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A B S T R A C T   

When polymers are coated on the surface of cardboards, they inevitably penetrate through the cardboard pores, 
resulting in a complex three-layer structure consisting of a free polymer layer, an impregnated layer, and a free 
cardboard layer. In this article, two quantitative, representative, and reliable methods are proposed to determine 
the thickness of the individual layers, which is an indispensable prerequisite for deciphering the role of multi
layer structures on the final properties of polymer-coated cardboards. The first method involves the analysis of 
images obtained either by scanning electron microscopy (SEM) or X-ray microtomography. The second method 
proposes a modeling approach based on experimental measurements of macroscopic physical parameters. The 
two methods provide congruent information but differ in terms of accessibility and precision. The main challenge 
with the SEM-based method lies in the cutting technique required to obtain clean cross-sections. X-ray micro
tomography does not require sample preparation, but its accuracy is lower. The main issue of the modeling 
approach is the quantitative and representative evaluation of the cardboard's porosity. Finally, both methods 
provided consistent results, e.g. with impregnated layers thicknesses of [257–270] and [167–247] μm for PHBV- 
and LLDPE-coated cardboards, respectively, highlighting a total and a partial impregnation. These methods can 
be used to detect not only an impregnated layer, but also an impregnation gradient in the coated cardboard, 
which needs to be further studied.   

Nomenclature 

List of abbreviations  

C1 Uncoated Cup Forma 
C2 Uncoated blotting paper 
LLDPE Low linear density polyethylene 
PHBV Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 
dcellulose Cellulose density (g⋅cm− 3) 
dpolymer Polymer's density (g⋅cm− 3) 
mc Control cardboard's mass (g) 
mcc Coated cardboard's mass (g) 
muc Uncoated cardboard's mass (g) 
Sc Control cardboard's surface (m2) 
Scc Coated cardboard's surface (m2) 
Suc Uncoated cardboard's surface (m2) 
bwc Control cardboard's basis weight (g⋅m− 2) 
bwcc Coated cardboard's basis weight (g⋅m− 2) 
bwuc Uncoated cardboard's basis weight (g⋅m− 2) 

(continued on next column)  

(continued ) 

cw Polymer's coating weight (g⋅m− 2) 
Vc Control cardboard's volume (m3) 
Vi Impregnated layer's volume (m3) 
Vp,i Volume of polymer that has impregnated the cardboard (m3) 
Vpores Cardboard pores' volume (m3) 
ϕa Porosity accessible to the polymer 
ϕc Control cardboard's porosity 
k Porosity coefficient 
lc Control cardboard's thickness (μm) 
lcc Coated cardboard's thickness (μm) 
lp Theoretical polymer thickness (μm) 
lfp Free polymer layer thickness (μm) 
li Impregnated layer thickness (μm) 
lfc Free cardboard layer thickness (μm)  

1. Introduction 

Paper and cardboard could be an excellent alternative to 
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conventional fossil-based and persistent plastics, provided that their 
very low barrier properties and high hydrophobicity are overcome while 
maintaining their recyclability and complete biodegradability. Coating 
paper or cardboard with thin films of biobased, biodegradable 
biopolymer with high barrier properties and water resistance seems to 
be the most promising alternative, as already reported by several au
thors [1–4]. 

When applying a polymer coating to a porous and fibrous cellulose, 
such as cardboard, part of the coated polymer inevitably penetrates the 
cellulose substrate, as reported in several papers [4–11]. This polymer 
impregnation leads to the formation of a complex multilayered structure 
with at least three layers, i.e., a dense polymer coating layer (corre
sponding to the polymer that does not impregnate the cellulose sub
strate), an impregnated layer, and a non-impregnated cellulose substrate 
[5–7,11]. The macroscopic properties of multilayer materials depend on 
the intrinsic properties and structure of the individual compartments, as 
well as on the properties of the interfaces [12]. It is therefore assumed 
that the presence of an impregnated layer, which would exhibit prop
erties that differ significantly from those of the bulk polymer or cellulose 
substrate, may influence the coated cardboards properties. Knowledge 
of the structure of such multilayer systems, and at least quantitative 
characterization of the thickness of each layer, is necessary to control 
and predict the functional properties, which remains a key challenge for 
polymer-coated cardboards or papers. 

The presence of an impregnated layer has rarely been studied or even 
noticed. Often, the main research topic does not need to consider the 
presence of coating impregnation into the cardboard or paper, as this is 
not the aim of the research [13–16]. However, when observations, SEM, 
or calculations highlight some differences in the results, such as a 
decrease in coating thickness, the impregnation process may be 
mentioned but its effects have not been further investigated [10,17,18]. 
For example, Samyn et al. [10] and Sundar et al. [17] both mentioned 
the impregnation of the coating into the cardboard when they observed 
a decrease in coating thickness while Türe et al. [18] observed a dif
ference in tensile property values that could be explained by the 
impregnation process, but they all did not investigate this phenomenon 
further. When the presence of an impregnated layer is investigated, it is 
usually characterized qualitatively by scanning electron microscopy 
(SEM) [3,5–7,9], optical microscopy [19,20] observations, and/or X-ray 
tomography [21–24]. In some studies, microscopic observations were 
coupled with image analysis to thoroughly investigate the 2D structure, 
for example with confocal laser scanning microscopy (CLSM), focused 
ion beam scanning electron microscopy (FIB-SEM) [25–27] or back
scattered electron microscopy (BSE-SEM) [7,16]. X-ray computed to
mography can also be used in conjunction with 3D reconstruction 
algorithms [24], as has been done to characterize papers [28–30] and to 
understand liquid penetration [25]. Several papers investigating porous 
structures, not only focused on papers and cardboards, and are able to 
obtain information regarding pore systems such as porosity, pore 
interconnectivity of 3D-pore network by using computational tech
niques [8,31–41]. It is worth noting that such imaging techniques 
sometimes require a modification of the polymer by adding a fluorescent 
dye to facilitate visualization of the polymer distribution in the cellulose 
substrate [7,8,11], which can lead to a change in the structure of the 
material as the fibers swell. In addition, most microscopy techniques 
require a clean cut of the material cross-section without mixing the 
layers or damaging the fibers to allow good visualization of the different 
layers, which is a difficult step for porous substrates. Special cutting 
techniques such as cryofracture [6,17,42,43], microtome [20,22,26], 
cryo-ultramicrotome [44] or resin embedment [7,16,45] have already 
been used successfully, but the latter are either expensive, lead to the 
swelling of the cellulose fibers and/or do not allow precise determina
tion of the layer thicknesses [3]. In summary, although the characteristic 
layers of polymer-coated cardboards can be visualized using imaging 
techniques, none of these studies went so far as to quantify the thick
nesses of the individual layers, which makes them useless for further 

modeling approaches. 
Some authors have attempted to estimate an impregnation percent

age, i.e. the difference between the expected and apparent coating 
thicknesses divided by the expected coating thickness, based on the 
calculation of the apparent polymer coating thickness [20,46], but have 
not reported the actual values of the thicknesses. The most advanced 
studies are those of Khlewee et al., which deal with the investigation of 
the impregnation mechanisms of an adhesive in paper [47,48]. They 
succeeded in determining the thickness of the impregnated layer using 
an easy-to-implement technique based on oil absorption in the mate
rials. However, the thicknesses of the free adhesive layer and the free 
paper layer, which are necessary for further prediction of the overall 
properties of the multilayer, were not mentioned. 

In this context, the aim of this paper is to investigate and compare 
two quantitative, representative, and reliable methods for determining 
the thickness of the individual layers in polymer-coated cardboards, 
including the impregnated layer. For this purpose, four polymer-coated 
cardboards with different degrees of impregnation were produced by 
selecting two types of carboards (a commercial cardboard as a com
mercial reference substrate and an untreated blotting paper to empha
size the polymer impregnation phenomenon) and two polymers: poly(3- 
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), a biopolymer having a 
low melt viscosity and a high melting point, and linear low-density 
polyethylene (LLDPE), a conventional polymer with a higher melt vis
cosity and a lower melting point, as reference for coating polymers. The 
first method is based on image acquisition (either by scanning electron 
microscopy or X-ray microtomography) and analysis. The second 
method relies on the use of an analytical model based on experimental 
measurements of macroscopic physical parameters (including mass, 
surface area, total thickness, density and porosity). The novelty of this 
research is that, for the first time, a complete estimation of the thickness 
of each layer in a multilayer cardboard-based system is proposed. 

2. Materials and methods 

2.1. Materials 

A commercial cardboard (Cup Forma Natura, Stora Enso, Stockholm, 
Sweden, basis weight of 260 ± 1 g.m− 2 and thickness of 370 ± 2 μm, 
noted C1) and an untreated blotting paper (Centre Technique du Papier, 
Grenoble, France, basis weight of 248 ± 3 g.m− 2 and thickness of 460 ±
4 μm, noted C2) were used as cellulose substrates. Cardboards and un
treated blotting papers used as received (i.e., without further coating or 
processing) are referred to as “uncoated cardboards”. Both materials 
were stored for at least 24 h at 50 % relative humidity and 23 ◦C before 
use. 

Two commercially available polymers, with different properties 
(Table 1), were used as polymer coatings to enable the production of 
coated cardboards with different structures. Poly(3-hydroxybutyrate-co- 
3-hydroxyvalerate) (PHBV), density of 1.24 g.cm-3, was purchased from 
Natureplast (Mondeville, France) in the form of a powder under the 
reference PHI003. Linear low-density polyethylene (LLDPE), density of 
0.92 g.cm− 3, was supplied by ExxonMobil Chemical (LL 1002YB, Irvin, 
USA) in the form of pellets. Both polymers were dried at 60 ◦C for 24 h 
before use. 

Table 1 
Properties of LLDPE and PHBV.  

Polymer Melting 
temperature (◦C) 

Degradation 
temperature (◦C) 

Melt flow index (g/10 
min - 190 ◦C – 2.16 kg) 

PHBV  172  242 15–30a 

LLDPE  123  390 2a  

a Obtained from supplier. 
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2.2. Preparation of coated papers 

Around 10 × 10 cm square self-supported polymer films with a 
thickness of 100 μm were prepared by thermocompression using a hy
draulic heating press (LAB 800 PA, Pinette Emidecau Industries, Chalon- 
sur-Saône, France) in two steps. First, the polymer was placed between 
two Teflon sheets and brought into contact with the heating plates for 
10 min at the desired temperature to ensure sufficient melting of the 
polymer at temperatures of 180 ◦C for PHBV and 140 ◦C for LLDPE. 
Then, successive pressures of 50, 100 and 150 bars were applied, for 30, 
30 and 60 s respectively. The resulting polymer films were then placed 
on approximately 10 × 10 cm cellulose substrates between the two 
Teflon films for another thermocompression cycle. The same thermo
compression procedure was used, but the duration of the first contact 
was shortened to 5 min. 

Control cardboards were produced by applying a thermocom
pression procedure to an approximately 10 × 10 cm square of uncoated 
cardboard, to obtain a structure close to the cellulose substrate present 
in coated cardboards. The thermocompression process was the same as 
that used to coat the polymer on the cardboard. 

The produced coated cardboards were stabilized at 23 ◦C and 50 % 
relative humidity for 14 days to allow the secondary crystallization of 
PHBV [49]. They were then stored in hermetic boxes and protected from 
direct light before being further characterized. The resulting polymer- 
coated cardboards were coded as “Ci_j”, i = {1,2}, j =

{PHBV, LLDPE}, where C1 and C2 refer to the Cup Forma and the un
treated blotting cardboard, respectively, e.g., C1_PHBV stands for the 
Cup Forma cardboard coated with PHBV. 

The structure of the polymer-coated cardboards can be represented 
in two ways. In the theoretical case where no polymer is impregnated 
into the cardboard, the structure of the coated cardboard is represented 
as a two-layer structure composed of a polymer coating layer of thick
ness lp and a cardboard layer of thickness lc (Fig. 1a). In contrast, in the 
case of polymer impregnation, the material can be represented by a 
three-layer structure consisting of a free polymer layer of thickness lfp, 
an impregnated layer of thickness li, and a non-impregnated free card
board layer of thickness lfc (Fig. 1b). It is assumed that the overall 
cardboard thickness is constant, lc = li + lfc, as no significant swelling of 
the cardboard was observed in the present study. 

2.3. Materials characterization 

2.3.1. Thickness 
The thickness of the material was measured using a digimatic 

micrometer (0–25 mm, MDC-25SX, Mitutoyo Co. Ltd., Tokyo, Japan) 
with an accuracy of 0.001 mm, with taking 10 different measuring 
points evenly distributed on the surface of the material (Fig. S1). 

2.3.2. Mass 
The samples of control cardboard (c), uncoated cardboard (uc), and 

coated cardboard (cc) were weighed using a 4-digit balance (LX 220 A, 
BALCO, Switzerland) and the corresponding masses (in g) were noted as 

mc, muc, and mcc, respectively. The measurements were carried out in 
duplicate. 

2.3.3. Surface area 
The materials were scanned using a scanner (MP3555, 600 dpi, 

RICOH, Tokyo, Japan). Their surface areas (in m2), noted as Sc, Suc, and 
Scc for the surface areas of control cardboard, uncoated cardboard, and 
coated cardboard, respectively, were determined using image analysis 
(Fiji software, v.1.54f) [50]. 

2.3.4. Basis weight 
The different basis weights (in g.m− 2) were calculated using Eq. (1): 

bwi =
mi

Si
(1)  

where i = {c; uc; cc} for the control cardboard, the uncoated cardboard, 
and the coated cardboard, respectively. 

For each polymer-coated carboard, the coating weight (noted cw, in 
g.m− 2) was calculated according to Eq. (2): 

cw = bwcc − bwuc (2)  

2.3.5. Cardboard porosity 

2.3.5.1. Estimated average porosity. The porosity of cardboard (noted ϕ) 
was calculated according to Eq. (3), where l is the paper thickness (in 
μm), bw the paper basis weight (in g.m− 2) and dcellulose the cellulose 
density (considered equal to 1.5 g.cm− 3) [51]. This porosity value cor
responds to the average porosity of the paper, without distinguishing 
between surface and bulk porosity. 

ϕ = 1 −
bw

l × dcellulose
(3)  

2.3.5.2. Mercury porosimetry. Mercury porosimetry was carried out 
using a Poremaster 60 (Quantachrome, Anton Paar, Graz, Austria). The 
surface tension (γ) and the contact angle (θ) were considered with 480 
mN/m and 140◦, respectively. The pore diameter is calculated using the 
Washburn's equation (Eq. (4)): 

D = − 4×
γ × cos(θ)

P
(4)  

with D the pore diameter (nm), and P the applied pressure (MPa). 

2.3.6. Scanning electron microscopy (SEM) 
Different cutting techniques were tested to prepare the samples for 

SEM image acquisition. An ultramicrotome (LEICA UC6, LEICA, Wet
zlar, Germany), equipped with a cryo-chamber, was used at − 130 ◦C and 
an angle of 35◦ (cryo-ultramicrotome). A manual microtome (WSL-Lab- 
Microtome, Schenkung Dapples, Zürich, Switzerland) was used with two 
types of blades, a razor and a cutter blade, and samples were cut at an 
angle of 45◦. A cut of the sample included in a wood pith has been 
performed using a razor-blade aligned perpendicular to the sample. For 
ultramicrotome cuts, a ultramicrotome (LEICA UC7, LEICA, Wetzlar, 
Germany) was used. Samples cut using scissors, a razor blade, or a cutter 
blade, where cut perpendicular to the sample. The last cut was per
formed immerging the sample in liquid nitrogen for a few seconds before 
folding it to induce the cut. 

The cross-sections of the coated and uncoated cardboards were 
observed using a scanning electron microscope with an acceleration 
voltage of 2.5 kV. Depending on the cutting technique, three different 
microscopes were used. Indeed, to prevent the sample from being 
damage, which may occur during transportation, which would lead to a 
deterioration of the sample's cross-section, the samples were analyzed 
using the closest SEM to the location where the cutting technique was 
performed. For cross-sections obtained using a cryo-ultramicrotome, a 

Fig. 1. (a) Bilayer structure without impregnation and (b) three-layer structure 
with impregnation of polymer-coated cardboards. 
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FEI QUANTA-FEG 250 was used (Thermo Fisher Scientific Inc., Massa
chusetts, USA). When using the ultramicrotome, a FEI QUANTA-FEG 
200 was used (Thermo Fisher Scientific Inc., Massachusetts, USA). 
Samples obtained using other cutting techniques were observed using a 
Phenom ProX (Thermo Fisher Scientific Inc., Massachusetts, USA). Prior 
to analysis, all materials were metallized with gold/palladium using an 
ion sputter coater. 

For the SEM observations of the samples cut using the cryo- 
ultramicrotome techniques, 3 observations were made for both PHBV 
and LLDPE C2-coated cardboards, and 1 for each C1-coated cardboard. 

2.3.7. X-ray microtomography (μCT) 
A microtomograph (EasyTom 150, RX Solutions, Chavanod, France) 

was used to characterize the material structure. The voxel size was 5 × 5 
μm. The three-dimensional data sets were cut from two-dimensional 
cross-sectional images of the materials to determine the different char
acteristic thicknesses (total, free polymer, impregnation, free 
cardboard). 

2.3.8. Image analysis 
The SEM and microtomography images were first straightened and 

cropped in the same dimensions using Fiji software [50]. The resulting 
images were analyzed using a developed MATLAB code (The Math
Works Inc., Natick, Massachusetts, USA), under Windows 11 (v.23H2, 
Microsoft, Redmond, USA). 

3. Results and discussion 

3.1. Assessment of thicknesses using image acquisition and analysis 

A first approach to directly determine the thickness of the different 
layers of polymer-coated cardboards is the quantitative analysis of cross- 
sectional images obtained from microscopic observations. In the case of 
SEM observations, a clean cut of the materials is required, which rep
resents the biggest challenge as it directly affects the visualization and 
the resulting observations and conclusions, is necessary. 

3.1.1. Qualitative observations of cross-sections by SEM and X-ray 
microtomography 

The C1_LLDPE was used as a reference to compare the different 
cutting techniques tested to obtain the cleanest cut for the best visuali
zation of the actual structure of the coated cardboard and to allow the 
characterization of the layer's thicknesses. 

A total of nine techniques were investigated: (A) cryo- 
ultramicrotome, (B) manual microtome with a cutter blade, (C) inclu
sion in wood pith and razor blade, (D) ultramicrotome, (E) scissors, (F) 
razor blade, (G) manual microtome with a razor blade, (H) cutter blade, 
and (I) cryofracture. 

First, except for cryofracture, the presence of a free polymer layer 
could be qualitatively demonstrated with all tested techniques (Fig. 2). 
Both the evaluation of other layers and the characterization of thick
nesses were not possible most techniques. It has been shown that the use 
of a cutter blade or cryofracture led to a destruction of the overall 

Fig. 2. SEM observations of LLDPE-coated cardboard's cross-sections (C1_LLDPE) using different cutting techniques: (A) cryo-ultramicrotome, (B) manual microtome 
with a cutter blade, (C) inclusion into wood pith and razor blade, (D) ultramicrotome, (E) scissors, (F) razor blade, (G) manual microtome with a razor blade, (H) 
cutter blade, and (I) cryofracture. The polymer layer is facing upwards in the images. 
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structure (Fig. 2H and I), thus preventing the visualization of all layers. 
Cryofracture is a very common technique that has been used successfully 
in the literature for coated papers and cardboards. Sundar N. et al. [17] 
have obtained cross-sectional images that serve as supporting data for 
the contact angle and surface roughness analyses. These cross-sections 
allow the detection of a free polymer layer. However, it should be 
noted that the coated papers considered in their study were thinner than 
those presented in this article (150 μm vs. 350 μm approximately), 
which could explain the difference in results [17]. Adibi A. et al. [43] 
also used cryofracture, but on a thicker coated cardboard, to check the 
homogeneity of the coating layer on the paper surface and its ability to 
fill the surface porosity. The authors obtained cross-sections that made 
possible to visualize the free polymer layer, but it was still not possible to 
distinguish the other layers [43]. 

The use of scissors, a razor blade or a manual microtome with a razor 
blade allowed to observe the free polymer layer on the top of the ma
terial, but led to a change, a tearing, of the cardboard structure (Fig. 2E, 
F and G). The tearing of the cardboard layer hampered the accurate 
measurement of both the cardboard layer and the free polymer layer. 
Even though techniques such as scissors, razor blades and cutter blades 
are readily available, they are not an efficient solution for determining 
the coated cardboard's thickness (Fig. 2E, F and H), confirming previous 
conclusions made by various authors. In the literature, Han J. & Krochta 
J. used blades to obtain cross-sections of coated cardboards and were 
unable to detect the free coating layer due to the fuzziness of the cross- 
section, except for the coated cardboard with the highest coating weight 
[52]. However, the authors were able to demonstrate the fulfillment of 
surface porosity by the coating and the decrease in roughness. On the 
other hand, Khlewee M. et al. were unable to obtain a clean cross-section 
of coated cardboards using a razor blade but were still able to evidence 
the impregnation of the glue in the cardboard [47]. 

The four remaining techniques, i.e., cryo-ultramicrotome, manual 
microtome combined with a cutter blade, inclusion into a wood pith and 
ultramicrotome, showed a clear view of the free polymer layer, which 
allowed evaluation of the thickness of the free polymer layer (Fig. 2A, B, 
C and D). However, cuts obtained using the manual microtome com
bined with a cutter blade or the inclusion into a wood pith compromised 
the structure of the cardboard, i.e., they presented a blurring of the 
cardboard, tearing of the fibers and partial detachment of the polymer 
layer. Consequently, it was not possible to investigate the presence of an 
impregnated layer with these techniques, which made it difficult to 
measure the thickness of the cardboard layer's thickness. Aslannejad J. 
et al. [26] were able to obtain a clear cross-section of coated cardboards 
using a manual microtome to examine the interface between the coating 
and the base paper, where both the free polymer and the impregnated 
layer were visible. However, they were not able to observe the entire 
thickness of the free cardboard layer [26]. 

Finally, using the cryo-ultramicrotome and the ultramicrotome, 
three different layers could be observed (Fig. 2A, D). Theoretically, both 
techniques could have been used to evaluate the layer thicknesses. 
However, the samples obtained with the ultramicrotome showed a slight 
change in the cardboard structure (i.e. the fibers were flattened), which 
resulted in a lower precision of the images. Gastaldi E. et al. [20] suc
cessfully used the ultramicrotome to obtain a clean cross-section, but on 
samples that had previously been immersed in resin. They showed that 
staining of the polymer prior to sectioning was necessary to identify the 
impregnated layer [20]. 

It is worth noting that techniques altering the sample such as serial 
sectioning, which requires resin embedment of the sample, were not 
considered in this study as they may induce structural changes in the 
sample. The objective was to observe the actual cross-section and layer 
thicknesses, without further modification. Indeed, the coated carboard 
inclusion in resin could lead to an impregnation of the resin within the 
cellulosic substrate, thus hindering the distinction between polymer 
impregnation and resin impregnation or modifying the arrangement of 
the fibers. This would make it more difficult to determine the actual 

impregnated thickness. 
Also, when using different cutting techniques, different metallizer 

were used on samples which led to difference in contrast on the resulting 
SEM images, but do not impact the visualization of layers. 

To conclude, although some easily accessible techniques such as 
scissors or razor blades can be used to evidence the free polymer layer, 
the use of a cryo-ultramicrotome, i.e. an ultramicrotome under cryo
genic conditions, seems to be a prerequisite to obtain a clear visualiza
tion of all three layers of the coated cardboards and to further evaluate 
their thickness. This technique was therefore further used to prepare 
additional samples for image acquisition and analysis. 

Cross-sections of different materials cut with the cryo- 
ultramicrotome were visualized by SEM (Fig. 3). Depending on the 
type of polymer coating, i.e. PHBV or LLDPE, different structures were 
obtained. For LLDPE-coated cardboards, three different layers were 
observed, corresponding respectively, from top to bottom, to the free 
polymer layer, the impregnated layer, and the free cardboard layer 
(Fig. 3C and F). The free LLDPE layer appears to be homogeneous. The 
presence of a free polymer coating layer has already been confirmed, as 
it has already been observed in the literature [6,10,19,53]. For PHBV- 
coated cardboards, only a heterogeneous layer was visible (Fig. 3B 
and E), while both the free polymer and free cardboard layers do not 
appear to be present. This indicates that the PHBV has completely 
impregnated the cardboard. These different degrees of impregnation 
could be explained by the difference in melt viscosity of the two poly
mers. PHBV has a higher melt flow index than LLDPE, namely 51.6 and 
5.4 g/10 min for PHBV [54] and LLDPE [55], respectively, therefore 
emphasizing the PHBV penetration into the cardboard's open pores. 
Also, LLDPE presents a faster crystallization rate than PHBV (no addition 
of nucleating agent in the present study), which might allow the PHBV 
to pursue its impregnation into the cardboard after the thermocom
pression until its full crystallization. It is worth noting that both for C1 
and C2 coated cardboards, a residual porosity seems to be visible in the 
impregnated layer. This can be due to the presence of either closed pores 
or pores that cannot be reached by the polymer. Literature defined 
cardboards pores as macropores (i.e., above 0.1 μm) [48] and as open 
pores [56]. The porosity of the control cardboards was determined using 
mercury porosimetry and resulted in a porosity of 53 ± 1 %, which was 
in the same order of magnitude as the porosity calculated from Eq. (3) 
(48 %) (Fig. S2). However, this open porosity might not be fully acces
sible to the polymer, due to the higher gyration radius of the polymer 
compared to mercury. Part of the total pore volume is not available for 
impregnation, so the polymer front must penetrate deeper in the card
board. Such observations regarding the presence of empty pores in the 
impregnated layer can also be derived from the literature [5,53]. 

Another explanation could be that apparently closed pores are due to 
the tearing of some fibers during cutting, leading to holes in the 
impregnated layer. However, X-ray tomography images that did not 
require cutting also showed similar pores (Fig. 4), confirming the actual 
presence of these pores. 

2D-images of the cross-sections of both C1-coated cardboards were 
also obtained by X-ray microtomography analysis. For C1_PHBV, there 
was no evidence of a free polymer layer on the top of the material nor of 
a free cardboard layer on the bottom (Fig. 4B). It appears that the 
polymer has impregnated the cardboard completely, but not homoge
neously, as indicated by the presence of fewer pores in the upper half of 
the material. This could be due to the presence of an impregnation 
gradient in the coated cardboard, where the concentration of the poly
mer decreases from the top to the bottom of the sample. While a partial 
impregnation of the polymer coating has already been demonstrated in 
the literature, either with wheat gluten [5] or a pigment binder [7], to 
the best of our knowledge, no complete impregnation of PHBV in a 
cellulose substrate has yet been observed. For C1_LLDPE, the three 
different layers could be clearly distinguished, especially the free poly
mer layer (Fig. 4A). 
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3.1.2. Quantitative assessment of thicknesses through image analysis 
To quantitatively evaluate the thickness of each layer by image 

analysis, a method was developed based on that used by Le Duigou et al. 
[57] and Shirazi et al. [11]. It consists of determining, for each image 
obtained, the grey intensity profile for a column of pixels, i.e. along the 
thickness of the materials. The mean profile of all vertical pixel's rows 
and the corresponding variance are plotted as a function of the material 
thickness. The plots obtained for C1- and C2-coated cardboards are 
shown in Fig. 5. The analysis of the replicates for C2-coated cardboards, 
exhibiting the same behavior, and for uncoated C1 and C2 can be found 
in Supplementary materials (Fig. S3). In Fig. 5, each plot is linked to the 
corresponding SEM image. 

For C1_LLDPE, the boundaries between the coated cardboard, and 
the environment, i.e. the atmosphere or the mount, can be evidenced by 
two peaks of pixel intensity variance, allowing to assess the thickness of 
the coated cardboard (Fig. 5). However, it should be noted that the in
tensity and the position of these peaks strongly depends on the quality of 
the sample's preparation. Indeed, tearing of the cellulose fibers on the 
cardboard side was observed in some samples, while artefacts appeared 
at the sample-mount interface, possible leading to a scattering, or 
shifting of the variance peaks (see Fig. S4). When determining the 
thicknesses, the values at the tip of the peak under consideration are 
considered. 

From left (coated cardboard – mount boundary) to right (coated 
cardboard – outer atmosphere), the free polymer layer was character
ized by a first curve section, with a constant mean intensity and a con
stant and very low variance, both related to the homogeneity of the 
polymer layer. It corresponds to the range [43;107] μm and [38;97] μm 
for samples C1_LLDPE and C2_LLDPE respectively. Although the pres
ence of the free polymer layer was qualitatively indisputable, in
terferences were observed in some samples that required an adjustment 
of the thickness determination. Indeed, some pieces of fibers or dust 
were observed on the surface of the section, located on the free polymer 
layer (Fig. S3, C2_LLDPE (4)). It is suspected that these elements were 
created during cutting and then redeposited on the sample surface 
before metallization and imaging. They must therefore be removed from 
the image analysis if the thicknesses are to be determined. The value of 
the thickness of the free polymer layer was determined by considering 
the maximum of the first peak related to the beginning of the coated 
cardboard, and the next first peak after stabilization of the variance 
corresponding to the free polymer layer. 

Next, from 107 μm to 277 μm (i.e., maximum peak value of the last 
peak corresponding to the increase in variance), for C1_LLDPE, the mean 
intensity starts to vary, with a decreasing tendency, to reach a lower 
intensity and then an intensity plateau at around 125. The variation of 
the mean intensity and the higher variance compared to the free 

Fig. 3. SEM images of cross-sections of both control and polymer-coated cardboards obtained using a cryo-ultramicrotome: (A) control C1, (B) C1_PHBV, (C) 
C1_LLDPE, (D) control C2, (E) C2_PHBV, (F) C2_LLDPE (see dataset, doi:10.57745/D63VYY). 

Fig. 4. Cross-sections of (A) C1_LLDPE and (B) C1_PHBV obtained by microtomography (see dataset, doi:10.57745/D63VYY).  
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polymer layer are representative of the impregnated layer. In this layer, 
the polymer coexists with the cellulose matrix, with slightly different 
intensities, and where dark residual pores, with low intensity, increase 
the variance. In addition, the decreasing trend observed for the mean 
intensity combined with an increase in the variance can be explained by 
the presence of a gradient of impregnation. The closer to the free 
polymer layer, the more polymer will be impregnated, and this amount 
of polymer gradually decreases until it disappears, indicating the tran
sition from the impregnated layer to the free cardboard layer. The 
impregnated layer and its boundaries can be difficult to identify 
depending on the structure of the material, as shown for C2_LLDPE 
where the final boundary of the layer is harder to distinguish. In this 
case, the same method was applied and the first maximum peak after the 
increase in variance was considered as the end of the impregnated layer. 
Finally, the range from 277 μm to 421 μm corresponds to the free 
cardboard layer, which is characterized by a low mean intensity, due to 
the porosity (dark areas), and high and increasing variance due to the 
structure of the cardboard and the proximity to the external atmosphere. 

For both C1_PHBV and C2_PHBV, the mean intensity plot did not 
allow a thickness determination other than that of the total coated 
cardboard, as only a general slope was observed, with variations in both 

mean intensity and variance. This confirms the previous observations 
that only a single layer can be seen in the SEM images, namely the 
impregnated one, confirming a complete impregnation of the polymer. It 
is also worth noting that the image analysis of C1_PHBV highlights the 
structure of the commercial Cup Forma cardboard with a variance peak 
at 220 μm, which corresponds to the interphase between two layers of 
the uncoated cardboard. 

Such image analyses were also performed on microtomography im
ages but due to their low resolution, layers were harder to evidence as 
shown in the corresponding plots (Fig. 6). For C1_LLDPE, it is possible to 
evidence the free polymer layer as the part of the variance plot without 
significant variations (i.e., between 55 and 110). Apart from the free 
polymer layer, two different parts of the plot can be observed regarding 
the variance variation: first, decrease in variance until 275 μm, then 
steady values from 275 to 480 μm. Those two parts seem representative 
of the impregnated and the free cardboard layers respectively. It is worth 
noting that the impregnated layer seems to be inhomogeneous and 
might be a gradient of impregnation more than a strict layer. Thus, from 
the free coating layer until reaching the free cardboard layer, the pro
portion of polymer in the cardboard seem to decrease, leading to an 
increase in variance along the way. For C1_PHBV, analysis of X-ray 

Fig. 5. Image analysis of SEM images for both C1- and C2-coated cardboards.  
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microtomographs, and of the mean intensity, allows the identification of 
only one impregnated layer, which is congruent with SEM image anal
ysis. When comparing to the C1_LLDPE microtomography, it is not 
possible to evidence any free cardboard layer in the case of C1_PHBV as 
the structure of the material is different from the structure of the card
board layer. Thus, only an impregnated layer seems to be visible in the 
C1_PHBV microtomograph, with a gradient of impregnation and a 
stabilization. 

Staining of the sample is usually performed to increase the density 
contrast of low-absorbing features in the sample [7,8,12,31,41,58]. 
Staining the cardboard before coating it with the polymer could have 
been tested to increase the contrast between the polymer and the cel
lulose fibers. However, it was hypothesized that this treatment could 
alter the surface properties of the constituents and therefore affect the 
impregnation mechanism of the polymer within the cardboard, but this 
was not investigated further in this study. 

Even if it is possible to identify the layers on microtomographs, they 
are not as clear as in SEM images. Segmentation of μCT 2D images and 
3D reconstruction have also been investigated using a machine learning- 
based approach. This is generally used for modeling approaches 
[32,33,36,37] or to investigate the interconnectivity of pores [32,34]. In 
the case of our coated cardboards, the resulting segmentation was very 
sensitive to the selected pixels. For a given microtomography, when one 
or the other pixel was selected for segmentation, the results were 
significantly different and did not allow a clear distinction between the 
three phases (i.e., polymer, fibers, and air) (Fig. S5). This can be 
attributed to both a low contrast difference between the phases and a 
low resolution of the images. This confirmed that SEM was preferable in 
general, even if both techniques can be used to determine all layer's 
thicknesses when the impregnation does not represent the entire coated 
cardboard thickness, i.e., when the impregnation remains partial. 

Plotting the variance as well as the mean intensity allows for better 
detection of the layers. Indeed, when considering only the mean in
tensity, it is difficult to observe notable differences in the microtomo
graphs, between the impregnated layer and the free cardboard layer 
whereas it is highlighted with the variance. Thus, analyzing images 
obtained from SEM and microtomography with this technique allows for 
the determination of the layers thickness. However, as shown in Sup
plementary materials, the presence of dust or defects on the cross- 
section of the coated cardboard affects the quality of the thickness 
determination (Fig. S4). 

Thicknesses obtained from image analysis are listed in Table 2. For 
both C1 and C2 polymer-coated cardboards, structures obtained using 

PHBV and LLDPE are significantly different, which is congruent with 
SEM observations. Indeed, a total impregnation is obtained for PHBV 
coated cardboards whereas a partial impregnation is obtained using 
LLDPE, regardless of the cardboard used. 

Regarding the impact of the cardboard's nature, since the global 
porosity values of C1 and C2 cardboard were close, i.e. 0.43 and 0.48 for 
C1 and C2 respectively, it was expected that resulting coated-cardboards 
structures would be similar. Three different observations were made for 
C2-coated cardboard as C2 represents the reference cardboard, i.e., 
without any multilayer structure, and one observation was made for 
both C1-coated cardboards as the intrinsic structures of C1 cardboards 
are more complex. Indeed, C1 cardboards are composed of an inner 
layer of sulphate pulp with chemi-thermomechanical pulp, between two 
layers of sulphate pulp [59]. This specific structure, highlighted by a 
variance peak at 220 for SEM image analysis of C1_PHBV, may decrease 
the impregnation of the polymer within the cardboard when the poly
mer reaches the middle layer. This can explain why, for C2_LLDPE, the 
impregnated layer thickness appears to be slightly higher than for 
C1_LLDPE. 

3.2. Assessment of thicknesses based on the characterization of 
macroscopic physical parameters 

3.2.1. Analytical model 
Because the observation of the three layers can be challenging due to 

either the cutting step or the imaging technique resolution, and/or be 
time and cost-consuming, a mathematical model was developed to 
determine the three characteristic thicknesses (i.e. the thicknesses of the 

Fig. 6. Image analysis of microtomographs for (left) C1_LLDPE and (right) C1_PHBV.  

Table 2 
Thickness values obtained from SEM and X-ray microtomography image anal
ysis (mean values of profiles obtained on 1 and 4 SEM images for C1 and C2 
coated cardboards respectively).  

Materials Imaging technique Thicknesses (μm) 

lfp li lfc 

C1_PHBV SEM n.d. 308 n.d. 
Microtomography n.d. 335 n.d. 

C2_PHBV SEM n.d. 328 ± 19 n.d. 
C1_LLDPE SEM 65 170 144 

Microtomography 55 165 205 
C2_LLDPE SEM 64 ± 7 251 ± 28 47 ± 45 

n.d.: not distinguishable. 
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free polymer layer, the impregnated layer, and the free cardboard layer) 
based on the characterization of macroscopic physical parameters 
(Fig. 7). Among them, the mass, and the surface of the uncoated, coated 
and control cardboards, noted muc,mcc,mc and Suc, Scc, Sc respectively, 
were measured and used as input parameters. It is worth noting that the 
surface of the uncoated cardboard is equal to the surface of the coated 
cardboard, as the coated cardboard is the result of the polymer coating 
on the uncoated cardboard. In addition, both the control and the coated 
cardboard thicknesses were assessed to determine the free polymer 
thickness. Finally, the value of both the polymer and the cellulose 
density are required. 

This method should allow for the determination of the different 
thicknesses when advanced cutting and imaging techniques are not 
accessible. The main hypothesis of this analytical approach is that the 
polymer impregnates the cellulose substrate as a polymer front, that is 
the polymer fills all the pores as it penetrates the cardboard. 

The first parameter to be calculated was the theoretical free polymer 
thickness (lp). It represents the expected polymer thickness remaining on 
top of the cellulosic substrate if no impregnation occurs (Fig. 1a) and 
was calculated using Eq. (5): 

lp =
cw

dpolymer
(5)  

where cw is the coating weight (g.m− 2), and dpolymer is the polymer 
density (g.m− 3). 

If impregnation occurs, this leads to a reduced thickness of the free 
polymer layer (lfp) as a part of the polymer penetrates the cardboard. If 
the thicknesses of the coated (lc) and the control (lcc) carboards could be 
measured on the same materials and at the same location, as is possible 
on a cross-sectional image, the free polymer layer could be expressed as 
follows (Eq. (6)): 

lfp = lcc − lc (6) 

Preliminary experimental results showed that the impregnation of 
the polymer into the cardboard mainly occurred after the full thermo
compression of the cardboard (Fig. S6). This highlights that the porosity 
that should be used in the analytical model is the porosity of the ther
mocompressed cardboard, that is the control cardboard that underwent 
the same thermocompression cycle as the polymer-coated cardboard. 
The cardboard porosity (ϕc) can be expressed by Eq. (7): 

ϕc =
Vpores

Vc
(7)  

where Vpores is the volume of the pores in the cardboard (m3) and Vc the 
total volume of the cardboard (m3). 

When all the pores of the impregnated layer are filled with the 
polymer, we can deduce that: 

ϕc =
Vp,i

Vi
=

(
lp − lfp

)

li
(8)  

where Vp,i is the volume of polymer that has impregnated (m3) and Vi is 
the volume of the impregnated layer (m3). The porosity accessible to the 
polymer, noted ϕa, can then be expressed as follows: 

ϕa = k*ϕc (9)  

where k corresponds to the proportion of the pores accessible to the 
polymer. Then, the thickness of the impregnated (li) was deduced from 
Eqs. (8) and (9): 

li = k*
(
lp − lfp

)

ϕa
(10) 

Fig. 7. Relationships between measured and calculated physical parameters.  
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Finally, the thickness of the free cardboard layer (lfc) was deduced 
from the valued of the thickness of the free polymer layer and the 
thickness of the impregnated layer (Eq. (11)). 

lfc = lcc −
(
lfp + li

)
(11) 

However, the control cardboard and the coated cardboards are two 
distinct materials, which are necessarily characterized separately, 
leading to errors when applying Eq. (5). Indeed, as the values are not 
related to each other, such thickness subtraction can lead to negative 
values of the free polymer layer thickness. These negative values could 
also be caused by a high standard deviation in the measurement of 
coated cardboards and control cardboards total thicknesses. In our case, 
we want to estimate the final error on the thickness (which can be 
summarized as the general eq. C = A-B), accounting for the fact that (1) 
our measurements were performed independently of each other on 
different control and coated cardboards and that (2) it is physically 
impossible to have a negative C value (i.e., a negative thickness). In 
addition, to avoid making any extra and unnecessary assumptions about 
error distributions, a simple generic, distribution-free (in the sense that 
no parametric assumption is made about the errors) statistical estimator 
of the final error accounting for these aspects (independence and 
physical constraints) was developed. A corresponding statistical 
approach has been developed, an example of the approach is given in 
Supplementary material, and the MATLAB code is available in a dataset 
(doi:10.57745/D63VYY). 

3.2.2. Validation of the analytical model 
This developed analytical model was applied to the produced coated 

cardboards whose characteristics are listed in Table 3. 
First, the results from the image analysis of the PHBV-coated card

boards were used to assess the actual accessible porosity of the C1 and 
C2 cardboards. These values of porosity accessible to the polymer can be 
determined using Eq. (8), using the analytical model and thickness 
values obtained using SEM image analysis. When applying these cal
culations, values of accessible porosity of 0.27 and 0.26 are obtained for 
C1 and C2 cardboards respectively. 

When applying the analytical model to the produced coated card
boards, results show that regardless of the nature of the polymer, the 
impregnation seems to be only partial, that is the polymer does not fully 
penetrate the cardboard. However, the impregnation seems to be almost 
two times greater when coating PHBV on C1 cardboard than when 
coating LLDPE. This observation is not applicable to cardboard C2, 
where the impregnation of each polymer coating seems close. The ob
tained structure is illustrated in Fig. 8. 

For PHBV-coated cardboards, while the image analysis results allow 
the observation of a fully impregnated cardboard, the analytical model 
indicates that the impregnation is partial. The thicknesses of impreg
nated layers were calculated and estimated to be 257 ± 39 μm and 270 
± 49 μm, whereas the SEM image analysis results in thicknesses of 308 
and 328 ± 19 μm, for C1_PHBV and C2_PHBV, respectively, which, 
considering the standard deviation values, are close. For C1_PHBV, the 
impregnated layer thicknesses obtained from the analytical model and 
image analysis were close to one another and were not significantly 
different. However, it is important to highlight that no replicates of SEM 
were performed on C1-coated cardboard, as this cardboard was only 
used for comparison, and because of its complex intrinsic structure, it 

does not represent a model cardboard. A hypothesis for the observed 
difference in values between image analysis and the analytical model is 
that when the free polymer layer is thin, uncertainties regarding its 
thickness increase due to the resolution of the thickness measurement 
apparatus used, and this uncertainty will propagate into the analytical 
model. It is also worth noting that the surface homogeneity of the 
cardboard can vary from one point to another, thus making it more 
difficult to determine the coated cardboard and free polymer layer 
thicknesses. 

For LLDPE-coated cardboards, the obtained thicknesses seem to be 
congruent with those obtained using image acquisition and analysis 
(Fig. 8c and d). Indeed, when considering the values of standard de
viations, all three layers thicknesses were in the same data range, with a 
mean impregnated layer of approximately 167 ± 46 μm and 247 ± 45 
μm for C1- and C2-coated cardboards respectively. A slight difference in 
the free polymer layer can be highlighted for C2_LLDPE, i.e. 88 ± 12 and 
64 ± 7 for the analytical model and the image analysis respectively 
which may be explained by the determination of the coated cardboard 
thickness, which depends on the surface homogeneity of the cardboard. 

3.2.3. Comparison of methods 
The developed model presented various advantages compared with 

the other two methods tested. All tested methods have thus been ranked 
depending on multiple criteria, ranging from intrusiveness to accessi
bility (Table 4). 

As previously discussed, microtomography does not allow clear 
visualization of the three characteristics layers leading to a lower pre
cision while determining the layers thickness. This technique allows 
direct measurement without requiring sample preparation, whereas 
SEM, which requires a crucial cutting step, gives better precision in 
thickness determination due to the clear visualization of layers with 
adequate sample preparation. These techniques remain expensive and 
difficult to perform routinely. 

Overall, the analytical model appears to be the simplest among the 
three investigated methods as thicknesses can be determined with a 
good precision despite moderate to high standard deviations while the 
technique remains accessible and simple of use. However, when using an 
analytical model, it is not possible to directly visualize the three layers. 

A comparison of this developed analytical model to other methods 
from the literature allowing the quantitative assessment of the layers 
thicknesses is presented in Table 5. 

Compared to experimental methods such as oil absorption, mercury 
absorption, and a calculation approach, the analytical method has 
various advantages. Besides the calculations used by Guillaume et al. 
[46], the oil and mercury absorption, as well as the analytical method, 
allowed the assessment of the impregnated layer thickness. However, 
the analytical model developed in this study is the only one that assesses 
the thickness of all the characteristic layers while remaining represen
tative. Finally, it is worth noting that this method, as well as the 
calculation method, is non-destructive, which allows to further assess 
the properties of the samples. 

4. Conclusion 

To conclude, this article compares two methods for determining the 
thickness of the characteristic layers of a polymer-coated cardboard (i.e., 

Table 3 
Denomination of materials and corresponding physical parameters (cw is the polymer coating weight in g⋅m− 2, bwcc and bwc are the basis weights of the polymer- 
coated cardboard and its associated control cardboard respectively, in g⋅m− 2, and lcc and lc are their respective thickness, in μm).   

Cardboard Polymer cw (g⋅m− 2) bwc (g⋅m− 2) lc (μm) bwcc (g⋅m− 2) lcc (μm) 

C1_PHBV Cup Forma PHBV  104.9 ± 0.1  264.67 ± 0.06  308 ± 17  373.30 ± 0.04  311 ± 8 
C2_PHBV B250 PHBV  121.3 ± 0.1  254.7 ± 0.2  327 ± 11  387.80 ± 0.09  354 ± 14 
C1_LLDPE Cup Forma LLDPE  102.7 ± 0.1  265.7 ± 0.3  306 ± 11  371.30 ± 0.05  376 ± 7 
C2_LLDPE B250 LLDPE  124.8 ± 0.1  250.5 ± 0.4  316 ± 22  389.79 ± 0.06  376 ± 14  
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the free polymer layer, the impregnated layer, and the free cardboard 
layer). Both methods allowed the determination of all three thicknesses 
but differed in their accessibility and precision. 

SEM in combination with image analysis, seems to be the methods 
allowing the best visualization of the three layers and to evidence a 
polymer impregnation gradient in the material. However, to obtain 
quantitative information using SEM, cutting the material to obtain a 
clean cross-section is still a crucial step as it can directly influence the 
image analysis. With microtomography, the sample does not need to be 
prepared, but the visualization of the three layers is not as clear as with 
SEM images, limiting its applicability due to the difficulty in deter
mining thickness. The analytical model provides a more accessible way 
to determine the characteristic layers in polymer-coated cardboards. It is 
based on non-destructive measurements and can be used as a routine 
characterization. The results were congruent between the image anal
ysis and the analytical model when replicates were performed. However, 
there is a need to further investigate the determination of the porosity 
accessible to the polymer in cardboards to obtain thicknesses that are 
representative of the coated cardboard, as the developed model it is 
highly dependent on this. 

CRediT authorship contribution statement 

Allison Vercasson: Writing – original draft, Visualization, Super
vision, Software, Methodology, Investigation, Data curation, Concep
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Fig. 8. Representation of the structure obtained using SEM image analysis (1 image for C1 coated cardboards and 4 for C2 coated carboards) and the analytical 
model for (a) C1_PHBV, (b) C2_PHBV, (c) C1_LLDPE and (d) C2_LLDPE. (Obtained values are collected in Table S6 in Supplementary materials). 

Table 4 
Comparison of the different methods for the determination of thicknesses.  

Methods Criteria 

Direct measurement Intrusiveness Sample's preparation Simplicity of use Accessibility Overall cost Precision 

Analysis of SEM images Yes = Yes = + ++ ++

Analysis of microtomography images Yes − No = − + −

Analytical model No − − No ++ ++ − +

Legends: − − very low, − low, = moderate, + high, ++ very high. 

Table 5 
Comparison of the analytical model to other methods from the literature.  

Methods Criteria Source 

Free polymer layer Impregnated layer Free cardboard layer Representativity Destructive 

Analytical method Thickness Thickness Thickness ++ No n.a. 
Oil absorption No Thickness No + Yes [47] 
Mercury absorption No Thickness No + Yes [47] 
Calculations Thickness Percentage No ++ No [46] 

n.a. non applicable. 
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10.57745/D63VYY) will be made available after acceptance of the 
present manuscript. 
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