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A B S T R A C T   

The nanometric internal structure of polymeric fibres is fundamental for their mechanical properties. Two- 
dimensional small angle neutron scattering patterns were collected to obtain structural parameters of the 
elementary fibrils in regenerated cellulose fibres prepared by various fibre spinning technologies. Scattering 
features were fitted to model functions to derive parameters such as elementary fibril radius, long period of the 
repeating units of crystal and amorphous phase along the fibre axis, degree of orientation, and ellipticity. The 
correlation between structural parameters and the mechanical properties was studied for the fibres of different 
existing spinning processes and for the high-strength fibres. Former group showed high correlation with me
chanical properties. The latter group showed generally lower correlation, but showed relatively high correlation 
with the long period. These structural parameters provide a basis for understanding the structure-property 
relationship of regenerated cellulose fibres as function of spinning types and conditions for further optimization.   

1. Introduction 

The nanostructures such as size and shape of crystallites, frequency 
of folding, localization and structure of the amorphous phase, and the 
interconnections of the crystalline and amorphous phase are decisive 
parameters for the mechanical properties of engineered fibres. The 
intrinsic flexibility/rigidity of a polymer chain influences the nano
metric structure and mechanical properties. For example, rigid polymers 
like aramids can form crystals with extended chains, achieving high 
stiffness. However, the way of processing also influences the nano
structure. Gel-spinning can produce high stiffness fibres from flexible 
polyethylene and semi-rigid polyethylene terephthalate, due to the 
extended-chains structure in the fibre. On the contrary, melt-spinning of 
the same polymers results in much more extensible fibres, ascribed to 
chain folding and a higher share of the amorphous phase [1,2]. 

Cellulose is a semi-rigid polymer that exists in plant cell wall as 
extended single crystalline fibrils, in the crystalline form of cellulose I 
[3]. This is due to the synchronized process of polymerization and 

crystallization in the living organism. When cellulose is dissolved and 
coagulated or regenerated, this structural history of native cellulose is 
lost, and the structure formation is governed by the crystallization ki
netics that depend on the physico-chemical environment. Strain, tem
perature, and solvent composition gradients dependent on the 
processing condition determine the features of the final fibre. Regener
ated cellulose fibres have the crystalline form of cellulose II [4], in which 
the chains are packed in an anti-parallel manner, unlike the 
uni-directional packing of cellulose I [3]. It is also more susceptible to 
acid hydrolysis showing a weight loss of 2.5–7% when treated with 1 N 
hydrochloric acid for 24 h at 60 ◦C [5], clearly higher than that of 
hardwood pulp, ca. 2% [6], probably due to the larger fraction of 
amorphous cellulose. 

Small angle X-ray or neutron scattering is a useful tool for studying 
structures at nanometer length scale. The scattering pattern of uniaxially 
oriented fibrous materials includes anisotropic structural information 
parallel (meridional) and perpendicular (equatorial) to the fibre axis, 
Fig. 1A. The equatorial scattering provides the cross sectional structure 
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of elementary fibrils (or lamellae crystallites) and microvoids, Fig. 1B [7, 
8]. On the other hand, the presence of a Bragg peak in the meridian has 
provided unique structural information valuable for fibre engineering 
[9]. The repeating structure consisting of crystalline and amorphous 
domains leads to the Bragg peak in the small angle scattering region. 
Based on the arrangement or the shape of the crystallite domains, the 
Bragg peak can be on the meridian or be off-meridian, Fig. 1A. The main 
structural models associated to the meridional Bragg peak are summa
rized in Fig. 1C. 

Despite the indirect evidence for a periodic structure from the acid 
hydrolysis behaviour, the Bragg peaks of regenerated cellulose fibres are 
in general absent or very weak and are hidden by strong X-ray scattering 
due to structural features at larger length scale. Therefore, several ap
proaches have been implemented to enhance the Bragg peak intensity 
through pre-treatments or by measuring neutron scattering [5,10–12]. 
These reports showed divergent repeating distances from the same types 
of cellulose fibre (supporting information Table S1), leaving open 
questions on the details of the periodic structure and relationship be
tween structural parameters and mechanical properties. 

In this study, small angle neutron scattering (SANS) with selective 
deuteration of amorphous cellulose [11] were employed to avoid 
alteration of the original structure in various regenerated cellulose fi
bres. Recently developed Ioncell fibres [13] spun from an ionic liquid, 1, 
5-diazabicyclo[4.3.0]non-5-ene-1-ium acetate ([DBNH]OAc), by dry-jet 
wet spinning with four different spinning conditions were used for the 
experiment. In addition, we used regenerated cellulose fibres spun 
through different experimental and commercialized technologies: 
wet-spinning, dry-spinning and dry-jet spinning. The neutron scattering 
contrast between crystalline and amorphous cellulose was modulated by 
using D2O vapor, D2O in liquid form and d6-dimethyl sulfoxide (DMSO) 
with and without vacuum drying. The change of the scattering contrast 
by solvation and the fibre structure were studied by analysing the 
equatorial and meridional sectors, and the two-dimensional intensity 
distribution of the meridional Bragg peak. 

2. Result and discussion 

2.1. Consideration for the anisotropic scattering contrast of Ioncell fibres 

One of the most significant challenges in nanostructural analysis of 
cellulose has been the low contrast of scattering length density (SLD) 
between the crystalline and amorphous phases. Acidic treatments might 
promote the penetration of water into amorphous phase and increase the 

scattering contrast between crystalline and amorphous cellulose. How
ever, these treatments inevitably cause structural changes by collapsing 
the amorphous structures or interlinks between crystalline and amor
phous phases. Therefore, we investigated the use of combination of 
neutron scattering and selective deuteration of amorphous phase by 
either D2O vapor or deuterated solvents. Fig. 2A shows the scattering 
length density of crystalline and amorphous cellulose by a simple mixing 
rule with fixed molar volumes of solvents and cellulose (further details 
are available in supporting information). To achieve a high neutron SLD 
contrast (e.g. 1.0 × 10− 6 Å− 2), perdeuteration of hydroxyl groups or the 
formation of a solvation shell by D2O molecules per anhydroglucose unit 
is necessary. 

The deuteration of the samples after the treatment with D2O vapor 
was assessed by infrared spectroscopy which showed that the deutera
tion reached its maximum after 4 h treatment. This process significantly 
increased the height of the OD-stretching band, but there was still a 
considerable amount of OH groups left (supplementary information, 
Fig. S1). 

Fig. 2C and D shows the SANS intensity perpendicular (equatorial) 
and parallel (meridional) to the fibre direction, under different swelling 
conditions as a function of the scattering vector Q (Q = 4π sin θ

λ where θ is 
a half of scattering angle and λ is neutron wavelength). For equatorial 
scattering, the intensity profiles consisted of central scattering (the 
scattering feature extended from unobserved low-Q region to 0.04 Å− 1) 
and a peak or a shoulder in the high Q-range between 0.04 and 0.20 Å− 1 

as illustrated in Fig. 2C. The vacuum dried sample after vapor deuter
ation was dominated by the central scattering whereas the others 
exhibited subtle or significant high-Q intensity centred approximately at 
0.08 Å− 1. This high-Q peak indicates a density fluctuation at the length 
scale of the order of 10–100 Å due to the contrast between crystalline 
fibrils and interfibrillar amorphous region. The contrast between the 
two phases was low for original and vacuum dried samples, and was 
slightly enhanced after D2O vapor treatment. It was significantly 
enhanced when the Ioncell sample was soaked in the liquid deutero- 
solvents. This indicates that the interfibrillar amorphous region are 
readily accessible to various solvent molecules when the samples are 
soaked in the liquid solvents. 

Meridian profiles were all in the same intensity range except for the 
low-Q (ca. Q < 0.025 Å− 1) for the sample in D2O (Fig. 2D). This 
enhanced scattering in D2O at low-Q implies a heterogeneity at large 
length scale but we do not have an explanation for it at the moment. 
Among different conditioning options for the Ioncell fibres, only the 
exposure to D2O vapor showed clear Bragg peaks in the meridian, 
Fig. 2B. The weight loss of the vapor treated sample after vacuum drying 
was about 18% by dry base, corresponding to ca. 2 residual D2O mole
cules per anhydroglucose unit. However, since the bulk of the crystalline 
domains is anhydrous, the amorphous region contains a higher number 
of D2O molecules per anhydroglucose unit. Thus, the residual D2O 
molecules can be responsible for the contrast between crystalline and 
intrafibrillar amorphous region of meridional Bragg peak regardless of 
whether or not the hydroxyl groups of amorphous cellulose underwent 
deuterium exchange. 

When the sample was soaked in DMSO‑d6 and D2O, a shoulder in the 
scattering profile appeared (Fig. 2D). Assuming that the shoulder derives 
from a diffraction from periodic structure, the peak intensities were 
evaluated by curve fitting. The meridional profile was fitted with a 
power law function for the central scattering and a Lorentzian peak 
function for the Bragg peak (Table 1 and Fig. S3). Although the Bragg 
peak is not obvious in Fig. 2D for the sample swollen in D2O due to the 
strong central scattering, the fitted diffraction intensities of the sample 
in liquid D2O were slightly higher than the sample treated in vaporous 
D2O. Slightly more solvation in liquid D2O could be a reason for this 
observed increase, but there should not be significant difference in the 
number of solvated molecules for the samples in liquid and vaporous 
D2O. Unlike the interfibrillar amorphous region, the intrafibrillar 

Fig. 1. (A) Typical small angle scattering pattern of fibrous polymer. (B) The 
cross-sectional structural model from equatorial scattering of hexagonally 
packed cylinders and (C) the structural model of repeating units in an 
elementary fibril constructed from the meridional Bragg peak. 
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amorphous region in the elementary fibril does not incorporate many 
solvent molecules even when the samples are soaked in the respective 
solvents. However, the long period of the sample in D2O was also higher 
by a difference of ca. 50 Å. The higher amorphous fraction in the liquid 
D2O could also increase the Bragg peak intensity when the amorphous 
region is the minor component of the repeating structure [14]. Thus, the 
elongation of amorphous fraction may also contribute to the change of 
Bragg peak intensity of Ioncell fibres under different solvation 
conditions. 

Similar changes of the intensity and long period were also found in 
the fibres in DMSO‑d6 solvent. The meridional diffraction intensity of 
the sample in DMSO‑d6 was about 75% of that in D2O and the repeating 
distance was shorter. This indicates that DMSO molecules can penetrate 
the amorphous region in the elementary fibrils but to a lesser extent 
compared to water. 

The diffraction intensity of the D2O vapor sample was drastically 
diminished after vacuum drying at 30 ◦C for 18 h. Although the locali
zation of deuterated cellulose in intrafibrillar amorphous region may 
change the condition of neutron SLD contrast, the SLD contrast between 
the crystalline and amorphous phase should become close to 0 when the 
degree of deuteration is between 0 and 1. The high positive scattering 
length of the exchanged deuterium of hydroxyl groups would cancel the 
lower density of amorphous. Therefore, only the localized solvated 
molecules either by wetting or humidification can generate a structural 
heterogeneity to produce the strong SLD contrast between crystalline 

and intrafibrillar amorphous phase. 
This was contrary to our first expectation that the preferential 

deuteration of amorphous cellulose should give enough scattering 
contrast for the Bragg peak to appear. Previously, Fischer et al. 
employed the same selective deuteration approach and mentioned 
vacuum drying at room temperature in their sample preparation [11] 
though they did not specify the term “thoroughly dry” in more detail. 
One possibility is that the time of vacuum drying was much shorter in 
their study, and tightly bound D2O molecules might be left in the 
structure. 

2.1.1. Structural investigations through the 1D profile analysis of the 
equatorial sector 

Some structural parameters were obtained by fitting the equatorial 
scattering profiles, Fig. 3. The vacuum dried sample showed only a 
monotonically decreasing intensity as function of Q that can be 
approximated by a power law function with an exponent of 3.46. The 
scattering profiles from the other samples also showed a power law 
decay for the central scattering, but their exponents were variable by a 
visual inspection in limited Q-range of this study (ca. 0.013 < Q < 0.04 
Å− 1). This central scattering profile following power law function is 
likely due to a surface with microvoids. 

Except for the vacuum dried sample, there was the scattering feature 
in a Q-range from 0.04 to 0.20 Å− 1. To examine the structural param
eters, the equatorial intensity profiles were analysed employing the 
WoodSAS model [8]. The WoodSAS model can account for the cylin
drical form factor of equatorial scattering with the interference function 
of hexagonally packed elementary fibrils. 

Table 2 shows the main structural parameters from the fitting. All the 
other parameters are available in the supporting information Table S2. 
Equatorial intensity profiles from all the samples could be generally 
fitted with the WoodSAS model without interference function, and the 
addition of interference function could further improve the fitting for 
the samples in solvents, Fig. S2. Thus, the interference function between 
fibrils is enhanced in the presence of liquid solvents. 

Regardless of the presence of the interference function in the fitting 
procedure, the diameter of elementary fibrils were estimated to be about 
30 Å and 20 Å for samples in solvent and in air, respectively. The 

Fig. 2. (A) Neutron and X-ray scattering length 
density of amorphous cellulose as a function of sol
vation by D2O or DMSO‑d6. Dashed line shows the 
scattering length density of X-ray (thin blue) and 
neutron (thick purple) irradiation for crystalline 
cellulose. (B) 2D scattering pattern and the meridi
onal sector indicated by the white dotted line. (C) 
Intensity profile of the equatorial sector in logarith
mic scale and (D) intensity profile of the meridian 
sector of an Ioncell fibre: (a) in D2O, (b) in DMSO‑d6, 
(c) after vapor deuteration, (d) vapor deuteration 
after vacuum drying for 18 h, and (e) control sample 
at ambient condition. The horizontal black dashed 
line shows the incoherent background scattering. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article.)   

Table 1 
Curve fitting parameters of the meridional intensity of Ioncell spun at the draw 
ratio of 3 after different pre-treatment protocols.  

Sample PL-exp I (cm− 1) Lm (Å) Fwhm (Å− 1) 

a. In D2O 2.3 ± 0.3 0.58 ± 0.21 242 ± 20 0.039 ± 0.004 
b. In DMSO‑d6 2.5 ± 0.3 0.44 ± 0.06 217 ± 10 0.032 ± 0.002 
c. Vapor D2O 2.3 ± 0.4 0.36 ± 0.02 180 ± 5 0.031 ± 0.001 
d. Vac. dry 3.3 ± 0.1 – – – 
e. Control 3.5 ± 0.3 0.03 ± 0.00 180 ± 10 0.030 ± 0.03 

I: scaling parameter of Lorentzian function, Lm: long period estimated from 
meridional profile, Fwhm: full width at half maximum. 
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hydration in the crystal structure of cellulose II does not occur just by 
soaking in solvents [15]. The increase of 10 Å might be due to the 
coagulation of labile disordered chains around the elementary fibrils. 
Increase of one surface layer by glucose chains can expand the cellulose 
fibril by ca. 10 Å. This increase could be confirmed by the analysis using 
a Gaussian function centred at 0 Å− 1 (Guinier approximation of 2D cross 
section of fibre). The analyses resulted in slightly larger cylinder di
ameters (2R) of ca. 48 in solvent and 32 Å in air. 

Distances between elementary fibrils in solvents were estimated to 
be 70–80 Å by the WoodSAS model, which is about double of cylindrical 
diameter, corresponding to a relatively low volume fraction of 0.18 
through a hexagonal packing. 

In addition to the WoodSAS model, we tested a Gaussian function 
centred at scattering feature at 0.04 Å− 1. This was to inspect the system 
where the correlation between fibrils dominates the scattering feature. 
Samples in D2O and DMSO‑d6 could be fitted well with a broad Gaussian 
peak beyond a power law function (supporting information Table S2), 
and the packing distances were estimated to be 128 Å and 114 Å for D2O 
and DMSO‑d6, respectively. However, the volume fraction of this system 

(ca. 0.04) was too low. For these reasons, we considered that the fitting 
without a cylindrical form factor was not appropriate for interpreting 
the structure of regenerated fibres. Fibres are dense system where the 
inter-fibril distances are of the similar length scale as their diameter. The 
form factor arising from the individual fibril cross-section and the 
structure factor due to the spatial arrangement of the individual fibril 
are difficult to be dissociated in the scattering. Thus, the fitted param
eters from equatorial intensity profile should be taken as parameters 
with direct relation to the density fluctuation at this length scale. 

2.2. Two-dimensional intensity distribution of the meridional peak for 
fibres obtained via different spinning technologies 

Our first intention of studying the meridional Bragg peak was the 
quantification of the dimensions of the crystalline and amorphous phase 
in regenerated cellulose fibres. However, this was not possible due to the 
uncertainty in the degree of deuteration in the amorphous phase and the 
uncertainty of the number of solvation in the intrafibrillar amorphous 
region. Thus, we compared the two-dimensional intensity distribution of 
small angle diffraction peak patterns among different samples. 

The regenerated cellulose fibres from different spinning conditions 
showed various intensity distributions of the correlation peak (Fig. 4). 
The details of these fibres are described in the Experimental section. Two 
wet-spun viscose fibres (Viscose and Modal) and Fortisan fibre exhibited 
two meridional Bragg peaks with the intensity maxima on elliptical 
traces. Another fibre spun via the viscose process, Super3, also exhibited 
two meridional diffraction spots, but its intensity maxima in the vertical 
trace of the Bragg peak were nearly parallel to the horizontal direction, 
Fig. 4D. For Bocell, the positions of the intensity maxima formed a 
horizontal band, Fig. 4E. However, further details were not accessible 
due to the exceptionally weak intensity. The fibres from dry-jet wet 
spinning (Ioncell and Lyocell-NMMO) showed an off-meridional pattern 
(Fig. 4F and G and Fig. S4), which is referred to as four-point pattern [9]. 
The four-point patterns showed the elliptical trace of a so-called 
‘eye-brow’ type. The elliptical trace of four-point pattern did not 
match with the intensity maxima close to the co-vertex of the ellipse. It is 
likely that these samples contain trace amounts of a two-point pattern 
[16] which has a slightly different value for the long period. 

Due to the elliptical shape of the meridional Bragg peak, the intensity 

Fig. 3. (A) Equatorial intensity profile of the Ioncell spun at the draw ratio of 3 in DMSO‑d6, vacuum dried, in D2O and D2O vapor treated. The intensity profiles were 
scaled at the scattering vector Q of 0.04 Å− 1. The profiles were fitted with (B) a power-law function, (C) WoodSAS model without interference function and (D) 
WoodSAS model with interference function. For WoodSAS, the green and yellow dashed line represent the power law term and scattering term from the cylindrical 
object, respectively. (E) The 2D pattern shows the equatorial and meridional peak of the sample in liquid D2O. The dashed white line indicates the equatorial sector. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Main structural parameters of Ioncell fibres derived from the analysis of the 
equatorial intensity profile of the small angle neutron scattering pattern.  

WoodSAS (with interference 
function) 

PL_exp Icyl (cm− 1) 2R (Å) a (Å) 

a. In D2O 3.96 ±
0.98 

133.9 ±
18.0 

32.2 ±
2.0 

72.5 ±
4.7 

b. In DMSO‑d6 3.84 ±
1.65 

137.3 ±
22.1 

35.0 ±
2.6 

75.8 ±
4.4 

WoodSAS (without 
interference function) 

PL_exp Icyl 

(cm¡1) 
2R (Å)  

c. Vapor D2O 3.89 ±
0.32 

8.7 ± 0.8 22.0 ±
2.2  

e. Control 3.57 ±
0.44 

1.2 ± 0.0 20.8 ±
0.2  

Power law function PL-exp    
d. Vacuum dry 3.46 ±

0.33    

PL_exp: power law exponent, Icyl: scaling parameter of intensity from cylinder, 
2R: cylinder diameter, a: distance between hexagonally packed cylinders. 
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maxima of the peak along the elliptical trace were fitted with an ellipse 
and the dimensionless ellipticity parameter was estimated, Fig. 5 (The 
numerical values are available in the supporting information Table S3). 
We noted that the Bocell sample showed very low ellipticity. However, 
the Bragg peak intensity of Bocell was too low to further analyse in
tensity distribution. 

The ellipticity parameters were in general correlated to the crystal
line orientation parameters: i.e. the higher crystalline orientation, the 
higher ellipticity. The Fortisan sample was an outlier of this trend, and it 
showed very low ellipticity as compared to its crystalline orientation 
parameter. Also, small fluctuations of ellipticity in Ioncell samples did 
not match well with the fluctuations of crystalline orientation. The 
extensional force during the spinning process likely increases the ellip
ticity along with the crystalline orientation, but other factors are also 
contributing to the ellipticity. 

Based on the elliptical fitting of the Bragg peak intensity, the long 
periods (Lm) were estimated from the fitted ellipse at the vertical posi
tion at the zero azimuthal angle (φ = 0). Lenz et al. reported similar long 
periods to this study for Viscose, Modal and Lyocell-NMMO after hy
drolysis with 1 N hydrochloric acid at 60 ◦C (Table S1) [10]. The spatial 
arrangement of crystalline and intrafibrillar amorphous phases of the 
elementary fibrils might be preserved after the acid hydrolysis process. 
This is not surprising because macroscopic fibre length does not change 
after acid hydrolysis. Generally, the larger long periods were observed 
for high strength fibres regardless of the spinning process. However, this 
was not the case when comparing the fibres with similar properties such 
as Ioncell samples with different draw ratios from a dry-jet wet spinning 
process, and Modal and Viscose fibres from a wet spinning process. 

For the fibres from dry-jet wet spinning with four-point patterns, the 
peak intensity was centred at the off-meridional spots. We define a tilt 
angle φ _max as the azimuthal angle to the Bragg peak position from the 
fibre axis. The tilt angle φ_max of about 50◦ in this study is on a rela
tively high level but an increase of φ_max of up to ca. 70◦ is reported for 
poly ethylene terephthalate fibres [17]. Murthy and Grubb [9] proposed 
to correlate φ_max with the internal strain of the amorphous region, 
which may reflect the state of coupling between crystalline and amor
phous regions. They also suggested a positive correlation between 
φ_max and the tenacity of fibres. The obtained data in this study were 
not contradictory to this trend although the φ_max spanned only from 
45◦ to 51◦. 

The periodicity (Lφ_max) along the fibre axis corresponds to the pro
jection of the Bragg peak on the fibre axis for the four-point patterns, 
Table 3. Due to the high ellipticities of these samples, the Lm and Lφ_max 
were quite close. 

The staggered two-dimensional alignment of crystalline and amor
phous domains can generate the four-point pattern due to the tilted 
lattice plane of macro-lattice made of the repeating units of crystalline 
and amorphous domains. Without having such two-dimensional 
network, it is also possible to produce the four-point pattern when the 
crystalline domain of elementary units has an oblique shape [9]. For 

Fig. 4. Two-dimensional small angle neutron scat
tering pattern in absolute scale of regenerated cel
lulose fibres after treatment with D2O vapor. 
Samples are (A) Fortisan fibre from dry spinning, 
(B–D) Modal, standard viscose and Super3 from wet- 
spinning process, (E) Bocell dry-jet spun from 
superphosphoric acid solution and (F, G) Ioncell and 
Lyocell-NMMO from dry-jet wet spinning. Intensity 
maxima were plotted by peak fitting of every vertical 
slice using three pseudo-Voigt peaks for Bragg peaks 
and central scattering. The dashed line represents 
the elliptical fit of the intensity maxima, and the 
number on the top of each plot shows the dimen
sionless ellipticity parameter. The intensity maxima 
of the Bragg peak are illustrated by non-filled white 
cross marks.   

Fig. 5. Ellipticity, crystalline orientation parameter (fWAXD) from X-ray 
diffraction, and orientation parameter of the equatorial streak by small angle 
neutron scattering (fSANS). Samples are listed in the order of their tensile 
strength. High uncertainty for ellipticity of Bocell (*) due to the exceptionally 
low intensity of the Bragg peak. 

D. Sawada et al.                                                                                                                                                                                                                                



Polymer 218 (2021) 123510

6

regenerated cellulose fibres, the four-point pattern was observed only 
for the fibres from a dry-jet wet spinning process. In dry-jet wet spin
ning, the cellulose solution is extruded from a spinneret forming an 
anisotropic solution in the form of filaments in the air gap, which are 
then coagulated rapidly in the water bath. During this process, it is 
assumed that the monodisperse oriented solution is already formed in 
air gap mostly due to elongational stress tensors exerted through the 
filament draw [18]. Thus, the structure for generating four-point pattern 
likely occurs during the solvent diffusion into the water bath. The for
mation of two phases (crystal and amorphous phases) may be driven by 
the spinodal decomposition or nucleation of the cellulose II phase [19]. 
In either scenario, the structure formation in the water bath may occur 
sequentially from the skin to core of the single fibril with a gradient in 
viscosity. Due to the local asymmetry, the recrystallized cellulose II 
domain may have a tilted oblique shape. It is also possible that the 
recrystallization of cellulose II occurs from skin to core and the 
sequentially regenerated crystals separated by amorphous phases 
construct a two-dimensional staggered macro-lattice. For the fibres from 
wet-spinning like viscose, the solvent diffusion and orientation forma
tion occur simultaneously in the spin bath and are affected by coagu
lation and chemical regeneration of the cellulose, so that the fibre 
cross-section becomes less homogeneous. This may induce rather 
random crystallite shapes (or random two-dimensional arrangement of 
crystalline domains), resulting in the two-point meridional pattern in 
the small angle scattering region. This hypothesis will be subject of our 
future study. 

In the following discussion for structure-property relationship, Bocell 
sample and Fortisan sample were excluded due to their aging issues. For 
example, a high tensile strength of ca. 796 MPa [20] and a high modulus 
of 32 GPa [21] have been reported for Fortisan fibre. However, the 
tensile strength of Fortisan in this study was only 360 MPa and it was not 
possible to estimate the Young’s modulus. The measured modulus and 
mechanical strength of Bocell was also lower than previous reports of 
1.7 GPa for tensile strength and 44 GPa for modulus [21] for the same 
reason. In addition, the exceptionally low Bragg peak intensity of Bocell 
did not allow us to estimate reliable structural parameters from small 
angle neutron scattering. Nevertheless, we report the structural pa
rameters of old Fortisan and Bocell samples because these high-strength 
regenerated cellulose fibres have often been used to study the nano
structures of regenerated cellulose fibres. 

Fig. 6 shows the Pearson correlation coefficient (PCC) between 
nanometric structural parameters and tensile properties of regenerated 
cellulose fibres. The PCC is a convenient tool to show the correlation 
between two parameters of multiple samples, but unbiased representa
tive sampling is important to evaluate the PCC correctly. In this study, 
we made two plots of PCC from fibres of different existing processes 
(SPIN-series, Fig. 6A) and high-strength fibres (HIGH-series, Fig. 6B). 

The former representatives showed generally high correlation with 
mechanical properties while latter did not. Although such correlation 
can be seen by simply plotting each parameter (Fig. S5 and Fig. S6), 
there may be an overestimation of PCC by the population of low- 
strength viscose fibres. The numerical values of these structural and 
mechanical properties are also available in Table 3, Table S3 and 
Table S4. 

As has been proposed, the crystalline orientation parameter of re
generated cellulose fibres are a decisive factor for their Young’s modulus 
and tensile strength in the SPIN-series [21]. Along with the crystalline 
orientation, the same structure-property trends were found for the 
orientation parameter from SANS and the ellipticity parameter. How
ever, the correlation between these parameters and tensile properties 
are less obvious or disappeared in the HIGH-series. It is plausible that the 
influence of the other structural parameters on the tensile properties 
increases when a high level of fibre orientation is already reached, as is 
the case in most modern spinning technologies. 

The dependence of the mechanical properties on the long period (Lm) 
has not been systematic. For example, Murthy et al. reported the long 
periods and tenacities of polyethylene terephthalate fibres prepared by 
different draw ratios [22]. The tenacity showed a positive correlation 
with the draw ratio, but the long period was correlated inversely to the 
tenacity except for the fibre with the highest draw ratio which has the 
highest tenacity and the longest long period. More recently, Litvinov 
et al. studied gel-spun fibres of ultrahigh molecular weight polyethylene 
of different draw ratios. The fibres show a negative correlation between 
Young’s modulus and long periods [23]. Liu et al. studied four poly
ethylene terephthalate fibres with different mechanical properties. They 
reported a correlation between the long period and elongation, but did 
not find any correlation with the Young’s modulus nor the tenacity [24]. 
For the cellulose polymer in our case, a general positive correlation 

Table 3 
Structural parameters from elliptical fitting of the meridional Bragg peak (See 
Fig. 1 for the illustration of parameters). Samples are listed in the order of their 
tensile strength.  

Sample Lm (Å) φ_max (◦) Lφ_max (Å) 

Bocell 166 ± 4a – – 
Super3 211 ± 2 – – 
Ioncell-DR12 210 ± 2 51 ± 3 220 ± 2 
Ioncell-DR7 219 ± 3 49 ± 1 234 ± 14 
Ioncell-DR3 212 ± 3 47 ± 4 214 ± 7 
Ioncell-DR2 207 ± 3 47 ± 1 212 ± 8 
Lyocell-NMMO 198 ± 2 45 ± 1 202 ± 8 
Modal 162 ± 0 – – 
Fortisan 170 ± 1 – – 
Viscose 166 ± 1 – –  

a High uncertainty due to scattered intensity maxima, NMMO: N-methyl
morpholine N-oxide, Lm: Long period, φ_max: angle between fibre axis and 
scattering vector at the intensity maxima of four-point pattern, Lφ_max: Period
icity at the peak of four-point pattern. 

Fig. 6. Pearson correlation coefficient (r) for the structural parameters of small 
angle neutron scattering (SANS) and wide angle X-ray diffraction (WAXD). (A: 
SPIN-series) Comparison among fibres having a broad range of mechanical 
properties, and (B: HIGH-series) comparison among high strength fibres. 
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between the long period and both mechanical strength and Young’s 
modulus was found for the SPIN-series, but the PCC was lower in the 
HIGH-series. 

The crystallite width (CW) from WAXD did not show a correlation 
with the mechanical properties (mechanical strength, Young’s modulus 
and fibre elongation). However, the diameter of the elementary fibril 
(2R), which is also a parameter of coarsening of the structure, negatively 
correlated with the mechanical strength and modulus. It indicates that 
thin elementary fibrils at the nanometer scale are not a detrimental for 
the strength of regenerated cellulose fibres. Such a negative correlation 
has also been found in polyethylene terephthalate fibres [22]. Zhu et al. 
proposed that the decrease of the nanometer fibril width of nanopaper is 
beneficial both for the ductility and mechanical strength [25], but such a 
relationship was not found in these series of regenerated cellulose fibres. 
Only the exception was the Super3 fibre whose crystal width of WAXD 
and mechanical properties followed this trend: i.e. it showed the small 
crystallite size of WAXD, its relatively high tensile strength and high 
elongation. 

Although the long period (Lm) showed relatively high PCC in both 
sampling series, the other structural parameters such as tilt angle of 
oblique crystallites (Table 3) and amorphous distribution in the 
elementary fibril should be taken in account. As can be seen by the 
exceptionally low intensity of the Bragg peak of the Bocell sample, the 
amorphous fraction is probably very low since the Bragg peak intensity 
is a function of the amorphous fraction and the contrast of scattering 
length density [14]. The other fibres also showed a variation in the 
absolute intensity of the Bragg peak (Table S5). The volume fraction of 
the amorphous phase and the spatial arrangement of crystalline and 
amorphous phases can contribute to the mechanical strength and 
modulus as can be understood by the composite models of polymers 
[26]. Further experiments will be performed by focusing on the 
structure-property relationship of high-strength cellulose fibres with 
clarifying better contrast condition of scattering length density between 
crystalline and amorphous phases for X-ray or neutron scattering. 

3. Conclusions 

Novel cellulose solvents and advanced spinning technologies allow 
us to achieve high draw ratio during spinning, resulting in the high 
orientation of spun fibres. The spun fibres attain to a level that the in
fluence of orientation on mechanical properties is saturated. The inter
nal structure of elementary fibril are affected by operation conditions 
such as draw ratio, and can be discriminated directly from SANS pattern 
with selective deuteration. The control of this internal structure would 
be an important next step for improving the tensile properties of re
generated cellulose fibres. Thus, this work provides a basis to under
stand the structure-property relationship of regenerated cellulose fibres. 

4. Experimental 

4.1. Materials 

Descriptions of regenerate cellulose fibre samples are shown in 
Table 4. Super3 (Cordenka), Modal (Lenzing), standard viscose fibre 
(Lenzing) were commercially available wet-spun viscose-type fibres. 
Lyocell-NMMO (Lenzing) was a commercially available dry-jet wet spun 
fibre. Fortisan (Celanese) was a saponified cellulose acetate prepared by 
the dry spinning of a solution of cellulose acetate in acetone. Bocell 
sample was prepared by dry-jet wet spinning of anisotropic solutions of 
cellulose in superphosphoric acid into acetone [21] and saponification 
in water/soda. 

Ioncell fibres were prepared with an in-house spinning line. Spinning 
dope for the Ioncell fibres was prepared from birch prehydrolysis kraft 
pulp sheets (Enocell) and [DBNH]OAc. The cellulose pulp was grounded 
by a Wiley mill and added gradually into the [DBNH]OAc at 12% w/w at 
80 ◦C. The solution was then mechanically-stirred at 30 rpm under 

vacuum (10–20 mbar) for 1.5 h. The solution was filtered at 20 bar 
pressure and spun at 68 ◦C, where the cellulose dope has a zero-shear 
viscosity of 24,000–26000 Pa s, a crossover point at an angular fre
quency of 0.37 s− 1 and a modulus of 2400 Pa. The take-up and extrusion 
velocity were adjusted so that the spun fibres had draw ratios of 2 and 7. 
The collected continuous filament was finally washed in hot water 
(75 ◦C) and air-dried throughout a continuous washing line. For the 
draw ratios of 3 and 12 fibres, the same procedure was repeated except 
for a pulp concentration of 13% w/w and spinning temperature of 71 ◦C. 

4.2. Fibre testing 

For fibre testing, the fibre samples were conditioned at 20 ± 2 ◦C and 
relative humidity of 65 ± 2% overnight. For Ioncell fibres, the tensile 
properties of the fibres were measured using a Favigraph single-fibre 
tester (Textechno H. Stein GmbH & Co. KG, Germany) based on the 
standard SFS-EN 5079. The gauge length of 20 mm and test speed of 20 
mm/min were used. A Vibrodyn single-fibre tester (Lenzing In
struments, Austria) was used for viscose and Fortisan fibres. Test speed 
was 10 mm/min and the gauge length was 20 mm. For all the fibres, 
standard deviations were obtained from 20 measurements. 

4.3. Small angle neutron scattering (SANS) 

The cellulose fibre samples were filled in a quartz tube of 3 mm 
diameter and vacuum dried for 3 h at 30 ◦C. Then, samples were 
deuterated by the continuous flow of moisturized argon gas bubbling 
through D2O solvent (Supplementary information, Fig. S7). The degree 
of deuteration was determined by FT-IR by comparison of the hydro
genated and deuterated amorphous peak (Fig. S1). The degree of 
deuteration reached a plateau after 4 h treatment. The deuteration 
process was continued overnight (ca. 18 h) but no further progress of 
deuteration was observed after 4 h treatment. The deuterated fibres 
were then dried under the continuous air flow of dry argon gas for 3 h. 
Then, quartz tubes were quickly sealed using a wax. 

Sample preparation for different swelling conditions. The Ioncell- 
DR3 fibres in quartz capillary were soaked in D2O and DMSO‑d6 sol
vents to fully wet the samples. The DR3 Ioncell fibres in the quartz 
capillary prepared by vapor deuteration were vacuum dried overnight 
for 18 h at 30 ◦C. All samples were sealed in quartz capillaries with wax 
immediately after the preparation. 

The prepared fibre samples in quartz tube were placed vertically in a 
sample holder. SANS data were collected at the D22 instrument at the 
Institut Laue Langevin, France [27]. The configuration used to reach a 
scattering vector Q-range of 0.01–0.45 Å− 1 were 1.5 and 5 m 
sample-to-detector distances, 5.6 m collimation length and a neutron 
wavelength of 6 Å with a 10% of wavelength band. The neutron beam 
size was collimated to be 1 cm × 0.1 cm (long side of rectangle parallel 
to fibre direction) at the sample position. Exposure times were 5–10 min. 

The scattering intensity was reduced using GRASP software§ where 

Table 4 
Descriptions of regenerated cellulose fibres.  

Sample Solvent Spinning 

Bocell Superphosphoric acid Dry-jet 
Super3 NaOH/CS2 Wet 
Ioncell-DR12 [DBNH]OAc Dry-jet wet 
Ioncell-DR7 [DBNH]OAc Dry-jet wet 
Ioncell-DR3 [DBNH]OAc Dry-jet wet 
Ioncell-DR2 [DBNH]OAc Dry-jet wet 
Lyocell-NMMO NMMO Dry-jet wet 
Modal NaOH/CS2 Wet 
Fortisan Acetone Dry 
Viscose NaOH/CS2 Wet 

DR: draw ratio, NMMO: N-methylmorpholine N-oxide, [DBNH]OAc: 1,5-diaza
bicyclo[4.3.0]non-5-enium acetate. 
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the data were corrected for exposure time, incident neutron flax per unit 
exposure area, unit solid angle for each pixels. Finally, the data were 
placed in the absolute scale using the direct beam measurement method. 

Microscopic scattering cross section in units of cm2 at the edge of 1.5 
m detector (dσ

dΩedge) which corresponds to a scattering vector Q = 0.4 Å− 1 

was used to obtain the incoherent cross section of samples. Assuming the 
incoherent scattering of cellulose polymer was dominant, the thick
nesses of the samples (Tfibre) were estimated from the scattering data as 
follows: 

Wfibre =Mcell

dσ
dΩedge × 1024

ICXglu

1
NA  

Tfibre =
Wfibre

ρfibreS  

where Wfibre is a weight of the sample, Mcell = 162.1 is a molecular 
weight of a anhydroglucose monomer (C6H10O5), ICXglu = 868.8 (barn) 
is an incoherent scattering cross section per anhydroglucose unit, NA =

6.02 × 1023 is the Avogadro constant, ρfibre = 1.5 (g/cm3) is a density of 
the bulk cellulose fibre and S = 0.1 (cm2) is the neutron exposure area. 
The calculated weights and thicknesses of the samples are shown in 
Table S6. Small discrepancies between measured weight and calculated 
weight were found, and the main reason of this was likely the failure for 
estimating the measured weight in a rectangle shape of neutron beam for 
the fibres having inhomogeneous shape. Consequently, the calculated 
sample thicknesses from the incoherent backgrounds were used to 
convert a microscopic cross section into a macroscopic cross section in 
units of cm− 1. 

One dimensional (1D) SANS data analysis. 1D profile analysis were 
performed to elucidate the changes of structure and scattering length 
density (SLD) contrast between crystalline and amorphous cellulose for 
the directions parallel and perpendicular to fibre. 1D intensity profiles 
were prepared by azimuthal averaging for the horizontal direction 
(equator) and vertical direction (meridian) in the detector. 

To determine the range for azimuthal averaging of equatorial sector, 
the azimuthal intensity profile for the scattering vector Q =

0.0157–0.0172 Å− 1 was fitted with a pseudo-Voigt function using a 
LMFIT software [28]. Pseudo-Voigt function is a linear combination of 
Gaussian and Lorentzian functions: 

f (x)=
(1 − α)A
σg

̅̅̅̅̅
2π

√ e[− (x− c)2/2σ2
g] +

αA
π

[ σ
(x − c)2

+ σ2

]

σg =
σ
̅̅̅̅̅̅̅̅̅̅̅
2 ln 2

√

where A is the amplitude of the peak, c is the centre of the peak, σ is the 
half width at half maximum of the Lorentzian function., σg is the 
Gaussian equivalent of σ, and α defines the ratio of Lorentzian and 
Gaussian components. Thus, full width at half maximum of the function 
is 2σ. 

The fitted azimuthal profile was used to estimate the orientation 
distribution of the equatorial streak cos 2ϕstreak: 

cos 2ϕstreak =

∫ π/2
0 I(ϕstreak)sin ϕstreakcos 2ϕstreakdϕ

∫ π/2
0 I(ϕstreak)sin ϕstreakdϕ 

Then it was converted into the orientation parameter (fSANS) in the 
same fashion as the Hermans orientation parameter is estimated from 
the equatorial diffraction assuming cylindrical symmetry: 

cos 2ϕc = 1 − 2cos 2ϕstreak  

fSANS =
3cos 2ϕc − 1

2 

For the range of azimuthal averaging, the full width at half maximum 

of the pseudo-Voigt function was used. This range was selected to cap
ture the equatorial scattering intensity in a comparable manner among 
samples having different azimuthal distribution and to minimize a 
contribution from the diffuse intensity of broad meridional diffraction 
peak. 

Obtained equatorial intensity profiles were fitted with two models. 
One was a power-law function for central scattering, Gaussian function 
for fibril interference and constant background from incoherent scat
tering. Another model was the WoodSAS model developed by Penttilä 
et al. [8], which includes a power-law function for central scattering, a 
Gaussian function centred at Q = 0 Å− 1 for large pores, and scattering 
intensity perpendicular to fibre axis from infinitely long cylinders ar
ranged in the hexagonal lattice: 

I(Q)= IBKG + IPLQ− n +Be

(
− Q2

2σ2

)

+ CIcyl

(
Q,R,ΔR, a,Δa

)

where IBKG is the constant background from incoherent scattering, IPL is 
the scale parameter of the power law function, n is the exponent of the 
power law function, B is the scale factor for Gaussian function, σ is a 
width parameter of Gaussian function, C is the scale parameter for the 
intensity from cylinder, Icyl is the intensity from hexagonally packed 
infinitely long cylinders, R is the mean radius of a cylinder by a 
Gaussian distribution, ΔR is the standard deviation for R, a is the dis
tances between cylinders and Δa is the paracrystalline distortion of a. 
The scale factor B was set to 0 because such scattering contribution was 
not observed in this study. The further details of equatorial profile fitting 
are described in supporting information. 

The meridional Bragg peak intensity in 2D detector can only be 
found from a vapor deuterated sample and it should be overlapped with 
pronounced equatorial scattering for samples in D2O and DMSO‑d6 
solvents. To minimize the effect of equatorial scattering, the azimuthal 
averaging was performed in a limited range for meridional sectioning: i. 
e. double of the full width half maximum for equatorial scattering was 
excluded from the range of azimuthal averaging of meridional section. 
The intensity distribution of the Bragg peak was broader than the range 
of this averaging, and small changes in orientation distribution among 
samples under different sample environments were plausible. For this 
reason, the azimuthal averaging was performed for two different 
azimuthal angles of 75 and 90◦ to confirm the error induced by the effect 
of the range of averaging. Profiles were fitted with a power-law function 
for central scattering, a Lorentzian function for meridian Bragg peak and 
constant background for incoherent scattering as detailed in the sup
porting information. The differences of the estimated structural pa
rameters by different integration ranges were compared. As a result, the 
errors induced by the different range of azimuthal averaging were 
smaller than the estimated error of fitting. For this reason, fitting results 
and estimated errors of azimuthal averaging over 90◦ were presented. 

The ellipticity of the small angle scattering pattern was characterized 
from the intensity maxima around Bragg peak. The 1D longitudinal 
slices were exported from the GRASP software for each pixel lines of the 
detector. The scattering vector perpendicular to fibre axis (Qx) of ob
tained 1D profile contains small fluctuation (maximum ca. 0.0004 Å− 1 

at the edge of detector) based on the pixel position of the detector, but 
this fluctuation did not have a significant effect on the analysis on this 
study. The 1D profiles were fitted with three pseudo-Voigt function for 
the symmetrical Bragg peaks and for the central scattering. Due to the 
symmetrical feature of Bragg peaks, parameters of width, amplitude and 
ratio of the Gaussian and Lorentzian parts of two pseudo-Voigt function 
were restrained to be a same value. The obtained centre positions of the 
Bragg peak were fitted with an ellipse as follows [16]: 
(

1
Qy

)2

=

(
1
b

)2

+

(
1
a

)2

tan 2 φ  

where Qy is the scattering vector parallel to fibre axis, b is the width of 

D. Sawada et al.                                                                                                                                                                                                                                



Polymer 218 (2021) 123510

9

semi-minor axis of ellipse, a is the width of semi-major axis, and φ is the 
angle between the vertical axis and the scattering vector. The dimen
sionless ellipticity parameter was estimated from 1 − b

a. Fitting was 
performed in the horizontal scattering vector range, − 0.06 < Qx < 0.06 
for the two point pattern. For four-point pattern, the same range was 
used but the central scattering, − 0.01 < Qx < 0.01, were excluded from 
the fitting because these patterns contained a small portion of two-point 
pattern in this range (Fig. 4 and Fig. S4). 

The long period (Lm) was estimated at the vertical intersects of the 
fitted ellipse: 

Lm =
2π
b 

For four point patterns the long period (Lφ max ​ ) was estimated from 
the scattering vector parallel to fibre axis (Qy) at the peak intensity 
where the angle between fibre axis and the scattering vector (φ) is 
φ_max: 

Lφ max ​ =
2π
Qy  

4.4. Wide angle X-ray diffraction (WAXD) 

WAXD data were collected using a Smartlab instrument (RIGAKU) 
operated at 45 kV and 200 mA (λ = 1.5418 Å). The same fibre samples in 
capillaries used for SANS experiments were subjected to WAXD exper
iments. Equatorial line scans were obtained to estimate the lower bound 
of crystal widths (CWhkl) of (110), (110) and (020) lattice plane of cel
lulose II [4] by the Scherrer equation: 

CWhkl =
Kλ

βhkl cos θ  

where K = 0.90 is the shape factor, λ is the X-ray wavelength, βhkl is the 
full width of half maximum of the diffraction peak in radians and θ is the 
diffraction angle of the peak. The average crystal width (CW) of three 
lattice planes was used due to the overlap of the peaks. 

Azimuthal scans were obtained for the (020) lattice plane of cellulose 
II allomorph at 22.1◦ 2θ. The profile was used to estimate the orientation 
distribution between fibre axis and the crystallographic (020) lattice 
plane: 

cos 2ϕ020 =

∫ π/2
0 I(ϕ020)sin ϕ020cos 2ϕ020dϕ

∫ π/2
0 I(ϕ020)sin ϕ020dϕ 

The orientation distribution from the equatorial diffraction was then 
converted to the orientation distribution between fibre and crystallo
graphic c-axis cos 2ϕc assuming cylindrical symmetry: 

cos 2ϕc = 1 − 2cos 2ϕ020 

Hermans orientation parameter (fWAXD) was estimated by: 

fWAXD =
3cos 2ϕc − 1

2  
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