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Abstract 

Amorphous polylactic acid (PLA)/cellulose nanofiber (CNF) composites were prepared 

using the solution casting method. We investigated the effects of the CNFs, which have aspect 

ratios over 100, on the PLA’s rheological and thermal properties and on its foaming behavior. 

The rheological measurements showed that the incorporated CNFs substantially increased the 

PLA’s viscosity in a low frequency range. This was attributed to both the interaction between the 

PLA molecular chains and the CNFs and the entanglement of CNFs. A batch foaming 

visualization system showed that the CNFs were effective cell-nucleating agents, and that they 

suppressed cell coalescence during the foaming process. In solid-state batch foaming processes, 

the addition of CNFs led to higher cell densities and decreased cell sizes in the composite foams. 

As the CNF content was increased, the cell-nucleating power and the resultant cell density 

increased. The cell sizes became more uniform. The improved foam morphology was also 

attributed to the CO2- and the CNF-induced crystallization during the gas-saturation and foaming 

processes. Thermal and wide angle X-ray diffraction (WAXD) analyses showed that the 

presence of CNFs and CO2 enhanced the PLA’s crystallization kinetics. An amorphous grade of 

PLA with a 12% D-content developed a high crystallinity of 21% after CO2 gas saturation. The 
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formed crystals, especially those around the CNFs, promoted cell nucleation by local stress 

variations that were generated in the surrounding area. The crystals and CNFs also increased the 

PLA’s viscosity, which restricted cell growth and reduced cell coalescence. On the other hand, 

due to increased stiffness, an excessive CNF content suppressed foaming.    

Keywords: Cellulose nanofiber (CNF), Polylactic acid (PLA), Biocomposites, Rheology, 

Thermal property, Foaming 

1. Introduction 

Plastic is one of the most commonly used materials in the world, with applications ranging 

from household items to advanced engineering products. Most plastics used today are 

petrochemical-based. Meanwhile, in recent years, environmental consciousness,
1, 2

 technological 

improvement,
3, 4

 and stringent regulations
5
 have significantly increased industrial interest in bio-

based and biodegradable polymers. Polylactic acid (PLA), one of the most promising 

biodegradable polymers, is a bio-based plastic derived from renewable resources and consumes 

less nonrenewable energy during production compared with petrochemical-based polymers.
6
 

And it is readily biodegradable for waste disposal. It is widely used in the food packaging 

industry and in biomedical applications due to its biodegradability and biocompatibility.
7-11

 

However, neat PLA is brittle, and has low impact and tear resistance, a low heat deflection 

temperature, and a low crystallization rate.
12-14

 To expand PLA’s application areas, these 

deficiencies need to be mitigated.  

The use of nano-scale fillers in plastics is a well-known method of addressing performance 

requirements, reducing costs, and/or improving processing ability. This strategy exploits such 

properties of nanoparticulates as a large surface area per mass, a high aspect ratio, and a low 
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percolation threshold.
15

 Various nanoparticulates, including nanosilica, nanoclay, and carbon 

nanotubes (CNTs), have been added to PLA to enhance its mechanical strength,
16-18

 thermal 

properties,
17, 19, 20

 heat distortion temperature,
16, 21

 gas barrier properties,
16, 22

 electrical 

conductivity,
18

 crystallization kinetics,
23-28

 biodegradation rates,
16, 19, 29

 flammability resistance,
30

 

and foaming behaviors.
27, 28, 31-34

 Nevertheless, these nanoparticulates are inorganic materials and 

the potential health risk they pose from manufacturing to final disposal is considerable.
35, 36

 On 

the contrary, cellulose nanofibers (CNFs), which are also described as nano-fibrillated 

cellulose,
37-39

 are derived from renewable resources, and are nano-sized, lightweight, 

biocompatible, and biodegradable. There has been a growing interest in using CNFs as either 

additives or as reinforcement in various polymer systems to tailor polymers’ performance.
14, 40-46

 

CNFs possess a Young’s modulus of 115-150 GPa in the longitudinal direction and tensile 

strength of up to 2 GPa.
44, 47-49

 These mechanical properties are comparable to, or even higher 

than those of high-strength glass fibers. The aspect ratio of CNFs was reported to be over 100.
50

 

It also has a very low coefficient of thermal expansion at 10
-7

 K
-1

 along the longitudinal 

direction.
51

 Additionally, CNFs have significantly less cytotoxicity and genotoxicity compared 

with inorganic nanoparticulates.
35, 52

 These intriguing properties make them an attractive 

component for high performance polymer nanocomposites. The incorporation of CNFs in PLA 

not only endows the resulting composites with fully biodegradable properties, but also gives 

them significantly improved mechanical properties.
12, 14, 43, 45, 53

 Specifically, it has been 

demonstrated that the tensile modulus and the tensile strength of microfibrillated fibers 

reinforced PLA are doubled and tripled, respectively, when the fiber concentration is increased 

from 10 to 70 wt%.
43

 The storage modulus of the PLA composites at 120°C was also improved 

about 3.5 fold with a fiber content of 20 wt%.
45
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Although the mechanical properties of CNF reinforced PLA have been remarkably improved, 

applications that require a low-density porous structure are still limited. For instance, in tissue 

engineering, a 3-D porous structure is essential for body cells to grow in a spatial environment,
35, 

54
 and a solvent-free fabrication method is preferred to produce a 3D structure for new tissue 

formation.
55

 The microcellular foaming technology with CO2/N2 as a blowing agent does not 

involve any organic solvents and, therefore, there is a significant advantage in the fabrication of 

biodegradable porous PLA material for bio-related applications. Thus, our study concentrates on 

the foaming behaviors of the PLA/CNF composites with CO2. There are only a few studies on 

the foaming of nano-sized cellulose fiber reinforced PLA biocomposites,
41, 42, 56, 57

 where the 

effect of fibers varied. In the studies by Boissard et al.
56

 and Cho et al.,
57

 only a slight 

improvement, or even a deteriorated cell structure, was observed due to fiber aggregation.
56, 57

 

Dlouhá et al.
41

 examined PLA batch foaming with 3–9 wt% CNFs under CO2 pressures of 12–20 

MPa and attributed the improved foam structure to the nucleating effect of the fibers and the 

enhanced PLA melting strength. Despite these earlier research efforts, the mechanism by which 

CNFs promote cell nucleation was still not clear, and the understanding of the effect of CO2 on 

the PLA’s crystallization and the crystallization’s impact on foaming were lacking. Crystals, 

which can be generated during the gas-saturation stage, can significantly affect cell nucleation 

and the resulting morphology, especially through local stress variation and gas supersaturation.
58-

64
 Cell nucleation and cell growth are two different stages, although they interact closely during 

the whole foaming process. In particular, when nucleating agents are present and the cells are 

expanding, the tensile stress generated in the particulates’ vicinity promotes cell nucleation.
65-68

 

At the same time, a decrease in the local gas concentration due to enhanced cell nucleation 

suppresses cell growth. Meanwhile, cell growth can be affected by the amount of nucleating 
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agents and their intrinsic properties, the polymer viscosity, and the blowing agent’s diffusivity in 

the polymer.
65, 69, 70

 Thus, to understand the complex mechanism of the foaming process, an in-

situ observation of foaming process is needed in order to clarify the role of the CNFs in the 

initial foaming stage.  

In this study, an amorphous grade of PLA with 12% D-content was selected as the polymer 

matrix to compound with the CNFs through solution casting. We measured the rheological and 

thermal properties of the neat PLA and PLA/CNF biocomposites. Wide angle X-ray diffraction 

(WAXD) measurement was also used to analyze the crystal structure. Foaming experiments with 

neat PLA and PLA/CNF biocomposites were conducted with a batch foaming system and the 

effects of CNFs on the foaming behaviors of the PLA were identified. Foaming of the PLA/CNF 

biocomposites was also visualized in situ at a high temperature via a batch visualization system 

to help elucidate and decouple the effect of the crystals and CNFs on cell nucleation and cell 

growth during the initial stage of foaming. 

2. Experimental 

2.1 Materials  

To study the effect of the CNFs on the foaming behavior, an amorphous PLA (NatureWorks 

LLC, Grade Ingeo
TM

 4060D) was chosen so that the crystallization effect could be minimized. 

The PLA has a density of 1.24 g/cm
3
 and 12 % of D-lactide content. The melt flow index of this 

PLA is 15 g/10 min (190 °C/2.16 kg). Carbon dioxide (CO2) (99% pure, Linde Gas LLC) was 

used as a foaming agent. All materials were used as received without any further modification. 

The CNFs were extracted from wheat straw and obtained in aqueous suspension from the Centre 

for Biocomposites and Biomaterials Processing, University of Toronto. The manufacturing 
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process of CNFs was detailed in a previous study.
50

 The CNFs have diameter and aspect ratios in 

the range of 10-80 nm and 90-110, respectively.
50

  

2.2 Preparation of PLA/CNF biocomposites 

The solvent exchange method was used to remove water prior to the mixing process. 

Specifically, an aqueous suspension of CNFs was first diluted with acetone, which was followed 

by centrifugation to extract the water. Next, the CNFs were dispersed thoroughly in the acetone 

in a container by continuous stirring with a magnetic stirrer at ambient temperature. During the 

stirring process, a measured amount of PLA was added gradually to maintain the CNF 

concentration at 0.1, 0.5, and 1 wt%. After the PLA’s complete dissolution, a homogenizer was 

used to treat the mixture to obtain a homogeneous suspension. The suspension was poured into 

Petri dishes and left to dry at the room temperature. The composite film from the casting method 

was cut into small pieces. Then these were compression-molded into thin films at 180 °C. After 

hot pressing, the melted samples were removed and quickly quenched to obtain fully amorphous 

samples. The neat PLA was processed as described above to achieve the same process history as 

the composite materials. The dimensions of the plastic samples used in the visualization and 

solid-state foaming experiments were 6 × 0.1 (diameter × thickness) and 10 × 10 × 1 mm (width 

× length × thickness), respectively. In this study, PLA biocomposites with 0.1 wt%, 0.5 wt%, 1 

wt%, and 3 wt% CNF content were labeled as PLA/CNF0.1, PLA/CNF0.5, PLA/CNF1, and 

PLA/CNF3, respectively. 

2.3 CNF morphological characterization 

The morphology of the CNFs was characterized using a field emission scanning electron 

microscope (SEM) (Hitachi S-5200) operated in a scanning transmission electron microscope 
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(STEM) mode (20kV). To study the CNF morphology, a drop of dilute CNF suspension was 

deposited on a carbon coated grid and allowed to dry at ambient temperature. To characterize the 

dispersion of the CNFs in the PLA matrix, the cryo-fractured surface of the PLA/CNF composite 

was subjected to a solvent vapour etching process using acetone. The samples were exposed to 

acetone vapours for around 12 hours at the ambient temperature. This process etched the PLA 

matrix and brought up the CNF domains, which led to a better contrast between the PLA and 

CNF phase. The etched samples were coated with a thin layer of platinum using a sputter coater 

(SC7620, Quorum Technologies) prior to examination using a SEM (JSM6610LV, JEOL).          

2.4 Rheological characterization 

Complex and steady shear viscosities of the PLA materials were determined using a 

rotational rheometer (ARES, TA Instruments) with a 25-mm parallel disk and a 1.0-mm gap. 

First, dynamic strain sweep tests were conducted to identify the strain limits of the linear 

viscoelastic region. Following this, a strain of 0.8 % was selected for all samples based on those 

strain limits. The dynamic frequency sweep experiments were then carried out to obtain the 

complex shear viscosity (η*, Pa-s), storage modulus (G’), and loss modulus (G’’) over a 

frequency range of 0.1‒400 rad/s at 200 °C. The steady shear viscosity was also measured as a 

function of the shear rate in a range of 0.1‒10 s
-1

 so as to examine the shear thinning behavior of 

the neat PLA and the PLA/CNF composites.   

2.5 Solid-state batch foaming process 

The experiments were carried out as follows: First, samples were placed in a pressure 

chamber and saturated with CO2 at a pressure of 5.52 MPa at the ambient temperature (~23 °C) 

for 24 hours (Figure 1a). According to the PLA-CO2 sorption data reported in an earlier study,
55
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24 hours was a sufficient time to achieve the saturation equilibrium. Then, the CO2-saturated 

samples were taken out of the chamber immediately following a rapid release of the pressure. 

They were then dipped in a hot silicon oil bath at 100 °C for 20 seconds before being quenched 

in cold water to stabilize their foam morphology (Figure 1b). The samples’ foaming was 

triggered by the rapid pressure drop and temperature rise. During these processes, the PLA’s CO2 

solubility dropped significantly, and hence the samples became supersaturated and foaming was 

initiated. The cells were nucleated during the pressure drop, and they grew during the 

temperature increase stage as the polymer softened. Then, they finally solidified during the 

quenching process. Experiments were conducted four times for each material composition to 

examine the repeatability of the results. 

           

Figure 1. Schematic of a batch foaming process: a) Gas saturation process and b) Foaming 

process 

2.6 In-situ foaming visualization 

As Figure 2 shows, a batch foaming visualization system,
71

 was used to observe the in-situ 

foaming behavior of the PLA/CNF/CO2 system. The experiments were carried out as follows: 

First, a plastic sample was placed on top of a sapphire window inside a foaming chamber. Next, 

the chamber was sealed, and the temperature was increased to 200°C. After the system was 

a) b) 
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stabilized at 200°C, high pressure CO2 was injected into the chamber at 5.52 MPa. The system 

was then maintained at 200 °C and 5.52 MPa for 30 minutes to allow the CO2 to completely 

dissolve in the sample. Finally, the CO2 was quickly released from the chamber via a release 

valve, and the samples were foamed during a rapid depressurization. At the same time, the 

foaming process was captured in situ by a high-speed camera, and the pressure-drop profile 

within the chamber was recorded. Experiments were conducted three times for each material 

composition to examine the repeatability of the results. 

 

Figure 2. Schematic of a batch foaming visualization system
71

 

2.7 Thermal analysis  

The glass transition temperature (Tg) of the neat PLA and PLA/CNF composites under 

atmospheric pressure (0.1 MPa) and at various CO2 pressures (1.5, 3.0, 4.5, and 6.0 MPa) was 

investigated using a differential scanning calorimetry (DSC, TA Q2000) and a high-pressure 

DSC (NETZSCH DSC 204 HP Phoenix
®

, Germany), respectively. The Tgs were recorded during 

the cooling processes at a cooling rate of 5 °C/min. 
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The thermal properties and crystallization behaviors of the neat PLA, PLA/CNF composites, 

and their foamed counterparts were also evaluated using a DSC (TA Q2000). The samples after 

gas saturation were left at ambient temperature under atmospheric pressure for 1 week before 

any DSC analysis. This allowed the dissolved gas to completely diffuse out. The samples were 

scanned using a heating-cooling-heating cycle in a temperature range of 25‒200°C. The heating 

and cooling rates were set at 10°C/min., and an isothermal treatment set at 200°C for 10 minutes 

was applied right after the first heating scan and prior to the second scan. This was to ensure that 

the samples had completely melted. The first heating scan was used to evaluate the samples’ 

degree of crystallinity. The transition temperatures and enthalpies were determined from the 

thermograms. The PLA component’s degree of crystallinity (Xc) was calculated using Eq. (1) as 

follows: 

 �� =	 �∆� ∆��⁄ 
 	×	�1 ⁄ 
 (1) 

where ∆H is the experimental heat of fusion determined from DSC, ∆H
o
 is the heat of fusion of 

the fully crystalline PLA (93 J/g), and w is the weight fraction of the PLA in the biocomposites. 

2.8 Wide angle X-ray diffraction (WAXD) 

The X-ray diffraction patterns were collected on a Philips Analytical X-ray diffractometer 

(Almelo, Netherlands). A high resolution CuKα source was used and operated at 40 KV and 40 

mA. The scanned range for all samples was 5 – 35° (2θ) with a step size of 0.02 °/min and 2s per 

step. The obtained diffraction patterns were analyzed with X’Pert HighScore software. The 

specimens of the neat PLA and PLA/CNF05 composite with dimension of 10 × 10 × 1 mm were 

treated under various conditions for the WAXD test, and two specimens for each condition were 

used to examine the repeatability of the results. 
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2.9 Foam characterization 

Foam density was measured using the water displacement method (ASTM D792-00). The 

expansion ratio (�) was then calculated according to Eq. (2) as follows:  

 � =	�� ��⁄  (2) 

 

where ρo is the bulk density of the PLA, or the PLA/CNF composites; ρf  is the measured density 

of the foamed sample. 

The foamed samples were cryo-fractured after immersion into liquid nitrogen to observe the 

cell morphology. The fractured surface was coated with a thin layer of platinum using a sputter 

coater (SC7620, Quorum Technologies), and the microstructure was examined using a scanning 

electron microscope (SEM) (JSM-6060, JEOL). For each sample, an area representing the 

typical cell morphology of the sample was chosen first, and then the cell sizes within that area 

were measured. Next, the cell size distribution of each material composition was determined. 

The cell densities with respect to the unfoamed volume (N0) were calculated from the SEM 

micrographs or camera snapshots using Eq. (3) as follows:

 

 

 �� = ���� �⁄ 
� �⁄ × � (3) 

where n is the number of cells in the micrograph; A and M are the area and magnification factors 

of the micrograph, respectively; and � represents the expansion ratio. 

 

3. Results and Discussion  

3.1 Morphology of CNFs and PLA/CNF biocomposites 

Figure 3a shows the morphology of the received CNFs before mixing for composite 

preparation. The majority of CNFs had a diameter below 100 nm and their lengths measured 
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several micrometers. However, nanofiber bundles with a diameter of over 100 nm were also 

observed. Figures 3b and 3c show the cryo-fractured surfaces of the neat PLA and PLA/CNF3 

composites after the solvent vapour etching process, respectively. Compared with the neat PLA, 

a number of white dots, which are the CNFs and CNF bundles, were observed on the surface of 

the PLA/CNF3 composites. From the image, it is clear that the CNFs were well dispersed in the 

PLA matrix. It is well-known that good CNF dispersion is critical to an efficient stress transfer 

from the matrix to the CNFs for mechanical performance improvement and to produce fine-

celled foams. 

   

Figure 3. a) TEM images of the morphology of CNFs and SEM images of the cryo-fractured 

surface of b) neat PLA and c) PLA/CNF3 biocomposite  

3.2 Rheological properties of the biocomposites 

Figure 4 depicts the complex viscosity and the shear viscosity of the neat PLA and its 

biocomposites at 200°C. The complex viscosity increased with the CNF content, especially in a 

low frequency region (Figure 4a). As the frequency increased, the complex viscosity data 

converged to similar values. In a previous study, the high viscosity of the PLA/CNF composites 

was attributed to the interaction between the fibers through hydrogen bonding and good 

PLA/CNF interfacial bonding.
57

 However, the hydrogen bonds were minimized in the current 

ⓑⓑⓑⓑ ⓒⓒⓒⓒ ⓐⓐⓐⓐ 
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study since the solvent-exchange method was used to produce the composites. Thus, the 

mechanical entanglement of the CNFs occurred due to their high aspect ratio and the good 

interaction between the PLA molecular chains and the CNFs were considered as the primary 

reasons for the increased complex viscosity. Neat PLA did not exhibit a clear shear thinning 

behavior in the studied shear rate range (Figure 4b). It was noted that the PLA/CNF0.1 

composite’s non-frequency dependence was similar to the neat PLA. However, at and above 0.5 

wt% CNF content, the shear thinning behavior was much more pronounced, and the transition 

from the Newtonian plateau to the shear-thinning region shifted to a lower shear rate with an 

increased CNF content.  In the case of 0.5, 1 and 3 wt% CNF contents, no evident Newtonian 

plateau was observed within the studied shear rate range. It has been reported that a network 

structure started to form at a CNF concentration of 0.5 wt%.
72

 This shear-thinning behavior at 

low shear rates was largely due to the hindered mobility of the PLA molecular chain by a 

network-like structure of CNFs, so a higher shear stress and a more time were required for the 

composite to flow.
73, 74

 On the other hand, at high shear rates, the CNFs tended to align 

preferentially along the shear direction, thereby decreasing the fiber-fiber interactions and hence 

the shear viscosity. Moreover, the neat PLA and its composites exhibited nearly the same 

viscosity at high shear rates. This result suggested that it is feasible to process high CNF content 

composites at a higher shear rate. 
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Figure 4. a) Complex viscosity and b) shear viscosity for neat PLA and PLA/CNF 

biocomposites 

The storage (G') and loss (G") modulus against the frequency were plotted in Figure 5 to 

show the viscoelastic behaviors of neat PLA and its biocomposites. At high frequencies (>100 

rad/s), the viscoelastic behaviors of the neat PLA and PLA/CNF composites were similar, 

indicating that the impact of the CNFs was decreasing. At a low frequency (< 100 rad/s), both 

moduli were less frequency-dependent with an increased CNF content, suggesting the CNF’s 

influence. In the terminal region (low frequency), the slopes of both moduli were lower for 

PLA/CNF composites than for the neat PLA, especially for the composites with a CNF content 

over 0.5 wt%. The lessened frequency dependence of the PLA/CNF composites with an 

increased CNF content suggested a gradual change from the pseudoplastic-like to pseudosolid-

like behavior. This reflected the formation of a 3D microstructure in the composites.
16

 Due to the 

constraint generated by the spatially linked structure, the relaxation of these materials was 

largely prevented at a low frequency. Similar phenomena were observed in many other polymer 

nanocomposites previously.
16, 75-77

 It can be seen that the crossover point of the G' and G" shifted 

to the left and upwards as the fiber content increased. The characteristic relaxation time can be 

estimated from the reciprocal of the lowest crossover frequency of the elastic and viscous 

a) b) 
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modulus by simply applying the power law fits to the data.
78, 79

 Therefore, the relaxation times 

(τ) were calculated: 0.0028 s (neat PLA), 0.0031 s (0.1 wt%), 0.0036 s (0.5 wt%), 0.0050s (1 

wt%), and 0.25s (3 wt%), respectively. The τ increased with the fiber content, and this indicated 

an increased elasticity in the materials. The longer relaxation time favors the generation of higher 

local stress variations around the nucleating agents for cell nucleation during the foaming 

process.
63

   

 

Figure 5. Storage (G') and loss modulus (G'') as a function of frequency for neat PLA and 

PLA/CNF biocomposites (the arrows denote the lowest crossover frequencies corresponding 

with the reciprocal of the characteristic relaxation time)  

The phase angle (δ) is the phase difference between the applied strain and measure stress, 

and tan δ is defined as the ratio of the loss modulus (viscous, G'') to the storage modulus (elastic, 

G'). The δ or tan δ is also a measure to characterize the elastic response of the material (Figure 

6). A completely elastic material will have a δ = 0°. As the material becomes more viscous, the δ 

will tend towards 90°. As seen in Figure 6a, 0.5, 1, and 3 wt% of the CNF composite reached the 

highest δ at frequencies of around 1.26, 3.16, and 12.59 rad/s. This is seen in comparison with 

the continuously rising δ behavior for the neat PLA as the frequency decreased, which is 
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typically a pseudoplastic-like behavior in the terminal region.
80

 In addition, the tan δ decreased 

considerably, and the plateau shape broadened with an increased CNF content. This decrease in δ 

at low frequencies (< 10 rad/s), suggested an increase in the terminal relaxation time. Similar 

behaviors were observed previously as the size of the macromolecule increased, that is, the 

increased molecular weight and level of the polymer chain branching.
80, 81

 In this study, the 

decreased polymer chain mobility in the presence of the CNFs was the main reason for the 

increased relaxation time. At high CNF concentrations (of over 0.5 wt%), the value of tan δ 

became almost independent of the frequency (Figure 6a). This rheological behavior change was 

attributed to the formation of a 3D network structure caused by fiber-fiber interactions and/or 

fiber-polymer chain interactions.
76

 The rheological CNF percolation concentration, which 

describes the above rheological property change, could be inferred from the loss tangent, tan δ = 

G''(ω)/G'(ω) = constant.
77, 82-84

 We can identify this percolation concentration by plotting the tan 

δ as a function of the CNF content at a frequency range of 0.1–5 rad/s (Fig 6b). From the graph, 

the values of tan δ decayed gradually with an increased CNF content, and appeared to intersect at 

the CNF content (cp) of around 0.5 wt%. It was also observed that before reaching cp, the value 

of tan δ decreased with an increased frequency, but after cp, the trend reversed. These similar 

behaviors have been reported in several polymer nanocomposite systems.
76, 77

      

 

a) b) 
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Figure 6. a) Tan δ as a function of the frequency for neat PLA and PLA/CNF composites; and b) 

Tan δ as a function of the nanofiber content; different lines represent different frequencies 

ranging from 0.1 to 5 rad/s  

3.3 Thermal properties  

The coupled effects of CNFs and dissolved CO2 on Tg at various pressures were investigated, 

as Figure 7 shows. The Tg decreased linearly with an increased CO2 pressure in all the PLA 

materials. The addition of CNFs did not have much effect on the Tg variations. Similar findings 

were found in our earlier study,
25, 40, 85

 where semi-crystalline PLAs (4.5 % of D-lactide content) 

were used. The results suggested that the D-lactide content and the addition of various fillers 

(that is, CNFs, talc, nanosilica, or nanoclay) had little influence on the PLA’s Tg variations. At 

the same saturation temperature, the amount of CO2 dissolved in PLA increased linearly with 

pressure.
86

 The Tg decreased due to the increased plasticization effect from the higher dissolved 

CO2 content.
87

 Therefore, a linear relationship was also expected for Tg suppression. It can be 

linearly extrapolated that the Tg was suppressed by around 15.2 °C, when the PLA samples were 

exposed to 5.52 MPa CO2 pressure. Therefore, during the gas saturation process, the saturation 

temperature (that is, 23 °C) was around 7.8 °C higher than the Tg of the samples. This indicated 

that the incorporation of 5.52 MPa CO2 had enhanced the PLA molecular chain mobility through 

its plasticizing effect, even at the ambient temperature. Thus, a decreased Tg was observed. The 

polymer chain’s increased mobility could lead to a reduced energy requirement for PLA polymer 

chain folding and stacking (crystallization).
25, 40, 85
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Figure 7. The Tg versus CO2 pressure for all Ingeo
TM

 4060D PLA samples at a cooling rate of 

5 °C/min 

We also studied the thermal properties and crystallization behaviors of neat PLA, PLA/CNF 

biocomposites, and the subsequent foams obtained from the heating-cooling-heating scan. A 

typical DSC thermogram for PLA/CNF1 was shown in Figure 8a, and similar curves were 

observed for other samples. The Tg, melting temperature (Tm), and the Xc of the PLA materials 

before and after gas saturation and after foaming from the heating-cooling-heating scan were 

recorded and presented in Figure 8b, 8c, and 8d, respectively. The PLA’s Tg and Tm can be 

observed in the thermograms for samples after gas saturation and foaming in the first heating 

run. However, only Tg could be observed for the PLA samples before saturation because the 

degree of crystallinity was negligible. Similarly, during the cooling and the second heating scans, 

no exothermic or endothermic peaks were observed except the peaks around Tg in all the 

samples.  
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Figure 8. a) DSC 1
st
 heating-cooling-2

nd
 heating thermogram of PLA/CNF1 composites before 

gas saturation, and after gas saturation, and after foaming; b) Tg variation for the neat PLA and 

PLA/CNF nanocomposite; c) Tm and d) crystallinity of neat PLA and PLA/CNF nanocomposite, 

no melting peak and no crystallinity was detected for the samples before gas saturation  

Although an amorphous grade of PLA was used in this study, the endothermic peaks 

corresponding to the melting of the majority of the PLA crystallites (Tm) were observed around 

115-120°C for the samples after both gas saturation and foaming. The degree of crystallinity was 

significantly higher for gas-saturated samples than for foamed samples (Figure 8d). The samples’ 

crystallinity after gas saturation was around 21%, which was almost double of that of the 

corresponding foamed samples. It was notable that an unprecedentedly high crystallinity of 21% 

was achieved from the amorphous PLA of 12% D-lactide content, using CO2 dissolution. As 

discussed earlier, dissolved CO2 facilitated the PLA molecular chain mobility, and because such 

a) b) 

d) c) 
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polymer chains can fold and stack into a regularly packed structure, they increase crystallinity.
40, 

85
 It has been reported that CNFs are effective crystal-nucleating agents and significantly change 

PLA’s crystallization kinetics.
40, 88

 However, the crystallinity did not change significantly in our 

study, as the CNF content was varied. It was speculated that the crystal size and distribution 

might be different between the neat PLA and the PLA/CNF composites, and this will be 

discussed further in the next section. Under the same processing conditions, a large number of 

densely-populated microcrystals were induced by CNFs in the PLA compared with the neat 

PLA.
40

 

Figure 8a further illustrates that the saturated samples show another small peak around 85°C. 

Understandably, this small peak was due to the gas-induced imperfect crystals with a lower 

melting temperature. Compared with the saturated samples, only one melting peak was seen in 

the foamed sample. This could be largely attributed to the high oil bath temperature (100°C) used 

for the foaming experiment which partially melted the existing crystals at the low temperature. 

Further, the melting temperature of the foamed PLA samples was slightly higher than that of the 

saturated samples. This might have been due to the perfection of the loose-packed crystals, 

which were generated during the gas saturation process, pushing the Tm to a higher temperature. 

Overall, the foamed samples’ crystallinity decreased due to the melted crystals which had a 

lower melting temperature. However, around 13 % of the crystallinity was still achieved for the 

foams due to the biaxial stretching of the polymer molecules during foam expansion and the 

biaxial stretching could have induced a higher degree of crystallization.
61, 89, 90

  

Figure 8b shows that no significant Tg shift of PLA was observed for any samples. This could 

be attributed to the low weight fraction of the CNFs used in the composites. However, large 

variations of Tg for the samples before gas saturation were shown, even though there was no 
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significant difference among them. It is known that the Tg is affected by several factors, 

including molecular chain flexibility, molecular weight, intermolecular interaction, steric effects, 

and chain branching.
91, 92

 The samples before gas saturation were obtained after the quick 

quenching of hot-pressed samples. We speculated that the PLA molecular chain mobility was 

affected by either the rapid temperature quenching or by the molecular chain interaction between 

the PLA and CNFs. Interestingly, compared with the samples before gas saturation, the saturated 

samples showed a slightly higher Tg. This might be attributed to the crystallization of samples 

during gas saturation. Moreover, the foamed composite samples had a higher Tg compared with 

their gas-saturated counterparts. This could be explained by the increased transcrystalline 

thickness around the CNFs due to the biaxial stretching and crystal perfection in the 

transcrystalline area during the foaming process, which would have further decreased the free 

volume in the polymer matrix. As a result, the chain mobility and flexibility were affected and 

more energy was required to break the confinement. In addition, the Tg of the foamed composite 

samples was higher than that of the foamed neat PLA, which probably resulted from the 

confinement of PLA molecules by dispersed CNFs. However, the Tg of the PLA/CNF3 

composite foam was slightly lower than that of the other composite foams. It was speculated that 

a higher CNF content could have led to more agglomerations in the composites, which, in turn, 

could have reduced the interactions between the CNF and polymer molecular chains.  

3.4 Wide angle X-ray diffraction (WAXD) 

To acquire additional information on the crystallization behaviors of neat PLA and PLA/CNF 

composites, the crystalline structure of the PLA materials was characterized by wide angle X-ray 

diffraction (WAXD). Figure 9 shows the WAXD profiles of the neat PLA and the PLA/CNF 

composites before and after CO2 gas saturation at the ambient temperature for 24 hours. A set of 
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compressed PLA specimens before gas saturation was also prepared as references and for 

comparison purposes (not shown). The unsaturated neat PLA and the PLA/CNF composites 

showed similar WAXD patterns without any crystalline peak, and thus, only one profile (labeled 

as “Amorphous”) was shown in Figure 9. Compared with the amorphous PLA materials, all gas-

saturated specimens exhibited diffraction peaks at around 2θ = 15°, 18.7°, 22.4°, and 24°. These 

diffraction peaks agreed well with the PLA α-crystal, and were attributed to the reflections of 

(010), (203), (015), and (016) planes, respectively.
40, 93-95

 Another reflection was located around 

2θ = 16.3° and was observed only in saturated PLA/CNF composites with a 0.5 wt% CNF 

content or greater. This indicated that the incorporation of CNFs increased the PLA’s 

crystallization ability. The diffraction peak, which was the result of the (110/200) plane 

reflection, had been identified as the αʺ-crystal of PLA, which is a disordered α form crystal.
96, 97

 

The molecular packing within the unit cell of an αʺ-crystal was reported to be much looser and 

more disordered than in the α- and the αʹ-crystals.
96, 97

 After gas release, the space that had been 

previously occupied by CO2 during crystallization remained as voids in the crystalline region, 

and this led to the disordered αʺ-crystal structure.
97

 In addition, under the same condition, the 

crystal nucleation density was much higher in the PLA/CNF composites (≥0.5 wt% CNF) than in 

the neat PLA and in the PLA/CNF01 composite due to the CNF’s significant crystal-nucleating 

effect.
40

 The large amount of crystals might have generated a crystal network due to molecular 

entanglement.
85

 This crystal network entanglement would greatly have increased the material’s 

viscosity and restricted the molecules to form new crystal layers. Therefore, a larger number of 

smaller crystals and looser crystal packing (that is, increased d-spacing) would occur in the 

PLA/CNF composites.   
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Figure 9. WAXD diffraction patterns of neat PLA and PLA/CNF composites before and after 

5.52 MPa CO2 gas saturation at ambient temperature for 24 hours, the PLA materials before gas 

saturation were labeled as “Amorphous”      

3.5 In-situ foaming visualization 

In order to study the effect of CNF content on the foaming behaviors of PLA, the saturation 

pressure (P), the average pressure drop rate (-dP/dt|avg), and the system temperature (Tsys) were 

kept constant at 5.52 MPa, 6.95 MPa/s, and 200°C, respectively. The levels of P and -dP/dt|avg 

were selected at low levels, so that the gas-content and pressure-drop effects would not dominate 

the overall cell nucleation behaviors, and thereby weaken the effect of the fibers in the foaming 

processes.
98, 99

 The CNF content was varied from 0 to 1 wt%. A high system temperature was 

chosen so that crystals would not exist during the foaming process. Consequently, the effect of 

fiber on the cell nucleation and growth phenomena could be investigated independently.  Figure 

10 shows the timeline from a series of videos for neat PLA and PLA/CNF composites at 

designated conditions, and only one set among 4 experimental runs. It shows the dynamic 

behavior of cell nucleation and growth in the early stage of the foaming processes. The cells 
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appeared as black dots due to light scattering and the bright regions were the polymer matrix. A 

comparison of the micrographs of samples with different fiber contents clearly showed that the 

number of nucleated cells in PLA increased as the CNF content increased (0‒1 wt%). Figure 11 

plots the cell density with respect to the unfoamed volume (Nunfoamed) versus the time for different 

fiber content composites.  The characterization was conducted based on the observable cells in 

the video. It is clear that the PLA/CNF composite had early onset cell nucleation and a higher 

cell density compared with the neat PLA, while the observable cell density increased as time 

elapsed for all three composites.  

According to the classical
62, 65, 100

 and modified
67

 nucleation theory, if a cell, either 

preexisting or newly generated, becomes larger than a critical radius Rcr, it will grow 

spontaneously in order to minimize the free energy, whereas smaller cells will collapse. 

Assuming the polymer/gas mixture is a weak solution, Rcr can be expressed as a function of the 

interfacial tension at the liquid-gas interface (γlg), the dissolved gas concentration (C), and the 

local pressure (Plocal), which is given as follows:
62, 63, 65, 67

  

 ��� = 2�������� − ����!� 	=
2����" − ����!� 	=

2����" − ��#$# + ∆����!�
 (4) 

 

where H is the Henry’s Law constant, Pcell is the hypothetical pressure inside the nucleated cell, 

Psys is the average system pressure, and ∆Plocal is the local pressure (or negative stress) variations, 

that is, the difference between the local pressure Plocal and Psys. A cell is considered nucleated 

when Rcr becomes smaller than its current size, and thereby the cell is activated to grow.  

A free energy barrier (Whet) must be overcome for a cell to be nucleated heterogeneously and 

Whet can be estimated from the following equation:
62, 63, 65, 67, 101
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� (5) 

 

 +�,- , /
 = 	14 22 − 234��,- − /
 +
563,-563��,- − /
34�/ 7 (6) 

where F(θc, β) is a geometrical factor that relates to the surface geometry of the nucleating 

agents, θc is the contact angle between the cell surface and the solid surface measured in the 

liquid phase, and β is the semi-conical angle of conical cavities that models the rough surface of 

the nucleating agents. Based on the heterogeneous cell nucleation theory, the presence of 

impurities in polymer would reduce the activation energy barrier for cell nucleation.
65-67, 102

 The 

physical meaning of F(θc, β) is the ratio of the volume of a heterogeneously nucleated cell (due 

to impurities) to the volume of a spherical cell with the same radius of curvature. The value of 

F(θc, β) is typically smaller than 1. Therefore, a lower degree of supersaturation was required to 

nucleate new cells, which led to an earlier onset of cell nucleation and a higher cell nucleation 

rate.  

From Eqs. (4) and (5), the Rcr and Whet change as γlg or C changes, and the cell nucleation 

rates change accordingly. For example, during the rapid system pressure drop in the foaming 

process, a sudden increase in the local CO2 concentration results in a higher degree of 

supersaturation, thus leading to more nucleated cells. The local pressure variation ∆Plocal can also 

significantly affect the cell nucleation rates.
63, 65-67

 The growing cells generate local stress 

variations in the vicinity of the nucleating agents, which lead to a local pressure fluctuation. The 

∆Plocal is positive if the local region experiences a compressive stress. It is negative if the local 

region is under an extensional stress. If there is extensional stress at the local region (that is, 

∆Plocal < 0), Whet and Rcr will decrease.
65, 67

 Consequently, cell nucleation will be promoted. If the 
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magnitude of ∆Plocal is large due to the high viscosity or high elasticity, cell nucleation will be 

promoted.   

 

Figure 10. Snapshots of the PLA/CNF nanocomposite foaming video with various CNF 

contents, a) neat PLA, b) 0.1 wt%, c) 0.5wt%, and d) 1wt% 

 

Figure 11. a) Cell density as a function of time and b) the average (-cell-diameter) growth rate 

for neat PLA and PLA/CNF biocomposites 

a) b) 

ⓐⓐⓐⓐ 

ⓑⓑⓑⓑ 

ⓒⓒⓒⓒ 

ⓓⓓⓓⓓ 
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From Figure 11a, the average maximum cell density with respect to the unfoamed volume 

(Nunfoamed) for neat PLA was 1.53 × 10
4
 cells/cm

3
, and this increased to 3.24 × 10

5
, 5.52 × 10

5
, 

1.60 × 10
6
 cells/cm

3
, respectively, when 0.1, 0.5, and 1 wt% of CNFs were added. The increased 

cell density with the CNFs was attributed to several factors. First, the large interfacial area 

between CNFs and the polymer provided more heterogeneous nucleating sites, which resulted in 

a high nucleation rate.
69

 Second, there might have been pre-existing gas cavities at the polymer-

fiber interface due to incomplete wetting. These gas cavities could potentially serve as seeds for 

cell nucleation. Specifically, a rapid pressure drop would induce a significant reduction in Rcr. 

When the Rcr dropped below the radii of the curvatures of the pre-existing gas cavities, these 

cavities would be activated and start to grow. Third, the pressure fluctuation around the CNFs 

would become more significant in the presence of nearby expanding cells that had been 

previously nucleated.
66

 Thus, extensional stresses favorable for cell nucleation could be 

generated in that local region, as discussed above. Finally, an increase in the fiber content in the 

polymer matrix would have increased the complexity of the fiber network structure, and 

subsequently, it would have increased the polymer melt viscosity (Figure 4) which restricted cell 

growth (Figure 11b) and prevented cell coalescence and coarsening during the foaming 

processes.  Due to a combination of the mechanisms discussed above, a higher cell density and a 

smaller cell size were observed for the PLA/CNF composite foams when compared with the neat 

PLA. 

It is noteworthy that the cell density for 1 wt% PLA/CNF composite was lower than that of 

0.1 or 0.5 wt% composites in the beginning (< 0.744s) and then increased sharply to the highest 

among the group. One possible explanation for this is that the formed nuclei were too small to be 

observable in the initial image due to the camera’s resolution limit (~2 µm).
64

 This could also 
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have been due to the low local pressure drop rate. CNFs used in the current study had very high 

aspect ratios (90-110), and they were entangled in the polymer matrix. As shown earlier, the 

percolation of the CNFs in the polymer matrix was around 0.5 wt% (Figure 6b). The fibers’ 

entanglement might have led to different pressure drop variations in different regions when the 

system was subject to a rapid pressure drop. These pressure drop variations depended on the 

degree of the entanglement, that is, the complexity of the fiber network, which increased with the 

fiber content. Thus, cells were nucleated earlier in the high pressure-drop-rate regions than the 

others due to the larger reduction in Rcr. Eventually, cells would be nucleated in the low-

pressure-drop rate region. Consequently, the cell density was still higher for the high-fiber 

content composites.  

The average cell growth rates were determined from the growth profiles of 20 randomly 

selected cells in the neat PLA and PLA/CNF composites: 0.0762 cm/s (neat PLA), 0.0640 cm/s 

(PLA/CNF0.1), 0.0465 cm/s (PLA/CNF0.5), and 0.0419 cm/s (PLA/CNF1), respectively (Figure 

11b). Analysis of variance (ANOVA) was performed to test the statistical significance of the 

impact of the CNF content on the cell growth rates. A p-value of < 0.001 was obtained, which 

showed that the effect was significant. Therefore, it is concluded that the cell growth rates 

decrease with an increased CNF content. This could be the result of two mechanisms: 1) the 

increased viscosity of the composite melt with CNFs, which constrained cell growth during the 

foaming processes, as discussed above; and 2) a higher nucleation density with CNFs, resulting 

in more nucleated cells competing for gas to grow, which subsequently led to lower cell-growth 

rates.
103

   

It is well-known that isothermal crystallization
40, 85, 104

 and particulate-induced 

crystallization
25, 40

 can occur in PLA under high-pressure CO2. However, due to the high 
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operating temperature adopted in the foaming experiments, it is believed that all crystals were 

completely melted even if there were any crystals that were formed during the heating stage. 

Therefore, we concluded that the increased cell density and decreased cell size with an 

increasing CNF content was due to the effect of the CNFs.  

3.6 Solid-state batch foaming  

Figure 12 presents the foam morphology of PLA and its fiber composites (core part) after 

batch foaming with different CNF contents. Poor cell morphology was observed in the neat PLA 

sample (Figure 12a). The cell structures were improved and the cell size distribution became 

more uniform as the fiber content increased (Figure 12b–f). Figure 13 shows the effects of the 

CNF content on cell size distribution, the cell densities (with respect to the unfoamed volume), 

and the average volume expansion ratios. The cell density increased remarkably from 7.5 × 10
6
 

cells/cm
3
 for the neat PLA to 3.7 × 10

7
, 5.6 × 10

7
, 4.3 × 10

8
, and 2.5 × 10

11
 cells/cm

3
, 

respectively, when the CNFs of 0.1, 0.5, 1, and 3  wt% were added, as observed by others.
41, 42, 46

 

The average expansion ratios were maintained at around 8 for neat PLA and composites with a 

CNF content up to 0.5 wt%. However, at 1 and 3 wt% of the CNFs, this ratio decreased 

significantly to 2.6 and 1.1, respectively. Because of the percolation of the fibers in the polymer 

matrix (see Figure 6b), a large expansion ratio could not be achieved, a scattering of isolated 

cells was observed, and some sections did not foam at all.  
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Figure 12. SEM images of the PLA/CNF nanocomposite foams with different CNF contents: a) 

0 wt%; b) 0.1 wt%; c) 0.5 wt%; d) 1 wt%; e & f) 3 wt% with different magnifications  

 

Figure 13. a) Cell size distribution and b) volume expansion ratio and cell density of neat PLA 

and PLA/CNF nanocomposite foams 

  It is believed that, besides the CNFs, the crystals generated in PLA have also affected the 

cell morphology in the solid-state batch foaming process conducted at 100°C. This is unlike the 

case of in-situ visualization experiments conducted at 200°C, where all crystals were melted. The 

DSC thermal analysis (Figure 8d) showed there was indeed a sizable amount of crystals in the 

ⓐⓐⓐⓐ ⓑⓑⓑⓑ ⓒⓒⓒⓒ 

ⓓⓓⓓⓓ ⓕⓕⓕⓕ ⓔⓔⓔⓔ 

a) b) 
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gas-saturated neat PLA and its composites. Therefore, the results shown in Figure 13b do not 

simply indicate that CNF is the only factor affecting the cell density and expansion ratio. The 

crystals induced by CNFs and CO2 gas must also have affected the PLA’s foaming behaviors.
40, 

88
 

The crystallization of PLA affects its cell nucleation and cell growth behaviors significantly. 

According to Eqs. (4) and (5), crystals can affect cell nucleation, especially through the local 

stress variations and gas supersaturation.
59, 60, 63, 65

 The formed or growing crystals can generate 

local stresses because polymer chains in the amorphous region are constrained by the adjacent 

crystals due to the crystal contraction.
63

 The growing cells can cause the deformation of the 

surrounding polymer chains, while crystals are restricted from movement due to their rigidity 

and connections to other polymer chains.
63, 65

 Consequently, tensile stresses would also be 

generated around the formed crystals. Cell nucleation can be promoted in these tensile stress 

fields. The growing crystals can expel the dissolved CO2 into the crystalline-amorphous phase 

interface; hence, the interface region becomes supersaturated with CO2 and the preferential cell 

nucleation sites.
59, 63

 The induced crystals can increase the PLA’s melt strength through the 

connection of the molecules via crystals. The enhancement of melt strength can decrease the cell 

growth rate and prevent the cell wall opening.
105

  

In the current study, the crystals could be induced in several ways. First, CO2 gas saturation 

promoted the PLA’s crystallization, as discussed in the Section of thermal properties. Second, 

CNFs induced a large number of densely-populated microcrystals in the PLA, as reported in our 

earlier study.
40

 Finally, during the foaming process in the oil bath, cold crystallization might 

have occurred, and new crystals could be generated due to the increased polymer chain mobility. 

As discussed earlier, these CO2- and CNF- induced crystallization in PLA during gas saturation 
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and cold crystallization during foaming could enhance cell nucleation significantly. Therefore, 

more gas was used for cell nucleation and subsequently less gas was available for cell growth.
106

 

On the other hand, the increase in PLA’s viscosity due to CNFs and induced crystals restricted 

cell growth and prevented coalescence and coarsening. These combined factors produced a high 

cell density with a smaller cell size in the final foams, especially with CNFs.  

The average volume expansion ratio was also affected and showed a notable drop when 1 

wt% of or more CNFs was added. We noted that too high a CNF content (that is, 3 wt%) resulted 

in non-uniform foam structures in the composite. This could be attributed to the non-uniform 

fiber dispersion in PLA and to the extreme high viscosity of the composite. High viscosity could 

suppress foaming in the CNF-rich regions (that is, over 3 wt%) and restrict cell growth in the 

CNF-less area (< 3 wt%). This indicated that a high CNF content increased the difficulty of 

dispersing CNF into the polymer matrix. Nevertheless, the small cells generated from the 

PLA/CNF3 suggested that it is possible to generate high-density PLA foams with a submicron or 

a nano-cell structure.    

4. Conclusions  

The effects of CNFs on the rheological and thermal properties and foaming behaviors of PLA 

have been investigated. The SEM study showed that the CNFs were well dispersed in the PLA 

matrix. The PLA’s viscosity increased considerably with an increased CNF content. A gradual 

change from a pseudoplastic-like to a pseudosolid-like relaxation behavior with an increased 

CNF content was observed. This was due to the formation of 3D structure network of CNFs and 

a good interaction between the PLA molecular chains and the CNFs. In the in-situ foaming 

visualization experiment, CNFs served as effective nucleating agents for enhanced cell 
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nucleation during the foaming process. The cell growth rate, cell coalescence, and cell 

coarsening were suppressed greatly due to the significant increase in the PLA’s melt strength by 

the addition of CNFs. In solid-state batch foaming, the incorporation of CNFs led to a higher cell 

density and a smaller cell size compared with neat PLA foam. This was attributed to the cell 

nucleating effects of the CNFs and the formed crystals, as well as the suppressed cell 

deterioration through the increased melt strength of PLA with added CNFs and crystals. DSC 

analysis showed that a high crystallinity of 21% had been achieved after a CO2 gas saturation for 

an amorphous grade of PLA with a 12% D-content. WAXD measurement indicated that a 

disordered crystal structure was generated during the gas saturation process. However, 3 wt% 

CNF suppressed the foaming and resulted in isolated and scattered cells in the composite due to a 

non-uniform fiber dispersion and an extremely high melt viscosity.  
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