the D-lactic acid content in our sample is very low
and no peak was found during the heating scan around T¼ 250 �C
(not shown in Fig. 7). Jain et al.93 reported a similar behavior for PLA/
talc composites up to 5wt. % of talc: The peak temperature (Tm;peak)

FIG. 5. Foam cutting for SEM images. (a)
Orthogonal to the bottom surface and (b)
parallel to the bottom surface. (Images are
not to scale.)

FIG. 6. Two distinct runs to show the weight change of PLA/talc cutlery during
heating up at 10 �C/min.
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for neat PLA is 168 �C, and the bimodal peak temperatures were 165
and 170 �C for their PLA/talc composites. The behavior of bimodal
melting peaks appeared because compounded talc particles led to two
different crystalline structures. Considering that the cooling rate in the
compression molding was 30 �C/min, which was slow enough to
induce phase separation leading to the bimodal melting peak, we
can presume that the cutlery was cooled down much faster than
30 �C/min. Consequently, the crystallinity of the fork is lower than the
compression-molded plate.

A multi-mode of a melting peak was even more apparent with
the foam. Unlike injection or compression-molding which involves
quiescent crystallization, the foaming process involves significant elon-
gation as a consequence of the alignment of both polymeric chains
and talc network. Essentially, the latter seems to have contributed to
the trimodal melting peak. All other foams also showed trimodal melt-
ing peaks as shown in Tables IV and V.

The end melting temperature (Tm;end) of 172 �C for the
compression-molded plate suggests that T¼ 175 �C would be a very
marginal temperature for rheometry since rheological tests at that
temperature may cause shear-induced crystallization.94,95 Hence,
T¼ 180 �C was chosen as the lowest temperature for both shear and
extensional rheometry. In spite of that, the lowest foaming tempera-
ture will be a different case. Foaming can still take place in a solid.
Moreover, all polymer/CO2 can be molten at a considerably lower
temperature than the melting temperature of the neat polymer due to
plasticization. Therefore, T¼ 140 �C was selected for the lowest foam-
ing temperature. Nofar et al.96 reported the melting temperature (Tm)
of PLA linearly decreased by 12 �C with increased CO2 sorption pres-
sure by 4.5MPa. Considering the onset melting temperature for the
compressed molded plate (Tm;onset) is 150.6 �C, our PLA/talc sample
saturated with CO2 at T¼ 140 �C and P¼ 10MPa would be molten.

Glass transition temperature (Tg) appeared somewhere between
60 and 71 �C where an overshoot (local maximum) was observed, and
such a behavior has also been reported.97 The glass transition tempera-
tures are similar in which Nofar et al.98 reported for PLA with 4.6mol.
% talc at the same heating rate of 20 �C/min.

C. Shear rheometry of molten sample

Figure 8 shows the loss G0 and storage G00 moduli determined at
decreasing frequencies and various temperatures. Figures 8(a) and
8(b) clearly show that the rheological behavior has never reached the
terminal region with the slope of 2 for G0 and that of 1 for G00. Instead,
there are upturns at lower frequencies. The higher the temperature,
the higher and earlier (i.e., lower frequency) the upturns are. The com-
plex viscosity, g�j j, shows the same behavior in Fig. 9(a). The LVE
data show almost linear behavior and minimal shear thinning behav-
ior at relatively high frequencies. However, g�j j shows an upturn with
decreasing frequency rather than asymptotically approaches to the
zero-shear viscosity. This behavior is similar to stereocomplex
PLA,15,99 but the PLA used in this study has a very low D-content, so
that stereocomplexity is not considered. The behavior is also similar to
the case with microphase separation in polymers, such as block copol-
ymer.73 If there was a phase separation, it should have been between
neat PLA and talc particles not among PLA polymeric chains. This
type of behavior is similar to the typical viscosity (g) as a function of
shear rate (_c)100 of steady simple shear for filled polymer systems. The
viscosity curve can be divided into four sections, which can be
observed in Fig. 10, where the first section is a plateau at very low shear
rate, the second section is apparent yielding at low shear rate, the third
section is an intermediate pseudoplateau, and the fourth section is

TABLE III. Transition temperatures (�C) and crystallinity (%) of raw fork,
compression-molded plate, and foam foamed at T¼ 180 �C, P¼ 10 MPa, and
NPDR¼ 0.06 s−1. Heating and cooling rates were 20 �C/min.

Sample Tg Tm;onset Tm;peak Tm;end Crystallinity

Fork 66.2 145.0 154.4 163.3 31.5
Molded 66.2 150.6 161.7, 169.7 172.0 41.1
Foam 66.4 144.9 151.4, 161.0, 168.3 171.1 42.9

TABLE IV. Transition temperatures (�C) and crystallinity (%) of foams foamed at 1D
and 3D expansion at T¼ 180 �C and P¼ 10 MPa. NPDR in is s−1.

NPDR Tg Tm;onset Tm;peak Tm;end Crystallinity

1D 0.06 64.7 157.4 146.2, 160.5, 168.3 171.4 43.1
0.12 64.6 154.0 157.1, 167.4, 177.9 179.7 39.3
0.16 62.5 154.8 146.5, 157.7, 167.3 171.2 39.1

3D 0.06 66.4 144.9 151.4, 161.0, 168.3 171.1 42.9
0.12 65.4 154.5 135.2, 157.2, 166.8 169.7 39.8
0.16 65.3 156.8 142.8, 159.6, 167.6 171.2 39.6

TABLE V. Transition temperatures (�C) and crystallinity (%) of foams foamed at NPDR¼ 0.02 s−1. Pressure is in MPa.

Sorption P Sorption T Tg Tm;onset Tm;peak Tm;end Crystallinity

10 140 62.8 160.5 154.6, 156.1, 167.6 172.7 36.1
160 67.3 159.9 154.7, 157.5, 168.0 171.9 29.2
180 65.3 153.2 142.8, 158.9, 167.7 172.8 43.2

20 140 66.4 164.1 156.4, 158.9, 168.2 171.7 32.7
160 70.7 164.7 157.0, 160.0, 170.3 173.8 34.9
180 64.4 162.2 154.2, 157.3, 168.1 171.8 32.2

28 140 68.0 164.8 156.8, 160.2, 169.4 172.5 32.5
160 66.8 163.3 155.7, 158.6, 168.6 172.1 33.0
180 64.8 162.3 155.0, 157.4, 168.2 172.5 34.7
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shear thinning at high shear rate. There are two conflict contributions
to the flow curve. Thus, two models can be added to model the whole
viscosity curve vs shear rate100 to cover nonhydrodynamic interaction,
such as among particles and polymeric chains behavior at relatively
low deformation rates, and hydrodynamic interaction among poly-
meric chains and behavior at relatively high deformation rates. Similar
behavior can be expected in the frequency domain but due to the limi-
tations of experiments, the first and last sections of the curve were not
explored in this study. Thus, only the apparent yielding (an upturn
with lowering frequency) and the pseudoplateau regions were
observed and evaluated as shown in Fig. 9(a). The upturn should be
due to the polar groups, i.e., hydroxyl groups and active sites on the
talc surface.101 Talc particles tend to agglomerate, which result in the
dynamic equilibrium between agglomeration and breaking up of
the talc network during shear deformation.102–104 Shear deformation
is often strong enough to break a capsule with thin membrane in
liquid,105 and thus loosely (physically) connected particles will be sepa-
rated by shear deformation. The breaking up is dominant at high fre-
quency (or shear rate) while agglomeration is dominant at low
frequency leading to such an upturn. For these cases, shear history will
be crucial since that arises the different network formations of talc.
Considering that more talc network forms at low frequencies, the fre-
quency sweep LVE measurements started from the highest frequency
of 100 rad/s and moved to the lowest frequency.

The talc surface is both hydrophilic and hydrophobic at the same
time,106,107 i.e., heterogeneous,107 so hydrophilicity of talc should not
simply induce the adhesion failure (or interfacial slip108,109) between
PLA and talc which is hydrophobic. Interfacial slip110 could also occur
at high shear rates (or high stress) leading to a dramatic decrease on
the complex and vice versa when the shear stress is relatively low. This
could be confirmed by comparing the viscosity and the complex vis-
cosity since the Cox–Merz rule56 fails when interfacial slip takes

place111 or by a visual method.112 Considering that the instrument has
limitations and interfacial slip is out of the scope of this study, the vis-
cosity was not determined, and the visual method was not used.
However, the trend shown in Fig. 10 should still be valid for the com-
plex viscosity vs frequency since shear rate increases with frequency at
a given strain. Since we have used a parallel-plate geometry, the defor-
mation rate should depend on radial position unlike a cone-plate
geometry.113 If cone-plate geometry was used, the results could be dif-
ferent. It should also be noted that the upturn could lead to large
amplitude oscillatory shear (LAOS) flow114,115 and orientation of order
in the flow.116 Since LAOS and the comparison between parallel-plate
and cone-plate geometries are out of the scope of this study, this was
not explored any further.

The apparent yielding at lower frequencies is a strong function
of temperature as shown in Fig. 9(a). This could be due to the effect
of temperature on hydrophilicity. Song et al.117 reviewed and stud-
ied the effect of temperature on the contact angle of water on a
hydrophobic solid surface. They concluded the contact angle is
invariant with temperature up to T¼ 160 �C even at various pres-
sures. This implies that the interfacial tension between hydrophilic
talc particles and hydrophobic PLA matrix can be a very weak func-
tion of temperature and that the change in interfacial tension with
temperature does not account for the effect of temperature on the
degree of the apparent yielding. As mentioned earlier, the apparent
yielding is the result of the dynamic equilibrium of talc agglomera-
tion and the mobility of polymeric chains. Thus, the viscosity of
neat PLA is one of the key variables for the degree of the apparent
yielding rather than interfacial tension. It is obvious that the viscos-
ity of neat PLA matrix exponentially decreases with temperature.
Thus, at a higher temperature, much lower stress (especially at
lower frequencies) is imposed at a given deformation and deforma-
tion rate, i.e., driving forces to disturb network formation of talc is
much lower. This results in poor dispersion of the talc particles
and will eventually lead to the further increase in viscosity (more
apparent yielding) of PLA/talc at a higher temperature and espe-
cially at lower frequencies. There are not enough data points
since our results cover only the two regions. Hence, we have not
tried to model using the combined two models, such as two
Carreau–Yasuda models118 with different parameter sets as men-
tioned earlier. Figure 11 shows a sketch to illustrate how the fre-
quency affects the network of talc particles. At either relatively low
frequency, rate, or stress, the network of talc particles remains com-
paratively intact. This leads to dramatically higher complex viscos-
ity than that of neat polymer while that is broken up at high
frequency, so that talc particles are dispersed more evenly.

The strong effect of temperature on LVE, especially at low fre-
quencies, implies that time-temperature superposition may not be suc-
cessful throughout the whole curve of the LVE. However, we adopted
a method used by Park et al.73 We obtained the temperature shift fac-
tors by shifting the whole curves to make the sections only at high fre-
quency, where hydrodynamic behavior is dominant, superposed. First,
the vertical shift factors (density-temperature shift factors)56 were
obtained from the densities at various temperatures (Fig. 4) and is
defined below,

bT Tð Þ � Tq0;solid Tð Þ
Trefq0;solid Trefð Þ ; (32)

FIG. 7. Thermal behavior of three different samples during heating up at 20 �C/
min. Each division on y axis is 0.1W/g. Curves were shifted vertically to be all
shown in the same plot.
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where temperatures are in K, and Tref is the reference temperature of
180 �C, and applied to the moduli as G0 Tð Þ=bT Tð Þ and G00 Tð Þ=bT Tð Þ.
The vertical shift factor is often considered as unity, but this is not
strictly true because that increases by 5% by 30 �C as illustrated in Fig.
8(c). Hence, these reduced variables were shifted to obtain the time-
temperature shift factors, aTðTÞ as demonstrated in Fig. 8(c), until the
high frequency sections are superposed on that at the reference tem-
perature. Overall, the reduced variables can be plotted as shown in the
above Fig. 8(d) and expressed with the following equations:

G0 Tð Þ
bT Tð Þ vs x Tð ÞaT Tð Þ; (33)

G0 0 Tð Þ
bT Tð Þ vs x Tð ÞaT Tð Þ: (34)

The time-temperature shift factor follows the classical Arrhenius equa-
tion119 and is expressed as

lnaT Tð Þ ¼ Ea
R

1
T
� 1
Tref

� �
; (35)

where Ea is the activation energy for the flow, and R is the ideal gas
constant (8.314 J/mol K). The slope of Fig. 8(c) is Ea ¼ 78.5 kJ/mol,
and this value lies within the range of 71.9–80.9 kJ/mol17 for various

FIG. 8. Storage and loss moduli at various frequencies and temperatures. (a) Storage modulus, (b) loss modulus, (c) horizontal (time-temperature) shift factor and vertical
(density-temperature) shift factor with Arrhenius model fit (solid line), and (d) reduced moduli using both density-temperature and time-temperature shift factors.
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PLAs, which had no talc and showed no apparent yielding. This
implies that the behavior of PLA with or without talc is similar at high
frequencies. Thus, the hydrodynamic behavior is clearly dominant at
high frequencies, and the effect of talc is negligible.

The shift factors were applied to the complex viscosity as shown
in the equation below,

g�j j Tð Þ
aT Tð ÞbT Tð Þ vs x Tð ÞaT Tð Þ: (36)

The above relationship can be seen in Fig. 8(b). As predicted, the com-
plex viscosity at various temperatures can be superposed at relatively
high frequencies, while low frequencies cannot be superposed due to
the upturns. The onset frequency of upturn starts later with tempera-
ture, but the degree of upturn increases with temperature. The former
implies that higher deformation rate, i.e., higher stress is necessary to
break the network structure of talc particles at higher temperature due

to the low viscosity of the matrix. The latter implies that the network
structure is stronger at higher temperature at the same deformation
rate again due to the lower viscosity. However, the reduced complex
viscosity at 200 and 210 �C is about the same implying that time-
temperature superposition of the whole flow curve can be obtained at
and above 200 �C. The rheological behavior above shows that the
effect of compounded particular solid can be negligible in processes
involving relatively high shear rate. On the other hand, it can be an
issue in processes involving relatively low shear rate such in rotational
molding and compression molding.120 This is because small changes
in thermal and/or shear history can lead to large changes in the behav-
ior, since there is no strong shear stress to break the network structure
of the particles resulting in low reproducibility. The particle size and
its surface roughness also affect the flow matrix,121 and flow properties
of one composite cannot be used for other composites with a different
grade of talc. For continuous foaming process, additional variables,
such as die swell will need to be considered.122 Since the effects of
compounded various particles and die swell are out of the scope of this
study, these were not further investigated.

D. Extensional rheometry of molten sample

1. Sagging issue

One of the major concerns in extensional rheometry is the sam-
ple sagging due to gravity and variations in strain rate. Sentmanat46

minimized sagging issue by mounting a sample slab with an edge fac-
ing down in SER rather than having a large surface facing down. Thus,
no supporting medium, e.g., oil123 or gas124 was necessary to support
the sample when g0 > 10 kPa s. We have not determined the viscosity
but the following equality should be valid:

lim
_c!0

g _cð Þ ¼ lim
x!0

g� xð Þ�� ��: (37)

Figure 9 shows limx!0 g�ðxÞ�� �� < 1 kPa s. Thus, g0 of PLA/talc used
in this study will be lower than 10 kPa s, and the sagging of the sample

FIG. 9. Complex viscosity at various frequencies and temperatures. (a) Complex
viscosity, and (b) reduced complex viscosity using both density-temperature and
time-temperature shift factors.

FIG. 10. Sketch of the log plot of viscosity vs shear rate for polymeric melt with
filled solid.100 The flow curve can be fitted to a combination of two models where g0
is the zero-shear viscosity, and k is the characteristic time in each model. The sub-
scripts 1 and 2 indicate each model. Green dashed lines show power-law behavior.
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in SER can be an issue. The sample will become thinner with the sag-
ging or soaking time due to the downward stretching motion, and
these make torque values during extension lower than those with no
sagging present. Thus, if we use the same values in Eq. (9), we will
underestimate gþð_e; tÞ due to the occurrence of sagging. Figure 12
shows the sagging behavior of a sample slab with 1mm thickness at
T¼ 180 �C. Sample sagging was shown even at soaking time, t¼ 15 s.
While the upper edge became thinner first, the lower edge became
thicker. After t¼ 30 s, the lower edge also starts sagging. To achieve
fully molten state, it would be better to soak a sample at given temper-
ature for as long as possible. Unfortunately, this approach is not valid
and leads to serious sagging. Figure 13 shows gþð_e; tÞ at 1 s−1 after
soaking the sample at T¼ 180 �C for t¼ 15, 30, 60, and 120 s, respec-
tively. The results clearly exhibits that gþð_e; tÞ decreases with soaking
time, and this implies that the sample becomes thinner with elapsed
soaking time. After t¼ 120 s, the lower edge almost touched the floor
(shown in Fig. 12) and gþð_e; tÞ became erratic. Li et al.125 developed a
horizontal version of SER with a support underneath of the sample to
avoid sagging. The working principle is similar to the Meissner type
extensional rheometer,124 but that development was not available for
this study. The next question is how long we should leave the sample
in SER before launching a test. We have chosen 30 s for this study.
Extensional rheometry in this work has been performed to see if there
is strain hardening. Even if the extensional rheometry underestimates
the magnitude, it would not be a serious concern.

FIG. 11. Sketch of the network of talc particles (bright greenish yellow in polymer
matrix (black), not based on model predictions. At either relatively low frequency,
rate, or stress, the network of talc particles remains comparatively intact. This leads
to dramatically higher complex viscosity than that of neat polymer while that is bro-
ken up at high frequency so that talc particles are dispersed more evenly.

FIG. 12. Sagging behavior of 1 mm thick sample in SER with soaking time at
T¼ 180 �C. Red boxes depict the location of the rotating drums while the blue
boxes show where the sample clips are.
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One of the limitations of SER is extensional time especially at
high strain rate. There is a sample holding clamp on each rotating
drum. Both clamps are at the 12 o'clock position in the beginning and
those can contact each other at 3 and 9 o'clock position after counter
rotation if the sample is not thin enough. The contact leads to a surge
in the torque and data beyond this point should not be used. If a sam-
ple is too thin, the signal to noise ratio may not be large enough, espe-
cially for the polymers with low viscosity. Thus, the sample should not
be too thin to prevent that issue.

2. Effect of Hencky strain rate

Figure 14 shows the effect of Hencky strain rate (_e) on the tensile
stress growth coefficient, gþ _e; tð Þ after soaking the sample at T
¼ 180 �C for t¼ 30 s. At various rates, gþð_e; tÞ shows nonlinear
behavior, i.e., gþ _e; tð Þ is dependent on _e. Due to the sagging issue, _e
lower than 0.75 s−1 was not used, so it is unknown if 0.75 s−1 shows
linear behavior during longer periods of time. Dynamic shear
deformations and extensional deformations will impose completely
different stress profiles on the sample and this situation leads to
different agglomeration of talc, especially at low deformation
rates. Thus, the theoretical comparison between shear and exten-
sional deformation may not be valid. In addition, we should not
expect the three-times rule or the Trouton ratio to work:
3g0 ¼ lim_e!0;t!1 gþE _e; tð Þ, where g0 is the zero-shear viscosity and
the viscosity in the pseudoplateau region (Figs. 9 and 10) in this
study. Figure 13 shows lim_e!0;t!1 gþE _e; tð Þ ¼ 10 kPa s for the case
with minimum sagging while Fig. 9(a) shows that g�j j ¼ 0.5 kPa s
in the pseudoplateau assuming that there is zero-shear viscosity in
place, and the effect of talc network is negligible. This means
3g0 � lim_e!0;t!1 gþE _e; tð Þ, and hence it is difficult to discuss sag-
ging with this comparison. This failure in applying the Trouton
ratio seems to be due to the solid particles in the melt. It is easy to
shear solid particles in a melt since those can be rotating126 or
translating. On the other hand, it is well more difficult to elongate

solid particles assuming there is no lip.127 Such a theoretical com-
parison in detail is out of the scope of this work. However, it is quite
obvious that there is no strain hardening behavior, which is often
necessary for extending polymers.68,128 Since the PLA/talc used in
this study does not show strain hardening, it could be difficult to
foam. However, the setback can be overcome using optimized proc-
essing conditions of foaming, and identifying the operation window
which were the aims of this study. Weingart et al.43 recently showed
that strain hardening is not the only key parameter to achieve low
density foams. Linear polypropylene with no long chain branching
structure (i.e., no straining hardening) could also be foamed to give
a low foam density. Thus, it should not be discouraged to use poly-
mers while they are not showing strain hardening behavior that is
required for the foaming process. Weingart et al.43 argued that slow
crystallization can lead to a low foam density even without strain
hardening. This was the motivation for us to choose low NPDR for
foaming.

E. Tensile properties of solid samples

Figure 15 shows the tensile behavior of different samples with dif-
ferent thermal history, such as I: raw fork, II: compression-molded
plate made from raw fork, III: twice compression-molded plate made
from raw fork, and IV: compression-molded plate that was foamed
and then compression-molded again. It is apparent that the raw fork
(I) had the strongest tensile properties. This conveys that the
compression-molding process weakens the samples and makes them
less elastic. The toughness of the sample is a combination of tensile
strength and elongation at break, as a result establishes the thermal
history of toughness [Fig. 15(c)] to be more apparent than the results
of tensile strength [Fig. 15(a)] or elongation at break [Fig. 15(b)].

Even so, it is surprising that the tensile properties for samples II
through IV were relatively similar. This implies that once the first deg-
radation due to compression-molding of the sample at T¼ 190 �C
exhausted the sample, further processing, such as foaming and another
compression-molding, has less effect on the tensile properties, even

FIG. 13. Effect of sagging and soaking time on extensional properties at a Hencky
strain rate of 1 s−1 and T¼ 180 �C.

FIG. 14. Effect of Hencky strain rate on extensional property at T¼ 180 �C.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 33, 067119 (2021); doi: 10.1063/5.0050649 33, 067119-15

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


though the standard deviation increases with thermal history. This sit-
uation is favorable since the recycling process can be repeated as the
deterioration from further processing will be minimal. Compounded
talc should have induced faster and more crystallization where it will
lead to higher mechanical strength47,129 and thermal resistance. It
should be noted that the thermal history of the raw fork and further
processing of the samples had negligible effect on their Young's modu-
lus [Fig. 15(d)]. This should be due to the fact that Young's modulus
primarily expresses the rigidity of the samples rather than material
strength. Overall, the rigidity of samples is not overly impacted by the
further processing of the samples, which provides another incentive
for recycling.

The PLA/talc composite used in this study showed no ductile
behavior in tensile tests, and this disagrees to what Yu et al.46 reported.
Their PLA/talc composited with 0.3wt. % of silane coupling agent (3-
aminopropyltriethoxysilane, KH-550) and up to 30wt. % of talc
showed an increasing trend in ductility as well as in their tensile

strength, toughness, and elongation at break. Especially elongation at
break, it was tripled when 30wt. % of talc was added. These escalated
properties were predominantly due to the coupling agent which
reduced the material's adhesive failure. However, the tensile strength
of the material composite only increased by 10% even though the crys-
tallinity increased by eight times while adding 30wt. % of talc. This
implies that the tensile strength is a weak function of crystallinity while
the elongation at break is a strong function of that, but this is the case
with the coupling agent.

F. Properties of foams

1. 1D vs 3D and effect of NPDR

To study the effect of expansion direction on foam properties, we
performed foaming in 1D (expansion only vertically) and 3D (expan-
sion not only vertically but also radially) at T¼ 180 �C, P¼ 10MPa,
and NPDR [Eq. (11)] of 0.06, 0.13, and 0.16 s−1. The conventional

FIG. 15. Tensile properties of the four samples with different thermal history. I: Raw fork, II: compression-molded plate from raw fork chips, III: twice compression-molded plate,
and IV: compression-molded plate that was subsequently foamed then cut into foam chips for re-molding. Error bars in the graphs show the standard deviations. (a) Tensile
strength, (b) elongation at break, (c) toughness, and (d) Young's modulus.
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pressure drop rates, PDR [Eq. (10)] right after opening the valve for
those NPDRs were 0.8, 1.5, and 2.3MPa/s, respectively. The 3D foam-
ing was indeed 2D expansion, i.e., in the radial and longitudinal in
cylindrical coordinate system. From our preliminary studies, we found
that irregular cell structures rupture at relatively high NPDR. Such rup-
tures can be due to the large strain during expansion after fast crystalli-
zation even if the matrix was still soft.130 In regard to this manner, we
have chosen relatively low NPDR values for the comparison of 1D [Fig.
3(b)] and 3D [Fig. 3(a)] foaming. The foam density, q0;foam [Eq. (19)],
and the void fraction, fcell [Eq. (28)], were determined by taking the
average over four replicates as shown in Fig. 16. Through analysis, we
observed that 1D foaming results in denser foams. It is manifest that
the restriction in radial direction suppressed the overall foam expansion.
Foam expansion was concentrated in longitudinal direction, which
means there should be more expansion in that direction than in 3D, yet
it was not the case. There should have been expansion in radial direc-
tion as well in 1D foaming, and this phenomenon can be seen based on

Fig. 17, which illustrates the side view of cell structures after cutting
samples vertically, i.e., orthogonal to the bottom surface [Fig. 5(a)]. As
for Fig. 18, it shows the top view of cell structures after cutting samples
horizontally, i.e., parallel to the bottom surface [Fig. 15(b)]. In 1D foam-
ing, voids were formed in the radial direction which denotes expansion
in that direction. However, the diameter of the constraining cylinder
was the same as the disk diameter, which means the disk should not be
able to expand in the radial direction. In regard to this occurrence, the
voids were replacing the polymer matrix by pushing the matrix upward
in the longitudinal direction while expanding in radial direction. This is
similar to air bubble propagation in a rectangular elasto-rigid channel131

where the matrix has a fixed width, but an air bubble grows. It should
be noted that there was no significant statistical difference between 1D
and 3D foams as illustrated in Fig. 17. This suggests that in either 1D or
3D foams, there was only minimal expansion in the radial direction.
Moreover, the samples were thin disks, which implies that it would be
easier to expand in longitudinal direction rather than radial direction
and can be observed in Figs. 17 and 18.

Both the foam density and void fraction are dependent on the
NPDR for both 1D and 3D expansions. The foam density increases
and the void fraction decreases with NPDR, indicating that foaming
should take place in a slower manner (i.e., at low NPDR) to make
bulky foams at the given conditions. The higher the NPDR, the faster

FIG. 17. Side view of the cell structure after cutting the samples in a direction that
is orthogonal to the bottom surface [Fig. 17(a)]. White scale bars are 500 lm long.

FIG. 16. Comparison of (a) foam density and (b) void fraction [Eq. (28)] for 1D and
3D foams at NPDR¼ 0.06, 0.13, and 0.16 s−1. The conventional pressure drop
rates (PDR) for these are 0.8, 1.5, and 2.3 MPa/s, respectively. Error bars represent
the standard deviation. �: p < 0.05.
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the sample temperature drops. This leads to faster solidification and
stabilization of the cell structures rather than allowing the cells to grow
slowly. The temperature depression due to pressure drop would
increase with NPDR. Thus, foaming at high NPDR leads to the glass
transition temperature being more quickly attained, and quicker solid-
ification inhibits cell expansion. For those reasons, smaller cell struc-
tures and denser foams will be obtained. These trends are correlated
with the theories79,80,132 regarding cell nucleation and growth. The
effect of NPDR will be discussed along with the cell density
subsequently.

Figure 19(a) shows the comparison of the cell diameter in 1D
and 3D foams, and those values were obtained from the top view of
the cells (Fig. 18). The standard deviation of the values appears to be
rather substantial because there is a large size distribution. In addition,
the cells are not simply cylindrical and the size of the cells in the SEM
images varies with the location of the foam cutting. The cell diameter
of 1D foaming is slightly smaller than that of 3D foaming even
though there is a significant statistical difference. This contingency
should be due to the constraint in the radial direction in 1D foaming.
We should also analyze the cell circularity [Eq. (22)] obtained from
side view of cells as illustrated in Fig. 19(b) to consider the effects of

NPDR and foaming direction on cell structures. Although there is no
significant difference in 1D and 3D cell circularity, generally the cir-
cularity of 3D foams will be larger than 1D foams. Nevertheless, this
does not convey that cells in 3D foams were less elongated vertically
than 1D because the cell diameter of 3D foams is larger.
Furthermore, the circularity of both 1D and 3D foams increases with
NPDR, but the cell diameter is invariant with NPDR [Fig. 19(a)]. A
faster pressure drop induces faster solidification, as a result in less
cell growth longitudinally, i.e., less expansion resulting higher foam
density which is illustrated in Fig. 16. However, there is minimal
effect of NPDR on horizontal (radial) cell growth, which was
expected. This is because it will require more time for the cells to
complete vertical growth than radial growth considering that the
aspect ratio, and radial growth was well completed before vertical
growth and stopped by solidification, i.e., cooling process.

FIG. 18. Comparison of the top view of the cell structure after cutting the samples
in the direction that is parallel to the bottom surface [Fig. 17(b)] for 1D and 3D
foams at NPDR¼ 0.06, 0.13, and 0.16 s−1. The conventional pressure drop rates
(PDR) for these are 0.8, 1.5, and 2.3 MPa/s, respectively. White scale bars are
500 lm long.

FIG. 19. Comparison of (a) cell diameter obtained from the top view of cells and
(b) cell circularity obtained from side view of cells for 1D and 3D foams at
NPDR¼ 0.06, 0.13, and 0.16 s−1. The conventional pressure drop rates (PDR) for
these are 0.8, 1.5, and 2.3 MPa/s, respectively. Error bars represent the standard
deviation. �: p < 0.05 and ��: p < 0.01.
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Figure 20 shows the comparison of the cell density, qcell [Eq.
(21)]. Cell density described in Eq. (21) still significantly lacked accu-
racy since the cell density was estimated only from a 3D micrograph.
To improve the accuracy of cell density, a “correction factor, which is
governed by the foam structure and cell growth direction, was factored
in Ref. 133. However, it was not possible to obtain the exact correction
factor since the cell shape varies. Figure 20 shows that there is no par-
ticular statistical difference between 1D and 3D foams, but we can
observe an established relationship. In comparison with 3D and 1D
foams, cell density of 3D foams is lower than 1D foams at given
NPDR. This relationship denotes that the thermodynamic instability
due to sudden pressure drop in the 1D foaming process was more uti-
lized for nucleation rather than cell growth, due to its constraints, i.e.,
can only expand in one direction in contrast with the 3D foaming pro-
cess, i.e., can expand in two directions. In other words, the cell density
decreases with NPDR, and this trend contradicts others' work.79,80,132

They reported that the cell density of foams increases while cell diame-
ter decreases with PDR due to its high thermodynamic instability.
Even so, their PDR was considerably larger than ours, and the cell den-
sity may show a U-shaped trend with NPDR.

The talc particles have served as a nucleating agent for both crys-
tallization and foaming, i.e., heterogeneous nucleation134 that leads to
faster solidification (less cell growth) and higher cell density135,136 than
foaming neat polymers. The average cell size in Fig. 19 shows that the
foams made at the given conditions (T¼ 180 �C and P¼ 10MPa) can
be classified as conventional and fine-celled foams.40 The distribution
of cell size is rather large, and that is even larger in 3D foaming. This
fact should not discourage us recycling PLA to make foams. Foams
made from recycled PLA cutlery can still be used in applications which
do not need uniform cell size. On the basis of pycnometer measure-
ments, the closed cell fraction [expressed in Eq. (30)] was determined
to be zero at all foaming conditions. This suggests that all cells were

open, i.e., only open-cell foams137 were produced in this study. The
remaining CO2 in the foams should have been replaced by air quickly
unlike closed-cell foams, which require more time due to lower diffu-
sivity.138 Nofar et al.139 explained that reduced melt strength increases
the open cell fraction in PLA foams. As mentioned earlier, the melt
strength and even the tensile strength of PLA in this study were
obtained to be relatively low. Therefore, we should expect that we will
obtain low cell wall strength during the foaming process. McInerney
et al.140 showed that the elasticity of polypropylene decreases with the
talc content between 5 and 25wt. %. In addition, Kaewmesri et al.141

argued that too much talc compounded in PLA can increase the open
cell fraction. It is due to the talc particles in PLA that serves the break-
age of the polymeric matrix during cell expansion. Overall, we can
consider applications of recycled PLA/talc in the fields requiring open
cells, such as sound insulators,142,143 oil production,144 filters,145 and
wicks for evaporative humidifiers. It is favorable to have various pore
structures since we can expect different drying behaviors of liquid

FIG. 21. (a) Effect of NPDR on crystallinity of foams and (b) effect of crystallinity
on specific volume.

FIG. 20. Comparison of the cell density for 1D and 3D foams at NPDR¼ 0.06,
0.13, and 0.16 s−1. The conventional pressure drop rates (PDR) for these are 0.8,
1.5, and 2.3 MPa/s, respectively. Error bars represent the standard deviation.
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from the pores for different humidifiers considering that various pore
structures among different foams lead to different Kelvin effects.146

Crystallinity and the crystallization kinetics are the two key varia-
bles that affect the foam structure significantly. Figure 21 illustrates
that the crystallinity of foams is strongly dependent on NPDR even
though there is no significant difference between 1D and 3D foams. It
clearly demonstrates that the crystallinity decreases with NPDR since
polymer chains would have less time to crystallize due to the rapid
temperature drop at a higher NPDR. From a glance, foam density
would increase with crystallinity since higher crystallinity indicates
higher rigidity thus increased difficulty in cell expansion. Nevertheless,
Fig. 21 suggests that the specific volume of the foams increases as crys-
tallinity increases. This is because prior flow history significantly
affects crystallization.147 For example, during the pressure drop of the
foaming system, shear-induced crystallization and extension-induced
crystallization can occur. As a result, the more the polymer expands, i.
e., resulting higher specific volume, the higher the crystallinity.

2. Effects of temperature and pressure

It is important to understand the effects of the processing variables
on the foam properties because those are the control variables to produce
proper foams for specific applications. However, whether it is batch or
continuous physical foaming, it will be a very complicated process that
involves many different variables and phenomenon. This is because not
only the process conditions but also the bubbles will significantly affect
the flow properties of the matrix148 and bubble growth. Moreover, the
adjacent bubbles will affect the behavior of each other,149 such that bub-
bles can also interact with solid particles,150–153 bottom floor,154 and a
free surface.155 In addition, the solidification of matrix also affects the
expansion of the matrix.156 If a composite with ceramic particles was
used as in this study, the gas–solid interaction,157 movement of the par-
ticles,158 relation between transport phenomena and thermodynamics,159

and the assembly of the particles due to the generation of strong acoustic
noise160 during foaming will be the additional variables to the process.
Thus, it is not possible to separate an effect of one variable from other
variables in relation to foam properties, but we can still analyze the cer-
tain effects of variables. We performed 3D foaming [Fig. 3(a)] at pres-
sures (P) of 10, 20, and 28MPa, at temperatures (T) of 140, 160, and
180 �C, and at one NPDR. Based on the study shown in Sec. III F 1, bulk-
ier foams can be made at low NPDR. Hence, we have chosen 0.02 s−1 as
the NPDR [Eq. (11)] to study the effects of temperature and pressure.
The initial conventional PDR [Eq. (10)] is 0.2MPa/s at 10MPa,
0.4MPa/s at 20MPa, and 0.6MPa at 28MPa for NPDR¼ 0.02 s−1.

Figure 22 shows the effects of temperature and pressure on the
foam density. In general, the foam density decreases with temperature
and increases with pressure. Likewise, it should be more difficult to
expand at low temperature and high pressure due to the high viscosity
of the polymer matrix and rapid temperature dropping below the crys-
tallization temperature. Even though NPDR [Eq. (11)] with the units
of s−1 is better representative for the whole depressurization process,
PDR [Eq. (10)] with the units of MPa/s can be another variable. The
higher the pressure is, the higher PDR at given NPDR. Thus, depres-
surization is stiffer with time at a higher pressure even though it takes
the same time to complete depressurization at the same NPDR. This
conveys that the temperature decrease is faster, i.e., faster solidification
at a higher pressure than at a lower pressure at the same NPDR.

However, there is one exception at 10MPa, at which the density shows
a V-shaped behavior [Fig. 22(a)]. At the lowest pressure of 10MPa,
temperature drop rate is the lowest and the viscosity should also be the
lowest. Meanwhile, T¼ 140 �C is too low for large cell expansion and
180 �C is too high to give a high concentration of CO2, i.e., there is less
CO2 in polymer than 160 �C.

Figure 23 shows the top view of the cell structures after cutting
the samples parallel to the bottom surface [Fig. 5(b)]. It is observed in
Fig. 23 that significantly different foam structures can be obtained by
varying sorption temperature and pressure at the same NPDR. This is
due to the fact that the effects of sorption temperature and pressure
are significant.

Figure 24 shows the effects of temperature and pressure on the
cell diameter. Generally, the cell diameter increases with temperature
and decreases with pressure. This means it is expected that the

FIG. 22. Effect of sorption temperature and pressure on the foam density.
NPDR¼ 0.02 s−1. Error bars represent the standard deviation. (a) Effect of temper-
ature on foam density at various pressures and (b) effect of pressure on foam den-
sity at various temperatures.
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polymer can expand more at a higher temperature and lower pressure
due to the lower viscosity. In spite of that, the CO2 concentration will
be lower at higher temperature and lower pressure. Thus, even at high
CO2 concentration, we cannot expect more cell expansion. The cell
diameter decreases with pressure at T¼ 140 �C. This suggests that the
viscosity increases at high pressure and suppresses cell expansion. The
cell diameter at T¼ 140 �C and P¼ 10MPa in Fig. 24(b) does not
appear to follow the expected trend. Park and Dealy56 reported that
the viscosity of polymer/CO2 decreases with the pressure (and thus
CO2 concentration) due to the significant plasticization even though
pressure exponentially increases the viscosity. The state of PLA/talc
sample at such a low temperature of T¼ 140 �C might be solid espe-
cially at low pressure due to low plasticization. In this manner, cell
expansion may have been suppressed. The average cell size in Fig. 24
shows that the foams made at the given conditions can be classified as
fine-celled foams.40

Figure 25 shows the effects of CO2 sorption temperature and
pressure on the cell density. The cell density decreased with tempera-
ture, which is the opposite trend to cell diameter except at
P¼ 28MPa. The cell density either increases with pressure (at
T¼ 180 �C) and shows a V-shaped relationship with pressure (at
T¼ 140 and 160 �C). As mentioned earlier, PDR increases with pres-
sure at a given NPDR. The sudden pressure drop gives rise to thermo-
dynamic instability which causes less time for CO2 to expand cells. As
a result, it induces more nucleation occurrence at P¼ 20MPa and
above. On the other hand, at relatively low temperatures, i.e., T¼ 140
and 160 �C, it is difficult for cells to expand due to the higher viscosity
at a lower CO2 pressure (or concentration). Hence, more nucleation
occurs rather than cell growth.

Figure 26(a) shows the effect of pressure and temperature on the
crystallinity of foams. The results do not seem to portray a clear trend
unlike the effect of NPDR [Fig. 21(a)]. As for Fig. 26(b), it describes

FIG. 23. Comparison of the top view of the cell structure after cutting samples in the direction that is parallel to the bottom surface [Fig. 17(b)] at various temperatures and
pressures at NPDR¼ 0.02 s−1.
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the effect of crystallinity on the specific volume of the foams.
Similarly in Fig. 26(a), there does not seem to be an apparent trend in
the results except for T¼ 180 �C. The results reflect that the bulkiness
of foams roughly decreases with crystallinity. From the analysis, spe-
cific volume increases with crystallinity above 29% [Fig. 21(b)], and
the relation between the specific volume and crystallinity seems to be
V-shaped (Fig. 29). These trends will be briefly discussed in the last
section.

3. Key variables affecting specific volume

As mentioned earlier, several variables are involved in physical
foaming which makes it difficult to use one variable to predict the
foam properties. However, Fig. 27 illustrates that the specific volume

decreases as the concentration of CO2 increases in spite of the sorption
temperature and pressure at given NPDR of 0.02 s−1. It was expected
that dissolving more CO2 will result bulkier foams, but the trend was
the total opposite. It is not just the high CO2 concentration that
directly induces denser foams, but rather than the combination of low
temperature and high pressure that provides high CO2 concentration
that give rises to denser foams. The interfacial tension as a function of
pressure and temperature161 should also affect the cell growth and sta-
bility. Additionally, the crystallinity should contribute to the foam
structures but it is not a strongly representative variable for prediction
as shown in Fig. 26(a). As observed in Fig. 22, the foam density was
high at low sorption temperature and at high sorption pressure.
Overall, the effects of the foaming temperature and pressure were
more predominant than the concentration of CO2 in the polymer.

FIG. 24. The effects of sorption temperature and pressure on the cell diameter.
NPDR¼ 0.02 s−1. Error bars represent the standard deviation. (a) Effect of temper-
ature on cell diameter at various pressures and (b) effect of pressure on cell diame-
ter at various temperatures.

FIG. 25. The effects of sorption temperature and pressure on the cell density.
NPDR¼ 0.02 s−1. Error bars represent the standard deviation. (a) Effect of temper-
ature on cell density at various pressures and (b) effect of pressure on cell density
at various temperatures.
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Nevertheless, CO2 concentration could be a single, representative and
an independent variable to describe the behavior of the specific volume
as a whole. However, in Fig. 28, there is no apparent relation between
the cell density and CO2 concentration.

Crystallinity of foams can be another key variable that influences
the specific volume of foams. In Fig. 29, a V-shaped trend between
crystallinity and specific volume is observed. Crystallinity has two
opposing effects on cell expansion. First, it can provide strength during
the foaming process so that it can reduce the chances of cell collapsing
or coalescence.67,162 On the other hand, it can suppress elasticity. The
latter effect is dominant up to a crystallinity of 27% while the former
effect is dominant above 27%. It should be noted that the crystallinity
can only be after foaming, and the specific volume cannot thus be pre-
dicted before implementing the foaming process.

IV. CONCLUSIONS

We hypothesized that PLA cutlery, which was not made of a
foaming grade, can be physically foamed using supercritical carbon
dioxide (CO2). This required optimizing the operating variables, such
as, CO2 sorption temperature, sorption pressure, and pressure drop
rate to be able to produce foams from the PLA cutlery. This approach
is crucial to attain the details regarding the possibility of recycling bio-
degradable plastics, which were not initially designed for recycling.

FIG. 26. The effects of sorption temperature and pressure on the crystallinity of
foams and the effect of crystallinity of the specific volume of the foams.
NPDR¼ 0.02 s−1. Error bars represent the standard deviation. (a) Effect of pres-
sure on crystallinity at various temperatures and (b) effect of crystallinity on specific
volume at various temperatures.

FIG. 28. Effect of CO2 concentration on cell density. Closed symbols are for data
obtained at 180 �C and 10MPa and at various NPDR (3D), and open symbols are
for data obtained at NPDR of 0.02 s−1 and at various P and T. Error bars represent
the standard deviation.

FIG. 27. Effect of CO2 concentration on specific volume. Closed symbols are for
data obtained at 180 �C and 10MPa and at various NPDR (3D), and open symbols
are for data obtained at NPDR of 0.02 s−1 and at various P and T. Error bars repre-
sent the standard deviation.
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Compounded talc (25wt. %) strongly affects the shear rheology at low
frequencies by forming network structures. It was proven that time-
temperature superposition was valid at relatively high temperatures,
even with upturns in the complex viscosities with decreasing frequen-
cies. The talc particles induce heterogeneous nucleation not only on
cells (bubbles), but also on crystal sites that can improve the thermal
stability, which is favorable for recycling. Although extensional rheom-
etry portrayed no strain hardening, we were still able to foam the sam-
ples and determine the operating windows that can produce various
foam structures (conventional and fine-celled foams) for various appli-
cations by changing variables. We also compared the effects of the cell
expansion during foaming in one-dimensional and three-dimensional
environments. The result showed that there was no major difference.
However, we evaluated that the concentration of CO2 in PLA and
crystallinity of foams were the two key variables to describe the bulki-
ness of foams. Surprisingly, the lower the CO2 concentration, the bulk-
ier the foams at any sorption temperature and pressure.
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APPENDIX A: NON-STEADY STATE DIFFUSION
IN 1D—VERSION 1

There can be two versions of solutions depending on how to
set the boundary condition.

The one-dimensional (1D) diffusion through a plane was con-
sidered. Due to the PLA sample being thin, assumption of diffusing
CO2 gas only enters through the plane from z ¼ h to z ¼ 0, and the
diffusion though the edges were negligible. The side view of the
PLA sample inside the foaming chamber undergoing one-
dimensional diffusion is shown in Fig. 30, and the derivation of the
equations is shown below.

In the case for the sorption of carbon dioxide through the
plane of PLA sample for the experiment, the PLA sample has a
thickness of z ¼ h. Given the initial and boundary conditions,

• Initial condition (I.C.): when time t ¼ 0, the PLA sample initially
possess a uniform concentration. For this case

C ¼ Co ¼ 0 for 0 � z � h:

• Boundary condition 1 (B.C.1): The carbon dioxide is introduced
into the foaming chamber, saturating the top surface of PLA
sample when t > 0. Therefore

C ¼ Cs when z ¼ h:

• Boundary condition 2 (B.C.2): At the bottom surface of PLA
sample, the net flux of carbon dioxide is zero. This is due to the
foaming chamber wall serving as a barrier that is impermeable to
the flux. Therefore

@C=@z ¼ 0; at z ¼ 0 for t > 0:
To solve this non-steady state diffusion in a plane surface, a dimen-
sionless concentration Y is introduced shown below,

Y � C � Cs

Co � Cs
: (A1)

The dimensionless concentration Y is introduced and into the
transient diffusion in finite 1D medium shown in Eq. (A2). 1-
Dimensional diffusion for a plate

FIG. 29. Effect of crystallinity of foams on specific volume. Closed symbols are the
data obtained at T¼ 180 �C and P¼ 10 MPa and at various NPDR (Fig. 21), and
open symbols are the data obtained at NPDR¼ 0.02 s−1 and at various pressures
and temperatures (Fig. 26). Error bars represent the standard deviation.

FIG. 30. Side view of PLA sample undergoing 1D diffusion inside the foaming
chamber. Diffusion starts at z¼ h and ends at z¼ 0.
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@C z; tð Þ
@t

¼ D
@2C z; tð Þ

@z2
: (A2)

The rewritten 1D transient diffusion equation is shown below,

@Y
@t

¼ D
@2Y
@z2

: (A3)

Using the dimensionless concentration, the initial and bound-
ary conditions are rewritten and shown below,

• I.C.: for t ¼ 0, Y ¼ 1 for 0 � z � h.
• B.C.1: for z ¼ h, Y ¼ 0 for t > 0.
• Boundary condition 2: for z ¼ 0, @Y@z ¼ 0 for t > 0.

Once all the initial and boundary conditions are defined, the
separation of variable method was used to derive a general equation,

Y z; tð Þ ¼ T tð ÞZ zð Þ; (A4)

where TðtÞ only depends on time t and ZðzÞ only depends on coor-
dinate z, and the partial derivatives are given as

@Y
@t

¼ Z
@T
@t

; (A5)

@Y
@z

¼ T
@2Z
@z2

: (A6)

Substituting these two partial derivatives Eqs. (A5) and (A6)
shown above into Eq. (A3) and rearrange

Z
@T
@t

¼ DT
@2Z
@z2

;

1
DT

@T
@t

¼ 1
Z
@2Z
@z2

:

(A7)

The left-hand side of the equation only depends on time t and
the right-hand side of the equation depends on coordinate z. As a
result, if time t changes, the right-hand side of the equation remains
constant and if z coordinate changes, the left-hand side of the equa-
tion remains constant. Due to this, the arbitrary negative constant,
�k2 can be introduced. (A positive or zero will not give solutions.)
This allows the equation to be divided into two separate ordinary
differential equations (ODEs) shown in Eqs. (A8) and (A10). Then
integrate the ODE separately. The results are shown in Eqs. (A9)
and (A11),

1
DT

dT
dt

¼ �k2; (A8)

T tð Þ ¼ C1 exp �Dk2tð Þ; (A9)

1
Z
d2Z
dz2

¼ �k2; (A10)

zð Þ ¼ C2cos kzð Þ þ C3sin kzð Þ: (A11)

Then substituting Eqs. (A9) and (A11) into Eq. (A4) gives

Y z; tð Þ ¼ exp �Dk2tð Þ½C0
1cos kzð Þ þ C

0
2sin kzð Þ	;

where C
0
1 ¼ C1C2 and C

0
2 ¼ C1C3. These are constants. Since this is

a linear equation, the general solution is determined by summing

the solutions of Eq. (A11) by introducing constants Am and Bm to
obtain Eq. (A12)

Y z; tð Þ ¼
X1
m¼0

exp �Dk2mt
� 	

Amcos kmzð ÞBmsin kmzð Þ: (A12)

In order to use the second boundary condition, Eq. (A12)
needs to be differentiated. This is given as Eq. (A13),

@Y
@z

¼
X1
m¼0

�kmAmsin kmzð Þ þ kmBmcos kmzð Þ½ 	exp �Dk2mt
� 	
 �

:

(A13)The boundary and initial conditions are used to determine the
arbitrary constants C

0
1 and C

0
2.

Using the second boundary condition and Eq. (A13)

• B.C.2: for z ¼ 0, @Y@z ¼ 0 for t > 0

0 ¼
X1
m¼0

�kmAmsin km � 0ð Þ þ kmBmcos km � 0ð Þ½ 	exp �Dk2mt
� 	
 �

;

X1
m¼0

kmBmexp �Dk2mt
� 	 ¼ 0:

Since the exponential part in the equation shown above cannot
become zero, the constant Bm has to be zero in order to satisfy the
right-hand side of the equation. Therefore

Bm ¼ 0: (A14)

Using the first boundary condition and Eq. (A13) along with
Eq. (A14)

• B.C.1: for z ¼ h, Y ¼ 0 for t > 0

0 ¼
X1
m¼0

exp �Dk2mt
� 	½Amcos kmhð Þ	:

Once again, the exponential decay cannot reach zero.
Additionally, Am cannot be zero either. This is due to if both arbi-
trary constants equal zero, Eq. (A12) will equal zero

X1
m¼0

Amcos kmzð Þ½ 	 ¼ 0:

Therefore

km ¼ 2kþ 1ð Þp
2h

: (A15)

In order to satisfy the second boundary condition, by
substituting Eqs. (A14) and (A15) into Eq. (A12), it yields

Y z; tð Þ ¼
X1
k¼0

exp �D
2kþ 1ð Þp

2h

� �2

t

" #
Akcos

2kþ 1ð Þp
2h

z

� �
:

(A16)

Finally, the initial condition is required to determine the con-
stant Ak: Using the initial condition and Eq. (A16)
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• I.C.: for t ¼ 0, Y ¼ 1 for 0 � z � h

1 ¼
X1
k¼0

exp �D
2kþ 1ð Þp

2h

� �2

� 0

" #
Akcos

2kþ 1ð Þp
2h

z

� �
;

X1
k¼0

Akcos
2kþ 1ð Þp

2h
z

� �
¼ 1: (A17)

Multiply both side of Eq. (A17) by Eq. (A18) shown below and inte-
grate from 0 to h,

cos
2nþ 1ð Þpz

2h
: (A18)

This yieldsðh
0
cos

2nþ 1ð Þpz
2h

dz ¼
X1
k¼0

Ak

ðh
0
cos

2kþ 1ð Þpz
2h

cos
2nþ 1ð Þpz

2h
:

(A19)

The left-hand and right-hand side of Eq. (A19) is evaluated
separately. For the left-hand side of Eq. (A19). When integrated, it
yieldsðh

0
cos

2nþ 1ð Þpz
2h

dz ¼ 2h
2nþ 1ð Þp sin

2nþ 1ð Þpz
2h

h
0

����
¼ 2h

2nþ 1ð Þp sin
2nþ 1ð Þp hð Þ

2h

� 2h
2nþ 1ð Þp sin

2nþ 1ð Þp 0ð Þ
2h

¼ 2h
2nþ 1ð Þp sin

2nþ 1ð Þp
2

: (A20)

When n ¼ 0

sin
½2 0ð Þ þ 1	p

2
¼ sin

p
2

� �
¼ 1:

When n ¼ 1

sin
½2 1ð Þ þ 1	p

2
¼ sin

3p
2

� �
¼ �1:

When n ¼ 2

sin
½2 2ð Þ þ 1	p

2
¼ sin

5p
2

� �
¼ 1:

The sine present in Eq. (A20) oscillates between −1 and 1 for
any n > 0, which is a whole number. Therefore, Eq. (A20) can be
generalized into ðh

0
cos

2nþ 1ð Þpz
2h

dz ¼ 2h �1ð Þn
2nþ 1ð Þp : (A21)

As for the right-hand side of Eq. (A19), first, define new varia-
bles shown below

a ¼ p
h
z; (A22)

b ¼ 2kþ 1
2

; (A23)

c ¼ 2nþ 1
2

: (A24)

Substitute these new variables into right-hand side of Eq. (19)ðh
0
cos

2nþ 1ð Þpz
2h

dz ¼
X1
k¼0

Ak

ðh
0
cos abð Þcos acð Þ: (A25)

Based on orthogonality, shown in Appendix C

X1
k¼0

Ak

ðh
0
cos abð Þcos acð Þ ¼

h
2
when n ¼ k;

0when n 6¼ k:

8<
:

Therefore, due to values of n that does not equal k, making the
equation equal 0, the summation sigma is dropped. There is no
requirement to add zeros

X1
k¼0

Ak
h
2
¼ An

h
2
: (A26)

Finally, by making Eq. (A21) equal Eq. (A26) and rearranging
this yields

2h �1ð Þn
2nþ 1ð Þp ¼ An

h
2
;

An ¼ 4 �1ð Þn
2nþ 1ð Þp :

(A27)

Substitute Eq. (A27) back into Eq. (A16) to determine the final
solution of the problem

Y z; tð Þ ¼ 4
p

X1
n¼0

�1ð Þn
2nþ 1

exp �D
2nþ 1ð Þp

2h

� �2

t

" #
cos

2nþ 1ð Þpz
2h

:

(A28)

Substituting Eq. (A1) back into Eq. (A28) yields

C z; tð Þ�Cs

Co�Cs
¼ 4
p

X1
n¼0

�1ð Þn
2nþ1

exp �D
2nþ1ð Þp

2h

� �2

t

" #
cos

2nþ1ð Þpz
2h

:

(A29)

In order to determine the degree of saturation, Eq. (A29) need
to be rearranged. Let

x ¼ 4
p

X1
n¼0

�1ð Þn
2nþ 1

exp �D
2nþ 1ð Þp

2h

� �2

t

" #
cos

2nþ 1ð Þpz
2h

:

Therefore

C z; tð Þ � xCo

Cs
¼ 1� xð Þ:

As Co ¼ 0

C z; tð Þ
Cs

¼ 1� 4
p

X1
n¼0

�1ð Þn
2nþ1

exp �D
2nþ1ð Þp

2h

� �2

t

" #
cos

2nþ1ð Þpz
2h

:

(A30)
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APPENDIX B: NON-STEADY STATE DIFFUSION
IN 1D—VERSION 2

The 1D diffusion through a plane was considered. Due to
the PLA sample being thin, assumption of diffusing CO2 gas only
enters through the plane from z ¼ 0 to z ¼ h and the diffusion
though the edges were negligible. The side view of the PLA sam-
ple inside the foaming chamber undergoing one-dimensional dif-
fusion is shown in Fig. 31, and the derivation of the equations is
shown below.

In the case for the sorption of carbon dioxide through the
plane of PLA sample for the experiment, the PLA sample has a
thickness of z ¼ h.

Given the initial and boundary conditions:

• Initial condition (I.C.): when time t ¼ 0, the PLA sample initially
possess a uniform concentration. For this case

C ¼ Co ¼ 0 for 0 � z � h:

• Boundary condition 1 (B.C.1): The carbon dioxide is introduced
into the foaming chamber, saturating the top surface of PLA
sample when t > 0. Therefore

C ¼ Cs when z ¼ 0:

• Boundary condition 2 (B.C.2): At the bottom surface of PLA
sample, the net flux of carbon dioxide is zero. This is due to the
foaming chamber wall serving as a barrier that is impermeable to
the flux. Therefore

@C=@z ¼ 0; at z ¼ h
for

t > 0:

To solve this non-steady state diffusion in a plane surface, a dimen-
sionless concentration Y is introduced below

Y � C � Cs

Co � Cs
: (B1)

The dimensionless concentration Y is introduced and into the
transient diffusion in finite 1D medium shown in Eq. (B2).

1D diffusion for a plate

@C z; tð Þ
@t

¼ D
@2C z; tð Þ

@z2
: (B2)

The rewritten 1-D transient diffusion equation is shown below

@Y
@t

¼ D
@2Y
@z2

: (B3)

Using the dimensionless concentration, the initial and bound-
ary conditions are rewritten and shown below as

The initial and boundary conditions are shown below

• I.C.: for t ¼ 0, Y ¼ 1 for 0 � z � h.
• B.C.1: for z ¼ 0, Y ¼ 0 for t > 0.
• B.C.2: for z ¼ h, @Y@z ¼ 0 for t > 0.

Once all the initial and boundary conditions are defined,
the separation of variable method was used to derive a general
equation

Y z; tð Þ ¼ T tð ÞZ zð Þ; (B4)

where the TðtÞ only depends on time t and ZðzÞ only depends on
coordinate z, the partial derivatives are given as

@Y
@t

¼ Z
@T
@t

; (B5)

@Y
@z

¼ T
@2Z
@z2

: (B6)

Substituting these two partial derivatives Eqs. (B5) and (B6)
shown above, into Eq. (B3) and rearrange

Z
@T
@t

¼ DT
@2Z
@z2

;

1
DT

@T
@t

¼ 1
Z
@2Z
@z2

: (B7)

The left-hand side of Eq. (B7) only depends on time t and the
right-hand side of the equation depends on coordinate z. As a result, if
time t changes, the right-hand side of the equation remains constant
and if z coordinate changes, the left-hand side of the equation remain
constant. Due to this, the arbitrary negative constant, �k2 can be
introduced. (A positive or zero will not give solutions.) This allows the
equation to be divided into two separate ordinary differential equa-
tions (ODEs) shown in Eqs. (B8) and (B10). Then integrate the ODEs
separately. The results are shown in Eqs. (B9) and (B11)

1
DT

dT
dt

¼ �k2; (B8)

T tð Þ ¼ C1exp �Dk2tð Þ; (B9)

1
Z
d2Z
dz2

¼ �k2; (B10)

Z zð Þ ¼ C2cos kzð Þ þ C3sin kzð Þ: (B11)

Then substitute Eqs. (B9) and (B11) into Eq. (B4)

Y z; tð Þ ¼ exp �Dk2tð Þ½C0
1cos kzð Þ þ C

0
2sin kzð Þ	;

where C
0
1 ¼ C1C2 and C

0
2 ¼ C1C3, and these are constants.

FIG. 31. Side view of PLA sample undergoing 1D diffusion inside the foaming
chamber. Diffusion starts at z¼ 0 and ends at z¼ h.
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Since this is a linear equation, the general solution is deter-
mined by summing the solutions of Eq. (B11) by introducing con-
stants Am and Bm to obtain Eq. (B12)

Y z; tð Þ ¼
X1
m¼0

exp �Dk2mt
� 	

Amcos kmzð ÞBmsin kmzð Þ: (B12)

In order to use the second boundary condition, Eq. (B12) need
to be differentiated. This is given as

@Y
@z

¼
X1
m¼0

�kmAmsin kmzð Þ þ kmBmcos kmzð Þ½ 	exp �Dk2mt
� 	
 �

:

(B13)

The boundary and initial conditions are used to determine the
arbitrary constants C

0
1 and C

0
2.

Using the first boundary condition and Eq. (B12)

• B.C.1: for z ¼ 0, Y ¼ 0 for t > 0

0 ¼
X1
m¼0

exp �Dk2mt
� 	

Amcos km � 0ð ÞBmsin km � 0ð Þ;

0 ¼
X1
m¼0

exp �Dk2mt
� 	

Am:

Since the exponential part in the equation shown above cannot
become zero, the constant Am has to be zero in order to satisfy the
right-hand side of the equation. Therefore

Am ¼ 0: (B14)

Using the second boundary condition and Eq. (B13) along Eq.
(B14)

• B.C.2: for z ¼ h, @Y
@z ¼ 0 for t > 0

0 ¼
X1
m¼0

�km 0ð Þsin kmhð Þ þ kmBmcos kmhð Þ� 
exp �Dk2mt

� 	h i
;

0 ¼
X1
m¼0

kmBmcos kmhð Þexp �Dk2mt
� 	� 

:

Once again, the exponential decay cannot reach zero.
Additionally, Bm cannot be zero either. This is due to, if both arbi-
trary constants equal zero, the entire general equation (B12) will
equal zero. Therefore

km ¼ 2kþ 1ð Þp
2h

: (B15)

In order to satisfy the second boundary condition. By
substituting Eqs. (B14) and (B15) into Eq. (B12), it yields

Y z; tð Þ ¼
X1
m¼0

exp �D
2kþ 1ð Þp

2h

� �2

t

" #

� 0� cos
2kþ 1ð Þp

2h
z

� �
þ Bksin

2kþ 1ð Þpz
2h

� �
;

Y z; tð Þ ¼
X1
k¼0

Bksin
2kþ 1ð Þpz

2h
exp �D

2kþ 1ð Þp
2h

� �2

t

" #
: (B16)

Finally, the initial condition is required to determine the con-
stant Bk: Using the initial condition and Eq. (B16)

• I.C.: for t ¼ 0, Y ¼ 1 for 0 � z � h

1 ¼
X1
k¼0

Bksin
2kþ 1ð Þpz

2h
exp �D

2kþ 1ð Þp
2h

� �2

0ð Þ
" #

;

1 ¼
X1
k¼0

Bksin
2kþ 1ð Þpz

2h
: (B17)

Multiply both side of Eq. (B17) by Eq. (B18) shown below and inte-
grate from 0 to h,

sin
2nþ 1ð Þpz

2h
: (B18)

This yieldsðh
0
sin

2nþ 1ð Þpz
2h

dz ¼
X1
k¼0

Bsk

ðh
0
sin

2kþ 1ð Þpz
2h

sin
2nþ 1ð Þpz

2h
:

(B19)

The left- and right-hand sides of Eq. (B19) are evaluated
separately. For the left-hand side of Eq. (B19), when integrated,
it yieldsðh

0
sin

2nþ 1ð Þpz
2h

dz

¼ � 2h
2nþ 1ð Þp cos

2nþ 1ð Þpz
2h

j h
0

¼ � 2h
2nþ 1ð Þp cos

2nþ 1ð Þph
2h

� �
� � 2h

2nþ 1ð Þp cos
0
2h

� �

¼ � 2h
2nþ 1ð Þp cos

2nþ 1ð Þp
2

� �
þ 2h

2nþ 1ð Þp
¼ � 2h

2nþ 1ð Þp cos
2nþ 1ð Þp

2
� 1

� �
: (B20)

When n¼ 0

cos
0þ 1ð Þp

2
� 1

� �
¼ cos

p
2

� �
� 1 ¼ �1:

When n¼ 1

cos
2þ 1ð Þp

2
� 1

� �
¼ cos

3p
2

� �
� 1 ¼ �1:

When n¼ 2

cos
4þ 1ð Þp

2
� 1

� �
¼ cos

5p
2

� �
� 1 ¼ �1:

The cosine present in Eq. (B20) equals −1 for any n > 0, which
is a whole number. Therefore, Eq. (B20) can be generalized into
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ðh
0
sin

2nþ 1ð Þpz
2h

dz ¼ 2h
2nþ 1ð Þp : (B21)

As for the right-hand side of Eq. (B19), first define new varia-
bles shown as

a ¼ p
h
z; (B22)

b ¼ 2kþ 1
2

; (B23)

c ¼ 2nþ 1
2

: (B24)

Substitute these new variables into right-hand side of Eq. (19),

X1
k¼0

Bsk

ðh
0
sin

2kþ 1ð Þpz
2h

sin
2nþ 1ð Þpz

2h

¼
X1
k¼0

Bsk

ðh
0
sin abð Þsin acð Þ: (B25)

Based on orthogonality, shown in Appendix D

X1
k¼0

Bk

ðh
0
sin abð Þsin acð Þ ¼

h
2

when n ¼ k;

0 when n 6¼ k:

8<
:

Therefore, due to values of n that does not equal k, making the
equation equal 0, the summation sigma is dropped. There is no
requirement to add zeros

X1
k¼0

Bk
h
2
¼ Bn

h
2
: (B26)

Finally, by making Eq. (B21) equal Eq. (B26) and rearranging
this yield Eq. (B27),

2h
2nþ 1ð Þp ¼ Bn

h
2
;

Bn ¼ 4
2nþ 1ð Þp : (B27)

Substitute Eq. (B27) back into Eq. (B16) to determine the final
solution of the problem,

Y z; tð Þ ¼ 4
p

X1
n¼0

1
2nþ 1

exp �D
2nþ 1ð Þp

2h

� �2

t

" #
sin

2nþ 1ð Þpz
2h

:

(B28)

Substituting Eq. (B1) back into Eq. (B28) yields

C z;tð Þ�Cs

Co�Cs
¼ 4
p

X1
n¼0

1
2nþ1

exp �D
2nþ1ð Þp

2h

� �2

t

" #
sin

2nþ1ð Þpz
2h

:

(B29)

In order to determine the degree of saturation, Eq. (B29) needs
to be rearranged. Let

x ¼ 4
p

X1
n¼0

1
2nþ 1

exp �D
2nþ 1ð Þp

2h

� �2

t

" #
sin

2nþ 1ð Þpz
2h

:

Therefore

C z; tð Þ � xCo

Cs
¼ 1� xð Þ:

As Co ¼ 0 as the initial condition

C z; tð Þ
Cs

¼ 1� 4
p

X1
n¼0

1
2nþ 1

exp �D
2nþ 1ð Þp

2h

� �2

t

" #
sin

2nþ 1ð Þpz
2h

:

(B30)

APPENDIX C: ORTHOGONALITY FOR THE COSINE
FUNCTION

Definition of orthogonal function:
The two non-zero functions, f ðxÞ and gðxÞ are considered to

be orthogonal on a � x � b ifÐ b
a f xð Þg xð Þdx ¼ 0: (C1)

If a set of non-zero functions, ffi xð Þ on a � x � b are
orthogonal for every i 6¼ j, then it is considered to be mutually
orthogonal,

Ð b
a fi xð Þfj xð Þdx ¼ 0 i 6¼ j;

c > 0 i ¼ j:

(
(C2)

The useful trigonometric formula needed for integration are
shown below,

sin a cos b ¼ 1
2
sin a� bð Þ þ sin aþ bð Þ½ 	; (C3)

sin a sinb ¼ 1
2
cos a� bð Þ � cos aþ bð Þ½ 	; (C4)

cos a cos b ¼ 1
2
cos a� bð Þ þ cos aþ bð Þ½ 	: (C5)

For cosine function given as

cos mxð Þ: (C6)

Multiply Eq. (C6) by

cos nxð Þ: (C7)

This yields ðp
0
cos mxð Þcos nxð Þ½ 	dx: (C8)

• For the case when

n ¼ m:

Then
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ðp
0
cos mxð Þcos nxð Þ½ 	dx ¼

ðp
0
cos2 mxð Þdx: (C9)

From the trigonometric formula

cos2 að Þ ¼ 1þ cos 2að Þ
2

: (C10)

Using Eq. (C10), Eq. (C9) can be rewritten as

1
2

ðp
0
1þ cos 2mxð Þ½ 	dx: (C11)

Now integrate from 0 to p. This yields

¼ 1
2

x þ 1
2m

sin 2mxð Þ
� �

p
0

����
¼ 1

2
pþ 1

2m
sin 2mpð Þ

� �
:

For integer n ¼ m and m ¼ 0 to 1 the sin 2mpð Þ will always
equal 0. Therefore ðp

0
cos mxð Þcos nxð Þ½ 	dx ¼ p

2
: (C12)

• For the case when

n 6¼ m:

Using Eq. (C5), Eq. (C9) can be rewritten in the form of

1
2

ðp
0

cos m� nð Þxð Þ þ cos mþ nð Þxð Þ� 
dx: (C13)

Integrating Eq. (C13) gives

1
2

1
m� n

sin m� nð Þxð Þ þ 1
mþ n

sin mþ nð Þxð Þ
� �

p
0

����
¼ 1

2
1

m� n
sin m� nð Þpð Þ þ 1

mþ n
sin mþ nð Þpð Þ

� �
: (C14)

As long as n 6¼ m, Eq. (C14) will always equal 0,

1
2

1
m� n

sin m� nð Þpþ 1
mþ n

sin mþ nð Þpð Þ
� �

¼ 0 for n 6¼ m:

(C15)

From the results from Eqs. (C12) and (C15), the orthogonality
of cosine is shown below,

ðb
a
cos mxð Þcos nxð Þ½ 	dx ¼ 0m 6¼ n;

c > 0 n ¼ m:

(
(C16)

APPENDIX D: ORTHOGONALITY FOR THE SINE
FUNCTION

For the sine function given as

sin mxð Þ: (D1)

Multiply Eq. (D1) by

sin nxð Þ: (D2)

This yields ðp
0
sin mxð Þsin nxð Þ½ 	dx: (D3)

• For the case when

n ¼ m:

Equation (D3) becomes ðp
0

sin2 mxð Þ
� 

dx: (D4)

Using the trigonometric formula shown below,

sin2 að Þ ¼ 1� cos 2að Þ
2

: (D5)

Equation (D4) can be rewritten as

1
2

ðp
0
1� cos 2mxð Þ½ 	dx: (D6)

Integrating Eq. (D6) yields

1
2

x � 1
2m

sin 2mxð Þ
� �

p
0

����
¼ 1

2
p� 1

2m
sin 2mpð Þ

� �
: (D7)

For integer n ¼ m and m ¼ 0 to 1 the sin 2mpð Þ will always
equal 0. Therefore ðp

0
sin mxð Þsin nxð Þ½ 	dx ¼ p

2
: (D8)

• For the case when

n 6¼ m:

Using Eq. (C4), Eq. (D3) can be rewritten in the form of

1
2

ðp
0

cos m� nð Þxð Þ � cos mþ nð Þxð Þ� 
dx: (D9)

Integrating Eq. (D9) gives

1
2

1
m� n

sin m� nð Þxð Þ � 1
mþ n

sin mþ nð Þxð Þ
� �

p
0

����
¼ 1

2
1

m� n
sin m� nð Þpð Þ � 1

mþ n
sin mþ nð Þpð Þ

� �
: (D10)

As long as n 6¼ m, Eq. (D10) will always equal 0,
1
2

1
m� n

sin m� nð Þpð Þ þ 1
mþ n

sin mþ nð Þpð Þ
� �

¼ 0 for n 6¼ m:

(D11)
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From using the results from Eqs. (D8) and (D11), the orthogonality
of sine function is shown below,

ðb
a
sin mxð Þsin nxð Þ½ 	dx ¼ 0m 6¼ n;

c > 0 n ¼ m:

(
(D12)
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