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Introduction

Paper materials are widely used in many industrial applications in everyday life such as printing or packaging. Paper is a wood cellulosic fibrous material with a porous microstructure dependent on the papermaking process, during which the fibers are able to create fiber-fiber bonds forming a resistant fiber network. The morphology and the spatial distribution of fibers in this network provide the paper a multiscale structure. To form paper, a highly diluted fiber suspension is dewatered on a wire. The fiber network can have either (i) a preferred in-plane orientation in the machine direction (MD) for industrial paper or (ii) no preferred in-plane orientation for handsheets, like in the Rapid-Köthen sheet former. The paper can be considered at the macroscale as a planar network of fibers. The microscale corresponds to the fiber scale, which is generally of 1 3 𝑚𝑚 long and 15 40 𝜇𝑚 width depending on the wood species and the papermaking process [START_REF] Krasnoshlyk | Three-dimensional visualization and quantification of the fracture mechanisms in sparse fibre networks using multiscale X-ray microtomography[END_REF]. Due to physico-chemical interactions between fibers in suspension during the papermaking process, fibers tend to aggregate together [START_REF] Sampson | The structural characterization of fibre networks in papermaking processes -A review[END_REF][START_REF] Farnood | Modeling flocculation, part I, random disk model[END_REF]. Thus, fibers are deposited as more or less large fiber aggregates, which are the cause of a spatial variability in basis weight, the so-called "formation", which defines the mesoscale of paper. Since paper opacity depends on the basis weight [START_REF] Sampson | The structural characterization of fibre networks in papermaking processes -A review[END_REF], the formation can be visually observed by transmitted light as a local variability of opacity. The formation is influenced by the properties of the paper pulp [START_REF] Dodson | The effect of paper formation and grammage on its pore size distribution[END_REF] as forming consistency, shear, fibre length and flexibility as well as wet end polymers. In particular, papers with short fibers tend to be more homogeneous than paper with long fibers [START_REF] Sara | The characterization and measurement of paper formation with standard deviation and power spectrum[END_REF]. The "flocs" (fiber aggregates) and "antiflocs" are defined as areas where the local basis weight is larger and lower, respectively, than the mean basis weight of the paper sheet [START_REF] Deng | Random star patterns and paper formation[END_REF].

It is well known that the mean and local variation of basis weight or density have an influence on the mechanical properties, such as elastic or fracture properties [START_REF] Alava | The physics of paper[END_REF][START_REF] Niskanen | Mechanics of Paper Products[END_REF][START_REF] Thorpe | Paper as an orthotropic thin plate[END_REF][START_REF] Korteoja | Computational study of formation effects on paper strength[END_REF]. Among many other, Alexander and Marton [START_REF] Alexander | Effect of beating and wet pressing on fiber and sheet properties. II Sheet properties[END_REF] and Luner et al. [START_REF] Luner | Studies in interfiber bonding of paper[END_REF] measured the elastic modulus on papers for different values of mean density obtained by varying the wet pressure or by refining at a fixed mean basis weight. They found that the elastic modulus increased linearly with the density for density larger than 200 400 𝑘𝑔. 𝑚 . Moreover, at a given density, the two methods of changing density gave different elastic modulus to paper. Alava and Niskanen stated that the elastic modulus of paper depends on the mean basis weight [START_REF] Alava | The physics of paper[END_REF]. For the range of studied mean basis weight (5 90 𝑔. 𝑚 ), the elastic modulus of the paper sheet approached 0 at 5 𝑔. 𝑚 and became constant above 45 𝑔. 𝑚 . A dependence to the mean basis weight was also reported by Mohlin on paper sheet strength [START_REF] Mohlin | Influence of grammage on sheet strength properties[END_REF]. On laboratory formed papers for a range of mean basis weight up to 90 𝑔. 𝑚 , the specific tensile strength of the paper sheet increased with mean basis weight and passed through a maximum between 40 and 60 𝑔. 𝑚 . Mohlin stated that the behavior at low mean basis weight was due to fiber network which had structural different properties at the surface and bulk, which is confirmed by the porosity profile in paper thickness obtained by X-ray tomography [START_REF] Du Roscoat | Estimation of microstructural properties from synchrotron X-ray microtomography and determination of the REV in paper materials[END_REF]. Mohlin attributed the decrease at high mean basis weight to the increase of the sample heterogeneity due to fiber aggregates. Using a theorical model showing a good agreement with experimental data, I'Anson et al. demonstrated that the maximum can be attributed to the competing effects between the increase of the efficiency of stress-transfer in the fiber network and the Weibull size effect [START_REF] I'anson | Competing Weibull and stress-transfer influences on the specific tensile strength of a bonded fibrous network[END_REF]. These authors extended their model to the elastic modulus of papers made up of several fiber types and found the same dependence to the mean basis weight with a maximum of specific elastic modulus achieved around 60 𝑔. 𝑚 [START_REF] I'anson | Density dependent influence of grammage on tensile properties of handsheets[END_REF]. However, these studies do not take into account the local variations of basis weight, which is necessary when studies deal with the local analysis of strain field during tensile tests or fracture tests. Namely, Wong et al. [START_REF] Wong | Effect of formation on local strain fields and fracture of paper[END_REF] observed experimentally on very lightly bonded sheets that the local basis weight and local strain were inversely proportional and failure initiated in the low basis weight areas, i.e. the antiflocs. Hagman et al. [START_REF] Hagman | Thermographical Analysis of Paper During Tensile Testing and Comparison to Digital Image Correlation[END_REF] observed that, during tensile tests, the local strain field was heterogeneous and coincided with heat pattern measured by thermography as well as the local basis weight pattern. Moreover, Krasnoshlyk et al. showed that the local variation of basis weight, in particular the larger antiflocs, influenced the ability of the paper to localize failure [START_REF] Krasnoshlyk | Three-dimensional visualization and quantification of the fracture mechanisms in sparse fibre networks using multiscale X-ray microtomography[END_REF][START_REF] Krasnoshlyk | Influence of the local mass density variation on the fracture behavior of fiber network materials[END_REF]. These three studies show that the energy released due to plastic deformations were concentrated into the regions of lower basis weight. In a more recent work, Alzweighi et al. [START_REF] Alzweighi | The influence of structural variations on the constitutive response and strain variations in thin fibrous materials[END_REF] highlighted that the spatial variability of density or of thickness had a larger impact on the local strain field than the variability of anisotropy of fiber orientation. Nevertheless, none of these studies link the local mechanical properties of paper with its local microstructure. Despite, it is crucial to highlight both the mechanical and structural differences between flocs and antiflocs. Such an analysis would explain for example why a crack tends to pass through antiflocs rather than through flocs. In this regard, we can notice the results of Hagman or Wong suggested, but without demonstrating it, that the elastic modulus of flocs was higher than the antiflocs' one. Therefore a coupled mechanical and structural analysis was conducted on a model paper material that exhibits both flocs and antiflocs. On one hand, standard tensile tests were carried out on flocs and antiflocs to evaluate the elastic modulus for each. On the other hand, X-ray tomography was used to quantify the paper thickness at mesoscale and the porosity at microscale. Both analyses were combined to link the local elastic modulus to the local thickness.

Materials and methods

Paper material

Several types of paper were manufactured on purpose for this study with a Rapid-Köthen sheet former (Karl Frank GMBH, Weinheim, Germany). The papers were elaborated with thin fiber wall spring fibers extracted by hydrocyclone from a kraft chemical pulp made up of radiata pine. The paper samples were elaborated with these softwood fibers because of their ability to form flocs [START_REF] Yan | Fibre length effect on fibre suspension flocculation and sheet formation[END_REF].

No additives were added in the pulp. The pulp, the consistency of which was 20 𝑔. 𝐿 , was refined in a Valley beater for 8 minutes to avoid difficulties to prepare handsheets. The degree of freeness was measured according to the Schopper-Riegler method ISO 5267-1 and was found to be 23°𝑆𝑅.

The fiber length and width distributions were measured using the MOrFI® device (Techpap, Grenoble, France) [START_REF] Moral | Morphological characterization of pulps to control paper properties[END_REF], according to ISO/FDIS 16065-2:2014. The mean weighted-length of the fibers was 2.1 𝑚𝑚, the mean fiber width was 31 𝜇𝑚. The main steps of the handsheet manufacturing are presented in Figure 1-a: the pulp with a consistency of 2.5 𝑔. 𝐿 was poured in a water column of 5 liters (Step 1). After a mixing of the solution by air injection along the column, part of the fibers clustered to form aggregates flocculate in suspension during the damping time of the turbulence (Step 2). The damping time of the suspension can be modified to let more or less time to fibers to aggregate [START_REF] Alava | The physics of paper[END_REF]. The water was then extracted by the bottom of the column, individual fibers and fiber flocs aggregates were deposited on the wire forming the heterogeneous structure of the paper (Step 3). The formed handsheet was removed, weakly pressed by a felt roller (Step 4), placed into the dryer at 85 °𝐶 during 6 𝑚𝑖𝑛 (Step 5). In this work, the produced papers had a mean basis weight of 60 𝑔. 𝑚 , (ISO 536 : 2019). Two damping times were used to elaborate "on demand" paper: the damping time of 60 𝑠 was used to produce paper that exhibits flocs and antiflocs (i.e. bad formation).

A damping time of 0 𝑠 was used to produce a paper as homogeneous as possible (i.e. good formation). The structural characteristics of the papers were measured on seven handsheets and are reported in Table 1. Flocs and antiflocs were identified visually using the transmitted light trough a single handsheet. Then, they were cut out with a razor blade, a particular attention was paid to delimitate only the flocs and antiflocs. 

X-ray tomography data set acquisition and preprocessing

X-ray tomography images of flocs and antiflocs at various scales were acquired. For the mesoscale analysis, one floc (denoted F1) and one antifloc (denoted AF1) taken from the 60 𝑠 damping time paper were mounted on a sample holder, between two cardboard frames and displayed perpendicularly to the X-ray beam (Figure 1-b). With this kind of sample preparation, the area studied in the sample was not directly in contact with the sample holder, which was convenient to determine properly the thickness of the sample. The mesoscale analysis was conducted on images obtained on the tomograph of the 3SR Laboratory (Grenoble, France) with a voxel size of 8 𝜇𝑚 .

As this resolution was not sufficient to study the porosity, the microscale analysis was done on images acquired on the ID19 beamline of the European Synchrotron Radiation Facility (ESRF, Grenoble, France) with a voxel size of 0.65 𝜇𝑚 . One floc (denoted F2) and one antifloc (denoted AF2) taken from the 60 𝑠 damping time paper were placed on the sticking part of a Post-it® and displayed parallel to the X-ray beam (Figure 1-c). The acquisition parameters of the different tomographies are summarized in Table 2 The tomography provided 3D images in grey levels corresponding to a 3D map of the local absorption of X-ray by the sample. In order to separate the solid phase from the pore phase to study quantitatively the paper microstructure, the images were segmented using a thresholding technique.

The lumen of fibers was not filled. The segmentation provided binarised images where black and white voxels represent the pores and the fibers (Figure 1-d), respectively. The 𝑧-axis corresponds to the direction of the paper thickness.

Structural quantification

Due to the process of papermaking and to its induced microstructure (compressible network of fibers), its thickness is not homogeneous; the measured value of the thickness depends on the measurement method and on the size of the measurement head. We studied here the global thickness, corresponding to the standard measurement method (ISO 534 : 2011(F)) and the local thickness measured on the segmented images at the mesoscale by the rolling ball method.

Global thickness obtained from standard procedure (ISO 534 : 2011(F))

The paper sheet was maintained between two circular plates (2 𝑐𝑚² of cross section, i.e. a radius of 8 𝑚𝑚) under a constant pressure (100 𝑘𝑃𝑎). The distance between the two plates gave a measure of the thickness. The standard thickness was calculated as the mean of 35 thickness measurements randomly chosen on seven handsheets of the same paper. The standard thickness for the 0 𝑠 and 60 𝑠 paper sheet are presented in Table 1.

Local thickness measurement from mesoscale X-ray tomography

The local thickness measurement was performed at the mesoscale on the 3D binarised images. Due to the complexity of the paper porous structure, the measurement of the thickness is difficult since the two surfaces of the paper are not well defined, due to roughness. One possibility is to estimate the surfaces based on points traced by a virtual rolling ball (Figure 1-e) of radius 𝑅 [START_REF] Svensson | Using distance transform based algorithms for extracting measures of the fiber network in volume images of paper[END_REF][START_REF] Sternberg | Biomedical image processing[END_REF]. The principle of the rolling ball transformation is presented in the supplemental information section. The radius 𝑅 of the ball was taken equal to 15 voxels, 𝑖. 𝑒. 120 𝜇𝑚 which was sufficiently larger than the fiber width (31 𝜇𝑚) in order to smooth the surfaces and smaller than the fiber length in order to take into account the thickness variability of floc and antifloc. The obtained surfaces were considered as a good approximation of the envelope of the paper (see Figure 1-e).

Porosity profile from microscale X-ray tomography

The porosity was evaluated on a 3D binarised image obtained at the microscale as the ratio of the number of voxels belonging to the pore phase to the total number of voxels. To determine the porosity profile in the thickness direction, the porosity was evaluated for each slice (𝑙 𝑙 Δ𝑧 𝜇𝑚 ) of a Representative Element Surface (RES) chosen perpendicular to the 𝑧-axis where Δ𝑧 corresponds to the voxel size and 𝑙 to the in-plane window size. We checked that the dimension 𝑙 of the slices in the plane (𝑥, 𝑦) were sufficiently large to contain enough fibers, i.e. correspond to the size of a RES, to ensure that studied properties are representative of the material. The RES was determined following a deterministic approach [START_REF] Du Roscoat | Estimation of microstructural properties from synchrotron X-ray microtomography and determination of the REV in paper materials[END_REF][START_REF] Vernhes | Statistical analysis of paper surface microstructure: A multi-scale approach[END_REF], i.e. a systematic analysis was performed on the influence of 𝑙 on the porosity profile. The RES was chosen as the slice dimensions 𝑙 beyond which the porosity profile was no more influenced by the slice size.

Elastic modulus distribution of flocs and antiflocs

Square samples, the in-plane side length of which is 𝑤, were cut with a razor blade in the center part of the flocs and the antiflocs; we chose the largest flocs and antiflocs according to the sizes determined by formation measurement. Therefore, the size of the samples did not correspond strictly to the size of the flocs and antiflocs. At least, we can say that the size of flocs and antiflocs was larger than the size of the sample. The mean value of 𝑤 was 7.9 𝑚𝑚 (with a standard deviation The data for each sample is presented in supplemental information. On this graph (Figure 2-a), we can observe the following trend: the larger the basis weight, the larger the elastic modulus. The error bars represent the standard uncertainty on the determination of elastic modulus ( 57 𝑘𝑁/𝑚) and basis weight ( 7 𝑔. 𝑚 ) due to propagation of measure uncertainties based on the accuracy of the measuring devices. The observed trend is not affected by these uncertainties. Moreover, we observe that there is no clear separation of elastic modulus between the flocs and antiflocs but a linear continuous increase of the local elastic modulus as a function of the basis weight. We also notice that the range of both elastic modulus and basis weight are higher for the flocs than for the antiflocs. In order to model the aforementioned trend, a linear fitting is applied to the data over the flocs and the antiflocs. The fit exhibits a moderate correlation with data (𝑅² 0.52). It should be noticed that the fit with the regression equation (Figure 2-a) does not exhibit a correlation for only antiflocs (𝑅² 0.01) whereas the fit exhibits a mitigated correlation for only flocs (𝑅² 0.33). So, there is no correlation between the elastic modulus of the antiflocs and the basis weight. Considering the standard uncertainties, we observe that all the data pass through the 95% confidence interval of the fit. Thus, the elastic modulus of flocs and antiflocs seems to exhibit a linear dependence to their basis weight over the range 30 150 𝑔. 𝑚 . We note that our results are quite consistent with the dependence of the mean elastic modulus to the mean basis weight on the same range [START_REF] I'anson | Density dependent influence of grammage on tensile properties of handsheets[END_REF]. In the work of I'Anson et al. [START_REF] I'anson | Density dependent influence of grammage on tensile properties of handsheets[END_REF], the non-linearities of the elastic modulus to basis weight, particularly for pine fiber paper, occurred mainly at very light basis weight (lower than 30 𝑔. 𝑚 ). This range of local basis weight was not investigated in this work.

Results and discussion

Influence of the local basis weight distribution on elastic modulus

To model the elastic modulus distribution of flocs and antiflocs, the elastic modulus is represented in the form of a Cumulative Distribution Function (CDF) (Figure 2-c). These CFDs exhibit lognormal trends whose means and standard deviations correspond to the aforementioned values. The lognormal model relevance is checked by Kolmogorov-Smirnov tests [START_REF] Massey | The Kolmogorov-Smirnov Test for Goodness of Fit[END_REF]. We find 𝑝-values equal to 0.98 and 0.94, for the floc and the antifloc, respectively.

To refine numerical models, it is interesting to determine the elastic modulus distribution of a set of samples composed of as many flocs as antiflocs. We find the elastic modulus distribution of the 19 flocs plus 19 antiflocs can be also approximated by a lognormal law of mean value 1.5 10 𝑘𝑁/𝑚 and standard deviation 7 10 𝑘𝑁/𝑚. The corresponding 𝑝-value from the Kolmogorov-Smirnov test is 0.98. Therefore, F1 is about 1.7 thicker than AF1.

Investigating the thickness of flocs and antiflocs at mesoscale

The Figure 3-b presents the standard thickness for a 0 𝑠 and 60 𝑠 damping time paper and the local thickness (rolling ball method) measured over the floc F1 and the antifloc AF1 presented above. We can observe that, taking into account the error bars (three times the standard deviation), the thickness measurement of the 60 𝑠 damping time paper obtained by standards is close to the thickness measurement of the floc using the rolling ball method. Moreover, the antifloc thickness does not correspond to the standard thickness. The antifloc can be seen as a "valley" in the surface of the paper sheet. The radius of the rolling ball, chosen smaller than the size of an antifloc, hugs the bottom of the valley on the mesoscale imaged while the measuring head used in standards is too large to get the thickness of the antifloc. Conversely, the floc, which is thicker than the sample average, can be seen as a "hill". The rolling ball follows the shape of the floc, as does the measuring head that touches the floc and can stop before it touches the antifloc. This explanation is confirmed by the comparison between the standard thickness of the 60 𝑠 damping time paper (paper with bad formation) and the one of the 0𝑠 damping time paper (the most homogeneous one). The error bars indicate that the thicknesses vary from 85 𝜇𝑚 in both cases but up to different values (around 160 𝜇𝑚 for the 60 𝑠 and 130 𝜇𝑚 for the 0 𝑠 damping time paper), due to the presence or absence of flocs. Then, the standard thickness measurement is closer to the measurement of the floc's thickness of the sample than to a local averaged thickness or a thickness of the antiflocs: such values are simply not included in the standard thickness. This study does not take into account that a pressure is applied to the paper area in the standard measurement. This can possibly modify the measured thickness compared to a pressure-free measurement technique like an image analysis such as the rolling ball method. This point could be the subject of a particular attention during further researches.

Porosity analysis of a floc and an antifloc at microscale

A microscopic analysis of the porosity profiles in the thickness of the floc F2 and the antifloc AF2 is presented.

RES for porosity

Three slices in the plane 𝑥, 𝑦 of each segmented sample are used to determine the RES (images in Figure 4-a and b). The 𝑧-axis of each slice is normalized by the thickness 𝑒 of each sample. Figures 4-a andb show the porosity as a function of the analysis windows size. For all studied slices, we observed that the porosity is no longer influenced by the size of the analysis area beyond 𝑙 500 𝜇𝑚 for both the antifloc and the floc samples. These results are consistent with a previous study on several both industrial papers and handsheets [START_REF] Du Roscoat | Estimation of microstructural properties from synchrotron X-ray microtomography and determination of the REV in paper materials[END_REF].

Given that the total imaged volumes after the segmentation operation have 𝑙 1528 𝜇𝑚, which is larger than 500 𝜇𝑚, the size of the analysed data to determine porosity profile insures to be larger than the RES of both the floc and the antifloc. two gradients of porosity in the boundary layers and a constant porosity in the bulk layer (the area 𝑎 𝑧/𝑒 𝑏 in Figure 4-c). The shape of the porosity profiles corresponds to those already found for various papers, industrials or not [START_REF] Du Roscoat | Estimation of microstructural properties from synchrotron X-ray microtomography and determination of the REV in paper materials[END_REF].

Porosity profile

 The bulk part accounts for 80% and 66% of the floc and the antifloc thickness, respectively.

 The bulk porosity is the same in the floc and antifloc samples: 0.55 for the floc and 0.56 for the antifloc (with respective standard deviation 0.02 and 0.01).

 The mean porosity of the floc and the antifloc is roughly the same: 0.61 for the floc and 0.63

for the antifloc (with respective standard deviation 0.12 and 0.13), given that (i) the bulk porosity of the floc and the antifloc is the same and (ii) the bulk accounts for the major part of the floc and antifloc thickness.

 The two gradients depend on the side of the paper sample, on the one hand the interaction between the fibers and the wire, and on the other hand the last fibers deposited on the sheet.

This heterogeneity in the thickness direction is commonly called the two sidedness effect.

All these remarks are not affected by the thickness normalization (insert of Figure 4-c).

Linking the elastic modulus to the structural properties

As illustrated in Figure 2-a, the local elastic modulus 𝐸 is supposed to be linearly dependent on the local basis weight 𝑔:

𝐸 𝑘𝑔 𝐸 𝑒𝑞 1

where 𝑘 and 𝐸 two constants.

Assuming that this relation is valid for both the flocs and the antiflocs:

𝐸 𝑘𝑔 𝐸 𝐸 𝑘𝑔 𝐸 𝑒𝑞 2
where 𝐸 , 𝐸 represent the elastic modulus of flocs and antiflocs respectively and 𝑔 , 𝑔 the basis weight of flocs and antiflocs, respectively.

The mean porosity of flocs and antiflocs, 𝑝 and 𝑝 respectively, which were found to be the same (Figure 4-c), can be linked to their respective density, 𝜌 ( ) and 𝜌 ( ), and the density of cellulose 𝜌 (corresponding to the density of the fiber wall), by the following relations:

𝑝 1 𝜌 𝜌 1 𝑔 𝑒 𝜌 𝑝 1 𝜌 𝜌 1 𝑔 𝑒 𝜌 𝑒𝑞 3
where 𝑒 and 𝑒 represent the floc and antifloc thicknesses, respectively.

Combining 𝑒𝑞 2 and 𝑒𝑞 3 results in:

𝐸 𝑘 1 𝑝 𝑒 𝜌 𝐸 𝐸 𝑘 1 𝑝 𝑒 𝜌 𝐸 𝑒𝑞 4 
As illustrated in Figure 4-c, the mean porosity of the floc is the same than the antifloc one. Let's denote 𝑝 this porosity. Therefore, it means that:

𝐸 𝑘 1 𝑝 𝑒 𝜌 𝐸 𝐸 𝑘 1 𝑝 𝑒 𝜌 𝐸 𝑒𝑞 5 
The elastic modulus of flocs and antiflocs appears to be linearly dependent to the mean porosity, the thickness of the flocs and antiflocs, and the density of cellulose.

As the mean porosity of floc and antifloc is the same, we can conclude that the only difference between these two relations is the thickness. Therefore, the difference of elastic modulus is mainly due to the thickness difference between flocs and antiflocs.

This result can be verified by looking at the average elastic modulus of the flocs and antiflocs on the one hand, and the thicknesses determined for the floc F1 and the antifloc AF1 on the other. From the The thickness ratio of the floc and antifloc is:

𝑒 𝑒 𝜌 1 𝑝 𝑒 𝜌 1 𝑝 𝑒 𝑔 𝑔 𝐸 10 𝐸 10 𝑒𝑞 7 
On one hand, the ratio can be evaluated using mean elastic modulus of flocs and antiflocs presented in Figure 2-a and equals 1.8. On the other hand, the ratio can be evaluated using mean thickness of the floc F1 and the antifloc AF1 presented in Figure 3-b and equals 1.7 1.8 .

Therefore 𝑒𝑞 7 is also experimentally verified.

This result completes the ones presented by Alzweighi et al. [START_REF] Alzweighi | The influence of structural variations on the constitutive response and strain variations in thin fibrous materials[END_REF]: they highlighted that the spatial variability of density and thickness are the major magnitudes that govern the local strain field. This current work shows that the thickness is probably the major one.

Conclusions

This work coupled a mechanical and a structural analysis of flocs and antiflocs extracted from a 60 𝑔. 𝑚 paper with an heterogeneous formation. The elastic modulus of a population of flocs and antiflocs were determined. The mean elastic modulus of flocs (1.9 10 𝑘𝑁/𝑚) was larger than the antiflocs one (1.1 10 𝑘𝑁/𝑚). Both were lognormal statistically distributed. It was also shown that the elastic modulus can be considered as linearly dependent to the basis weight of each floc or antifloc. The structural analysis at microscale revealed that the bulk porosity in the floc and antifloc was the same (~0.55). The structural analysis at mesoscale showed that the floc mean thickness

(1,0 10 𝜇𝑚) was larger than the antifloc mean thickness (6 10 𝜇𝑚) whereas the thickness measurement at macroscale by standards was closer to a floc thickness measurement than to an antifloc thickness measurement. Combining both analyses, we showed that the difference of the elastic modulus between flocs and antiflocs is mainly due to their thickness difference.

Further work will concern additional mechanical properties, especially fracture properties such as tensile strength or fracture energy, of the flocs and antiflocs associated with the analysis of their structure at microscale, as fiber spatial distribution and orientation. 

Accuracy of the determination of elastic modulus and basis weight

Figure 1 :

 1 Figure 1: (a) Main steps of the Rapid-Köthen sheet former. (b-c) Schemes of prepared samples for X-ray for (b) mesoscale and (c) microscale analysis. (d) Segmentation process of the images. (left) Original gray scale images at microscale for out-of-plane slice (top) and for in-plane slice (bottom). (right) Corresponding binary images after segmentation. The white areas correspond to the fibers, the black areas correspond to the pores. The red arrow shows the lumen of a fiber. (e) Rolling ball method. The image treatment aims to reproduce the trajectory of a virtual rolling ball over the fiber network to determine the envelope of the sheet (red part and fibers on the bottom image)

of 1 .

 1 6 𝑚𝑚) and the aspect ratio was strictly taken equal to 1. The elastic modulus (𝑘𝑁/𝑚) distribution of 19 flocs and 19 antiflocs taken from one 60 𝑠 damping time handsheet was determined by mesoscopic tensile tests using the INSTRON® 5944 tensile machine equipped with a load cell of 2 𝑘𝑁. All the samples were tested with a strain rate of 0.2 𝑚𝑖𝑛 in the same arbitrary direction. The chosen strain rate was low enough to neglect the inertial forces while large enough to minimize the creep due to the viscoelastic behavior of paper. The basis weight of each tested sample was experimentally obtained by dividing the weight of the useful part of the post-mortem sample measured with a precision balance by its surface. The samples were previously stored for 24 hours before mechanical tests in the testing room (24°𝐶 and 30 % of relative humidity). The accuracy of the measurements is presented in supplemental information.

Figure 2 -

 2 Figure 2-a shows the elastic modulus obtained from tensile tests of the 19 flocs and 19 antiflocs as a function of their basis weight. Some examples of tensile curves for one floc and one antifloc (denoted F0 and AF0, respectively, on Figure 2-a) are presented on Figure 2-b. We find that for the studied paper, the mean elastic modulus of the flocs (1.9 10 𝑘𝑁/𝑚) is larger than the one of the antiflocs (1.1 10 𝑘𝑁/𝑚) (with respective standard deviation 8 10 𝑘𝑁/𝑚 and 4 10 𝑘𝑁/𝑚).

Figure 2 :

 2 Figure 2: (a) Elastic modulus of flocs and antiflocs samples as a function of their basis weight. The full line corresponds to the linear fitting of the data over flocs and antiflocs with the 95% prediction bounds interval (broken lines). The figure mentions the equation of the fitting and the correlation coefficient R². (b) Examples of traction curves for a floc and an antifloc (denoted F0 and AF0 on (a), respectively), with its respective slope at the origin (straight lines). The linear force corresponds to the load 𝑭 divided by the width 𝒘 of each sample (c) Elastic modulus Cumulative Distribution Functions (CDF) for flocs and antiflocs. The envelope of the CDF (dotted lines) corresponds to the standard uncertainty on elastic modulus. The distribution functions are fitted by a lognormal law

Figure 3 :

 3 Figure 3: (a) Thickness maps of the floc F1 and the antifloc AF1 extracted from the paper elaborated with 𝟔𝟎 𝒔 damping time. (b) Comparison of thickness measurements carried out with standard procedures or with image analysis procedure (rolling ball method). Cross points correspond to the different thickness measurements to determine the standard thickness. The filled points correspond to the mean values and the error bars to three times the standard deviation of the measurement

Figure 4 -

 4 Figure4-c shows the porosity profiles of the floc and antifloc in the thickness direction (normalized by the thickness 𝑒, see the insert of the figure for porosity profiles without normalization). The top boundary is defined where the porosity begins to decrease from 1. Due to the contact between the sample and the Post-it®, the porosity is not equal to one at the bottom boundary but exhibits a local maximum which allows to define the bottom boundary. On these graphs, we can observe that:

Figure 4 :

 4 Figure 4: (a-b) Evolution of the porosity as a function of the analysis windows 𝒍 for three slices extracted from (a) the antifloc and (b) the floc. (c) Porosity profiles in the thickness direction (scale normalized by each sample thickness 𝒆). The insert represents the porosity profiles without thickness normalization
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 2 Figure 2-a, 𝑘 2.1 and 𝐸 10. Introducing these values into 𝑒𝑞 1 results in:

Table 1 :

 1 

Macroscopic structural properties of the 𝟎 𝒔 and 𝟔𝟎 𝒔 damping time paper sheet (mean standard deviation)

  .

		Mesoscale	Microscale
	X-ray Tomograph	3SR Laboratory	ESRF -ID19 beamline
	Samples	Floc (F1), Antifloc (AF1),	Floc (F2), Antifloc (AF2)
	Voxel size (𝜇𝑚 )	8	0.65
	X-ray characteristics	100 𝑘𝑉, 100 µ𝐴	19 𝑘𝑒𝑉
	Number of projections	1120	2500
	Scan duration	3 ℎ	5 𝑚𝑖𝑛
	Surface imaged (𝜇𝑚 )	7000 7000	1528 1528

Table 2 : Acquisition parameters of the different X-ray tomographies
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Table 4 : Accuracy of the measuring tools used for determining the elastic modulus and the basis weigth. Structural and mechanical properties of each floc and antifloc
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	Unit	Value

Table 5 : Elastic modulus, side length (in-plane dimensions of the square tested sample), mass and basis weight of each floc sample

 5 
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Supplemental information

The principle of the rolling ball method The principle of the rolling ball method is presented in Figure 5. The idea is to define the surface of the paper sheet as the envelope drawn by a ball of radius 𝑅 rolling on the paper sample. In order to smooth the surfaces and obtain the fiber network envelope, the radius of the ball has to be larger than the width of the fibers (here, taken equal to 15 voxels i.e. about 120 𝜇𝑚).

From the 3D thresholded images of the sample (Figure 5-a), a map of the distance to the fibers is identified in the vacuum phase (Figure 5-b). A threshold of value 𝑅 is applied to the distance map (Figure 5-c). A distance map is identified on the obtained thresholded image (Figure 5-d). The same threshold 𝑅 is applied again to the distance map (Figure 5-e). The surfaces obtained are considered as a good approximation of the paper sheet envelope (Figure 5-f). For more information, the interested reader can referred to [START_REF] Svensson | Using distance transform based algorithms for extracting measures of the fiber network in volume images of paper[END_REF] Antifloc