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This study aimed at investigating how ice templating conditions affected the shrinkage, the microstructure, and
the mechanical properties of cellulose nanofibril (NFC) foams. Enzymatic and TEMPO-oxidized NFC foams were
fabricated using two solidification techniques, i.e., quenching NFC suspensions in temperature-controlled baths,
and mechanical stirring of NFC suspensions during solidification followed by quenching, prior to freeze-drying.
Foams prepared by direct quenching using stabilized TEMPO-oxidized NFC suspensions exhibited higher specific
mechanical properties and more regular anisotropic cells with unimodal size than enzymatic NFC foams. In
addition, NFC concentration and NFC morphology severely affected the foam shrinkage and the geometry of
foam cells. Controlling the solidification had also a drastic effect on the foammicrostructure, e.g. foams prepared
bymechanical stirring and quenching exhibited bimodal cell size and enhancedmechanical properties. The com-
pressive behavior of foams showed successive elastic, strain-hardening and densification regimes with auxetic
effects and strain localization. Both the elastic modulus and the yield stress were power-law functions of the
foam relative density whose exponents reached unusual high values for enzymatic NFC foams, potentially be-
cause of their chaotic microstructures. The evolution of a typical TEMPO-oxidized NFC foam was studied under
compression using X-ray microtomography, unveiling deformation mechanisms at the cell scale.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Cellulose nanofibrils (NFCs) are the elementary reinforcing constitu-
ents of plant cell walls [1–3]. NFCs can be extracted in the form of
aqueous colloidal suspensions by subjecting slurries of cellulose fibers
to strong mechanical disintegration processes [4–5]. However, several
pre-treatments of cellulose fibers such as enzymatic hydrolysis [6–7]
or chemical oxidation by a 2,2,6,6-tetramethylpiperidine-1-oxyl radical
(TEMPO)-mediated system [8–9] are often used prior to themechanical
treatments to reduce energy consumption and make cellulose
nanofibrils more uniform in size. The resulting NFC suspensions can
be used to manufacture a variety of promising renewable materials
such as foams [10–14] and aerogels [15–16], films and nanopapers
[17], with interesting specific physical and mechanical properties. NFC
foams and aerogels constitute low density (density ranging from
1 kg m−3 to 100 kg m−3) bio-based materials with high mechanical
and insulation properties (elastic modulus: 10−2 MPa ≤ E ≤ 5 MPa and
CoS CNRS UMR5259, F-69621

ont).
thermal conductivity: 18 mW K−1 m−1 ≤ λ ≤80 mW K−1 m−1) and
with a great potential in several engineering fields [11,13,18–20]. They
can be used in the automotive industry as heat and/or sound insulation
boards [18–20] or for biomedical applications as filtering and purifying
membranes [21–23] or even as scaffolds [24] for tissues. However, the
selection and the use of a specific foam for a particular engineering
application require a proper understanding and control of its micro-
structure and mechanical behavior, particularly, in terms of deforma-
tion and related damage mechanisms [25–26].

NFC aerogels of ultra low density andwith nanometric pore sizes are
generally fabricated using supercritical drying techniques [16]. In
contrast, NFC foams with micrometric cell sizes can be obtained from
NFC water suspensions by ice templating, i.e., after freezing of suspen-
sions and sublimation of the formed ice crystals (freeze-drying) [11–
13] or by simple ambient drying (water evaporation) from surface-
modified cellulose nanofibril suspensions [27] Ice templating process
[28–32] has received considerable attention in recent years owing to
its simplicity and to the wide variety of porous materials that this
technique can provide. This technique can also be used to obtain hierar-
chically structured composite foams with interesting physical proper-
ties [13,18–20,33] from aqueous dispersions of cellulose nanofibrils
and polymers or fillers (clay, graphene oxide, montmorillonite).
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However, the control of the arrangement and organization of solid
particles during the water solidification phase is complex and still not
well understood [28–30]. For example, particle segregation and separa-
tion induced by ice growth in aqueous colloidal suspensions depend on
a large number of factors related both to the processing conditions
(e.g. temperature field) and the nature of colloids [14,28–32] (particle
size, geometry, density, conductivity, surface charge density and
impurities). If these phenomena and their effects on themicrostructures
andmechanical performances on the fabricated foams have been inves-
tigated for many ice-templated systems [28–32] much less is known
concerning NFC systems:

• NFC foams were often prepared using quenching processing routes
with temperatures and cooling rates that varied over narrow ranges
[34–38]. The solidification or freezing of NFC water suspensions was
usually achieved by dipping them into liquid nitrogen baths or by
placing them inside freezers. To the best of our knowledge, the effect
of quenching temperature on the microstructure and mechanical
properties of NFC foams has not been extensively investigated.

• Some recent studies investigated the effect of the freezing direction on
the structural characteristics and mechanical properties of NFC foams
[13–14,20,39]. For instance, Jee et al. [14] fabricatedNFC foams using a
specially designed unidirectional freezing device. Foams that were
prepared using this technique exhibited lamellar channel structures
oriented parallel to the freezing direction. At a finer scale, Menier
et al. [39] showed using X-ray diffraction techniques that unidirec-
tional freezing of NFC suspensions produced cellular foams with
high alignment of the particles in the freezing direction. The authors
also observed that the degree of orientation decreasedwith increasing
the NFC concentration.

• Some studies also investigated the effect of NFC concentration on the
structural and mechanical properties of NFC foams. For example,
using enzymatic NFCs, Sehaqui et al. [11] showed that increasing
the NFC concentration from 0.7 to 10 wt% yielded denser foams
(7 kg m−3 ≤ρ≤103 kgm−3) with finer cellular architectures. In addi-
tion, the authors found that both the compression modulus and yield
stresswere power-law functions of theNFC foamdensitywith power-
law exponents n=2 andm=1.5, respectively. However, the effect of
the suspension nature, namely the colloidal stability and themorphol-
ogy of NFCs on the microstructure and mechanical properties of the
obtained NFC foams has not yet been studied. The preparation of
NFC foams by quenching or unidirectional freezing and ice sublima-
tion is easy to operate but usually leads to anisotropic foam micro-
structures because of the radial and columnar growth of ice crystals
during freezing [13–14,20,28–33,39–40]. This technique does not
enable materials with multiple scales of porosity to be obtained
since thefinal architecture is induced by a unique physicalmechanism
that involves the segregation and redistribution of NFCs by the mov-
ing ice front [28–30]. To date, no study attempted to obtain foam
cells with globular and/ormultimodalmorphology fromNFC systems.
However these types of foams could exhibit very interestingmechan-
ical properties [41]. To obtain the aforementioned foam cell struc-
tures, several nucleation processes or mechanisms are required
during foaming [28,41].

Thus, the objectives of this study were to investigate the effect of
processing conditions and NFC suspension properties (surface charge
density, NFC morphology and concentration) on the microstructural
and mechanical properties of NFC foams. Two types of NFC water
suspensions, namely enzymatic and TEMPO-oxidized NFC suspensions
were used. Both NFC suspensions were quenched at different freezing
temperatures (−114 °C ≤ T ≤ −10 °C) that enabled the cooling rate to
be varied over a wide temperature range. An original ‘sorbet-like’ solid-
ification technique was also used to investigate the effect of mechanical
stirring on the structure and the mechanical properties of NFC foams.
The microstructure of the obtained NFC foams was investigated using
both electron microscopy and synchrotron X-ray microtomography.
Their mechanical properties were evaluated using both standard
compression experiments and compression tests with 3D in situ obser-
vations using high resolution X-ray synchrotron microtomography. To
the best of our knowledge, these experiments are original and have
never been used to characterize NFC foam cell structures and their de-
formation micromechanisms.

2. Materials and methods

2.1. Extraction of NFC suspensions

TEMPO-oxidized NFC suspensions at a concentration of 0.75%wt
were extracted from a commercial eucalyptus bleached kraft pulp
supplied by Celbi (Portugal) using the experimental procedure reported
by Martoïa et al. [42]. Enzymatic NFC suspensions at a concentration of
2 wt%were supplied by Centre Technique du Papier (Grenoble, France).
These suspensions were isolated from an enzymatically treated birch
bleached kraft pulp by mechanical disintegration using a homogenizer
M-110 EH-30 (GEA Niro Soavi, Parma, Italy). To prepare NFC foams
with various relative densities ρ/ρs (ρs=1500 kg m−3 is the density of
cellulose [43]), both types of suspensions were either diluted by adding
deionized water, or concentrated by high speed centrifugation
(10,000 rpm for 20 min). Hence, TEMPO-oxidized and enzymatic NFC
suspensions at various concentrations c that ranged from 0.1 to 1.65
and 0.7 to 7.5 wt% were prepared, respectively (corresponding to NFC
volume fraction ϕ that ranged from 0.0007 to 0.011 and 0.0047 to
0.05, respectively). All the as-prepared NFC suspensions were at
pH 7.5–8.

2.2. Processing of NFC foams

2.2.1. Direct quenching
In a first approach, NFC foamswere prepared using direct quenching

(Fig. 1a). This technique consisted in pouring 5 ml of NFC suspensions
into cylindrical glass tubes of diameter Dt=16 mm and length Lt=
42 mm. Then, the tubes were quenched in various baths having a
volume V of ≈ 300 ml, i.e., baths with various liquids at their solid-
liquid transition temperature (Fig. 1a). These liquids enabled the
temperature of the baths and the averaged cooling rate of the NFC
suspensions to be easily controlled (Table 1). Photographs of the
upper surface of the NFC suspensions during freezing (Fig. 1a) showed
that away from the bottom of the tubes, the ice front homogenously
moved in the radial er-direction. Furthermore, ice formation induced a
positive volume variation and caused the suspension to flow in the
vertical ez-direction of the tube. This vertical displacement was at the
origin of the ‘conical parts’ that were visible on the top of NFC foams.
Note that in the investigated range of quenching temperatures, nomac-
roscopic cracks or splits were observedwhile freezing NFC suspensions.
At the end of the solidification process, frozen suspensionswere dried in
a freeze-dryer Alpha 2-4LD plus (Christ, Osterode am Harz, Germany)
for 48 h. The temperature of the inner chamber of the freeze-dryer
was set to −60 °C and the pressure to 20 mbar. All the NFC concentra-
tions c that were usedwith this quenching procedure, the density ρ and
relative density ρ/ρs of the corresponding NFC foams are given in
Table 2.

2.2.2. Mechanical stirring and quenching
We also investigated an alternate freezing processing route inspired

from the food industry or the metallurgy to process metals for
thixocasting [44–45]. The adopted technique consisted in restraining,
with a mechanical stirring, the dendritic and columnar ice crystal
growth during solidification to obtain a first class of ice grains with
globular shape. Hence, NFC suspensions were poured into a sorbet ma-
chine (Domoclip DOM 147P) and then continuously mixed at 35 rpm



Fig. 1. (a) Schematic representation of the direct quenching procedure used to obtain enzymatic and TEMPO-oxidizedNFC foams. (b) Sketch of the ‘sorbet-like’NFC foamprocessing route.

378 F. Martoïa et al. / Materials and Design 104 (2016) 376–391
and at −18 °C until the suspensions exhibited ice-cream textures
(≈1 h) (Fig. 1b). Then, glass tubes were filled with 5 ml of the ensuing
suspensions before being quenched in a butyl-acetate bath at a temper-
ature of −68 °C to completely solidify the suspensions.
Table 1
Liquids used to freeze NFC suspensions. All the chemicals were provided by Sigma Aldrich
(France) and used without any further purification.

Cooler
Temperature of the
solid-liquid bath (°C)

Total solidification
duration (min)

Benzonitrile −13 ≈20
Acetonitrile −40 ≈8
Butyl acetate −68 ≈6
Acetone −80 ≈5
Propanol −100 ≈4
Ethanol −114 ≈3
2.3. Microstructure characterization

2.3.1. NFC suspensions
The meso-, micro- and nano-scale morphologies of NFCs and NFC

suspensions were investigated using various optical and electronic
imaging techniques. The homogeneity of the processed NFC suspen-
sions was first assessed from photographs that were taken using a
36.2 megapixel camera (Nikon D800) equipped with a 10-mm macro
lens. Then, optical micrographs were recorded in transmission mode
on NFC aqueous suspensions diluted to 0.1 wt%, using an optical micro-
scope (Axio Imager M1 m, Zeiss) equipped with a camera (AxioCAM
MRC5, Zeiss). AFM observations were also performed to analyze the
nanoscale morphology of NFCs. AFM specimens were prepared by de-
positing a drop of NFC suspension at a concentration of 0.001 wt%
onto freshly-cleaved mica substrates. Then, these specimens were air-
dried for fewminutes before being imaged using an atomic forcemicro-
scope (Nanoscope III®, Veeco, Canada) in tapping mode with a silicon



Table 2
Concentrations c of the NFC suspensions used to fabricate by direct quenching NFC foams.
The density ρ and the relative density ρ/ρs of the resulting foams are also reported (note
that the foam porosity is equal to 1−ρ/ρs). Note also that it was difficult to accurately
estimate the density of some foams, i.e., those prepared using the less concentrated NFC
suspensions, because of their very irregular shapes.

c (wt%) ρ (kg m−3) ρ/ρs

TEMPO NFCs

0.1 – –
0.15 – –
0.2 3 0.002
0.5 4.5 0.003
0.55 6.2 0.004
0.8 8.5 0.006
1.2 11 0.0075
1.4 14.1 0.0095
1.65 17 0.012

Enzymatic NFCs

7.5 74 0.053
4.5 48 0.035
3 33 0.024
2.2 23.5 0.017
1.5 17.5 0.013
1 12.5 0.009
0.7 – –
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cantilever (OTESPA®, Bruker, USA) at different locations over scanning
areas of 3 μm×3 μm.

2.3.2. NFC foams
The microstructural properties of NFC foams were investigated at

different scales using a scanning electron microscope equipped with a
field emission gun (FEG) system (Zeiss Ultra 55 gemini column) in
low vacuum conditions and with a voltage set at 2 kV. Sample prepara-
tion is crucial to obtain representative images of foam cell structures.
Thus, NFC foams were carefully cut in the horizontal plane using razor
blades. Before taking the images, a layer of gold and palladium with a
thickness of 2–3 nm was deposited onto the surface of the samples.
The radial pore size of NFC foams was then roughly estimated from
the FE-SEM micrographs using the image analysis freeware ImageJ.

The NFC foam microstructures were also finely characterized using
3D X-ray microtomography. These experiments were performed using
the high-resolution X-ray synchrotron microtomograph of the ID 19
beamline at the European Synchrotron Radiation Facilities (Grenoble,
France). This beamline was chosen because it delivered an intense
coherent and monochromatic X-ray source and enabled images with a
high signal-to-noise ratio to be acquired [46–47]. The X-ray beam ener-
gy was set to 19 keV and a voxel size of 0.323 μm3 was chosen to obtain
accurate representations of the foam cell structures. The foam samples
were fixed on a rotation stage between the X-ray source and the detec-
tion unit that recorded the transmitted X-rays. Samples were rotated
under the beam incrementally up to 180° to provide a set of 3000 radio-
graphs (duration of the scan≈60 s). Then, 3D imageswere reconstruct-
ed using the so-called Paganin procedure, which is based on using the
phase contrast in the images [48–49].

2.4. Mechanical characterization of NFC foams

2.4.1. Macroscale compression tests
Uniaxial compression tests were performed on cylindrical

specimens (mean diameter D ≈ 16 mm and mean initial height
h0 ≈15 mm). Before testing, all NFC foams were stored for at least
one day in controlled conditions (T = 25 °C and r.h. = 56%). NFC
foams were then subjected to four successive load-unload cycles and
at a constant compression strain-rate of j _εj≃ 0.002 s−1 with increasing
the compression strain ε upon loading. These experiments were
performed using an electromechanical testing machine (Instron 5960,
France) equipped with a force sensor of 50 N or 5 kN (depending on
the relative density of the considered foam). During the experiments,
both the nominal compression stress σ=F/S0 (where F is the normal
force and S0 the initial cross section area of the foam) and the logarith-
mic strain ε= ln(h/h0) were acquired (h is the current height of the
foam). It was checked that the stiffness of the entire testing device
was much higher than those of NFC foams, so that ε was considered to
be a relevant macroscale axial deformation of samples. As suggested
by Gibson and Ashby [25], the apparent compression modulus E of the
foams was estimated from the initial linear part of the σ−ε curves,
i.e., typically between 0bεb0.05 (Fig. 7). The apparent yield stress σy

was calculated from the intersection of the two tangent lines parallel
to the apparent elastic domain and the nearly linear strain hardening
plasticity regime above the yield stress (Fig. 7).
2.4.2. In situ compression test with X-ray synchrotron microtomography
The microstructure of a typical TEMPO-oxidized NFC foam, which

was obtained using a quenching temperature of −13 °C, and its evolu-
tion under compression loading were studied using X-ray synchrotron
microtomography. For that purpose, the foam was cut in a small cube
(≈4 × 4 × 4mm3) and then subjected to low a strain-rate compression
tests (j _εj = 0.005 s−1), using a specially designed micro-compression
machine [50] (see supplementary information). The compression test
was interrupted at three compression strains of ε=0.11,0.8 and 2.2.
In the undeformed configuration and for each compression stop, a fast
scan (duration ≈60 s) of the NFC foam was first performed using a
voxel size of 1.6×1.6×1.6 μm3 to visualize the entire sample. In addi-
tion, to obtain an accurate representation of the bulk deformation and
failure micro-mechanisms that occurred at the cell scale, the foam was
also imaged using a smaller voxel size of 0.32×0.32×0.32 μm3, by
performing and concatenating four additional high resolution scans
along the entire height of the sample.
3. Results

3.1. Microstructures of the parent NFC suspensions

Thephotographs in Fig. 2a show that enzymatic NFC suspensions ex-
hibited spatially heterogeneous mesoscale textures such as flocs (50–
100 μm) [42]. On the contrary, TEMPO-oxidized NFC suspensions did
not exhibit this type of mesoscale structures [42,51–52] (Fig. 2b).
These suspensions were transparent, stable and non-flocculated. The
origin of this difference was related to the surface charge density of
NFCs. Indeed, the content of carboxyl groups (–COOH) determined by
conductimetric titration was 1.45 mmol g−1 for NFCs obtained after
TEMPO-mediated oxidation [42], whereas it was only 0.075 mmol g−1

for enzymatic NFCs. At pH 8, i.e., close to the pKa of the acid-base pair
(pKa≈ 8.5), carboxyl groupswere partially dissociated into carboxylate
groups. Thus, TEMPO-oxidized NFCs were much more electrostatically
charged and kinetically stable in water suspension than enzymatic
NFCs [42,52].

Fig. 2c, e show that enzymatic NFC suspensions were polydisperse
suspensions that contained few partially fibrillated fibers
(diameter ≈ 20 μm and length ≈ 150–300 μm), bundles of fibrils
having a diameter that ranged between 100 and 500 nm, and finer el-
ements in the form of fibril aggregates with a diameter that ranged
between 20 and 50 nm. In contrast, the polydispersity of TEMPO-
oxidized NFCs was much smaller. These suspensions contained few
fibers that had dimensions that were close to those of the original fi-
bers (diameter ≈ 20 μm and length≈ 600–700 μm) and much more
very slender individualized and kinked fibrils with a diameter and
length that ranged between 3 and 5 nm and between 1 and 1.4 μm,
respectively (Fig. 2d, f) [42,52]. However, it is worth noting that
complex challenges are still encountered in the precise determina-
tion of the size of the extracted NFCs [53–54].



Fig. 2. Photographs obtained with a black background of a 2-wt% enzymatic NFC suspension (a), and a 0.75-wt% TEMPO NFC suspension (b). Optical micrographs of a 0.1-wt% enzymatic
NFC suspension (c), and a 0.1 wt% TEMPO-oxidized NFC suspension (d). AFM micrographs of an enzymatic NFC film (e) and TEMPO NFC film (f).
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3.2. Shrinkage of NFC foams: effect of the NFC suspension type and
concentration

An analysis of the geometry of the produced foam samples was first
conducted. For both types of suspensions, decreasing the NFC concen-
tration c yielded an increase in the sample diameter shrinkage (Fig. 3).
Above a critical NFC concentration c⁎, i.e., c⁎ ≈ 1 wt% for enzymatic
NFC suspensions (Fig. 3a) and c⁎ ≈ 0.2 wt% for TEMPO-oxidized NFC
suspensions (Fig. 3b), the diameter reduction was limited and the
samples practically exhibited cylindrical shapes. In contrast, a sharp re-
duction of the foam diameter and a degradation of the sample cylindri-
cal shape were observed below this critical concentration c⁎.
3.3. Microstructures of NFC foams

In Figs. 4 and 5, SEMmicrographs and 3D tomographic images show
that both TEMPO-oxidized and enzymatic foams exhibited complex
cellular architectures and open porosity. The morphology of the cells
was different from that usually observed in most of the synthetic
polymer foams [25–26]. NFC foams consisted of irregular arrange-
ments of thin plates (in the form of NFC films or nanopapers) that oc-
casionally intersected with remaining partially fibrillated fibers
or dangling mass, i.e., unconnected branches (see the comments re-
lated to Fig. 2c, d and SEM micrographs in Fig. 4a). For TEMPO-
oxidized foams, 3D views show that the plates were slightly curved



Fig. 3.Graphs (a,b) show the evolution of themean diameter reduction (Dt−D)/Dt (whereDt is the diameter of the tube andD is themean diameter along the height of the foam samples)
as a function of the NFC concentration for (a) enzymatic NFC suspensions and (b) TEMPO-oxidized NFC suspensions. These foams were prepared by direct quenching using a freezing
temperature T ≃ −68 °C.
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(Fig. 4e, f). Their in-plane dimensions and their thickness also varied
over the plate surface (Fig. 4e, f) but also from one plate to another
(Figs. 4 g,h and 5 f,h). In addition, TEMPO-oxidized and enzymatic
NFC foams exhibited remarkablemicrostructural differences. The ge-
ometry of TEMPO-oxidized cell foams (Fig. 4) wasmore regular com-
pared with that of enzymatic foams (Fig. 5). The 2D X-ray and the
SEM images in Fig. 4 also show the anisotropic and columnar geom-
etry of the pores. In general, three cell walls meet at each edge with
interface angles that varied over a wide range (Fig. 4e, f). On the con-
trary, enzymatic foams exhibited more chaotic and intricate struc-
tures, which made difficult the direct observations of the foam cell
geometry (Fig. 5).

As shown by the multiscale images in Figs. 4 and 5, the morphology
of the pores/cells varied drastically as a function of the applied freezing
temperature. Between −13 °C and −80 °C, the radial pore size
decreased from few hundred microns (300–50 μm) to a few tenths of
microns (20–10 μm) for TEMPO-oxidized and enzymatic foams. Note
also that NFC foams obtained at high freezing temperature, i.e.,
T = −13 °C (Fig. 4a, e–h), consisted of cells that were more polydis-
perse compared with those observed in NFC foams that were obtained
at lower freezing temperature (Fig. 4b). Further, between −80 °C and
−114 °C, no significant variation in the pore morphology and size was
evidenced from the SEM micrographs. Similar noteworthy variations
in the pore morphology have also been reported by Jiang et al. [55]
who fabricated TEMPO-oxidized foams using two different freezing
temperatures, i.e., T=−20 °C and T=−196 °C.

SEM and X-ray micrographs in Fig. 5c–f show the influence of NFC
concentration on the microstructural properties of enzymatic NFC
foams. Denser NFC foams exhibited finer cellular architectures. Similar
observations have been reported by Sehaqui et al. [11] for enzymatic
NFC foams. Note that we made similar observations for TEMPO-
oxidized NFC foams. In addition, the 2D X-ray cross section views in
Fig. 5f, h indicate that denser foams exhibited a larger number of
walls/plates with thick cross sections.

Finally, Fig. 6 shows a collection of micrographs that were obtained
for TEMPO-oxidizedNFC foams (ρ≃17 kgm−3, i.e., ρ/ρs≃ 1.2%) prepared
using mechanical stirring followed by quenching. The resulting foams
exhibited interesting bimodal structures that consisted of near-
spherical mesoscale pores/cells with a diameter that ranged from
100 μm to 600 μm. These cells were flanked by more finer and aniso-
tropic pores/cells in the form of ‘buttresses’ with dimensions that
ranged between 20 and 50 μm. Note also that the fine pores shown in
Fig. 6c exhibited slightly smaller dimensions compared with those
observed in the foams that were prepared by direct quenching at the
samemean relative density (Fig. 6d). In accordance with the aforemen-
tioned comments on the influence of the NFC concentration on the
stabilization of the foam shrinkage, this could be related to the concen-
tration of NFC suspensions before freezing, which was locally higher
using mechanical stirring than direct quenching.

3.4. Mechanical properties of NFC foams

3.4.1. Macroscale and mesoscale behavior
The compression stress-strain curves obtained for TEMPO-oxidized

and enzymatic foams (Fig. 7) were typical of many elasto-viscoplastic
cellular materials [25–26], with three distinct regimes:

• For 0 ≤ ε ≤ 0.07, the NFC foams exhibited an initial practically linear
behavior characterized by an apparent modulus E up to an initial
yield stress σy.

• Above σy, the plastic deformation was marked, i.e., with pronounced
residual strain upon unloading. In this regime, the consolidation of
foams occurred [25] and the stress was an increasing function of the
compression strain. It is also worth noting that the unloading curves
exhibitedmarked non-linear portions, showing that the elastic energy
stored within the cell walls upon loading was sufficient to unfold
them partially upon unloading.

• At higher compressive strains (ε ≥ 0.8), all the curves exhibited a
densification regime characterized by a sharp increase in the com-
pressive stress σ.

The image insets in Fig. 7 are instructive. They show that below a
macroscale compression strain of ε=0.25, the sample deformations
were practically homogeneouswith auxetic effects that were character-
ized by a negative lateral strain (negative Poisson ratio ν). Above this
strain, the sample deformations became heterogeneous with localized
striction phenomena. Using the images that were recorded during the
two tests shown in Fig. 7 (using a CCD camera Jai Pulnix RM-4200GE
with a spatial resolution of 2048 × 2048 pixels) and analyzed using
the procedure reported by Rodney et al. [56] to measure locally the
axial and lateral compression strains, we found that for 0≤ε≤0.2,
TEMPO-oxidized and enzymatic foams shown in Fig. 7 exhibited
Poisson's ratios ν that were close to −0.15.

3.4.2. Effect of relative density – Scaling laws
For both types of NFCs and foams which were prepared using a

quenching temperature of −68 °C, the evolutions of the apparent



Fig. 4. (a–d) SEM-FEGmicrographs of TEMPO-oxidized NFC foams (ρ≃11 kgm−3, i.e., ρ/ρs≃ 0.75%) obtained after freezing at various temperatures and then freeze-dried. The red arrow in
Panel a indicates a remaining fiber that was partially fibrillated/disintegrated. (e–f) 3D-rendered perspective views (voxel size: 0.323 μm3) and (g–h) cross sections of a TEMPO-oxidized
NFC foam (ρ≃11 kg m−3, i.e., ρ/ρs≃ 0.75%, freezing temperature T = −13 °C) obtained using X-ray synchrotron microtomography.
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modulus E and yield stress σy were plotted in Fig. 8a, b as a function of
the foam relative density ρ/ρs. These figures show that E and σy were
both power-law functions of ρ/ρs, i.e., E∝(ρ/ρs)n and σy∝(ρ/ρs)m, with
power-law exponents n=2.29 and 3.11, and m=2.22 and 3.04 for
TEMPO-oxidized and enzymatic NFC foams, respectively. It is also
worth to note that for a given relative density, the specific modulus
and yield stress of the TEMPO-oxidized NFC foams were much higher
than for the enzymatic NFC foams.



Fig. 5. (a–b) SEM-FEGmicrographsof enzymatic NFC foams (ρ≃23 kgm−3, i.e.ρ/ρs≃ 1.7%) obtained after freezing at various temperatures and then freeze-dried. Thewhite arrows in Panel
a showsomedanglingbranches. EnzymaticNFC foamswith ρ≈ 23 kgm−3 (ρ/ρs≃ 1.7%) (c), and ρ≃48 kgm−3 (ρ/ρs≃ 3.5%) (d) obtained after freezing at T=−68 °C and then freeze-dried.
(e, g) 3D-rendered perspective views (voxel size: 0.323 μm3) and (f, h) cross section of segmented micrographs of enzymatic NFC foams (ρ≃23 kg m−3, i.e., ρ/ρs≃ 1.7%, freezing
temperature T = −68 °C) obtained using X-ray synchrotron microtomography.

383F. Martoïa et al. / Materials and Design 104 (2016) 376–391
3.4.3. Microscale deformation mechanisms of TEMPO-oxidized foams
The compression experiment that was performed using 3D in situ

observations enabled deformation and failure mechanisms at the foam
cell scale to be unveiled for one typical TEMPO-oxidized foam (ρ/ρs≃
0.75% and a quenching temperature of −13 °C). The corresponding
stress-strain curve (Fig. 9) shows that, at the beginning of the test (0 ≤
ε ≤ 0.15), the mechanical response was similar to that obtained using
larger cylindrical samples outside the microtomograph with the same
foam (Fig. 7). The apparent compression modulus E≃65 kPa and yield
stress σy ≃ 6 kPa were consistent with those obtained using larger



Fig. 6. SEMmicrographs showing themicrostructures of various TEMPO-oxidizedNFC foams (ρ≃17 kgm−3, i.e., ρ/ρs≃ 1.2%) obtained using the sorbet (a,c) and quenching (b,d) processing
routes. (e) Horizontal cross-section of TEMPO-oxidized NFC foam (sorbet-like process) obtained using X-ray microtomography (voxel size: 1.63 μm3).
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samples. Some differences were observed at higher strains: the stress-
strain curve exhibited a weak strain-hardening regime instead of a
pronounced increase, as shown in Fig. 7. Several potential origins
could explain this discrepancy, e.g., the potential degradation of the
NFC structure due to the exposure to X-ray radiations and the viscoelas-
tic effects associated with the deformation of the foam. Moreover, the
compression testwas interrupted to perform the scans, inducingnotice-
able stress relaxations, as shown in Fig. 9.

The 2D segmented micrographs shown in Fig. 9 (see also Fig. 2 in
Supplementary Materials) first revealed the aforementioned auxetic
effect: in the early stage of compression (i.e., for 0 b ε b 0.11), the
Poisson ratio ν was estimated to be approximately −0.1 in the central
zone of the sample (h0=10≤z≤h0−h0=10). In addition, Fig. 9 shows
that for ε N 0.11, the foam exhibited spatially heterogeneous deforma-
tion during compression (see for instance the deformation band local-
ized in the upper part of the sample).

Fig. 10 shows high resolution 3D views (voxel size: 0.323 μm3) of the
microstructure of the compressed NFC foam and its evolution during
compression.
3.4.3.1. First compression stop. At ε = 0.11, i.e., just at the onset of the
yield stress, most of the cells in the sample were slightly deformed
(and rotated). Cell walls were primarily deformed by bending/buckling
mechanisms, in particular those oriented in a direction parallel to the
compression direction: these mechanisms are highlighted in zooms
around the cell labelled 1 in Fig. 10. In addition, it is worth to note
that some of the cell walls were also irreversibly damaged and fractured
(see the red circle in the 3D image on the top right).

3.4.3.2. Second compression stop. At ε=0.8, the foam exhibited a spatial-
ly heterogeneous collapse of its cellular structure. Someof the foamcells
were severely distorted. This phenomenonwas associatedwith cell wall
cracking/tearing (Fig. 10b) and the formation of plastic hinges, whereas
other parts of the structure were less affected by the increase in the
overall compression strain.

3.4.3.3. Third compression stop. At ε = 2.2, the structure was densely
packed: all foam cells were collapsed. The foam cell walls began to
impinge on each other, leading to a pronounced rise in the stress level
(pronounced densification regime).

3.5. Effect of the processing conditions

A non-linear evolution of the apparentmodulus E and yield stressσy

with the freezing temperature is shown in Fig. 11. Regardless of the type
of foam, E and σy were practically independent of the freezing temper-
ature for −114 °C ≤ T ≤ −80 °C. In this temperature range, no
pronounced changes in the cellular structure of the foamswere also de-
tected (Fig. 4 and Fig. 5). In contrast, between−80 °C and−13 °C, E and



Fig. 7. Typical stress-strain curves of (a) a TEMPO-oxidizedNFC foam (ρ≃11 kgm−3, i.e., ρ/ρs≃ 0.75%) obtained after freezing at T=−13 °C and (b) an enzymatic NFC foam (ρ≃23 kgm−3,
i.e., ρ/ρs≃ 1.7%) obtained after freezing at T = −68 °C. The image insets show the evolution of the geometry of the foams during simple compression.
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σy increased significantly with increasing the freezing temperature. In
the same time, Figs. 4 and 5 show that the NFC foams exhibited pro-
nounced microstructure variations for this temperature range, regard-
less of the type of NFCs.
Fig. 8. Apparent compression modulus E (a) and yield stress σy, (b) as a function of the rela
temperature of −68 °C.
Stress-strain curves plotted in Fig. 12 show the undeniable role of
the cellular architecture of NFC foams on their mechanical response
[25]. Indeed, the sorbet-like foam with a bimodal cellular structure ex-
hibited higher mechanical performances with a modulus E and a yield
tive density ρ/ρs. Enzymatic and TEMPO NFC foams were prepared using a quenching



Fig. 9. Compression stress-strain curve of a TEMPO-oxidized NFC foam (ρ≃11 kg m−3, ρ/
ρs≃ 0.75%, quenching temperature T = −13 °C) with 3D in situ observation of its
microstructure. The insets are several cross sections along the vertical direction of 3D
segmented images (voxel size: 1.63 μm3), showing the evolution of the geometry of the
entire foam during compression.
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stressσy thatwere three to four times greater and two times greater, re-
spectively, than those of the foams with the same relative density and
prepared by quenching.

4. Discussion

The experimental results presented in the previous section clearly
emphasized the leading effects of ice-templating conditions, NFC con-
centration and type on the microstructure of the fabricated NFC
foams. These results also showed that process-induced microstructures
had noticeable effects on the mechanical properties of NFC foams. The
effects of freezing conditions and their influence on the microstructural
andmechanical properties of NFC foams are further discussed in the fol-
lowing sections.

4.1. Effects of freezing conditions

Fig. 4 show that the mean radial pore size varied significantly with
the applied freezing temperature. This trend, which was observed for
both types of NFCs and for various NFC concentrations, could be ex-
plained by the following scenario:

• At low freezing temperature and thus high average cooling rate, nu-
cleation rate is higher than crystal growth rate [30]. Consequently, a
large number of small ice crystals are probably formed during freezing
and the porousmicrostructure of NFC foams consists of uniform small
pores (Fig. 4c).

• At higher freezing temperature and lower average cooling rate, the
opposite trend could take place. Ice crystal growth is more kinetically
favored than ice nucleation [30]. Thus, a small number of large ice
crystals are probably formed during freezing. This phenomenon is po-
tentially at the origin of the formation of large pores after ice
sublimation.

These results indicate that the control of crystal nucleation and
growth prior to freeze-drying is crucial in “building” themicrostructure
of NFC foams. Adapting the quenching temperature could be used to
control the foam pore size (Fig. 4).

However, Fig. 4 also shows that direct quenching did not enable the
shape and the orientation of ice crystals to be properly controlled. In-
deed, using this freezing procedure, temperature gradients in the frozen
samples were not controlled and exhibited preferred directions. The ice
crystal growth was columnar and the resulting foams had highly
anisotropic pore structures. Thus, to obtain isotropic pores, we proposed
an alternate freezing procedure that consisted in using a mechanical
stirring of the solidifying suspensions at constant freezing temperature.
Fig. 6 clearly shows that the pores induced duringmechanical stirring at
a high freezing temperature were large and rounded: they were
mechanically eroded and constrained to grow isotropically. The subse-
quent quenching with a high cooling rate induced a second population
of finer and anisotropic ice crystals.

Thus, with these preliminary results it was demonstrated that com-
bining several sequences of quenching and mechanical stirring was
efficient to obtain foammicrostructures with controlled pore size, pop-
ulation and anisotropy.

4.2. Effects of NFC type

Figs. 4 and 5 also clearly show the noticeable structural differences
between enzymatic and TEMPO-oxidized NFC foams. This illustrates
the undeniable role of the NFC nanostructures and physico-chemical
properties on the phenomena of particle segregation, entrapment and
redistribution that occur during ice growth [30]. Because of their
smallest dimensions, highest aspect ratio, and strongest colloidal
stability (Section 2.1), TEMPO-oxidized NFCs are presumably more
homogenously redistributed by the moving ice front, leading to more
regular structures. The situation is probably more complex and chaotic
with enzymatic suspensions since they are more polydisperse, less
stable and thus exhibit mesoscale heterogeneities in the form of NFC
flocs or floc chains (Fig. 2a, c, floc size ≃50–100 μm) [42]. These flocs
could be encapsulated or torn by the moving ice front [28–30], instead
of being homogeneously redistributed. These complex mechanisms
are potentially at the origin of the structural defects and heterogeneities,
such as the numerous dangling masses and torn cell walls, as shown in
Fig. 5.

4.3. Effects of NFC concentration

Themacroscopic shrinkage of theNFC foams observed in Fig. 3 could
be potentially attributed to several combined microscale mechanisms:

• During solidification, NFC depletion or migration could take place.
This type of phenomenon is known to preferentially occur in weakly
stabilized colloidal systems such as flocculated and dilute colloidal
suspensions, and for low freezing rates [28–30].

• During drying, i.e., during sublimation of ice-crystals, folding of the
cells could result from the release of internal stresses that were
induced in the cell walls during the nucleation and growth of ice crys-
tals.

• During drying, folding and shrinkage of cell walls could also be in-
duced by the hygroexpansion-related shrinkage of NFCs.

The NFC concentration in the suspensions presumably plays a major
role in the aforementioned mechanisms. Indeed, as shown in Fig. 3, the
foam shrinkage exhibited a drastic increase below a critical NFC concen-
tration c⁎ below which the entangled NFC networks lost their mechan-
ical integrity. This critical concentration could also correspond to a
critical number of bonds [57–60] or interactions per nanofiber z⁎.
Below this critical coordination number z⁎, NFC depletion or migration
phenomena that are induced by ice formation could be facilitated, in
particular near the sample external surface. The mean coordination
number z of fibrous networks of homogeneously distributed straight
fibers can be estimated using the statistical tube model [52,61–62]:

z ¼ 4ϕ
2
π
rΦ1 þΦ2 þ 1

� �
; ð1Þ



Fig. 10. (a) 3D images (voxel size: 0.323 μm3, volume size≈ 818 × 818 × 12 μm3) of the internal microstructure of a TEMPO-oxidized NFC foam (ρ≈ 10 kg m−3, quenching temperature
T=−13 °C) and its evolution during compression. The insets show zooms on several regions of the foam. (b) 3D images of a junction between several foam cells and its deformation and
fracture during compression. Note that some cells that are numbered from 1 to 5 to help the reader to visualize the evolution of the geometry of typical foam cells under compression.
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where r= l/d is the aspect ratio of the fibers andΦ1,Φ2 the orientation
distribution functions (Φ1 ¼ π4 andΦ2 ¼ 1=2 for 3D random fibrous
networks). Hence, using this approximate and considering that r=
100 and 300 for enzymatic [42,58] and TEMPO-oxidized NFCs [52],
respectively, the mean coordination number z of networks with 3D
random nanofiber orientationswas estimated, at a first order, as a func-
tion of the NFC volume fraction ϕ. Fig. 13 shows the evolution of the di-
ameter reduction measured for enzymatic and TEMPO-oxidized foams
(Fig. 3) as a function of the mean coordination number z. For both
types of NFC suspensions, themacroscopic foam diameter suddenly de-
creased below a critical coordination number z⁎≈1−2. Note that this
value is close to those predicted from the percolation theory for net-
works of slender fibers [52,63–65]. The slight difference between
TEMPO-oxidized NFC and enzymatic NFC suspensions could result
from differences in the electrostatic charge of NFCs [52,59–60]. Note
that this estimate should be considered as a first approximation for the
enzymatic suspensions since they exhibited flocculated textures [42].

Above the critical concentration c⁎, the role of the NFC concentra-
tion is also important. As reported by Sehaqui et al. [11] for enzymat-
ic NFC foams, increasing the NFC concentration c yields a decrease in
the foam pore size. A similar effect was obtained for the studied
enzymatic foams (Fig. 5), but also for TEMPO-oxidized foams
(Fig. 4). The decrease in the foam pore size could be correlated to
the increase, with c (or ϕ, or z see Eq. (1)), in the rheological proper-
ties of the suspensions, namely the yield stress [52,66]. Higher yield
stress would restrain ice crystal growth so that more nucleation sites
would be induced, resulting in the formation of numerous small
pores.



Fig. 11. Apparent compression modulus E and yield stress σy as a function of the freezing temperature for (a,b) enzymatic NFC foams (ρ ≈ 23 kg m−3, ρ/ρs≃ 1.7%) and (c,d) TEMPO-
oxidized NFC foams (ρ≃11 kg m−3, ρ/ρs≃ 0.75%).
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4.4. Potential origins of the particular mechanical properties of NFC foams

4.4.1. Potential origins of scaling laws
The scaling exponents (n=2.29 and m=2.22) of TEMPO-oxidized

foams were close to those expected for classical cellular materials [25–
26,67] with well-defined microstructures and deformation mecha-
nisms, such as open (n=2 and m=1.5) or closed foams without
thickening of edges (n=3 and m=2). These exponents are consistent
with deformation micro-mechanisms that are governed both by plate
and strut bending. This assumption is in accordance with the
microtomographic images (Fig. 10) that show bending and buckling of
both ridges and thinwalls of cells. However, note that the slightly higher
values could be attributed to the role played by the remaining partially
fibrillated fibers (Fig. 2).

In contrast, the scaling exponents (n=3.11 and m=3.04) of enzy-
matic NFC foams were close to those usually obtained for aerogels
[68–73], i.e., 3 b n b 4 and 2.5 b m b 3.5. This behavior could be directly
related to the disordered cellular structure of these foams and more
precisely to the existence of numerous dangling masses or branches
that hung off the cell walls [72–73] (Fig. 5). These portions of cells
could act as “dead zones” that did not bear the applied load. Their
volume fraction was difficult to determine using the 2D and 3D micro-
graphs which are shown in Fig. 5. However, the amount of these
“dead zones” is expected to decrease as the NFC content increases,
which could progressively induce an evolution of the nature of the
mechanical behavior of enzymatic foams.
Lastly, Fig. 8 also shows the importance of controlling the internal
microstructures of NFC foams. TEMPO-oxidized NFC foams had a less
erratic cellular architecture than that of enzymatic NFC foams, resulting
in higher specific mechanical properties and lower scaling exponents.
Additionally, obtaining bimodal foam pore structures also enhanced
the specific mechanical properties, as shown in Fig. 8.

4.4.2. Potential origins of the strain hardening and the auxetic behavior of
NFC foams

The strain hardening behavior of TEMPO-oxidized and enzymatic
NFC foams was different from that usually observed for elasto-
viscoplastic foams for which the strain hardening is much weaker.
This strain hardening, which can be very interesting for structural appli-
cations, is rather close to that observed for crumpled sheets, self-locked
materials and entangled fibrous media [67,74]. It is worth to note that
TEMPO-oxidized NFC foams (Fig. 4e) exhibited several structural
similarities with crumpled aluminum or paper thin foils [67,75–79].

In accordance with the tomographic images shown in Fig. 10, the
strain-hardening behavior of NFC foams could result from a progressive
and spatially heterogeneous load-induced collapse/crushing mecha-
nism (local densification). In addition, the crushing is often induced by
the high bending/buckling of cell walls, leading to re-entrant deforma-
tion micro-mechanisms that could presumably be at the origin of the
auxetic behavior observed at the mesoscale (Fig. 7). Similar re-entrant
mechanisms have already been reported for auxetic materials such as
polymer foams [80] and crumpled foils [67].



Fig. 12. Stress-strain curves of TEMPO-oxidized NFC foams (ρ≃17 kg m−3, ρ/ρs≃ 1.2%)
fabricated using both the quenching (freezing temperature T=−68°C, dashed line) and
sorbet (solid line) processing routes. The inset shows a zoom on the early stage of the
curves.
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5. Conclusion

This study showed that the colloidal properties and homogeneity of
NFC aqueous suspensions greatly affected the NFC foam cell structures
and their mechanical properties. Foams prepared using stabilized NFC
suspensions with narrow particle size polydispersity, such as TEMPO-
oxidized NFC suspensions exhibited more regular cellular architectures
and higher specific mechanical properties. This study also revealed that
NFC concentration as well as NFC morphology played a major role on
the foam shrinkage and the geometry of foam cells. The foam diameter
shrinkage strain suddenly increased below a critical NFC concentration
c⁎ that depended on the NFC aspect ratio r. Using volume excluded
concepts, it was demonstrated that this critical concentration c⁎ probably
corresponded to be a percolation threshold below which NFC networks
were no longer connected and lost their mechanical integrity.
Fig. 13. Diameter reduction of NFC foams (data shown in Fig. 3) as a function of themean
coordination number z for enzymatic NFCs (black circle symbols) and TEMPO-oxidized
NFCs (black square symbols).
In addition, it was shown that the control of crystal nucleation and
their growth prior to freeze-drying was crucial in building the cellular
architecture of NFC foams. Changing the quenching temperature was
an easy way to control the foam pore size. However, this technique
did not enable the shape and orientation of crystals to be properlymod-
ified. To circumvent this problem, an original alternate freezing proce-
dure that consisted of using during freezing a mechanical stirring of
the solidifying suspensions was proposed. This strategy enabled NFC
foams with interesting bimodal cell structures and enhanced mechani-
cal properties to be obtained. This preliminary work revealed that com-
bining several sequences of quenching and mechanical stirring was
efficient for obtaining foam microstructures with tailored pore size,
population and anisotropy. However, further investigations are
required to optimize the process-induced microstructures of the
foams prepared using this technique. For instance, it could be of great
importance to assess the effect of the stirring velocity, time as well as
quenching temperature on the microstructure and mechanics.

Finally, this study showed that synchrotron X-raymicrotomography
was a suitable and efficient tool to enhance the description of the
complexmicrostructure of NFC foams and to unveil the role of deforma-
tion mechanisms at the cell scale on their mechanical response. Using
this technique, several mesoscale deformation mechanisms that could
be at the origin of the macroscale auxetic and strain-hardening
behaviors of NFC foams were identified.
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