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ABSTRACT

3D cheap, lightweight and robust cellulosic parts can be obtained via extrusion of a cellulosic aqueous
paste followed by air-drying. During the air-drying step, an anisotropic shrinkage occurs. The objective
of this study is to characterize the macro and mesoscale phenomena occurring during the drying
process. We used sub-minute laboratory X-ray microtomography during air-drying tests combined with
advanced image analysis including Digital Volume Correlation to reveal the mechanisms that took place
at the sample and at the filament scales. This allowed the qualitative and quantitative analysis of the
structural and kinematical changes occurring during the air-drying. The macroscopic anisotropic
shrinkage of the structure is associated with a decrease of the solid fraction of the cube and a decrease
of the volume of the central pore, a decrease of the number and of the volume of the inter-filament
and intra-filament pores, a change of the shape and dimensions of the filaments cross section. We
observed delamination effects, increase of the number of inter and intra filament pores. These results
complete the analysis commonly carried out at the macroscale and are necessary to build a model for

1


mailto:sabine.rollandduroscoat@3sr-grenoble.fr

the prediction of drying mechanisms of 3D printed part of cellulose and to propose more accurate

compensation strategies.

Keywords : 3D printing by extrusion, Air drying, Cellulose paste, X-ray microtomography, Digital Volume

Correlation

1 INTRODUCTION

In the last decade, additive manufacturing technologies, commonly named 3D printing, of cellulose
based polymer have been increasingly developed for various applications such as medical or
electronical because cellulose is a very promising candidate to produce cheap, lightweight, robust, and
recyclable 3D structures by 3D printing (Wang et al. 2018, Dai et al. 2019, Firmanda et al. 2021). Despite
the fact that lignocellulosic fibres represent the most abundant bio-based polymer on Earth and present
excellent mechanical properties (Dufresne 2013), the use of cellulose in the form of short fibers or
microfibrils or nanofribrils in the specific case of additive manufacturing by material extrusion is still in
its early stages (Markstedt et al. 2014; Wang et al. 2018). Namely, pastes made up of short ligno-
cellulosic fibers contain a large amount of water (larger than 50 %wt, Thibaut et al. 2019) which induce
important and heterogeneous shrinkage (larger than 30%) upon air-drying (Klar et al. 2017). In such
processes, the huge strains undergone by the object come from an interplay between gravity, water
evaporation and capillary effects which mainly occurs during the first hours of drying (Rémond et al.
2010, Sampson and Yamamoto 2011) with typically 3 temporal phases. Phase | corresponds to a
constant drying rate period during which the water evaporation at the surface of the sample is replaced
by water diffusion, i.e. the rate of evaporation is of the same order of magnitude as the rate of water
diffusion inside the sample. Phase Il corresponds to the falling rate period during which the surface
water evaporation is not fast enough to maintain a continuous water film onto the sample surface.
Phase Il corresponds to a steady state regime where an equilibrium is reached and another constant

drying rate is observed (Scherer 1990, Thiery et al. 2017, Zhou et al. 2019, Tang and Min 2019). In the
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case of cellulose part obtained by 3D printing and air-dried, these drying 3 main drying phases occur;
as a consequence of the drying induces the final geometry and the inner structure of the extruded
filaments as well as their contacts created during the printing process, and thus the final geometry of
the dried final part.

In order to understand and to quantify the microstructural changes occurring at various scales (part or
filament) during air-drying of cellulose paste and to link these microstructural modifications with the
final shape of the 3D printed part, there is a need to visualize, in real time and in 3D, the 3D structure
at the filament scale during drying (Metzger 2019). Among the tools to be used purposely, X-ray
microtomography has been successfully used to visualize (Huang et al. 2018, Pfister et al. 2004) and
characterize the final shapes and mesostructures of such 3D printed structures made up of cellulose
(Klar et al. 2019). However, none of these works proposed a temporal 3D characterization of the
samples during the air-drying process. This monitoring has already been performed using synchrotron
X-ray tomography in the case of hydro-mechanical tests on ligho-cellulosic materials (Joffre et al. 2016,
Viguie et al. 2011) or during 3D printing of metallic part (Lhuissier et al. 2020), with high-quality 3D
images recorded in a second or less, thus allowing unprecedented temporal 3D quantitative analysis of
microstructural evolutions. Based on the recent protocol developed recently for laboratory X-ray
tomographs (Dewanckele et-al. 2020), we could study the air drying of a 3D printed part produced by
extrusion of a short lingo-cellulosic fiber based paste with 3D real-time in situ observations coupled
with a 3D quantitative analysis. Doing so, we could characterize quantitatively the evolution of the
structural ‘and kinematical changes induced during three main phases of the drying process, at the
printed part scale but also at the filament scale. This quantification was also related to standard

measurements.



2 MATERIAL AND METHODS

2.1 3D Printed cellulose sample: Preparation

One 93 mm?3 cube with an inner 3D grid (Fig. 1a) was printed using an optimized aqueous cellulose-
based paste with 40% w/w dry solid content (Thibaut et al. 2019) made up of (i) carboxymethyl cellulose
(Fig. 1b) with a molecular weight of 90000 g.mol-1 and a substation degree of 0.7 carboxymethyl groups
per anhydroglucose unit and (ii) of short ligno-cellulosic fibers (Fig. 1c) provided by Carl Roth. The fibers
consisted of a mix of milled hardwood and softwood; 90% of the fibers were shorter than 200 um. More
details can be found in (Thibaut et al. 2019). The used commercial printer was Prusa i3 upgraded with
a liquid deposit modelling (LDM) WASP extruder. The used nozzle had an exit diameter of 0.72 mm. The
printing settings specified in the slicing software (Simplify 3D) were as follow: an extrusion width of 0.71
mm, a layer height of 0.45 mm, 2 perimeters shells, a 50% infill with rotation between 0° and 90° angles
at every layer, an outline overlap of 60%. The printing speed was 10 mm s leading to a printing time
of about 3 min. The printed cube (Fig 1.d) was dried at the room temperature at 22+2 °C and 30+3% of
relative humidity (Fig. 1e). In the following, x and y refer to the two main in-plane directions of printing

whereas z refers to the thickness of the part, as illustrated in Fig. 1a.
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Figure 1: a) 3D STL model of 3D cube to be printed. b) Aqueous carboxymethyl cellulose (CMC) ; c) Natural ligno-cellulosic
fibers in suspension; d) Freshly 3D printed cube; e) 3D printed air dried cube; f) Sample placed in the laboratory X-ray micro-

tomograph.

2.2 Sub-minute laboratory X-ray micro tomography

The monitoring of the drying process of the printed part was performed using the RX Solutions
microtomograph located in 3SR laboratory (Fig. 1f). The image acquisition protocol was optimized in
order to achieve a scanning time of only 36 s, which is compatible with the time scale necessary to
capture the dynamic material response upon drying (Thibaut et al. 2019). For that purpose, the X-ray
tube (Hamamatsu Corporation L8121-03 X-ray sealed source) was operated in middle focal spot mode
at power of 30 W with an acceleration voltage of 100 kV and a filament current of 300 pA. A 0.5 mm

thick Aluminum filter was also placed in front of the X-ray source to eliminate the lower energy photons.



In addition, the detector was an “indirect” flat-panel Varian PaxScan® 2520. It has the capacity to
measure the intensity of incident X-ray photons on an array of 1920 x 1536 pixels, with each pixel
measuring 127 x 127 um? The flat-panel Varian was set in binning 4 mode with a frame rate of 60 Hz
and an average of 3 frames, resulting in the acquisition of 20 radiographs of 480 x 384 pixels per second.
Moreover, the distance between the source and the sample was set to 42 mm, and the distance
between the sample and the detector was 724 mm. The samples were scanned with a magnification
18.2 resulted in a voxel size of 28% um?3. Lastly, 720 radiographs were recorded over 360 degrees with
an acquisition time of 36 s in continuous rotation mode of the rotating stage. Scans were recorded

every 4 minutes during 8 hours, leading to a total of 120 scans.

2.3 Data processing and analysis

2.1.1 Pre-processing

The 3D images were reconstructed from the 2D radiographs using filtered back projection algorithm
implemented by RX solutions. Fig. 2a shows a typical vertical slice obtained after reconstruction, thus
proving the good quality of the acquired 3D images, in spite of the very short scanning time used to get
them. They were used to analyse kinematical fields (§ 2.1.3). For structural characterization (§ 2.1.2),
the images were also segmented using a thresholding operation to distinguish the porous phase from
the solid one. The same threshold was applied to the 120 scans (Fig 2b). It was obtained by averaging
the threshold values found for the 120 scans. The chosen segmentation method is the auto threshold
function provided by the freeware Imagel. The final binarized volumes were cropped (Fig. 2c) to

facilitate the post-processing and to remove the noise that can be observed in the first printed layers



due to shadowing of the base plate (Fig 2d). Fig. 2e shows the working 3D image of the solid phase

used to perform the quantitative analysis.

a) Central pore Porous b) o
Porous phase + Threshold .
_ 2 100 back d ai Solid phase
s il & «o | Packground air I
e, G >
s e’ S
oy o '_‘ o 400
- e o
R ’.. :E; 200
e e 2 o
0 S P 0 30000 60000
oS S NG, S

¥
|

Grey Level

N

s

Yo Al
T
N

e

’

x-llxl’erlf
SERTRERE ¢

B

Ty ‘.'v"

‘*xrlltx;lf

Figure 2: a) Vertical slice of a 3D reconstructed image showing the cube inner structure with porous and solid phases. b)
Histogram of reconstructed volume showing the cut-off threshold used to segment the phases. c) Binarized version of the

vertical slice (a), with the region of interest (ROI) marked in dashed red lines. d) 3D view of the original binarized volume (solid

phase). e) 3D view of working volume.

2.1.2 Structural analysis

The volume of each phase was computed by multiplying the total number of voxels belonging to each
phase by the voxel size. Thus, we could estimate the intrinsic volumetric strain of the solid phase s,i, =
In(V;/Vso), where V; and Vg, are the volume of the solid phase in the actual and initial configuration,
respectively. In addition, the pores were identified by labelling the porous phase using the Analysis 3D

plugin of Imagel (Boulos et al. 2012). It labelled the 3D connected components with a specified

connectivity of 26 neighbours. Once identified, the volume Vand the surface area A of each pore were
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computed using a marching cube algorithm. Pores that exhibited a volume smaller than 30 voxels
(6.58x10* mm?3) were discarded as well as most of these pores come from the threshold sensitivity.
The sphericity S of the pores was evaluated using S=6V (/A3 )05 (Boulos et al. 2012), which ranges

from 0 and 1 when switching from elongated or tortuous pores to spherical pores, respectively.

2.1.3 Kinematics analysis

1.1.1.1 Displacement fields and associated strain fields

In order to study the deformation mechanisms occurring during shrinkage induced by the drying of the
cube at the cube and the filament scales, the 3D Digital Volume Correlation (DVC) technique
implemented in the SPAM freeware was used (Stamati et al. 2020). This technique allows getting the
displacement between two grey intensity images obtained from two consecutives 3D images (Viguie et
al .2011, Stamati et al. 2020) in order to get 3D displacement and strain fields. We first used the whole
images as correlation windows in order to get the macroscopic strain field, i.e. the strain field at the
cube scale. In order to assess the mesoscale strain field, i.e., at the filament scale, we also used
correlation windows with a size of 6° voxels centred around measurement points of a 3D regular
orthogonal grid (node spacing 4 voxels). We computed the volumetric strain &, = In(det F) as well as
the macroscale (resp. mesoscale) Hencky strain tensor €, where F is the macroscale (resp. mesoscale)
gradient of the geometrical transformation deduced from the macroscale (resp. mesoscale)

displacement fields.

2.1.3.1° Pores Tracking

To monitor the morphological evolution and the kinematics of pores during the drying period, the
centres of mass of some labelled pores (§ 2.1.2) were individually tracked using SPAM over the multiple
scans. Data position of computed and an estimate of this position in the successive scans were obtained

using the field provided by the DVC. Matching was performed step by step by comparison of the



estimated position in previous step and positions in current step. To validate the procedure, we checked

for some pores that the manual tracking gave the same results.

3 RESULTS

3.1 Macroscale analysis

t=0min | | t=240min |  [t=360min | [t=480min | [t=1320min

Central Pore type B

Pore crack crack crack Frf’C_kS —_—
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Figure 3: 3D rendered cross-sectional view of reconstructed X-ray tomographic scans at different drying time t

Fig. 3 shows the 3D cross-sectional views of the imaged sample at increasing drying time t. An important
macroscopic shrinkage in the early stages of drying (¢t << 240 min) is observed. It is less pronounced
but still here at higher drying times t = 240 min. This shrinkage exhibited anisotropy as it occurred
mainly along the sample height (z direction). It was accompanied with microstructural changes such as
crack initiation and propagation which did not affect the outer part of the sample. Moreover, we cannot
observe any collapse of the structure. This is due to the rheological behaviour of the paste (Thibaut et
al. 2019, Chalenconet al. 2010), which corresponds to the requirements of the 3D printing by extrusion,

i.e. a high level of yield stress of the paste rheology.
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Figure 4: a) Time-evolutions of (a) the macroscopic and intrinsic volumetric strain (a) and Hencky strains &y , &y,

and g,, (b).

To better quantify this drying induced shrinkage, we have reported in Fig. 4 the time-evolutions of the
macroscopic &, and intrinsic &, volumetric strains (Fig. 4a) as well as the macroscopic strain
components evolution of strain in the principal directions &y , €, and &, (Fig. 4b). These graphs show
that whatever the considered strain measure, the time-evolution can be split in three regions: a first
sharp decrease characterizing an important shrinkage for times below 120 min (zone 1), a “steady sate”
regime above 480 min within which strains are practically constant (zone lll), and a transition zone Il
between the two aforementioned zones. These time evolutions are in-line with those observed in the

literature (Scherer 1990, Thiery et al. 2017, Zhou et al. 2019, Tang et Min 2019, e.g.).

Fig 4a shows that the solid phase is subjected to a substantial shrinkage, as the intrinsic volumetric
strain s,i, is close to -67% at the end of the experiment. Albeit lower, this value is consistent with results
reported in (Thibaut 2020) and with the theoretical volume of the solid phase after complete water
removal, i.e., -71%. The discrepancy between the measured and calculated strains can be associated
with (i) the presence of ca. 20% w/w residual water in the filaments whose removal requires a harsh
thermal treatment and (ii) the possible errors induced by the segmentation and the spatial resolution

of the 3D images. It is worth noticing that the macroscale volumetric strain &, is much lower than the
10
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intrinsic one &. For example, at the end of the experiment, &, only reached -38% whereas &, is close
to-67%. This difference is ascribed to the heterogeneous geometry of the studied sample: during drying
local shrinkage zone can occur, e.g., the cracks shown in Fig. 3, without altering the macroscale

deformation of the samples

The graph 4b highlights the marked anisotropy of the sample shrinkage. The transverse macroscale
strains &y, and €, are practically identical and reach a value close to -5% at the end of the experiment
due to the symmetry of the structure. On the opposite, the vertical shrinkage €,, is much higher and
reaches a value close to -27%. This difference is similar to those obtained in other studies (Thibaut et
al. 2019, Klar et al. 2018). A first contribution to this anisotropy is related to the anisotropic drying of
the single filaments, which (i) are all aligned along the (x,y) plane and (ii) exhibits larger shrinkage strain
along their diameter than along their length (Thibaud et al. 2019), due to the marked alignment of the
ligno-cellulosic fibre along the filament direction (Wainwright et al. 1982). Another contribution is
related to gravity forces which may induce a sample height reduction, especially during the early stage

of the drying when the paste can still flow/creep.
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3.2 Mesoscale analysis
Fig. 5a shows 3D views of the local incremental volumetric strain Ag,, obtained by correlating two data
sets for t and t+20 min. Fig. 5b and Fig. 5¢c do the same but in the (y,z) and (x,y) planes shown in Fig.

5a, respectively.

0-20 min 40-60 min 120-140 min 180-200 min

7 1.2e-01
Al |

—0.05

Figure 5: a) Temporal evolution of the volumetric strain field a) 3D views, b) vertical cross section c) horizontal cross

section of the plans indicate on a). The red arrow indicates the side of the cube located close to the X-ray source.

These figures show that for t = 0-20 min and for t = 40-60 min: the local volumetric strains are mainly
negative with volumetric strains decreasing down to -0.15. It is interesting to note that these highest
negative values are located on the external surfaces of the sample which are where moisture transport
is facilitated due to the high surface contact with air (Thiery et al. 2017, Zhou et al. 2019, Tang et Min
2019). We can also notice larger local negative volumetric strain on one face compared to the other

one (Fig 5.a). This may be due to faster drying of the side of the cube located closed to the X-ray source.
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Namely, to stabilise it, the X-ray source was not switched off during the waiting time between two
scans. This induced a temperature of 36 °C inside the X-ray source and an estimated temperature
gradient around the sample of 3°C/cm. This higher temperature induced upon drying some filaments
delamination (illustrated by the local positive volumetric strain close to the red arrow on Fig. 5a) which
did not induce a collapse of the structure. Inside the sample, we do not observe highly negative strains
close to the central pore despite the fact that this surface was large enough to facilitate water
evaporation. This might be explained by the 50% infill of the printing parameters that created a tortuous

central pore, which reduces the drying rate for the parts of the cube in contact with the central part.

We can also observe that for t = 0-20 min and for t = 40-60 min: we can observe negative but also
positive local volumetric strains. The local negative strains are located inside the filaments and were
mainly induced by their vertical shrinkage. This phenomenon appeared to be more pronounced at the
bottom of the sample than at its top. On the opposite, we can observe that the local positive strains
are located at the edges of the filament in contact with the central pore and correspond to their
horizontal expansion. These two observations explain why the final shape of the filament is oval and
not circular, asillustrated in Fig. 3, and already observed in (Klar et al. 2019): as a homogeneous lateral
shrinkage was observed during the drying of a single filament, this anisotropic behaviour of the lateral
shrinkage upon dryingis a combination of diameter reduction due to drying enhanced by the weight of
the upper filaments. The lateral expansion that occurs mainly during the first part of the drying is
referred as “collapse” in (Klar et al. 2019). This “collapse” is limited and did not induce a collapse of the
structure due to the rheological properties of the paste (Thibaut et al. 2019). We can notice that at the
surface of the central pore the volumetric strain is close to 0, showing that this region stabilised first,
as these areas were in contact with air and that the “collapse” rate of the filament decreased.

Fianally, for t = 120-140 min, we can observe positive large volumetric strains up to 0.12 which

corresponds to the zone where delamination took place as illustrated in Fig.3. Elsewhere, the drying
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mechanisms modified the structure at a scale that the correlation cannot capture. Namely, capillary
effect probably took place during this stage. For t > 180 min, the correlation did not reveal any major

changes in the global shape of the samples or inside the sample.

3.3 Analysis of the porous phase

The 3D images of Fig. 3 exhibit three types of pores (i) a central pore that exists inthe CAD model. It is
the single pore to be expected in the 3D printed part, (ii) inter-filament porous structures (referred as
type B pores) that are the pores located in between filaments and (iii) intra-filament pores (referred as
type A pores) that are the pores located inside the filaments. The inter-filament porous structures are
due to the successive deposition of layer during the printing process whereas the intra-filament ones
come from the extrusion process of the filament (Thibault 2020, Markl et al. 2017). Fig. 6a represents
side and top view of the initial 3D structure: the central, type A and type B pores were labelled in green,
red and B blue, respectively. Fig. 6b shows a 3D rendering of the inter-filament and intra-filament
porous structures where the structural differences between the two types of pores can be observed.
These two last types of pores were automatically identified based on their sphericity: inter-filament
porous structures exhibited a sphericity smaller than 0.5 whereas intra-filament pores exhibited a

sphericity larger than 0.5 and are referred as pore type B.
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Figure 6: a) 3D rendered view of the sample identifying a) central pore (green), b) type A/intra-filament pores (red) and type

B/inter-filaments pores (blue).

3.3.1 Central pore evolution

Fig 7a represents the temporal evolution of the volume of the central pores, which was normalised by
its initial volume. The initial volume of central pore measured in the ROl was 94 mm?; this is in
accordance with the initial volume of the CAD file. On Fig. 7a, we can identify several regimes.

During the first regime (t = 0-80 min), the volume of central pores decreases linearly with time. The
behaviour of the central pore during the first 80 minutes of drying can be directly linked to the
macroscopic shrinkage of the sample (Fig 4a).

During the second regime (t = 80-20 min), the decrease of the volume of the central part is less
pronounced. Compared to the first part of the curve, the rate of the macroscopic shrinkage (Fig 4a)
remains constant which induces a decrease of the height of the central pore. However, we can observe
that inter-filament pores, located close to the borders of the central pore (fig 7a), opened and joined
the major pore. This slowed down the volume decrease of the central pore.

During the third regime (t =120-160 min), the volume of the central pore is constant. During this time

interval, the rate of the macroscopic shrinkage (Fig 4a) remains constant which induces a decrease of
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the height of the central pore which is balanced by the opening of some inter-filament pores joining

the central pore.

During the last regime ( > 160 min), the volume of the central pore linearly increases. During this time,

we do not observe any macroscopic shrinkage, leading to a stabilisation of the main dimensions of the

part. The opening of inter-filament pores joining the central pores, as illustrated in Fig 2, explains the

increase of the central pore volume.
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Figure 7: a) Temporal evolution of the deformation of the central pore evolution, where V= 94 mm3, the arrow 1 and 2

indicates the crack formation and the crack joining, respectively b) Temporal evolution of the number of inter-filament porous

structures (type pore B) and intra-filament pores (type pores A). ¢) Temporal evolution of the cumulative volume of inter-

filament porous structures (type pore B) and intra-filament of pores (type pores A). d) Normalised pore volume evolution of 6

tracked inter-filament pores; their initial pore volumes are 0.280, 0.249, 0.138, 0.105, 0.094, 0.049 mm? for the pore identified

by black circle, red diamond, blue diamond, purple square, green triangle and orange triangle, respectively.
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Fig. 7b and Fig. 7c show the time-evolution of the total number of pores, i.e., the inter-filament (type
B) porous structures and the intra-filaments pores (type A), together with the temporal evolution of
the volume of these pores, respectively. The inter-filament porous structures represent the higher
number of pores and the higher cumulative volume during the whole drying process. Therefore, the
temporal evolution of the pores characteristics is mainly driven by the one of the inter-filament porous
structures. In addition, Fig 7b and Fig 7c show several behaviours.

For t = 0-120 min, the number of inter-filament pores is almost constant whereas their cumulative
volume decreased linearly with time. The average size of inter-filament pores decreased from 0.021
mm? to 0.013 mm?3. This 40 % decrease in size is confirmed by the tracking of some inter filament pores
(Fig 7d). This comes from the fact that the shrinkage of the structure reduced the space between two
filaments (Fig 5).

For t = 120-480 min, the number of inter-filament pores increased whereas their total volume remained
constant. This might be explained by the threshold value applied during the quantification step, as the
number of pores is sensitive to the threshold used to identify the pore phase. An analysis of the
threshold values found for each individual scans shows a variation of 3% of the threshold value, which
induced in the worst cases a variation of 0.1% on the volume measurements. Moreoever, we can also
observe that as the structure dried continuously during the experiment (Fig. 4b), the amount of water
decreased, inducing a decrease of about 15% for the grey level of the solid part, this can be quantified
for t larger than 140 min. We checked that this decrease in averaged grey level inside the solid phase
was not linked to X-ray source instabilities. Therefore, the number of voxels belonging to the porous
phase increases inducing, in most cases, larger pores, these larger pores not being excluded due to the
threshold on the size of the pores. Moreover, the increase of the number of inter-filament porous
structures can also be due to delamination effects. Namely, the global DVC (Fig. 3) in x and y direction
do not show any significant variation, meaning that macroscopic aspect of the part did not change

anymore, whereas the local DVC (Fig. 6) shows that the filaments, especially inside the structure
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continued drying, leading to smaller diameter, creating new inter-filament porous structures or
increasing their size. On Fig 7a, we can observe that the modifications due by delamination effect can

transform, in very few cases, the intra-filament porous structure into cracks joining the central part.

Fig 7b and Fig 7c also show that (i) for t =0-160 min, we can observe a linear decrease of the number
of intra-filament pores associated with a decrease of the total volume of pores, leading to a decrease
of the mean intra-filament pore size. Combining the two graphs shows that these pores have a small
volume with an average size in between 0.001 to 0.003 mm?3. The decrease of their numbers might
come from the filament shrinkage due to the load of the above layers as observed in Fig3 and Fig 6. (ii)
for £ > 160 min, the number of pores increased slowly whereas their cumulative volume remained

constant.

4 WHAT ARE THE MICROSCOPIC CHANGES DURING THE MAIN PHASES OF THE DRYING

REGIMES?
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Figure 8: Temporal evolution of the drying rate
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Fig. 8a shows the temporal evolution of the drying rate of the cube deduced from the tomographic
data. For the first 240 minutes, this is in line with results obtained in similar conditions of temperature
and humidity as the ones of imaging’s room (Thibaut 2020) or found in the literature (Scherer 1990,
Thiery et al. 2017, Zhou et al. 2019, Tang and Min 2019, e.g.). For the last 240 minutes, we observe a
steady state regime that is not observe with standard measurements. This comes from the fact that the
chosen pixel size is not high enough to capture the details of all the phenomena as a microscale would.
Therefore the microstructural description of the drying mechanism is incomplete after 240 minutes of
drying. On this graph, we can observe that the drying rate of the air-dried cube exhibits two main
regimes: a constant rate period (~3.5107-5 gH,0.h">.m™) (called phase 1) that last about 100 minutes
followed a falling rate period (called phase Il). These two periods were reported on the graphs
representing the temporal evolutions of the microstructural descriptors. Combining the analysis
commonly performed and the results presented in section 3, we can deeper describe the drying
mechanisms. For example, the differences observed between the Hencky volumetric strain and the
intrinsic volumetric strain come from the heterogeneous drying. This is confirmed by the DVC that
shows local heteregenous drying phenomena leading to defects such as delamination. This highlights
the effect of the double scale porous geometry of the sample. Morever, the presented results give
deeperinformation regarding the drying mechanisms than the global analysis made up of. For example,
during phase I, the main phenomena that occurred aimed at building the rigid skeleton of the dried
cube (Metzger 2019, Rémond et al. 2010, Sampson and Yamamoto 2011). Our results show that
building the skeleton is associated with a macroscopic anisotropic shrinkage of the structure, a decrease
of the solid fraction of the cube, a decrease of the volume of the central pore, a decrease of the number
and of the volume of the inter-filament pores and intra-filament porous structures (pores that may
evolve to crack), a change of the shape and dimensions of the cross section of filaments. At the
beginning of phase I, we observe that the previous changes still took place but at a slower rate. During

phase I, most of the changes appears at the filament scale; we observed delamination, an increase of
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the number of the inter-filament and intra-filament pores. The quantitative analysis captured the last
phenomena after the beginning of phase Il defined by Fig 8. Therefore, at the observation scale, a
transition zone, that took place between 120 min and 160 min of air-drying, might be defined between
the two regimes. During this period, it is difficult to define any dominant mechanisms. The length of
this transition zone might be explained by 3 factors: (i) it was possible to quantify the evolution that
took place up to 30 um, which is enough to explain part of the microscopic changes but as stated by
Metzger (2019) it is complicated to simultaneously image drying phenomena at the three relevant
scales on representative samples. (ii) the temperature gradient around the sample modified the drying
rate of the sample and might have induced different evolution rates of the 4 faces of the cube; (iii) the
CMC dissolved in the water to prepare paste acted as a gelation agent (Edali et al. 2001) and allowed
the cellulose fibers to be embedded (Thibaut et al. 2019). This probably modified the drying

mechanisms of cellulose fibers and of cellulose fiber mats, compared to the one of paper materials.

5 CONCLUSIONS

The objective of this study was to characterise the macro and mesoscale phenomena that occurred
during the drying of a 3D printed sample obtained by extrusion of ligno-cellulosic aqueous paste. We
used sub-minute laboratory X-ray microtomography imaging techniques during air drying tests
combined with advanced image analysis including DVC to reveal the mechanisms that took place at the
macro (sample) scale and at the meso (filament) scale. This allowed to qualitatively and quantitatively
analyse structural and kinematical changes to be carry out during the phases of the air drying. During
phase |, we quantified the macroscopic anisotropic shrinkage of the structure, the decrease of the solid
fraction of the cube, a decrease of the volume of the central pore, a decrease of the number and of the
volume of the inter-filament and intra-filament pores, a change of the shape and dimensions of the
cross section of filaments. At the beginning of phase I, we observed that the previous changes still took

place but at a slower rate. During phase Il, most of the changes appeared at the filament scale: we
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observed delamination effects, an increase of the number of inter-filament and intra-filament pores
during the first 8 hours. A transition zone was therefore defined during which a competition between
the main phenomena taking place during each phase occurred.

It would be interesting to complete these results by performing observations using higher-resolution
X-ray images to better define the microstructural changes at the filament scale and therefore better
define and quantify the transition zone. Then, these multiscale results would be used to develop models
for the prediction of the drying mechanisms of 3D printed parts made up of cellulose and to propose
compensation strategies (Thibaut et al. 2020) that will provide final 3D parts closer to the original CAD

model.
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