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ABSTRACT: The objective of this study was to examine the mechanical behavior of poly(lactic acid)-based packaging, which was sub-
jected to an external load while undergoing dimensional and material property changes due to the diffusion of liquid through its
thickness. We defined the characteristics of the material response by taking into account the changes in the properties due to liquid
sorption. The material properties at any given location and time were dependent on the liquid content. In this article, we present the
evolution of the mechanical behavior using a numerical stress model that accounts for the effects of the time, liquid content, temper-
ature, and swelling-induced strain. We assumed that the deformation depended on the liquid concentration, but the liquid concentra-

tion could be obtained without the knowledge of the stress or strain. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40600.
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INTRODUCTION

Poly(lactic acid) (PLA)-based biodegradable polymers have been
extensively used as commodity thermoplastics in packaging
applications because of their good mechanical and optical prop-
erties; these include as a high stiffness, high technical strength,
and transparency. Recent technologies have widened the proc-
essing capabilities in the production of not only flexible packag-
ing but also of rigid containers for longer service life products,
such as beverages (plain water, soft drink, and fruit juices), edi-
ble oil, and health and beauty produc‘[s.1 PLA-based materials,
however, have some limitations as packaging materials, espe-
cially because of the deterioration of their material properties,
which can observed after prolonged exposure to the environ-
ment.”™ Moreover, interactions involving the packaging type,
product constituents, and environment may impact the material
degradability and can initiate changes in the thermal, chemical,
and physical properties of the material.

Numerous research works have reported reductions in the
mechanical performance of PLA-based materials after the
absorption of moisture under particularly humidity condi-
tions.*® Previous research has highlighted the significance of
organic liquid absorption on the mechanical properties of PLA-
based materials through the measurement of their static and
dynamic properties.” The results show progressive decreases in
the modulus and strength with increasing liquid content inside

the material. The increase in the elongation was also observed;
this indicated a plasticizing effect of liquid exposure on the PLA
material. In packaging applications, the study of the sorption of
a product constituent by the PLA package has attracted only a
few studies to date. As majority of existing commercial applica-
tions are for food packaging, studies have mainly been focused
on the barrier properties of food solutions related to the quality
of the packaged product.'®™" Recent reports on the interaction
between PLA packaging and its product constituents have
revealed changes in the thermomechanical properties after the
sorption of a hydrophilic chemical compound into the pack-
age.'™'*'> This finding highlighted sorption-induced plasticiza-
tion in PLA packaging during its interaction with a particular
substance of a packaged product.

The growing awareness of ecofriendly packaging has led to a ris-
ing demand for PLA packaging in a broader array of products.
More semidurable and rigid packaging has been brought in and
widely accepted into the market, not only for food-related prod-
ucts but also for consumer products. The discovery of new
applications of PLA packaging for nonfood commodities and
other products is a logical consequence of an increasing envi-
ronmental awareness of the disposal of conventional plastic
waste.

In the evaluation of new opportunities for PLA-based materials
for chemical products or other aggressive liquid packaging, it is
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important to understand not only the chemical resistance of
the material but also the potential routes for degradation.'®
In the mechanical behavior analysis of a package, it is also
important to take into account the contribution of diffusion-
induced swelling in the prediction of a more realistic stress
state under loads. With the expectation of the use of a PLA-
based material as an alternative for the application of chemical
liquid packaging, a critical evaluation of the stress and defor-
mation is needed to predict the reliability and failure behavior
of such applications. Previous research has revealed the signifi-
cance of the presence of a liquid on the relaxation process of
the material.” The results show a decrease in the time-
dependent modulus with increasing liquid content in the visco-
elastic material; this accelerates with an increase in the environ-
mental temperature.

The objective of this study was to numerically examine the
mechanical behavior of PLA-based packaging, which was sub-
jected to an external load while undergoing dimensional and
material property changes due to the diffusion of liquid through
its thickness. The study was designed to model reasonable worst
case extraction when the polymer is used in commercial fluid
container applications for intermediate time periods at various
temperatures with an aggressive fluid simulant. This article
presents the evolution of the mechanical behavior with a stress
model that accounted for the effect of the time, liquid content,
temperature, and swelling-induced strain. The effect of liquid
diffusion was incorporated into the stress profile through the
swelling coefficient () and liquid-dependent material parame-
ters for both the elastic and transient (time-dependent) proper-
ties. We assumed that deformation depended on the liquid
concentration, but the liquid concentration could be obtained
without the knowledge of the stress or strain.

EXPERIMENTAL

The plastic material used in this study was a starch-based PLA
resin produced by BIOTEC, a subsidiary company of Biome
Technologies, which is known as Bioplast GS2189.'” This com-
pound polymer is composed of 90% corn-derived PLA and is
reinforced with 10% potato starch.'® The material, which was
supplied in granule form, was converted into test samples
according to the manufacturer’s product manual with a Batten-
feld BA 350/75 injection-molding machine.

The immersion fluid for this experiment was gasoline, which
was provided by a local fuel station; it was composed of a 50/50
toluene—iso-octane mixture. For various levels of fluid concen-
tration, different immersion temperatures were used to acceler-
ate the level of liquid absorption. Unleaded gasoline was chosen
because it was aggressive enough to accelerate the degradation
that would occur in an application exposed to liquid and chem-
ical solvents. Standard test method SAE J1748 was used in the
immersion test. This method provides a standard for determin-
ing the physical properties of polymer materials exposed to a
gasoline/oxygenated fuel mixture. The rectangular injection-
molded samples were completely immersed in a hydrocarbon
liquid in a ratio of three samples to 50 mL of liquid. The speci-
mens were hanged with a stainless steel wire and separated with
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glass beads. The tubes were covered, and the samples were
immersed to the point of saturation under four different condi-
tions: (1) at room temperature, where the temperature was
monitored with a digital thermometer at 20 =3°C; (2) in a
fridge with the temperature monitored at 5= 1°C; and in a
chamber set at (3) 30°C and (4) 50°C. Gravimetric measure-
ment was used to determine the fluid uptake during the diffu-
sion process. The specimens were removed periodically for
weight measurement until saturation occurred. The determina-
tion of the saturated conditions was based on standard recom-
mended by SAEJ1748," in which we compared the data from
two or more periods to determine that there was no significant
difference among the period.

When the stress profile of the package was analyzed, the effect
of the liquid diffusion was incorporated into the stress profile
through f and the liquid-dependent material parameters for
both the elastic and transient (time-dependent) properties. The
constitutive model used to characterize the material was devel-
oped from a series of mechanical tests, in which we investigated
changes in the material performance during the diffusion of the
liquid. In evaluating the changes in mechanical properties with
the amount of liquid absorption, mechanical tests were per-
formed on saturated specimens to determine the properties at
particular liquid contents. We did this to ensure that the
mechanical properties were measured in specimens containing
uniform liquid contents® and, thereby, to determine a more
accurate relationship between the two parameters. Changes in
the dynamic mechanical properties along with liquid content in
the specimens were measured with a TA Instruments 2980
dynamic mechanical analyzer over the temperature range from
20 to 80°C at a frequency of 1 Hz. Creep experiments were also
conducted in the same instrument used for dynamic mechanical
analysis to obtain appropriate data for the modeling of the
material viscoelastic properties. Samples with different levels of
liquid content were clamped within the dynamic mechanical
analyzer chamber in the film tensile creep mode. The experi-
ment was undertaken at different isotherm temperatures to
evaluate the influence of the temperature on the creep perform-
ances. For each isotherm, a constant stress of 0.45 MPa was
applied for 60 min, and this was followed by a 10-min recovery
period.

MODELING OF MATERIAL PROPERTIES

Because of the slow movement of liquid compared to the tem-
perature, the material was submitted to nonuniform distribu-
tion over an extended period before it reached a saturated
condition.”" Initially, a higher liquid concentration was present
near the surface at which the absorption occurred more rapidly
rather than in the inner layers, and then, the material moved
toward equilibrium liquid concentration as time passed. As a
result, the property changes associated with the presence of the
liquid were not uniformly distributed within the material.>> The
variation in the material properties during diffusion was repre-
sented by dependency of the modulus on the liquid content and
was a function of the position and the time. The responses of
the material in contact with the liquid environment were char-
acterized through a constitutive model, which accounted for
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Figure 1. Linear relationship of the storage modulus (E) and the liquid con-
tent (C) where the strength of linear relation is indicated from the value of
R%. The elastic modulus of the dry material was equal to 1.7 GPa.

changes in the modulus of the material. For simplification, in
this case, we assumed that Poisson’s ratio remained constant
and was independent of the liquid content.

The definition of the material in the finite element (FE) model
was specified from the experimental data, as given in Section 2.
The function of the modulus with liquid content was obtained
from the result of the storage modulus, as presented in Figure
1. The results presented in Figure 1 were obtained from the
dynamic property measurement, as explained previously in the
Experimental section.

A viscoelastic model with a mechanical analogy model with a four-
element Burger model was applied to represent the creep behavior
of the PLA-based material subjected to liquid diffusion. The creep
strain defined by the time-dependent constitutive equation for
constant stress, which consisted of elastic and viscous deformation,
could be represented by Burger’s model**~*’

e e (Bt
£(t)—a{a+§[l exp< tﬂK>}+’7M} (1)

Because of the effect of the liquid content inside the material, a
modified Burger’s model from eq. (1) was developed to analyti-
cally represent the relationship between the creep parameters
and the liquid content at a specified temperature. The creep
strain was given by the following equation:

as follows:

g<t>2%+$[l_exp<_t%ﬂ+mt @)

where &(t) is the time-dependent strain, ¢ is the applied stress,
and t is the time. In this model, the functions fzys fexe fi and
fam represent changes in the creep parameter as a function of
the liquid content at a given temperature. E,; and Ex are the
elastic moduli of the Maxwell and Kelvin springs, respectively,
and 77, and g are the viscosities of the Maxwell and Kelvin
dashpots, respectively. This model has one retardation time,
7= Ex/ng. One can obtain the parameters in eq. (2) by fitting
the equation to the experimental data.

In defining the time-dependent properties of a material in the
computational program, the material is described as having an
initial linear isotropic response to the load and thereafter as
having an ability to creep with time hardening over primary
and secondary phases. Recommended as the most accurate
means to represent the creep, the implicit model was used to

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

40600 (3 of 10)

Applied Polymer

SCIENCE

simulate the creep stages in ANSYS software.”>* In this case,
the combined time-hardening creep model, which was used to
directly model the primary and secondary creep effects, was
chosen to simulate the material response. The creep strain (&)
over time could be described as follows:*°

—C,
C16C G gt

+ Cot %} 3
(Cs+1) [CSG ¢ (3)

Eor=

where C; is the coefficient derived by the FE software and C(t)
is the liquid content at time . The results of the ANSYS nonlin-
ear curve regression were verified by insertion of the generated
coefficients into eq. (3). The curve-fitting procedure was then
applied for the material containing different concentrations of
liquid, and this resulted in the creep model coefficients C,—C;,
as given in Table L.

The coefficients given in Table I were implemented by the incor-
poration of the instantaneous elastic response in the analysis.
Table I shows the effects of the liquid content on the coefficients
of the creep equation at particular temperatures. The effect of
the environmental temperature on the creep coefficients in eq.
(3) is shown in Figure 2. In this figure

where Ty is defined as equal to 30°C and T'is the specified environ-
mental temperature, while AT indicates the temperature difference.

The numerical ANSYS results of the elastic and creep strains
were plotted against the observed experimental results, and the
analytical model, as presented in eq. (2), is shown in Figure 3.

As shown in Figure 3, the creep strain curve generated by the
numerical model for the dry PLA-based material showed a
good correlation with the experimental results and the analytical
model shown in eq. (2).

RESULTS AND DISCUSSION

The stress associated with a diffused liquid can be analyzed with
the general technique of thermal stress analogy because liquid
diffusion is mathematically equivalent to the heat-transfer pro-
cess.”’ However, for complicated problems in which it might be
difficult to obtain an exact closed-form analytical solution, the
FE method is often used to find an approximate solution.* A
numerical analysis based on the FE approach was proposed here
to study the coupled diffusion and stress in the packaging appli-
cation. To ensure that the FE model accurately predicted the
mechanical response of the application, it was imperative to
examine some factors that may have affected the accuracy of
the obtained results. We carried out the convergence study by
comparing the field responses from the FE analysis with the
analytical solution of the simplified version of the problem, as
described in the Supporting Information. The analytical and
numerical solutions with the FEA (Finite Element Analysis)
method agreed well.

Mechanical Response of a Packaging Application

In developmental phase of a new package design, performance
tests are usually performed before the package is qualified for
packaging applications; these include the analysis of its perme-
ability to liquid and gas, environmental stress cracking
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Table I. Creep Model Coefficients for the PLA-Based Materials Containing Various Levels of Liquid at 30°C

Applied Polymer

Coefficients for the implicit creep equation [eq. (2)]

quwd content (%) C1 C2 C3 C4 C5 C6 C7
0 6.20 x 10 © 1.35 x 10°° -0.566 0 7.84 x10°8 6.02 x 10°1° 0
1.90 224 x10°° 1.04 x 108 -0.542 0 346 x 1077 381 x10°7 0
2.91 3.64 x 10°° 8.16 x 108 -0.583 0 258 x 1077 -238x10°8 0
5.95 157 x10°* 928 x 1078 -0.882 0 1.50 x 1077 -6.14 x 10°° 0

resistance, and crystallinity and structural tests.”> Structural
analysis in packaging applications is done to verify the mechani-
cal strength of the package and identify key areas of structural
weakness in relation to the design and thickness distribution of
the package.”*> Mechanical performance tests commonly con-
ducted are the burst pressure test, top-load analysis, and drop
test. To evaluate the durability of the package during its life
service, the strength of application is assessed by the measure-
ment of the package’s stress and deformation in response to
various loads.”® Usually, this is followed by analysis of the criti-
cal load at the point of buckling, or the buckling load.”” The FE
method has been implemented in numerous studies to assess
the structural performance of various package designs subjected
to different loading conditions.>*”™*® Those studies confirmed
the advantages of FE analysis in the evaluation of the mechani-
cal performance of a package in its early phase of design.
Simulation-driven product development supplements expensive
experimental costs and complex testing in packaging
applications.*!

To investigate the effect of liquid transport on the mechanical
performance of a packaging application, we implemented a
mechanical behavior study for a general small-size package with
a thickness of 1 mm by means of the FE model and focused on
top-load and internal pressure analysis. FE analysis was per-
formed with the converged mesh and time-step sizes evaluated
previously in the convergence analysis for a small container, as
shown in Figure 4.

As the purpose of this study was to evaluate the significance of
the diffusion in relation to the mechanical response, the simula-
tion was concentrated on the region of the package base, which
was constantly in contact with the diffusant. In the simulation
stage, the boundary conditions were defined in the FE software
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Figure 2. Effects of the environmental temperature on C; and C; from eq. (2).
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according to the conditions that the package experienced while
in service during storage after filling. For the structural analysis
of the package, instead of using a constant value to define the
material properties, we used liquid-content-dependent mechani-
cal properties, especially for the modulus. The material proper-
ties required for stress and deformation analysis were defined
on the basis of the coefficients of the creep equation given in
Table I, which represented the viscoelastic properties of the
material.

Profile of the Liquid Content. The distribution of the liquid
content within the thickness of the package was first determined
with the transient heat-transfer module in the FE software.
Characteristics of the liquid diffusion into the PLA package are
described in Table II.

Using the value of the diffusion coefficient (D) provided in
Table II, we obtained the profile of liquid content in the pack-
aging at a 20°C environmental temperature at time ¢, as shown
in Figure 5 for ¢ =550 h.

The simulation result in Figure 5 presents a nonuniform distri-
bution of liquid concentration before saturation conditions with
the minimum concentration occurring on the fillet section of
the package base. The evolution of the liquid content was then
transferred into the static structural section of the FE software
to investigate the mechanical responses of the various loading
conditions applied.

Top-Load Analysis. In this analysis, the performance of a liquid
container made of a PLA-based plastic containing a hydrocar-
bon liquid was evaluated by the simulation of the mechanical
behavior under a top load by means of the FE model. The top-

0.06%
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£ 0.04%
g ® Experiment
E" iR% Analytical
‘3 0.02% = == Numerical
o
E 0.01%
-

0.00%

0 1000 2000 3000 4000
Time (s)

Figure 3. Numerical results versus experimental results for the elastic and
creep strains in the dry material conditioned at 30°C. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. Design of the simulated liquid package with the corresponding dimensions (in millimeters). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

load analysis aims to assess the durability of packages to with-
stand the axial load necessary to fill and stack the packages dur-
ing manufacturing, storage, and distribution.’®*' The top-load
test is usually performed to identify the peak buckling load,
which is the critical load that results in buckling. The response
to the applied load is initially linear, but at a certain point, the
compression force no longer increases linearly with applied
deformation.”” This is the critical point where buckling starts.
The boundary conditions for the top-load analysis are as shown
in Figure 6.

The equivalent (von Mises) stress and deformation profiles of
the package resulting from FE software are shown in Figure 7.
The von Mises stress was maximum at the bottom part of the
package base, which was related to the constrained location,
where the bottle rests.>*

In the package wall, the tangential stress concentration was at
the outer surface, as shown in Figure 8, because of the inhomo-
geneous liquid content, which resulted in swelling-induced
stress. This critical stress point may become an indication for
the possibility of failure in a package. When the resulting stress
exceeds the yield stress of the package material, stress cracking
may occur, especially with the presence of high deformation.*?

The mechanical responses of the packages with different wall
thicknesses exposed to different levels of environmental temper-
atures were obtained by the application of a dimensionless vari-
able of Fourier number (F,) as a function of diffusion
coefficient D, time ¢ and the thickness d; which can be calcu-
lated with the following equation:*>**

Table II. Characteristics of Liquid Diffusion at Various Environmental

Temperatures
5°C 20°C 30°C
D(m?s) 057 x10* 110x10* 113x10*?
Crm (%) 1.90 2.91 5.95
B 3.32 x 1072 5.31 x 1072 9.92 x 1072
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Equation (4) indicates that at the same value of time, if the
value of the wall thickness is larger, the value of F, will be
lower.

The effect of the degradation rate, f, and the environmental
temperature on the mechanical response is discussed in the fol-
lowing subsections. Because the peak load capacity of a package
is influenced by the nonlinear material properties,* the effect of
those parameters on the buckling load were also evaluated.

Effect of the degradation rate. The effects of the rate of liquid-
diffusion-induced degradation on the stress and deformation
fields were studied. In the elastic approach, the degradation rate
is determined from the slope of the decreasing line of the mod-
ulus with liquid concentration. According to the experimental
results, as presented in Figure 1, the degradation rate of the
elastic modulus was obtained from the gradient of the regres-
sion function, which was equal to 0.24. For comparison,
another case with no degradation, a dry material with a con-
stant modulus, was considered.

Figure 9 portrays the evolution of the total radial deflection and
stresses at the package wall for the two different degradation
rates. Figure 9(a) shows that the applied load to the material,
which experienced degradation in its modulus, resulted in a
higher deflection compared to that which did not consider the
deterioration of the material properties. However, deformation
was still been apparent for the case of constant modulus
because of the diffusion-induced swelling effect. Loss of the
package integrity could occur with high undesirable deforma-
tions; this resulted from the material property deterioration
induced by liquid diffusion. In terms of stress fields, the evolu-
tion of equivalent (von Mises) stress and tangential stress at
the package wall with time were obvious as a result of nonuni-
form expansion before saturated conditions were reached.
Figure 9(b,c) shows that the peak of stress was observed at a
value of F, of about 0.2. As a result of the lower modulus, lesser
values of stresses for the material, which experienced a degraded
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Figure 5. Profile of the liquid content within the thickness of the package
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base at t= 550 h. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

modulus, were revealed, especially in the early period of the dif-
fusion process.

Buckling analysis was performed after the structural analysis to
identify the changes in buckling strength with the rate of degra-
dation. The result of linear buckling analysis generated from the
FE software is presented in Figure 10. The result indicates that
the buckling strength fell from 190.3 MPa for the material with
no degradation to 103.5 MPa for the material with a 0.24 degra-
dation rate. A decrease in the top-load strength was also
observed by Abbés et al.*® in the case of increasing ethyl acetate
concentration in polypropylene bottles.

Effects of the time-dependent properties. The effects of time-
dependent values on the material constitutive equation were
investigated by the simulation of two different cases (cases 1

splacernent 2
[€] Pressure: L.e+005 Pa
. Fixed Support

Figure 6. Boundary conditions for the top-load analysis of the package
base. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 7. Distribution of (a) the von Mises stress and (b) the radial
deflection of the package under top loading. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

and 2) with different creep parameters. These two cases were
simulated with the coefficients of the creep equation presented
in Table I. For case 1, the material properties were modeled
with the creep model in eq. (3) with the coefficients of the dry
material (0% liquid concentration). In case 2, the material
properties were modeled with liquid-content-dependent creep
coefficients instead of constant coefficients by the modification
of eq. (3) as follows:

gClCO] 4G [C(1)]+1
o= (CI[C({té[C(t)]f—l} >+{C5[C(t)]acﬁ[c(z)]t} 5)

where C; is the coefficient of the creep equation, which was
obtained empirically from the data presented in Table I.

The deformation and stress fields for those two cases are shown
in Figure 11. For comparison, another case of time-independent
properties is also presented. The deflection of the material calcu-
lated with both the elastic and viscoelastic approaches increased
significantly with time as a result of time-dependent diffusion-
induced swelling. The higher deflection in the viscoelastic mate-
rial was pronounced, especially when the viscoelastic material
properties degraded with liquid content, as in case 2. The evolu-
tion of the tangential stress with time was also observed; it
peaked at the same value of F,, around 0.2. Figure 11(b) shows

Figure 8. Critical tangential stress areas at the outer surface of the package
wall under top loading. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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that the elastic solution gave an overestimation of the stress com-
ponent, but the curves coincided with the viscoelastic solution
after the saturated liquid concentration (C,,) was achieved in the
material. In the viscoelastic material, the increase of the time-

0.24841 Max
0.19324
0.13807
0082893
0.021712
-0.027452
-0.082624
-0.1378
-0.19297
-0.24814 Min

Figure 10. Simulated buckling in the PLA-based package under a top
load. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Effect of the environmental temperature. The effect of the envi-
ronmental temperature on the mechanical response of the pack-
age with the presence of liquid was also analyzed. Simulation
was performed with the data of the liquid diffusion charac-
teristics for different environmental temperatures, as shown in
Table II and the creep parameters obtained from the tabulation
of the experimental data presented previously in Figure 2.

Significant effects of the environmental temperature on the strain
and stress states of the package are clearly shown in Figure 12. It
is shown in this figure that the peak of stress at all environmental
temperature occurred at the same value of F, of 0.2. The figure
also displays the increase in the stress with an increase in temper-
ature. The higher the environmental temperature was, the higher
the deflection and tangential stresses were. As shown in Figure
12(b), the tangential stress at the package wall increased with
increasing environmental temperature; this potentially weakened
the sidewall panel of the package.'®*® This phenomenon was due
to the high f§ and high creep coefficients at elevated temperatures.

Internal Pressure Analysis. The mechanical performance of a
package can also be assessed through a burst strength analysis,
which evaluates the stability of a package subjected to an inter-
nal pressure. This test is usually performed for bottles intended
for carbonated beverages to ensure that the bottles do not blow
up at the filling stage and that filled bottles do not expand
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@
i3 0.1 . . - .
g internal vacuum pressure is presented in Figure 13, which shows
% 0.05 a value of 0.153 MPa.
= Another FEA model was developed to simulate the process of
0 0 Y : : substance permeation through the package, as shown in Figure
1

Fourier number (Fo), dimensionless

Figure 12. Evolution of the mechanical responses of an elastic package
under different environmental temperature conditions to the (a) radial
deflection and (b) tangential stress at the package wall.

excessively during storage and/or bottle warming for pasteuriza-
tion purposes.’® When internal pressure analysis is done with
the FE model, the top section of the bottle is clamped, and an
internal pressure is applied to the inner surface. The test result
provides an assessment of the overall stability of the bottle
under the carbonation pressure of the contents and establishes
qualitative and quantitative statements on the widening of the
package. In addition to the internal pressure analysis, a similar
test with a vacuum pressure could also be performed to assess
the vacuum resistance of the package.”” A phenomenon called
paneling can be observed when the internal stress under pres-
sure exceeds the vacuum resistance.

In applications of PLA material for liquid packaging, it has
been found that inward deformation or paneling occurs in the
container after storage for a particular period of time.*”*®
Inward buckling takes place in the package because of a pressure
difference with the ambient air pressure outside.*” The permea-
tion of gas/water vapor creates a negative pressure and causes
the walls of the package to be sucked in to compensate for the
loss of volume.

To illustrate the phenomenon of paneling due to gas/water
vapor permeation, we proposed an FEA model to predict the
critical period, which corresponded to the inward buckling
point. The critical buckling load was obtained first in a static
structural model of the FE software on the basis of specified
loading and boundary conditions. The estimated critical load
was then correlated to the radial stress at the internal package
wall in response to the package shrinkage due to permeation.
The critical buckling load in part of a package subjected to an

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1

40600 (8 of 10)

14. The static structure module was then added to the model to
determine the stress induced in the package. The maximum
axial stress in the x direction in the package wall is shown in
Figure 15. Figure 15 shows the increasing trend of axial stress
during the storage period due to water and hydrocarbon loss
through the package wall. Inward buckling occurred at a time
when the axial stress exceeded the specified buckling limit of
0.153 MPa. As shown in Figure 15, the buckling of the package
containing water and hydrocarbon occurred at t values of 110
and 60 days.

CONCLUSIONS

In this article, we present the response of a PLA-based package
in contact with liquid and subjected to mechanical loading with
an FE model. The effect of the time-varying liquid content was
examined in terms of the stress and deformation fields. The
model was developed according to a series of convergence anal-
yses to ensure that the results obtained were adequately accu-
rate. We found that the size of the time increment significantly
affected the accuracy of the results.

8

[£3)
o

(=]
(=]

=~
o

o
[&]

Mass of the substance in the
package (%)

Days

Figure 14. Simulation results for the loss of water and hydrocarbon sub-
stance in a PLA package with a 1-mm thickness at room temperature.
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Figure 15. Evolution of the axial stress resulting from water and hydrocar-
bon loss through the wall of a package. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

A viscoelastic model was developed in the FE software with
creep implicit schemes to represent the time-dependent proper-
ties of the material. As it was to be expected, a higher tempera-
ture accelerated more relaxation in the material; this increased
the deformation. The resulting stress increased with increasing
temperature because the time-dependent modulus and f were
dependent on the temperature.

The package was subjected to a uniform load at the top of the
package, and the effects of the degradation rate and [ were
investigated. The stress concentration arose at the outer surface
at the wall as a result of different expansion due to nonuniform
liquid contents. The variation of swelling acted as an internal
constraint, as it induced stresses that were developed during the
liquid diffusion process. The combination of the mechanical
and swelling stresses became exceptionally large; this reduced
the load-bearing capacity and resulted in crack initiation, which
led to failure of the application. The result confirmed the sub-
stantial influence of f, which showed a higher stress with
increasing . For packaging applications, serious consideration
must be given to the degradation of the material properties after
the sorption of a product substance into the package. A higher
degradation rate with liquid content may result in the loss of
the package integrity because of high undesirable deformations
occurring in the package.
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