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Abstract: Nanocellulose (NC) has been spotlighted as a new building block of future materials
since it has many advantages, such as being lightweight and environment-friendly and having high
mechanical properties and heat resistance. However, the use of NC requires an upscale manufacturing
process to maintain its advantageous properties. Herein, the process of assembling NC into a
macro-scale bulk material was developed through a combination of steam treatment and hot press
molding. The steam treatment was applied to an NC paste to energize the hydroxyl groups in the
cellulose, followed by two stages of hot press molding, which helped in the self-assembly of NC
without adhesives. Cellulose nanocrystals were used as the NC, and circular disk shape specimens
were prepared. The mechanical properties of the prepared bulk material were higher than typical
engineering plastics. In addition, an end mill machining test of the NC bulk material showed
its machinability. This paper showed the processing feasibility of NC bulk material, which can
substitute plastics.
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1. Introduction

Materials are ingrained in our culture, and they play a crucial role in our way of
life and the well-being and security of humankind. They are cycled in nature. Raw
materials are taken from nature, converted into bulk materials, and substantially fabricated
into engineering materials, such as structural steel, concrete, plastics, and plywood [1].
Eventually, after servicing, these materials find their way back to nature by disposal or
reenter the cycle by being reprocessed. An essential aspect of the materials cycle is that it
reveals many strong interactions among materials, energy, and the environment, which
should be taken into account in the technological assessment. These considerations are
becoming critical because of shortages in energy and materials. Nowadays, environmental
concerns such as plastic pollution have become an urgent environmental issue as the
rapidly increasing production of plastic products overwhelms the world’s ability to handle
them. Production of plastics has increased exponentially, from 2.3 million tons in 1950 to
448 million tons in 2015. This production is expected to double by 2050 [2]. Plastic takes
decades to decompose after being discarded and puts a heavy burden on the environment,
as it is manufactured with nonrenewable resources such as oil. Many efforts have been
made to develop environment-friendly materials made from renewable resources [3].

Cellulose, one of the most abundant renewable materials, is derived from biomass
such as plants, bacteria, and marine plants. Within an individual cellulose elementary fibril,
cellulose molecular chains are hierarchically organized into crystalline and amorphous
regions [4]. This hierarchical structure of cellulose can be divided into cellulose nanocrystal
(CNC), composed of a cellulose crystalline region, and cellulose nanofiber (CNF), where
amorphous and crystalline regions are connected to form the nanofiber. CNC has a low
density, high aspect ratio, high mechanical properties [5], low toxicity, and a surface
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containing hydroxyl groups that can be chemically modified [6-8]. CNC and CNF are
generally called nanocellulose (NC) [9]. NC has many advantages; it has high mechanical
properties and is lightweight, environment-friendly, renewable, and abundant. It has been
widely studied in various fields, such as packaging, heat management, flexible electronics,
and energy storage systems [10-13]. NC can be a building block for new materials for
future technologies [14]. However, because of its nano size, extending its advantages for
large-size bulk material is challenging in NC research with proper processing [15].

Previously, compression molding of micro-sized cellulose powder has been studied.
As a result of compression-molded commercial x-cellulose powder, a smooth, plastic-like
surface was made, and its Young’s modulus and tensile strength were 1.6 GPa and 21.2 MPa,
respectively [16]. Furthermore, research on the thermo-pressing of CNF produced via a
combination of enzymatic activity was also reported, with improved mechanical properties
such as bending modulus of 5 GPa and bending stress of 90 MPa [17]. Recently, the additive
manufacturing of cellulose has been studied. Three-dimensional objects were 3D-printed
utilizing wood flour microparticles dispersed in CNCs and xyloglucan matrix [18]. In the
printed object, a wood waste product was glued with extracted wood products to substitute
for pristine wood. However, the maximum Young’s modulus and compression strength
of the 3D-printed material was 44 MPa and 8 MPa, respectively. Although 3D printing
is a convenient technique for producing 3D objects of cellulose material, the mechanical
properties of the 3D objects are far behind the anticipated targets of NC. In addition, the
use of binders in forming 3D objects made of cellulose may not be cost-effective. Thus, an
economical approach for forming NC 3D objects is necessary.

This research aims to investigate the feasibility of NC bulk material, which can substi-
tute bulk plastics. Instead of using 3D printing, a hot press molding technique combined
with steam treatment was adopted to form the NC bulk material. Cellulose has many
hydroxyl groups, which can form hydrogen bonds. Hydrogen bond formation is a well-
known phenomenon in paper processing. Paper is formed by networking randomly
dispersed wood fibers with moisture and under hot pressing.

Similarly, NC bulk material can be formed by applying high energy, such as heat, and
pressing. Figure 1 shows the schematic of the proposed NC bulk material processing. At
first, steam treatment is applied to NC paste to energize the hydroxyl groups in cellulose,
followed by two stages of press molding, which help in the self-assembly of NCs by
heating and hot pressing without any adhesives [19,20]. It was found that wood waste can
be turned into a fibrous structure suitable for manufacturing plate materials because of
the hydrothermal process using steam treatment [19]. In other words, the hydrothermal
process can increase cellulose’s liquidity, thereby increasing its moldability [21]. In this
study, CNC was used for the NC bulk material. Pressing parameters of the NC bulk
materials were investigated in this paper in terms of hand-pressing temperature, time,
and hot-pressing condition. Furthermore, machining of the prepared NC bulk material
is essential to manufacture components. Thus, the machining conditions of end milling
were investigated by measuring the specimens’ surface roughness and the heat generated
during the machining.
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Figure 1. Schematic of nanocellulose bulk material fabrication process.

2. Experiment
2.1. Materials

CNC powder was purchased from Celluforce, Montreal, Canada. It was produced by
the spray drying method, and the moisture content was 4-6 wt%. Deionized (DI) water
was used for the preparation of CNC pastes.

2.2. Methods
2.2.1. Processing of NC Bulk Material

The CNC powder was mixed with DI water (40 wt%), and the mixed NC paste was
taken for steam treatment in a pressurized steam pot at a temperature of 120 °C and a
pressure of 2 bar for 30 min. The steamed NC paste was used for hot press molding to
form circular disc shapes. The hot press mold consisted of a circular rod and a circular-hole
die made with stainless steel, and its process was composed of two stages: hand pressing
and hot pressing. Figure 1 shows the molding process of the NC bulk material. The hand
pressing stage involves pre-pressing before the hot pressing to form an initial shape of the
specimen with a gentle press. For the pre-pressing, first, Kapton tape was attached to the
end of the circular rod, on which the NC paste contacted to release the NC paste quickly.
A band heater was installed around the die to apply heat, and then the press mold was
heated at 50 °C for more than 10 min to maintain sufficient heat in the press mold. After
filling the NC paste into the mold, the rod was pressed with a screw, and the applied press
load was monitored using a load cell (CMCS-10T, Bongshin, Osan-si, South Korea). The
press mold was also heated using the band heater, with the temperature maintained at 80,
90, and 100 °C within a specific time limit. After the hand pressing stage, hot pressing was
performed using a hot press machine (SB3651, HY Industry Co., Incheon, South Korea)
for applying high pressure to densify the NC paste and finish the forming. During hot
pressing, the band heater was also used for heating the press mold in conjunction with the
hot press machine.

After processing, the NC bulk material was formed in a circular disk shape. Table 1
shows the complete process conditions in terms of time, temperature, and pressure. The
non-steamed NC paste was also tested for comparison. The time required for each pro-
cess varied slightly. The molded NC bulk material specimens’ density ranged from
§=17-1.8 g/cm?.
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Table 1. Pressing condition of nanocellulose bulk material fabrication.
Without Steam Process With Steam Process
Press Molding Condition
80 °C 90 °C 100 °C 80 °C 90 °C 100 °C
Time 8h 7h 6h 8h 7h 6h
Hand pressing

Max. pressure 20 MPa

Time 20h 24 h
Hot pressing
Max. pressure 60 MPa

2.2.2. Machining of NC Bulk Material

The machining experiments were conducted on the CNC bulk material specimen
using an end mill. The specimen dimensions were 13 x 15 x 1.8 mm?® (length x width x
height), cut out from the molded circular disk. A machine tool (Unimat Eduset, The Cool
Tool, Modling, Austria) was used for the milling operation with a spindle speed between
1100—4000 rpm without cutting lubricant. The end mill tool was selected for the 4 flutes
square HSS cobalt tool with a 3 mm diameter (YG1, Incheon, Korea). A new tool was used
for each sample to prevent tool wear. The cutting spindle speed for end milling was set
to 3 levels: 1200, 2560, and 4000 rpm. The feed speed ranged between 0.32-5 mm/s, and
the cutting depth was 0.5 mm. A vacuum cleaner suctioned the chip to eliminate heat
accumulation in the cutting zone [22]. The specimens were cut by a single path along the
feed direction to prevent the influence of several cutting paths.

2.2.3. Characterization

Surface and cross-section morphologies of the steam-treated and non-steamed NC
bulk materials were taken using field emission scanning electron microscopy (FESEM,
S-3000, Hitachi, Tokyo, Japan). The samples were fabricated at 100 °C. X-ray diffraction
(XRD, X’pert PRO MRD, Malvern Panalytical, Malvern, UK) was carried for investigating
the crystallinity of the bulk materials. The XRD samples were prepared for four cases: (i)
CNC powder, (ii) CNC powder compaction without DI water mixing, (iii) non-steamed and
fabricated at 100 °C, and (iv) steam-treated and fabricated at 100 °C. A dynamic mechanical
analyzer (DMA, Q800, TA Instruments, New Castle, DE, USA) was used for measuring
the frequency-dependent mechanical properties using a three-point bending test. Six cases
of the NC bulk materials for steamed /non-steamed were prepared at 80, 90, and 100 °C.
The NC bulk material specimens were cut into a 12 mm width and a 15 mm length for the
three-point bending tests. The frequency range was 1 to 100 Hz at ambient temperature
and humidity conditions.

The surface roughness was measured at three points along the feed direction at
intervals of 5 mm, the top, middle, and bottom parts, using a surface roughness profiler
(Zygo NewView7000, Lambda Photometrics, Hertfordshire, UK). The arithmetic average
roughness, R,, was calculated to characterize the machined surface finish quality. A thermal
imaging camera (B620, FLIR, Stockholm, Sweden) was used to monitor the machining
temperature. The thermal imaging camera was positioned 50 cm away from the specimen.

3. Results and Discussion
3.1. NC Bulk Material Characterization

The morphologies of the bulk materials, including both steam and non-steam process
samples, were investigated using FESEM. Figure 2a,c shows the surface images for bulk
materials fabricated at 100 °C with non-steam and steam processing. Figure 2b,d represents
their cross-sectional images. The non-steam-processed sample showed a layered structure
within the cross-section. Meanwhile, the steam-processed sample exhibited a combination
of a layered structure and a blended one.
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Figure 2. (a) Surface and (b) cross-section SEM images of non-steam processed bulk material, (c) surface and (d) cross-section
SEM image of steam-processed bulk material, and (e) XRD results of the four cases: CNC powder (Powder), only CNC
powder compaction (No-water, No-steam), non-steam-processed after mixing CNC powder and DI water (Water, No-steam)

and steam-processed after mixing CNC powder and DI water (Water, Steam).

XRD was used to identify the crystalline structure of the bulk material. Figure 2e
shows the XRD results of the four cases: (i) CNC powder, (ii) only CNC powder compaction
without mixing, (iii) non-steam-processed after mixing CNC powder and DI water, and (iv)
steam-processed after mixing CNC powder and DI water. For the CNC powder, the peaks
that appeared at 26 = 14.7°, 16.4°, and 22.6° represent the characteristic peaks of cellulose
I. The 22.6° peak of the (200) plane shifted to a lower angle for the steam-processed case.
This means that the interplanar spacing and the lattice constant increased because of the
compression stress. The crystallinity of the samples was calculated using Equation (1), with
the maximum value of 20 = 22.6° (Iyg9) and the minimum value of 26 = 18° (I,;,) between
the (110) plane and the (200) plane.

Crl = 200 = Tam 4009, 1)
200

The CrI calculation result indicated that the crystallinity degree increased from 73.4%
to 80.8% by steam processing. This means that the lattice arrangement increased inside the
bulk material with an accumulation of hydrogen bonds among CNC via steam processing,
which led to an increase in dynamic modulus.

Figure 3 shows the three-point bending test results for the steam treated and non-
steamed samples. The specimens were fabricated at 80, 90, and 100 °C. In all samples,
the resonance frequency appeared near 80 Hz. The steam-treated specimens showed
slightly higher storage modulus and loss modulus than the non-steamed specimens at the
same fabrication temperature. In addition, the storage modulus increased with increasing
the fabrication temperature, and the loss modulus also increased proportionally with
increasing temperature, as shown in Figure 3a—d. The loss moduli gradually increased
with the frequency in all cases below the resonance frequency associated with materials
damping. The loss modulus of the specimen treated at 90 °C increased more with increased
frequency than did the specimens treated at 80 and 100 °C (Figure 3b,d). This might be
associated with water molecules in CNCs. There are two kinds of water molecules in CNC
bulk materials: free and adsorbed water molecules. Free water molecules can be easily
removed once the specimens are heated over 100 °C, whereas adsorbed water molecules
can remain in the bulk materials. The specimens treated at 80 and 90 °C might have more
free water molecules, which are more sensitive to frequency.



Crystals 2021, 11, 853

6 0f 9

EE a/_/_—_/—\ wd{ b
T e Fue
%H = . 80 600
S an ]
E T §m
T =
= - 260
® 25 a = 304 L 500 =
s = 00°C & 3
fa] — - e - g
- —1 150 —WT ey =
— 0 —=mT = "
1 T T y y y T 1 S 404 2
[ m a & ] 0 1] m - & = 18 = | 100 =
Fragusasy (Hz) Fraqusasy (Hz) § =
: :
55
&8 c/_F\f d g 30- Z
w e -
5“ 5 L% = 300
Fiad 5
S 4 £ 204
s
16 /_’—’_’—_ﬂ_‘ 260
%so E T T T 200
¥ = 00 B0 50 100
_l;“ /,_—————\/‘_ L . Temperature (*C)
20 — 1
16 —"C =
— = —_
1 8 T T T T T T
[ m @ ] 0 ® ™ ] u [ 10

@&
Fregueasy (HZ)

Fregueasy (HZ)

Figure 3. (a) Frequency-dependent storage modulus and (b) loss modulus for the no-steam processed bulk materials;

(c) storage modulus and (d) loss modulus for the steam processed bulk materials fabricated at 80, 90, and 100 °C; (e) recap

of storage and loss moduli with temperatures at 38 Hz.

Figure 3e shows the recap of storage and loss moduli of the NC bulk materials with
different temperatures at 38 Hz. In particular, the highest value of the specimen’s storage
modulus at 100 °C with steam treatment was approximately 5.7 GPa, about twice as high
as that of engineering plastics such as polycarbonate [23]. From the storage and loss
moduli, tan § was calculated, and Figure S1 shows the results. Peaks of tan 6 were shown
over 80 Hz, which might be associated with the specimens’ resonance frequencies. With
increasing hot-pressing temperature, the tan 6 decreased, and an average value of 0.085 was
approached when the temperature was 100 °C. This value is higher than that of ceramics,
which is 0.05 [24]. Such a high tan  is beneficial for reducing structure-borne noise and
vibrations. Thus, it can be said that NC bulk materials have good elastic modulus with
suitable damping properties. Note that the hot-pressing temperature was limited to 100 °C
because of cellulose’s thermal degradation limit.

3.2. Machining Characteristics

After forming NC bulk material by press molding, this material should be machinable
to manufacture a delicate part. Thus, machining of the press-molded NC materials was
tested. Since a slow feed speed with a high cutting spindle speed gives a better surface
finish, the fastest spindle speed at each feed speed was selected. Table S1 in Supplementary
Materials shows the surface roughness results of the machined NC bulk materials. The
best surface roughness of 0.724 um was observed when the feed speed was 1.25 mm/s and
the spindle speed was 4000 rpm, as shown in Figure 4d.

It is worth noting that the measured surface roughness was not comparable with a
general metal machined surface. Unusually, a slower feed speed did not improve the sur-
face roughness. Nevertheless, the surface roughness was far better than that obtained using
end mill machining on polymer composites [25-28]. However, it is difficult to generalize
the surface roughness value because surface roughness is determined by many factors,
such as the type of workpiece materials, tool materials, tools, and machining conditions.
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Figure 4. (a) Photograph of the setup for end mill machining, (b) schematic of the end mill machining for feed direction

and machining location, (c¢) machined nanocellulose bulk material, (d) representative image of surface roughness, and

(e) thermal image of machining (1.25 mm/s feed speed and 4000 rpm spindle speed).

Temperature rise during the machining was investigated using a thermal imaging
camera, and Figure 4e shows the maximum temperature rise. The temperature during
machining generally increased with the spindle speed and feed speed. The highest temper-
ature of 56.5 °C was measured at a 1.25 mm/s feed speed and a 4000 rpm spindle speed.
The temperature rises indicate that the maximum temperature is much lower than the
cellulose decomposition temperature [7]. In other words, there was no thermal degradation
of the NC bulk material during the machining.

4. Conclusions

An NC bulk material was manufactured using steam treatment and hot press molding
on cellulose nanocrystals without using any binder. The morphologies were studied using
FESEM and XRD, and the mechanical properties were examined using DMA. The steam-
processed sample exhibited a combination of a layered structure and a blended one. The
interplanar spacing and the steam-processed sample’s lattice constant increased because
of the compression stress and the crystallinity degree of the steam processing. The NC
bulk material exhibited mechanical properties comparable to those of engineering plastics
and polycarbonate.

Furthermore, the NC bulk materials’ machinability was investigated by measuring
their surface roughness. The temperature rise observation of the machined surface during
the end mill processing showed no material degradation during the machining. In sum-
mary, the steam-treated and hot press molded NC bulk material has the potential to be an
environment-friendly material that can substitute plastics.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
3390/ cryst11080853 /51, Figure S1: Frequency-dependent tan 0 results: (a) non-steam processed bulk
materials and (b) steam-processed bulk materials fabricated at 80, 90 and 100 °C, Table S1: Results of
the machining of NC bulk materials with various conditions.
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