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1. Introduction

Commonly used packaging material consists of functionally
layered composites combining paperboard plies (260–400 lm
nominal thickness [1]), which confer stiffness and strength, with
a thin aluminium foil (6–9 lm thickness), which contributes to
the overall mechanical properties and acts as a barrier from exter-
nal agents together with external coating layers made of polymeric
films (15–30 lm thick). Components are produced in coils and are
assembled together by the thermo-mechanical adhesion.

Paperboard presents markedly anisotropic mechanical proper-
ties, which are transferred to the overall composite. As an example,
Fig. 1 visualizes the characteristic output of uniaxial tensile tests
performed on two paperboard batches under displacement control
(20 mm/min) according to Standard procedures [2]. Specimens
consist of thin material strips (15 mm wide, 180 mm long) cut par-
allel to machine direction (MD or 0�), cross direction (CD or 90�)
and diagonal (45�) direction. The graphs in Fig. 1 represent nominal
stress versus nominal strain curves, which are quite repetitive and
little dispersed. Typical features of the material response are high
stiffness and strength along MD, while ductility (in the sense of
large irreversible deformation before material failure) is exhibited
along CD.

The stress–strain relationships are smoothly non-linear up to
failure, induced by a macroscopic crack that suddenly crosses the
specimen orthogonally to the loading direction. The unstable
nature of the brittle fracture process concerning paper-based
materials has been evidenced in a recent contribution [3], perform-
ing uniaxial tests along CD and MD. Controlled crack propagation
was achieved only with specimens of unusual aspect ratio, namely
strips two times wider than long. Still, a rather sharp stress
drop-off was observed beyond the peak load.

Several elastic–plastic constitutive models of different
complexity have been proposed to reproduce the continuum
response of paper-based materials (e.g. [4–8]) while biaxial
strength data reported in the literature ([9,10]) fed the formulation
of several failure criteria. However, less attention has been usually
paid to the failure modes, specifically considered in the present
contribution.

Novel experimental results have been produced with the proto-
type instrumentation shown in Fig. 2, designed for inverse analysis
purposes [11] and presented in an earlier version in [12]. The
equipment is inspired by burst strength testers for paper [13] but
additional information concerning the deformation of the material
sample during the experiment is returned in digital format.

The considered testing procedure shares some similarities with
the bubble inflation technique applied to polymeric membranes
where, on the contrary of the present applications, large strains
represent an issue but the expected material response is isotropic;
see, e.g. [14] and the references listed therein.

Pressurized air contained in the vessel shown in Fig. 2 applies
controlled uniform load to the surface of a foil placed over a circu-
lar opening and constrained by an airproof flange. During the test, a
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Fig. 1. Uniaxial stress–strain curves of specimens cut from two paperboard batches
(named B and C) tested under displacement control along machine (0�), cross (90�)
and diagonal (45�) direction.

Fig. 3. Graphical output of the experiment: colours represent the amount of out-of-
reference-plane displacement of the inflated specimen according to the scale
reported on the right. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 4. Failure mode of heterogeneous specimens.
laser blade profilometer connected to a computer monitors the
out-of-plane displacements defining the geometry of the inflated
membrane up to failure. A typical graphical output of the measure-
ments performed during the experiment is represented in Fig. 3. It
concerns the specimen shown in Fig. 4, which consists of the
paperboard composite embedding a circular inclusion made of a
polymer–aluminium laminate, usually situated in the cap opening
area of beverage packages. The picture in Fig. 4 evidences the fail-
ure mode of this heterogeneous sample, which is induced by the
sharp separation of the aluminium foil from the interface with
the paperboard composite. This event occurs in a rather brittle
fashion despite metals usually exhibit a ductile response. Never-
theless, pronounced size effects in thin laminated metal foils with
significant reduction of toughness and fracture strain compared to
the corresponding bulk have been observed already ([15,16]).

The unconventional results collected in the experimental cam-
paign presented in this contribution are discussed at the light of
Fig. 2. The prototype equipment developed for controlled inflation tests: pressur-
ized vessel (on the left) and monitoring system (on the right).

Fig. 5. Graphical output of the inflation experiment: the colour map represents the
amount of out-of-reference-plane displacement of an inflated specimen. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)



Fig. 6. Mean profiles of the inflated shape of six paperboard specimens tested at the pressure levels 100, 300, 500 and 700 mbar (i.e. 10, 30, 50 and 70 kPa).
the above observations and interpreted with the aid of validated
numerical models of the performed tests.

The overall behaviour of the investigated material samples has
been reproduced under the assumptions of orthotropic linear
elasticity and associative plasticity obeying Hill’s yielding criterion
[17]. Similar hypotheses have been introduced to simulate paper
folding and creasing, for instance in references [18–21]. These pro-
cesses are dominated by inter-ply damage and delamination and
therefore require a detailed description of the material composi-
tion. On the contrary, the macroscopic failure modes observed in
the present investigation concern the overall response of the
paperboard composite and of the aluminium laminate, which can
be described by through-thickness homogenized models.
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Fig. 7. Failure mode and corresponding pressure level of six specimens of m
2. Testing procedure

The prototype instrumentation shown in Fig. 2 has been used to
investigate the structural response of the considered composites
under the loading condition more commonly experienced by
beverage packaging, which engages all material directions contem-
porarily. The samples are placed over a circular hole of 50 mm
radius opened on the top of the cylindrical vessel visualized on
the left, filled with air at controlled pressure, temperature and
humidity. The specimens are inserted between the stiff plates of
an air-proof flange and fixed by the bolts shown by the pictures
in Figs. 2 and 4. The out-of-plane displacements of the inflated
membrane are monitored by the rotating laser-blade profilometer
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aterial batch C (horizontal: cross direction; vertical: machine direction).



Table 1
Ultimate pressure levels of the paperboard material.

Failure pressure (kPa)

Batch A Batch B Batch C

Specimen 1 185 171 177
Specimen 2 196 182 195
Specimen 3 179 175 194
Specimen 4 198 172 214
Specimen 5 181 176 206
Specimen 6 207 172 183
Average 191 175 195
Standard deviation 11 4 14
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Fig. 8. Finite element simulation of the inflation test of paperboard; the colour map
visualizes the almost axis-symmetric distribution of the out-of-plane displace-
ments. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 2
Constitutive parameters entering Hill’s material model calibrated on the basis of
uniaxial tests performed on paperboard (1: cross direction; 2: machine direction).

Batch A Batch B Batch C

E1 (MPa) 2134 2154 1860
E2 (MPa) 5150 4810 3646
G12 (MPa) 1336 1084 908
R11r0 (MPa) 14.5 14.0 14.3
R22r0 (MPa) 35.7 34.9 39.0
R12r0 (MPa) 11.1 10.1 11.0
n (�) 0.41 0.45 0.48

Fig. 9. Experimental results and calibrated stress–strain relationship for paper-
board batch C.
shown on the right of the picture in Fig. 2. Data acquired at
pre-fixed load levels are transferred to a computer and stored for
further use [12]. The pressure is increased of about 200 mbar/
min (i.e. 20 kPa/min) up to failure.

The graphical representation of a typical output is shown in
Fig. 3, which evidences the position of the fixing bolts. These rough
data are returned in digital format and processed in order to trans-
fer all information to an intrinsic reference system having two axes
laying on a plane parallel to the initially flat membrane, easily
individuated from the position of the plate supporting the flange.
The third axis, orthogonal to this reference plane, crosses the mem-
brane surface at its maximum inflation depth. The out-of-plane
displacements of eight profiles, situated along radial directions at
45� one from the neighbouring others (see e.g. the dashed lines
sketched in Fig. 5) are averaged.

The first performed experiments concerned plain paperboard.
The mean inflated shape of 6 specimens extracted from the same
batch are reported in Fig. 6 for the pressure levels 10, 30, 50 and
70 kPa (100, 300, 500 and 700 mbar). Notice the different scale
on the vertical axis of the graphs. The dispersion observed at the
lower load levels is partly due to the natural corrugation of the
paperboard foils, which is flattened by the traction generated in
the membrane as the pressure increases.

Under this uniform loading condition, the failure of the
paperboard foils is systematically induced by a main crack, which
propagates quickly in the direction orthogonal to the stiffest and
strongest machine direction (MD), see Fig. 7. The ultimate pressure
levels are listed Table 1. For each material batch, the standard
deviation observed over the six tested samples is at most 7% of
the corresponding average value (between 175 and 195 kPa).

The inflation test can be exploited to investigate the more com-
plex material system visualized in Fig. 4, typical of the cap opening
area of beverage packages. In this case, a polymer–aluminium
laminate inclusion is embedded in the paperboard composite.
Under uniform pressure, failure is initiated by the separation of
the aluminium foil from the paperboard composite at the bound-
ary between the two dissimilar media. Then, two almost parallel
cracks propagate quickly across the central portion of the speci-
men, as illustrated by Fig. 4, at much lower pressure (about
50 kPa) than that supported by the plain paperboard samples.
Eventually, the elastic energy liberated in this bursting process
let fracture cross the aluminium inclusion.

These experimental results have been interpreted at the light of
the numerical simulation of the tests, performed by the finite
element models illustrated in the next Section.
3. Numerical simulation

The experiments performed during this study and concerning
either the plain paperboard or the paperboard composite were
reproduced by finite element (FE) models (shown for instance in
Fig. 8). The considered constitutive relationships reflect the
homogenized material response, that can be described by orthotro-
pic linear elasticity and Hill’s plasticity model [17]. Since both uni-
axial and inflation tests produce essentially membrane stress state



Fig. 10. Comparison between experimental and numerical results of the inflation test: average profile of the inflated membrane in the case of a paperboard specimen under
pressure values 10, 30, 50 and 70 kPa (corresponding to 100, 300, 500 and 700 mbar).
in the material specimens, the formulation can be referred to a
local reference system coinciding with the in-plane material
symmetry axes, here named 1 and 2, and with the thickness
direction 3.

In this context, the relationship between the most meaningful
components of the strain and stress tensors (e and r, respectively)
can be expressed in the elastic range by the relationship:
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The symmetry of the constitutive matrix introduced in (1)
requires that the ratio m21/m12 between the lateral contraction
ratios equals the ratio between the moduli E2/E1.

The elastic threshold is defined in terms of Hill’s equivalent
stress, namely:
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where R11, R22, R33 and R12 define the ellipsoidal shape of the elastic
domain, governed by the initial yield limits rY

11 ¼ R11r0, rY
22 ¼ R22r0

and rY
33 ¼ R33r0 along the main material directions and by the shear

yield stress rY
12 ¼ R12r0.

Under the loading conditions considered in this contribution,
irreversible deformation starts developing as req assumes the
reference value r0 and then increases progressively.

An equivalent scalar measure of the plastic strain can be
introduced, assuming that the work associated to the plastic strain
increment dep can be expressed by the product reqdep

eq. This equiv-
alence leads to the definition of ep

eq through a quadratic form anal-
ogous to (2), with coefficients derived from the above introduced
factors Rij (i, j = 1,3) [22]. Details on this classical formulation and
on its numerical implementation can be found for instance in [23].

Beyond the elastic threshold, the equivalent stress measure req

attains a limiting value that evolves with the deformation ep
eq
accumulated during the plastic process. This dependence is here
described by the exponential hardening rule:

req ¼ r0 1þ ep
eq

e0

� �n

ð3Þ

where the normalization factor e0 is assumed to coincide with the
ratio rY

11=E11.
The equivalent stress req and the corresponding plastic strain

measure ep
eq reduce to those corresponding to the classical

Hencky–Huber–von Mises (HHM) formulation for isotropic solids
when R11 = R22 = R33 = 1 and R12 ¼ 1=

ffiffiffi
3
p

. This particular assump-
tion is suitable to describe the threshold of the irreversible
deformation developing in the aluminium–polymer laminate
[24]. The amount of req during plastic flow is defined in this case
by an hardening rule with saturation stress, namely:

req ¼ r0 þ r1ð1� e�Nep
eq Þ ð4Þ

where the reference value r0 coincides with the initial yield limit
and the parameter r1 represents the maximum strength increase,
which is asymptotically reached for large values of the equivalent
plastic strain (theoretically, for ep

eq !1).
The above introduced constitutive models have been associated

to the FE discretization of the experimentally investigated foils
visualized for instance in Fig. 8. The analyses have been performed
in the large displacement regime in order to overcome the initial
hypostatic condition of the flat pressurized membrane. A commer-
cial code [25] often exploited for paperboard simulations (e.g.
[3,11,18,21]) has been used. Both 4-node membrane and 4-node
homogeneous shell elements based on Mindlin–Reissner flexural
theory have been considered to modelling purposes. Since specific
information on the out-of-plane characteristics of the foils was not
available, the same value of the shear modulus G12 was assumed
also for G13 and G23 as previously done, for instance in [18]. This
rough approximation (see e.g. [7,20]) overestimates the shear stiff-
ness and, hence, enhances the load carrying capability of the model
by flexural contributions. Nevertheless, differences in the results
were insignificant. In fact, the ratio between the characteristic size



Fig. 11. Stress and strain distribution at about the failure pressure (190 kPa) of batch C specimens (1 – horizontal: cross direction; 2 – vertical: machine direction).
of the pressurized surface (50 mm radius) and the thickness of the
sampled specimens (indicatively: 0.4 mm for plain paperboard;
0.5 mm for the paperboard composite) is extremely reduced. The
same holds true also for the circular inclusion visualized in Fig. 4,
with 12.5 mm radius, 0.1 mm thickness.
4. Model validation and identification of the failure mode

The constitutive parameters entering relationships (1) and (2)
have been calibrated on the basis of the output of tensile tests
performed on material strips according to Standards [2]. The
results represented for instance in Fig. 1 concern the case of plain
paperboard. CD is denoted as direction 1 in the modelling, MD
coincides with direction 2 and direction 3 is orthogonal to the foil
surface.

Parameter R33 was set equal to R11, a quite common assumption
of creasing and folding simulations of paperboard ([18–21]). This
simplification is particularly justified in the present context also
in view of the reduced sensitivity of the in-plane material response
to the through-thickness strength, evidenced already in a former
study concerning the inflation test [11]. The marginal role of the
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Fig. 12. Failure mode and corresponding pressure level of six heterogeneous material samples (horizontal: cross direction; vertical: machine direction).

Fig. 13. Principal stress distribution in the inflated heterogeneous specimen at
50 kPa (500 mbar) applied pressure.

Fig. 14. Principal stress distribution at 50 kPa (500 mbar) applied pressure in the polym
with the internal inclusion (b).
coefficient associated to the stress coupling term r11r22 in relation
(2) is confirmed also by the analysis of several failure criteria and
numerous sets of experimental data recovered from bi-axial
testing of paperboard [9].

Table 2 lists the elastic moduli E1, E2 and G12, the initial yield
limits R11r0, R22r0, R12r0 and the hardening exponent n of the
investigated paperboard batches. Parameters were not recovered
one by one, but their optimal value was identified from the best
overall fitting of the tensile curves. The resulting approximation
of the real material response can be appreciated from the graphs
drawn in Fig. 9, concerning the representative case of material C.

The lateral contraction coefficient m12 was set equal to the value
0.2 in all considered situations while m21 values were recovered
from the symmetry of the elastic constitutive matrix introduced
in (1) in the quite typical literature range 0.39 (batch C)–0.48
(batch A), see e.g. [3,18,20].

The reliability of the so calibrated constitutive models can be
assessed on the basis of the measurements performed during the
inflation test, summarized in terms of mean values and of the rel-
evant confidence interval by the graphs in Fig. 10 for batch C. The
experimental information is compared with the output of the
er–aluminium laminate (a) and in the paperboard composite close to the boundary



Fig. 15. Colour map of the strain distribution in the inflated heterogeneous
specimen at 50 kPa (500 mbar) applied pressure (1 – horizontal: cross direction; 2 –
vertical: machine direction). Labels indicate the extreme values in the sample. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 3
Constitutive parameters entering Hill’s material model calibrated on the basis of
uniaxial tests performed on the paperboard composite (1: cross direction; 2: machine
direction).

E1

(MPa)
E2

(MPa)
G12

(MPa)
R11r0

(MPa)
R22r0

(MPa)
R12r0

(MPa)
n
(�)

1711 3015 693 10.6 31.0 8.9 0.41

Fig. 16. Experimental results and calibrated nominal stress vs. nominal strain
relationship for the paperboard composite.
numerical simulation. The agreement between the measured and
the computed displacement distribution is always fairly good.
Accuracy increases with the pressure level, where non-linearity
dominates the material response and measurement noises are
reduced.

FE results show that the marked anisotropy evidenced by the
uniaxial tests is not reflected by the geometry of the inflated mem-
brane, which does not differ significantly from the axis-symmetric
response of isotropic foils, see e.g. the colour map of Fig. 8. On the
contrary, anisotropy affects the stress and strain distribution,
represented in Fig. 11 at about the failure pressure of batch C spec-
imens. In this situation, stress and strain components aligned with
the stiff MD reach values comparable to the material strength and
to the corresponding elongation in uniaxial test (about 55 MPa
maximum stress and 2% maximum strain), while in the orthogonal
direction (CD) resistance is not yet exhausted.

These preliminary results help understanding the collapse
mode of the heterogeneous material specimens, visualized in
Fig. 12. In this configuration, failure induced by the applied pres-
sure is initiated by the separation of the aluminium foil from the
paperboard composite at the interface between the two dissimilar
media at about 50 kPa (500 mbar), a much lower value than plain
paperboard. Detaching starts from an almost random position and
propagates toward the diameter of the sample, which is aligned
with CD. The polymer films, still undamaged, bear the pressure
until two cracks emanate from the interface between the alumin-
ium laminate inclusion and the surrounding material and propa-
gate in the paperboard composite toward the external specimen
boundary in a fast, almost symmetrical and rather catastrophic
manner.

The inflation process of the heterogeneous material samples has
been simulated by the FE discretization visualized in the graphs of
Figs. 13–15. The behaviour of the polymer–aluminium laminate
inclusion, characterized in earlier performed investigations [24],
is interpreted by HHM plasticity with the saturation hardening rule
(4). The assumed values of the constitutive parameters are:
E = 3150 MPa; m = 0.3; r0 = 5.45 MPa; r1 = 12.50 MPa; N = 34.5.
Hill’s constitutive model and exponential hardening rule (3)
describe the mechanical response of the paperboard composite.
The material characteristics, listed in Table 3, have been calibrated
on the basis of the data collected from tensile tests performed on
material strips cut along CD and MD, see Fig. 16. The worth noting
similarity between the graphs reported in Figs. 16 and 9 has been
exploited to define the shear properties.

Fig. 17 visualizes the average radial profiles of the inflated
heterogeneous membrane, detected by laser scan at different pres-
sure levels. The corresponding scatter is also represented. Larger
experimental noise is manifested in comparison to the formerly
investigated situations due to reflectiveness of the bright surfaces
span by the laser blade. The presence of the compliant internal
inclusion is progressively evidenced as the pressure increases.
The graphs show that the experimental results compare well with
the output of the numerical simulation also in this case.

The principal stress distribution in the heterogeneous compos-
ite sample, computed by the validated model at 50 kPa applied
pressure (close to failure), is displayed in Figs. 13 and 14. Stresses
are almost homogeneous and equi-biaxial in the isotropic
polymer–aluminium laminate despite the slight geometrical oval-
ization produced by the strongly anisotropic surrounding material,
see Fig. 15. The output of this simulation show that the aluminium
detaching process occurs at about 4% material elongation, with
stress values corresponding to the material strength (r0 + r1)
exhibited by the laminate under uniaxial tensile test. This result
is consistent with the findings of earlier investigations carried
out in free standing thin (20–300 lm) metal foils, evidencing



Fig. 17. Comparison between experimental and numerical results of the inflation test: average profile of the inflated membrane in the case of the heterogeneous material
specimen under pressure values 10, 20, 40 and 50 kPa (corresponding to 100, 200, 400 and 500 mbar).
meaningful reduction of toughness and fracture strain with the
thickness decrease below some threshold ([15,16]). The present
study concerns thinner (6–9 lm) metal layers and evidences that
similar effects are not prevented by the coupling with relatively
thick (70–100 lm) polymer coatings.

Graph (b) in Fig. 14 shows that stresses become circumferential
in the area of the paperboard composite close to the boundary
between the two dissimilar media. The compliance of the internal
inclusion induces stress concentration and a steep stress gradient
in the surrounding material, especially along the diameter aligned
with CD, see e.g. Fig. 13. The magnitude of the stress parallel to MD
is comparable with the overall strength of the composite. The max-
imum computed stress at the interface (54 MPa) slightly exceeds
the resistance exhibited by the material in uniaxial test (about
50 MPa), but the average stress value evaluated over the length
aligned with CD of the first FE amounts to about 38 MPa, evidenc-
ing the possibility of some marginal redistribution. Thus cracks
propagate across the paperboard toward the external boundary
of the sample when the aluminium layer is mostly detached and
no longer contributes to the load carrying capacity of the specimen.
5. Closing remarks

Homogeneous paperboard specimens and heterogeneous com-
posite samples have been subjected to traditional tensile tests
and to non-conventional inflation experiments, carried out by a
prototype instrumentation inspired by burst strength testers for
papers and supplied with a laser monitoring system, which
permits to follow the geometry change of the inflated membrane
during the test.

The equipment applies uniform pressure to the foil surface, thus
failure is not influenced by the loading direction but governed by
the material characteristics.

The collected experimental information has been interpreted
with the aid of a validated numerical model of the performed tests.
The mechanical response of the investigated material systems was
described by linear elasticity and Hill’s plasticity with isotropic
hardening rule, with constitutive parameters calibrated on the
output of uniaxial tensile tests. The independent results gathered
from the inflation tests were used to verification purposes. The dis-
placement distribution defining the deformed geometry of the
pressurized membranes were accurately predicted without any
adjustment.

Simulations helped understanding that the collapse mecha-
nisms of the considered material samples is dominated by brittle
fracture. The unstable nature of crack propagation through
paperboard has been confirmed by recently published results.
The present investigation shows that this feature is transferred to
the paperboard composites that constitute common beverage
packaging.

The rather brittle characteristics of the thin (6–9 lm) alumin-
ium layer embedded in this functional material were also
evidenced by the performed tests. Similar published results con-
cerned free standing metal foils of minimum thickness 20 lm.
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