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Abstract 

A viscoelastic constitutive relationship of bio-based composites made from polylactic acid 

(PLA) and regenerated cellulose fibers (RCF) is developed by extending the Halpin-Tsai-Pagano 

model for linear elastic composites to the linear viscoelastic regime using the correspondence 

principle. To predict the creep compliance of PLA/RCF composites, the model only requires the 

constitutive relationships of the constituents, as well as concentration and geometry of the RCF. 

PLA/RCF composites with different RCF concentration are manufactured using a customized 

core-shell extrusion process, and creep tests are performed to extract their creep compliances. 

Good agreement is found between the model prediction and experimental results. The model has 

the potential to predict the linear viscoelasticity of other types of bio-based composites 

reinforced by short fibers. 
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1 Introduction 

Since the 1990s, the use of traditional petroleum-based fiber-reinforced polymeric 

composites have been critically discussed mainly due to increased environmental concerns [1]. 

Examples include polymers such as polystyrene (PS) and polyethylene terephthalate (PET) 
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reinforced by fibers such as glass, aramid or carbon. The concept of bio-based composites has 

been proposed as an alternative [2]. Bio-based composites are composites made from bio-

renewable and bio-degradable constituents [2]. In recent years, these bio-based composites have 

started to be widely used in large-volume industries, such as automotive and construction. For 

example, the major car manufacturers in Germany (Mercedes, BMW, Volkswagen Audi groups) 

are now making interior trim components such as dashboards and door panels, using bio-based 

composites [2,3]. In the construction industry, bio-based composites have been used to 

manufacture doors, side panels, roofing sheets, etc.  [2]. 

For the matrix phase of bio-based composites, polylactic acid (PLA), polyglycolic acid 

(PGA), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), poly(butylene succinate) (PBS) 

and thermoplastic starch have been reported to become alternatives to petroleum-based polymers 

[4]. Among these, PLA is becoming increasingly popular due to a variety of reasons [5]. Firstly, 

PLA can be derived from some of the abundant types of bio-renewable resources such as corn 

starch and sugar cane and that leads to large-scale production capacity [6]. Secondly, the 

stiffness of PLA is comparable to petroleum-based polymers such as PS and PET [7]. Thirdly, 

PLA is a semi-crystalline thermoplastic which can be processed using well-established melt-

processing techniques such as extrusion, injection molding and compression molding. [6]. 

Finally, PLA is environment-friendly [6], and can be reused, recycled or biodegraded under both 

natural and controlled environments [8].  

For the reinforcement phase of bio-based composites, natural fibers have various 

advantages over synthetic fibers [9], including renewability, biodegradability, cost effectiveness, 

low density, etc. [1,2].  Cellulose-based plant fibers such as jute, flax, hemp and kenaf are 
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frequently used natural fibers, due to their moderate price, high availability, and good 

mechanical properties [2]. Studies have shown that the incorporation of these cellulose-based 

plant fibers into PLA can increase its modulus, enhance the toughness, and improve the thermal 

stability [10–12]. The reinforcements can even promote the biodegradation of PLA due to their 

high hydrophilicity, which enhances moisture adsorption and hydrolytic degradation of PLA 

[13]. However, the major drawbacks of natural fibers are their inconsistency and the impurities 

on the fiber surface [5]. Mechanical properties of natural fibers can vary significantly among 

different batches, and surface impurities such as wax, pectin, hemicellulose and lignin can 

greatly affect the adhesion between the natural fibers and PLA matrix [14]. For this reason, 

emerging studies have shown interests in reinforcing PLA with regenerated cellulose fibers 

(RCF) [15–20]. RCF are generated from cellulose separated from bio-feedstock using various 

chemical processes [21]. For instance, Lyocell fibers are extracted from wood chips by 

dissolving them in non-toxic N-Methyl morpholine N-oxide (NMMO) and pumping them 

through the spinnerets into coagulation baths where regeneration of the cellulose takes place 

[21]. This is an environmentally friendly process since 99% of the NMMO solvent can be 

recovered and reused [22]. Compared with natural fibers, RCF have better consistency, improved 

mechanical properties and almost no surface impurities since the fiber surface have been cleaned 

during extraction [14,23]. PLA/RCF bio-based composites have the potential to replace 

petroleum-based non-biodegradable polymer composites or offer excellent alternatives, in a wide 

range of applications such as boxes for packaging, beams for decking and door panels for 

automotives [24].  

A number of investigations have been carried out to study the manufacturing and 

characterization of PLA/RCF bio-based composites. Melt-mixing is the most frequently used 
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method for embedding RCF into PLA matrix, while injection molding and compression molding 

have also been attempted[5,14,23,24].  In characterizing the mechanical properties of PLA/RCF 

composites, Bledzki et al. [14] discovered that the addition of 30 wt% RCF increased the 

Young’s modulus by approximately a factor of 1.7 in comparison to bare PLA [14].  Besides 

Young’s modulus, Bax and Mussig [25] reported a significant increase in tensile strength and 

Charpy impact strength with the addition of 10-30 wt% RCF. Thermo-mechanical properties 

characterized by dynamic mechanical analysis were also reported in the literature. Huda et 

al.[23], Baghaei et al. [18], Zhang et al. [26] and Kurokawa et al. [7] all reported an increased 

storage modulus when RCF were added into PLA, regardless of the manufacturing method. 

These findings suggest good compatibility between RCF and PLA, which enables effective stress 

transfer on the fiber-matrix interface. Furthermore, Baghaei et al. [18], Zhang et al. [26] and 

Kurokawa et al. [7] reported a drastic increase in storage modulus above PLA’s glass transition 

temperature, suggesting that the thermal stability and heat resistance of PLA has been 

significantly enhanced by the reinforcement of RCF.  

Despite the enthusiasms in manufacturing and charactering PLA/RCF bio-based 

composites, attempts to model their mechanical properties have been limited  [23,24,27,28]. 

Huda et al. [23] provided a linear fitting to describe the increasing tensile modulus of the 

composite with respect to RCF content. Ganster et al. [27] and Rozite et al. [24] applied 

modified rule of mixture to predict the Young’s modulus 𝐸 of PLA/RCF composites:  

𝐸 ൌ 𝜂𝜂ఏ𝐸𝑉  𝐸𝑉 (1) 

where 𝐸 and 𝐸 are the Young’s moduli of RCF and PLA, respectively; and 𝑉 and 𝑉 are 

volume fraction of RCF and PLA, respectively. 𝜂 and 𝜂ఏ are two empirical parameters 
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introduced to capture the effect of fiber length and orientation on 𝐸, which do not have direct 

physical meaning and need to be extracted from fitting to experimental data. Karakoc et al. [28] 

used high-resolution X-ray microcomputed tomography (Micro-CT) to characterize the internal 

structure of a PLA/RCF bio-based composite sample and incorporated it into a finite element 

solver to simulate its mechanical behavior under different loadings. Effective elastic properties 

were determined from the simulation results. However, the above-mentioned work by Karakoc et 

al. [28] still assumed the composite to be elastic while PLA has been discovered to exhibit 

viscoelasticity [29]. Consequently, the PLA/RCF composites can show viscoelastic behaviors 

such as creep and stress relaxation [30], which may impact the performance of the composites 

under long-term loadings. To the best of the authors’ knowledge, only Rozite et al. [24] 

conducted creep-recovery tests on PLA/RCF composites, with 5 wt% RCF reinforcement. The 

composites were found to exhibit creep behavior similar to conventional polymer-based 

composites [24]. Our literature search did not render predictive models capable of capturing the 

viscoelasticity of PLA/RCF composites, indicating an important gap in the literature.  

Consequently, the present work aims at developing a constitutive model that can 

accurately describe the viscoelastic behavior of PLA/RCF bio-based composites, while being 

simple enough for usage by a broad audience. In the literature, a variety of models has been 

proposed and validated to predict the elastic constitutive relation of fiber reinforced polymer 

composites with different assembly structures [31]. For instance, Vilaseca et al. [32] proposed a 

model that combines the Tsai-Pagano model [33] and Halpin-Tsai model [34], which predicts the 

Young’s modulus of short fiber reinforced polymer composites based on fiber morphology, fiber 

distribution, as well as mechanical properties of the fiber and matrix. Mazzanti et al. [35] applied 

this model to PLA bio-based composites reinforced by alkali treated hemp fibers and found good 



6 

 

agreement with experiments for hemp concentration up to 6 wt%. In this work, we go beyond the 

linear elastic regime and develop a model that predicts the creep compliance of PLA/RCF bio-

based composites. Validated against experimental results, the developed model has the potential 

to predict the linear viscoelasticity of other types of bio-based composites reinforced by short 

fibers.  

2 Model 

 Consider a PLA/RCF composite where the RCF are homogeneously distributed with 

random orientation in the PLA matrix. The bonding between fiber and matrix is assumed to be 

perfect with no interfacial defects. Widely used in a variety of applications, this type of 

composite can be considered as a statistically homogeneous and isotropic material [36]. The 

focus of the modeling is to derive the time (𝑡) dependent creep compliance 𝐽ሺ𝑡ሻ of the 

composite in the linear viscoelastic regime. Under one-dimensional loading, the stress 𝜎ሺ𝑡ሻ and 

strain 𝜀ሺ𝑡ሻ of the composite are related through 𝐽ሺ𝑡ሻ, given by [37]  

𝜀ሺ𝑡ሻ ൌ  𝐽ሺ𝑡 െ 𝜏ሻ𝑑𝜎ሺ𝜏ሻ
௧
 . (2) 

In linear viscoelasticity, it is a common approach to determine the creep compliance or stress 

relaxation function in one-dimensional form [38], which can then be extended to higher 

dimensions [31,34]. Below we will first formulate the constitutive relations for the constituents 

(RCF, PLA), after which 𝐽ሺ𝑡ሻ will be derived based on a homogenization approach coupled with 

the correspondence principle.  
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2.1 Constitutive relations for the constituents 

RCF are usually highly crystallized [39]; it is therefore reasonable to assume the RCF 

reinforcement in the composite to be linearly elastic, satisfying the following constitutive 

relation  

𝜎ሺ𝑡ሻ ൌ 𝐸 𝜀ሺ𝑡ሻ, or          𝜀ሺ𝑡ሻ ൌ 𝑆𝜎ሺ𝑡ሻ (3) 

where 𝜎ሺ𝑡ሻ and 𝜀ሺ𝑡ሻ are the stress and strain of the RCF, respectively. 𝐸 and 𝑆 are the 

Young’s modulus and elastic compliance of the fibers respectively, which are time-independent 

and related by 𝐸𝑆 ൌ 1. A previous study by our group [29] showed that PLA exhibits linear 

viscoelasticity, which can be described by the Burgers model as schematically shown in Figure 1 

(a). 𝐸ଵ and 𝐸ଶ are elastic constants of the linear Hookean springs, and 𝜇ଵ and 𝜇ଶ are 

viscosities of the linear viscous dashpots. 𝜎ሺ𝑡ሻ and 𝜀ሺ𝑡ሻ are the stress and strain of PLA, 

respectively [38]. The creep compliance for this model is given by [38] 

𝐽ሺ𝑡ሻ ൌ
1
𝜇ଶ

𝑡 
1
𝐸ଶ


1
𝐸ଵ

1 െ exp ൬െ
𝐸ଵ

𝜇ଵ
𝑡൰൨ (4) 

 

Figure 1. Schematic representation of (a) linear Burgers model for PLA [38]; (b) Tsai-Pagano 

model for linear elastic composites [33]. 
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2.2 Composite model 

Since the constitutive relations of both constituents follow linearity, the correspondence 

principle can be used to extend a linear elastic model to the corresponding linear viscoelastic 

model in the Laplace transformed domain [30,37,40]. Tsai and Pagano [33] proposed a linear 

elastic model for composites reinforced by homogeneously distributed and randomly oriented 

fibers.  The effective Young’s modulus (𝐸) of the composite is calculated by the weighted 

average of the longitudinal (𝐸ଵ) and transverse (𝐸ଶ) Young’s moduli of composites reinforced 

by aligned short fibers with the same volume fraction (𝑉). This relation is given by equation (5) 

and schematically depicted in Figure 1 (b). 

𝐸 ൌ
3
8
𝐸ଵ 

5
8
𝐸ଶ (5) 

𝐸ଵ and 𝐸ଶ can be determined by the Halpin-Tsai model [34,41,42] 

𝐸
𝐸

ൌ
1  𝜉𝜂𝑉
1 െ 𝜂𝑉

,           𝜂 ൌ
𝐸/𝐸 െ 1
𝐸/𝐸  𝜉

 (6) 

where 𝐸 and 𝐸 are the Young’s moduli of matrix and fiber respectively; 𝑖 (ൌ 1, 2) indicates 

the direction; 𝜉 is a semi-empirical parameter related to the fiber aspect ratio and the direction 𝑖. 

Halpin and Kardos [34] provided the values of 𝜉 for aligned short fiber reinforced composites. 

In the longitudinal direction (𝑖 ൌ 1), 𝜉ଵ ൌ 2𝐿/𝑑, where 𝐿 and 𝑑 are respectively the length 

and diameter of the reinforcement fibers. In the transverse direction (𝑖 ൌ 2), 𝜉ଶ ൌ 2.  

Defining the elastic compliance to be the reciprocal of Young’s modulus (𝑆  ൌ  1/𝐸, 

𝑆  ൌ  1/𝐸, 𝑆 ൌ 1/𝐸, 𝑆ଵ ൌ 1/𝐸ଵ, 𝑆ଶ ൌ 1/𝐸ଶ), equations (5) can also be written into  

1
𝑆
ൌ

3
8

1
𝑆ଵ


5
8

1
𝑆ଶ

 (7) 
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where the elastic compliances in the longitudinal and transverse directions, 𝑆 (𝑖 ൌ 1,2), are 

obtained from equation (6) and given by  

1
𝑆

ൌ
1
𝑆

1  𝜉𝜂𝑉
1 െ 𝜂𝑉

,           𝜂 ൌ
𝑆/𝑆 െ 1
𝑆/𝑆  𝜉

 (8) 

The above elastic solution can now be extended into the linear viscoelastic regime using 

the correspondence principle. Denote the Laplace transformed creep compliances of the matrix, 

the fiber and the composite by 𝐽መሺ𝑠ሻ, 𝐽መሺ𝑠ሻ and 𝐽መሺ𝑠ሻ respectively, where 𝑠 is the independent 

variable in the Laplace domain. 𝐽መሺ𝑠ሻ and  𝐽መሺ𝑠ሻ can be obtained by taking the Laplace 

transform ℒሼሽ of equation (4) and the constant fiber compliance 𝑆, leading to 

𝐽መሺ𝑠ሻ ൌ ℒሼ𝐽ሺ𝑡ሻሽ ൌ
1

𝜇ଶ 𝑠ଶ


1
𝐸ଶ 𝑠


1

𝐸ଵ 𝑠  𝜇ଵ 𝑠ଶ
 (9) 

𝐽መሺ𝑠ሻ ൌ ℒ൛𝐽ሺ𝑡ሻ ൌ 𝑆ൟ ൌ
𝑆
𝑠

 (10) 

Based on the correspondence principle [30], the Laplace transformed creep compliances of the 

linear viscoelastic composite follow the same relationship, equation (7), for the compliances of 

the linear elastic composite, i.e., 

1

𝑠𝐽መሺ𝑠ሻ
ൌ

3
8

1

𝑠𝐽መଵሺ𝑠ሻ


5
8

1

𝑠𝐽መଶሺ𝑠ሻ
 (11) 

where 

1

𝑠𝐽መሺ𝑠ሻ
ൌ

1

𝑠𝐽መሺ𝑠ሻ

1  𝜉𝜂𝑉
1 െ 𝜂𝑉

,           𝜂 ൌ
ൣ𝑠𝐽መሺ𝑠ሻ൧/ൣ𝑠𝐽መሺ𝑠ሻ൧ െ 1

ൣ𝑠𝐽መሺ𝑠ሻ൧/ൣ𝑠𝐽መሺ𝑠ሻ൧  𝜉
              𝑖 ൌ 1,2 (12) 

are extended from the elastic solution, equation (8). Combining equations (9), (10), (11) and 

(12), 𝐽መሺ𝑠ሻ is calculated to be 
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𝐽መሺ𝑠ሻ ൌ
𝐹𝑠  𝐹ହ𝑠ହ  𝐹ସ𝑠ସ  𝐹ଷ𝑠ଷ  𝐹ଶ𝑠ଶ  𝐹ଵ𝑠  𝐹
𝐷𝑠  𝐷𝑠  𝐷ହ𝑠ହ  𝐷ସ𝑠ସ  𝐷ଷ𝑠ଷ  𝐷ଶ𝑠ଶ

 (13) 

where 𝐹 (𝑗 = 0 to 6) and 𝐷 (𝑘 = 2 to 7) are constants related to 𝐸ଵ,𝐸ଶ, 𝜇ଵ, 𝜇ଶ, 𝐸, 𝜉ଵ and 

𝜉ଶ, as given in the supplementary information. The creep compliance of the composite in the 

time domain, 𝐽ሺ𝑡ሻ, is finally obtained by taking the inverse Laplace transform of 𝐽መሺ𝑠ሻ  

𝐽ሺ𝑡ሻ ൌ ℒିଵሼ𝐽መሺ𝑠ሻሽ (14) 

The full expression of 𝐽ሺ𝑡ሻ was obtained using the symbolic core of Mathematica® (Wolfram 

Research, USA). It is lengthy (involving over 3000 terms) and therefore not presented here.  

3 Experiments 

3.1 Materials 

Extrusion grade PLA (4043D) was obtained from NatureWorks LLC, USA. Its number-

average molecular weight (𝑀) is 106,000 g/mol, and it has a D-lactic acid content of 4.5 to 5 

wt% [43]. The RCF used in this work was BioMid®, obtained from Gordon Shank Consulting 

and Engineered Natural Composites, Inc., Canada. These BioMid® fibers are continuous strands 

of RCF made from the wastes generated during lumber production in western Canada [44]. It has 

been reported that BioMid® fibers has a crystallinity of 95% and it can sustain a processing 

temperature of 360°C, which is higher than the majority of the natural fibers [45,46].   

3.2 Composite Manufacturing 

Attempts were made to chop the long continuous RCF into short fibers and melt-mix it 

with PLA. However, good dispersion of RCF in PLA was not possible due to the limitation of 

the single screw extruder in our laboratory. Thus, the following unconventional two-step 

extrusion technique was utilized to produce PLA/RCF composites.  
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3.2.1 Masterbatch preparation 

Both PLA and RCF fibers were dried under vacuum at 80°C for 8 h in a Lindberg/Blue 

M™ vacuum oven (Thermo Fisher Scientific, USA) to remove the residual moisture that may 

cause air bubbles during extrusion. Then, a Brabender™ single screw extruder equipped with a 

core-shell die (a.k.a. crosshead die), attached to an ATR Plasti-Corder drive system (C.W. 

Brabender Instruments, Inc., Germany), was used to manufacture the masterbatch of the 

PLA/RCF composites containing 5.6 wt% RCF. The extrusion process is schematically shown in 

Figure 2 (a) and the cross-sectional view of the core-shell die is shown in Figure 2 (b). In this 

process, the long continuous RCF strand went through the core part of the die while the PLA 

pellets were melted in the extruder and flow through the shell part of the die. The processing 

temperature and screw speed (in RPM) for the masterbatch preparation are shown in the table in 

Figure 2 (a), which were selected based on the manufacturer provided data for 4043D PLA 

pellets. Finally, the extrudate was cooled by Filabot™ FB00626 cooling fan (Triex LLC, USA) 

with 100% fan level and Filabot™ FB00073 filament spooler (Triex LLC, USA) was used to 

pull the 5.6 wt% PLA/RCF composite masterbatch. Attempts were made to increase the fiber 

concentration; however, significant agglomeration of RCF was observed. Pure PLA masterbatch 

filaments without RCF reinforcement were also produced using the same extrusion setup and 

processing parameters.  
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Figure 2. (a) Schematic representation of the core-shell extrusion process and the processing 

parameters. (b) Schematics for the cross-section of the core-shell die shown with orange in (a). 

3.2.2 Sheet sample preparation 

Both masterbatches (pure PLA and 5.6 wt% PLA/RCF composite) were chopped into 

pellets and the prepared composite pellets are shown in Figure 3 (a). These pellets were again 

dried under vacuum at 80°C for 8 h in the Lindberg/Blue M™ vacuum oven to remove the 

residual moisture. Then, the Brabender™ single screw extruder was used with a fixed sheet die 

(100 mm in width and 0.5 mm in thickness) to produce sheet samples. The processing 

parameters for the sheet preparation stage were slightly different from the masterbatch 

preparation stage (Figure 2 (a)) to minimize excessive shrinkage during cooling.  
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Figure 3. (a) Chopped masterbatch pellets; the gaps on the ruler are 1 mm; (b) A sheet sample 

of 5.6PLA/RCF; (c) Micro-CT image of a triangular section of a sheet sample of 

5.6PLA/RCF; (d) Mounting of the single RCF for tensile tests (sharpness was tuned to better 

visualize the sample) 

 

Sheet samples with three different RCF concentrations were produced. Pure PLA samples 

(0.0PLA/RCF) were produced using pure PLA masterbatch; 2.8 wt% RCF reinforced PLA 

composites (2.8PLA/RCF) were produced by diluting the 5.6 wt% PLA/RCF masterbatch with 

pure PLA masterbatch at 1:1 ratio; 5.6 wt% RCF reinforced PLA/RCF composites 

(5.6PLA/RCF) were produced using the 5.6 wt% PLA/RCF masterbatch. Due to the shear force 

provided during the extrusion, the fibers were approximately homogeneously distributed and 

randomly oriented in the sheet samples, as shown in Figure 3 (b). In order to confirm the random 

orientation of RCF, Micro-CT characterization was performed on a triangular section of a 

5.6PLA/RCF sample as shown in Figure 3 (c).  The histogram of fiber orientation is presented in 
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the supplementary information, which deviates slightly from a uniform distribution. This 

suggests that there is still some non-ideality for dispersing the RCF in the composite using the 

two-step extrusion process.    

3.3 Characterization 

3.3.1 Parameters of RCF 

RCF bundles were separated by hand into single RCF samples and their diameters (𝑑) 

were measured with calibrated Olympus IX-83 confocal microscope (Olympus Corporation, 

Japan). A total of 80 measurements were taken for 𝑑. To determine the fiber length (𝐿) in the 

produced composites, it was assumed that 𝐿 did not change during the sheet sample extrusion 

process. Therefore 𝐿 was measured from the length of chopped pellets shown in Figure 3 (a). A 

total of 100 measurements for 𝐿 were taken.  

Tensile tests were conducted to measure the Young’s modulus (𝐸) of single RCF 

according to ASTM D3379 [47]. A universal tensile testing system (ElectroForce 3200 Series 

III, Bose Corporation, USA) equipped with a 250 g load cell was used. As shown in Figure 3 (d), 

the single RCF was mounted by hand onto a paper tab by poly(ethylene-vinyl acetate) (PEVA, 

marked as “glue” in the figure) using a glue gun (Topelek, China). The gauge length of the paper 

tab was 20 mm. After mounting the sample on the tensile clamps, the paper tab was cut, and a 

constant displacement rate of 0.6 mm/min was applied [47]. The ambient environment during the 

tests was 18% RH and around 22°C. The nominal stress was calculated using the measured 

diameter 𝑑 as described above. The Young’s modulus was determined by linear fitting of the 

initial part of the stress-strain curve. Ten RCF samples were tested to obtain the averaged 

Young’s modulus.  
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3.3.2 Creep tests 

Sheet samples (0.0PLA/RCF, 2.8PLA/RCF and 5.6PLA/RCF) were cut into rectangles of 

60 mm long and 10 mm wide to be mounted onto the tensile clamps of the aforementioned 

universal tensile testing system. The samples were dried under vacuum at 80°C for 8 h in the 

Lindberg/Blue M™ vacuum oven to remove the moisture and release the residual stress that 

might have been generated during the extrusion process. Tensile creep tests were then conducted 

on each sample for 15 min following ASTM D2990 [48], where the creep stress was 

programmed to be applied within 1 s and the strain was recorded every 50 s. A series of pre-tests 

were first conducted with different creep stresses 𝜎 to identify the linear viscoelastic limit. The 

measured strain was normalized by 𝜎 to obtain the creep compliance. According to the results 

of these pre-tests, the creep compliance did not change with 𝜎 when 𝜎  6.8 MPa, regardless 

of the RCF concentration. Thus, 6.8 MPa was used as the stress for all creep tests. Five 

replications were performed at each RCF concentration. The ambient environment during creep 

tests was around 22% RH and 23°C.  

3.3.3 Crystallinity of PLA matrix 

Differential scanning calorimetry (DSC) measurements were conducted on DSC Q100 

(TA instruments, USA) in the temperature range of 20-180°C for 0.0PLA/RCF, 2.8PLA/RCF 

and 5.6PLA/RCF to measure the crystallinity of the PLA matrix [12]. The heating scan was 

performed with a heating rate of 5°C/min. The crystallinity 𝑋 of PLA in the samples was 

calculated by [49]  

𝑋 ൌ
Δ𝐻 െ Δ𝐻
Δ𝐻

ൈ 100% (15) 



16 

 

where Δ𝐻 is the heat of fusion, Δ𝐻 is the heat of crystallization during the DSC scan, and 

Δ𝐻 ൌ 93.1 J/g is the heat of fusion of fully crystallized PLA [50].  

4 Results and Discussion 

4.1 Material parameters for the constituents 

The geometrical information required by the model includes fiber length 𝐿 and fiber 

diameter 𝑑. The statistics of measured 𝐿 and 𝑑 values are 4.71 േ 0.53 mm and 12.50 േ 0.87 

µm respectively. The small standard deviations indicate that fiber geometry in the composite is 

consistent, and thus the averages are used in the model.  

Table 1. Parameters of RCF and PLA 

Parameter (Unit) 𝐿  
(mm) 

𝑑  
(µm) 

𝐸  
(GPa) 

𝐸ଵ  
(GPa) 

𝐸ଶ  
(GPa) 

𝜇ଵ  
(GPaꞏs) 

𝜇ଶ  
(GPaꞏs) 

Values for Figure 4 (a), (c), (d) 4.71 12.50 49.68 8.79 2.46 632.2 8892 
Values for Figure 4 (b)  4.71 12.50 39.00 11.00 2.46 700.0 11000 

The stress-strain curves of single RCF samples are all approximately linear within the 

strain of 0.3% (a representative curve given in the supplementary information), which validates 

the linear elastic assumption of RCF. The measured Young’s modulus 𝐸 of the RCF is 49.68 േ

5.06 GPa. In the literature, Zhang et al. [22] reported that the Young’s modulus of Lyocell and 

Viscose fiber bundles at dry state are 8-10 GPa and 3-5 GPa, respectively. To the best of our 

knowledge, only Cheng et al. [51] evaluated the Young’s modulus of single Lyocell fibers using 

atomic force microscopy and they reported a drastic decrease from 105.2 GPa to 14.1 GPa when 

the fiber diameter increased from 156 nm to 272 nm. Compared with these works, the BioMid® 

single fiber has a similar stiffness to that of Lyocell fibers.  

A representative strain vs. time curve is shown in the supplementary information for the 

creep test of pure PLA, i.e., 0.0PLA/RCF. The measured creep compliance, based on five 
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replicas, is shown by the blue squares in Figure 4 (a). The data exhibits the typical creep 

behavior of semi-crystalline polymers: an instant elastic compliance followed by a delayed creep 

compliance (Figure 4 (a)) [37,52]. Equation (4) is used to fit the experimental results of 

0.0PLA/RCF and extract the Burgers model parameters of PLA. As shown in Figure 4 (a), a 

good match is achieved between the experimental data and the model fitting (blue curve), with 

adjusted 𝑅ଶ ൌ 0.99302. The Burgers model parameters 𝐸ଵ, 𝐸ଶ, 𝜇ଵ and 𝜇ଶ obtained from the 

fitting are shown in Table 1, which are close to what was reported in the literature [29,53]. 

 

Figure 4. (a) Measured creep compliance and model prediction for PLA and PLA/RCF 

composites; (b) Demonstration of better comparison with experiments when accounting for 

increased PLA crystallinity and decreased RCF Young’s modulus; (c) Prediction with 

extended Pan model; (d) Prediction with extended Nielsen model.  
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4.2 Model prediction for the composites 

With the material parameters for the constituents determined, the creep compliance of the 

PLA/RCF composites can be directly predicted using the developed model. The predicted 

compliances are plotted in Figure 4 (a) for 2.8PLA/RCF and 5.6PLA/RCF based on equation 

(14) and the parameters listed in Table 1, with no additional fitting. Comparisons are made in the 

same figure with experimentally measured compliances (representative strain vs. time curves are 

provided in the supplementary information), which show good agreement. This confirms that the 

model developed in this work is capable of predicting the linear viscoelastic behavior of 

PLA/RCF composites.  

From Figure 4 (a), the addition of RCF decreases the instant elastic compliance (Table 2), 

indicating that the stiffness of the composites (2.8PLA/RCF and 5.6 PLA/RCF) is higher than 

that of pure PLA (0.0PLA/RCF). There are two potential reasons for the observed increase. 

Firstly, RCF is significantly stiffer than PLA. The measured Young’s modulus of RCF is one 

order of magnitude larger than the elastic parameters (𝐸ଵ and 𝐸ଶ) of PLA (see Table 1). 

Secondly, it has been reported that regenerated cellulose can serve as nucleation agents and 

increase the crystallinity 𝑋 of PLA [26,54]. As such, higher stiffness was reported for PLA/RCF 

composites by Suryanegara et al. [55] and Zakir et al. [56], when compared to bare PLA. To 

confirm this for our study, DSC characterization was conducted and equation (15) was used to 

determine 𝑋. As shown in Table 2,  𝑋 of pure PLA is indeed lower than that in the composites, 

and 𝑋 increases with the RCF concentration. Another observation made from Figure 4 (a) is that 

the delayed creep compliance decreases with increasing RCF concentration (data summarized in 

Table 2). In addition to the enhanced elasticity caused by RCF [45,57], hydrogen bonds formed 
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between PLA and RCF can also lead to extra hinderance that reduces the mobility of PLA chains 

during creep [57], thereby decreasing the delayed creep compliance.  

Table 2. Variation of composite properties with respect to RCF concentration 

RCF concentration (wt%) Crystallinity of 
PLA matrix (%) 

Instant elastic 
compliance (GPa-1) 

Delayed creep 
compliance (GPa-1) 

0 22.8 0.406 0.209 
2.8 25.6 0.363 0.111 
5.6 31.9 0.318 0.076 

4.3 Discussion 

Re-examination of Figure 4 (a) reveals that compared with experimental data for 

2.8PLA/RCF and 5.6PLA/RCF, the model slightly underestimated the initial elastic compliance 

and overestimated the delayed creep compliance. The material parameters used for 2.8PLA/RCF 

and 5.6PLA/RCF were extracted from pure RCF and PLA without modification, while DSC 

characterization shows that the crystallinity of PLA was increased by the addition of RCF (Table 

2). This might explain the overestimated delayed creep compliance since the additional crystals 

formed can increase the elasticity as well as providing extra hinderance when polymer chains 

slip past each other under external load [58]. As a result, the material parameters of PLA 

(𝐸ଵ, 𝐸ଶ, 𝜇ଵ and 𝜇ଶ) may increase as 𝑋 increases, causing the delayed creep compliance to 

decrease [58]. For the underestimated instant elastic compliance, we hypothesize that it might be 

due to the minor amount of moisture absorbed during the creep tests, which were conducted 

under 22% RH. Rozite et al. [24] discovered that the compliance of PLA/RCF composites 

increased as the RH level of the testing environment increased from 34% to 66%. The strong 

hydrophilicity of cellulose makes it susceptible to moisture adsorption. For example, through 

both experiments and molecular dynamics simulations, Sahputra et al. [59] reported a drastic 

decrease of cellulose Young’s modulus with increasing moisture content. A preliminary test has 
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been conducted by the authors where the Young’s modulus of single RCF samples decreased to 

around 35 GPa when 4 wt% of moisture was absorbed. To test the above hypotheses, the 

material parameters in the model were slightly modified, with the PLA parameters increased to 

reflect the increased crystallinity and the Young’s modulus of RCF slightly decreased to capture 

the effect of absorbed moisture. The model predictions using the revised parameters (listed in 

Table 1) are given in Figure 4 (b), which shows almost perfect matching with the experimental 

data. Future work can be done to model the effect of crystallinity change and moisture adsorption 

more explicitly. 

The approach used to extend the Halpin-Tsai-Pagano model into the linear viscoelastic 

domain can be applied to other linear elastic composite models. Here we demonstrate two other 

models, namely those by Pan [36] and by Nielsen [60]. Pan [36] derived a modified rule of 

mixture, given by equation (16), that predicts the Young’s modulus of the composites 𝐸 based 

on the Young’s modulus of the fiber 𝐸, that of the matrix 𝐸, and fiber volume fraction 𝑉.  

𝐸 ൌ 𝐸
𝑉
𝜋
 𝐸ሺ1 െ

𝑉
𝜋
ሻ 

(16) 

Using equation (16) and the correspondence principle, the creep compliances of the PLA/RCF 

composites are obtained and shown in Figure 4 (c). Compared with the experimental results, 

within the range of fiber concentration considered in this study, Pan’s model can accurately 

predict the instant elastic compliance but significantly overestimate the delayed creep 

compliance. To determine the elastic modulus of composites reinforced by uniformly distributed 

spherical particles, Nielsen [60] modified the Halpin-Tsai equation into 

𝐸
𝐸

ൌ
1  ሺ𝑘 െ 1ሻ𝜂𝑉

1 െ 𝜂𝜓𝑉
 (17) 

where 
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𝜂 ൌ
𝐸/𝐸 െ 1

𝐸/𝐸  ሺ𝑘 െ 1ሻ
 

𝜓 ൌ 1 
𝑉
ଶ

൫1 െ 𝑉൯
ଶ 

(18) 

and 𝑘 is the Einstein coefficient that depends on the Poisson’s ratio of the matrix. For the PLA 

used in this study, Mirkhalaf and Fagerström [61] reported a Poisson’s ratio of 0.3, which gives 

𝑘 ൌ 2.1 [60]. Extension of Nielsen’s model by the correspondence principle leads to a new set of 

predictions for the composite’s creep compliances, which are shown in Figure 4 (d). From the 

comparison with experiments, Nielsen’s model significantly overestimates both the instant 

elastic compliance and the delayed creep compliance, suggesting the underestimation of the fiber 

reinforcement effect by the Nielsen’s model. One possible explanation is that Nielsen’s model 

was developed for spherical reinforcements instead of short fiber reinforcements. Therefore, the 

effect of fiber aspect ratio was not considered and could lead to discrepancies between model 

prediction and experimental results. Comparing all three models, the Halpin-Tsai-Pagano model 

extended by the correspondence principle offers the best prediction for the creep compliance of 

PLA/RCF bio-based composites. 

5 Conclusion 

The Halpin-Tsai-Pagano model for linear elastic composites was extended to the linear 

viscoelastic regime to describe the mechanical response of PLA/RCF bio-based composites. 

Based on the correspondence principle, the model only requires information on the constitutive 

relation of the constituents, concentration of the RCF and geometry of the RCF. Good agreement 

was found between model prediction and creep compliance measured experimentally for 

PLA/RCF composites with different RCF concentration. The addition of RCF reduced not only 
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the instant elastic compliance, but also the delayed creep compliance. The same approach was 

also applied to extend the linear elastic Pan model and Nielsen model into the linear viscoelastic 

domain, but the Halpin-Tsai-Pagano model offered the best performance among the three. The 

model developed in this work has the potential to predict viscoelastic properties of different 

types of short fiber reinforced bio-based composites.  

Supplementary information 

The expressions of 𝐹 (𝑗 = 0 to 6) and 𝐷 (𝑘 = 2 to 7) in equation (13);  discussion on 

fiber orientation in the composite; representative stress and strain curves.  
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