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Abstract: This study examines a new approach for improving the dispersion of hydrophilic fillers 
into a hydrophobic polymer matrix, a long-standing challenge that often limits the thermal and 
mechanical performance of biocomposites. We investigated two different types of fillers—natural 
cellulose nanocrystals (CNC) and mineral calcium carbonate (CaCO₃)—introduced into polylactic 
acid (PLA) at five different volume fractions. PLA-based biocomposite films were fabricated using 
physical mixing and cryo-milling methods, followed by hot pressing to study their effects. Cryo-
milling was explored as a promising strategy to enhance filler distribution within the matrix. Thermal 
properties, crystallization behavior, and mechanical performance were characterized using 
differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), and tensile testing. CNC 
addition slightly lowered the glass transition temperature (Tg), while CaCO₃ raised it; both fillers 
promoted crystallization, although overall crystallinity remained relatively stable. Mechanically, 
tensile strength and strain decreased with filler addition, but CNC composites, particularly those 
prepared by cryo-milling, retained better ductility. Both CNC and CaCO₃ increased the modulus of 
PLA composites, with CaCO₃ providing a greater improvement. Although cryo-milling improved 
nanoparticle dispersion within the PLA matrix, better interfacial bonding is still needed. Future 
strategies, such as surface modification of fillers—like PEG-coating CNC—are recommended 
alongside improved mixing methods to optimize composite performance for sustainable 
applications. 

Keywords: Cellulose nano crystals (CNC); Calcium Carbonate (CaCO3); Poly Lactide acid (PLA); 
Biocomposite; Dispersion; Mixing Methods; Cryo-milling; Hemp; Sustainability 
 

1. Introduction 

Polylactic acid (PLA) is a biodegradable polymer widely recognized for its renewability, high-
quality mechanical properties, and processability, making it suitable for high-value applications such 
as packaging, biomedical devices, and automotive components where sustainability is prioritized 
[1,2]. PLA is derived from renewable resources like corn starch and sugarcane, offering a significant 
advantage over petroleum-based polymers [3]. Additionally, PLA exhibits high tensile strength and 
transparency, making it versatile for numerous industrial uses [4]. However, PLA suffers from 
intrinsic limitations such as brittleness, low thermal stability, and inadequate strength, restricting its 
application in high-demand areas [5]. Improving these properties is crucial for its broader adoption, 
particularly in applications requiring high-performance materials. 

To address PLA’s limitations, reinforcing agents such as cellulose nano and microcrystals (CNC 
and CMC) and cellulose nanofiber have emerged as viable options [6]. These particles exhibit 
outstanding properties, including high mechanical strength (Young's modulus of 100–220 GPa), low 
density (1.5–1.6 g/cm³), and exceptional biodegradability [7]. They also possess a high aspect ratio, 
making them suitable for improving polymer matrices' tensile and thermal performance [8]. 
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Additionally, cellulose whiskers' renewable and non-toxic nature aligns well with the growing 
demand for sustainable materials [9]. 

Despite these advantages, incorporating these particles into PLA poses significant challenges 
due to PLA’s hydrophobic nature. Hydrophilic fillers often agglomerate within the PLA matrix, 
leading to weak interfacial bonding and non-uniform dispersion, adversely affecting the composite’s 
mechanical and thermal performance [10–12]. Cryo-milling, a technique involving grinding at 
cryogenic temperatures, has addressed this issue by achieving finer particle sizes and uniform 
dispersion of CNC/CMC in the PLA matrix. This approach was benchmarked against traditional 
physical mixing methods to evaluate its efficacy in improving composite properties [13]. 

As a mineral control filler, calcium carbonate (CaCO₃), widely used in industrial composites, 
was incorporated [14]. While CaCO₃ is cost-effective and enhances stiffness, its inability to improve 
ductility or biodegradability makes it less suitable for sustainable applications [15,16]. In contrast, 
CNC/CMCs derived from hemp offer a fully bio-based reinforcement [17]. Hemp fibers, known for 
their high cellulose content (70–80%), were treated using citric acid hydrolysis. This process enhances 
CNC/CMC thermal and mechanical stability while minimizing environmental toxicity compared to 
traditional sulfuric acid hydrolysis [9]. 

This study aims to advance the field of bio-based materials by developing a PLA-based 
composite reinforced with CMC’s citric acid-treated hemp. It provides a comparative analysis of 
cryo-milling and traditional methods, as well as CMC and CaCO₃ as fillers, emphasizing sustainable 
strategies for improving PLA’s mechanical, thermal, and structural properties. 

2. Materials and Methods 

2.1. Materials 

Degummed hemp fiber was acquired from Hemp Trader, Los Angeles, CA, USA (Product Code: 
F-DG1), Citric acid (Electrophoresis Grade, 99.5%) and Calcium carbonate (98%) were obtained from 
ThermoFisher (Waltham, MA, USA), and PLA (100 mesh) was obtained from Magerial Science. 

2.2. Preparation of Cellulose Microcrystals (CMC) 

 To prepare cellulose microcrystals (CMC), five grams of oven-dried degummed hemp fibers, 
with diameters ranging from 5 to 80 microns, were cut into 0.5–1 cm length. These fibers were placed 
in three-necked, round-bottomed flasks containing 80% citric []]acid and distilled water under 
constant stirring. Hydrolysis was conducted at 100–110°C for two hours to ensure complete 
dissolution of the fibers. Once hydrolysis was complete, 400 mL of hot distilled water was added to 
terminate the reaction. The resulting suspension was filtered to remove excess acid and centrifuged 
three times using an Eppendorf Centrifuge 5810 R at 9289× g for 15 minutes per cycle. The suspension 
was dialyzed for 4–5 days to further eliminate residual acid, with the pH adjusted to 6–7, followed 
by a final centrifugation step. The resulting suspension was then dried to yield powdered cellulose 
microcrystals [9]. 

2.3. Size Reduction and Uniformity Enhancement of CMC Powder 

 CMC powder was cryo-milled (Retsch GmbH) individually to achieve a homogeneous fine 
particle size, reducing it from the microscale to the nanoscale. The powder was placed in the cryo-
milling apparatus and processed for 5 minutes under cryogenic conditions using liquid nitrogen to 
maintain material brittleness and prevent agglomeration during milling. 

2.4. Preparation of PLA-CNC Composites 

 PLA and CNC were combined in five different weight ratios (5%, 10%, 20%, 30%, and 40%). 
Two different processing methods were employed. In the cryo-milling method, PLA and CNC were 
cryo-milled together for 10 minutes under cryogenic conditions with liquid nitrogen to achieve 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 April 2025 doi:10.20944/preprints202504.1143.v1

https://doi.org/10.20944/preprints202504.1143.v1


 3 of 20 

 

uniform dispersion of CNC within the PLA matrix. In the physical mixing method, PLA and CNC 
powders were manually mixed as a control group. 

2.5. Film Formation 

 Approximately 2 grams of each PLA-CNC composite was used to produce thin polymer films 
using a hot press. The press was set to a temperature of 175°C for 3 minutes, resulting in films with 
a 0.2–0.4 mm thickness. As you can see in Figure 1, the final films were uniform and suitable for 
further characterization. 

2.6. Preparation and Film Formation of PLA-CaCO3 Composites 

 The same procedure described above for PLA-CNC composites was followed for PLA-CaCO₃ 
composites to maintain consistency across formulations. This approach allows for a direct 
comparison between CNC and CaCO₃ as reinforcement agents. 

 

Figure 1. Film samples of 40% CNC/PLA composites with a millimeter scale (0–150 mm) for reference. The left 
film was produced through cryo-mixing, showing improved dispersion and uniformity, while the right film was 
prepared using physical mixing. 

2.7. Characterization 

2.7.1. Thermal Analysis 

Thermal degradation of the films was evaluated using thermogravimetric analysis (TGA) with 
a TGA 550 instrument from TA Instruments (New Castle, DE, USA). Samples were heated to 600°C 
at a rate of 10°C/min under a nitrogen flow of 60 mL/min. The onset temperature of degradation (Td) 
was determined by ASTM E2550–11 standards. As shown in Figure 2, a representative TGA graph is 
provided as an example of a typical TGA run. 
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Figure 2. Thermogravimetric graph of 5% CNC/PLA film. 

Differential scanning calorimetry (DSC) was conducted using a DSC 250 instrument (TA 
Instruments) to analyze the thermal properties of the films. The heat–cool–heat method was applied, 
cycling the temperature between 20°C and 200°C, remaining below the thermal degradation 
threshold of the samples. Heating and cooling rates were set at 10°C/min, with a 50 mL/min nitrogen 
flow rate maintained throughout the process. DSC analysis followed the ASTM D3418 standard for 
determining transition temperatures and enthalpies of fusion and crystallization of polymers, as 
indicated in Figure 3. 

The degree of crystallinity was calculated as: 

𝐗𝐜 =
∆𝐇𝐦

𝐰∆𝐇𝟎𝐦
 

where ∆Hm represents the enthalpy for the sample’s melting point, ∆H0m is the enthalpy of melting 
for 100% crystalline PLA (93 J/g, as reported by Turner et al.[18]), and w signifies the weight fraction 
of PLA in the sample.  

 

Figure 3. DSC graph of PLA film with 10% CaCo3. 
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2.7.2. Mechanical Analysis 

 The mechanical properties of the films, including tensile strength, strain at maximum load, and 
Young’s modulus, were assessed using a universal tensile testing machine (INSTRON 5543A, 
Norwood, MA, USA). The tests were conducted at a crosshead speed of 3.5 mm/min with a gauge 
length of 50 mm, following ASTM D882 standards. Six specimens (each 5 mm wide) were tested for 
each sample under controlled environmental conditions (20°C, 65% relative humidity). In total, 126 
tests were performed across all samples. Figure 4 presents the graph obtained from the tensile 
strength test before converting the data from force to tensile stress for further analysis. 

 

Figure 4. Tensile strength graph of PLA film with 5% CNC. 

 Sample names were abbreviated to indicate only the filler volume fraction and the mixing 
method for clarity and conciseness. The material type (PLA-CNC or PLA-CaCO₃) was omitted, as it 
is consistent across all samples. The sample naming convention follows this structure: [Filler Volume 
%]-[Mixing Method], where CRYO represents cryo-milled samples, and PHY represents physically 
mixed samples. For example, a 10% CaCO₃ sample prepared via cryo milling is denoted as 10%-
CRYO, while a 20% CNC sample prepared by physical mixing is called 20%-PHY. 

3. Results & Discussion   

3.1. Thermal Characterization 

3.1.1. TGA of CNC/PLA Film 

 Thermogravimetric analysis (TGA) was performed to evaluate the thermal stability of PLA and 
its biocomposite films, with results summarized in Table 1. The TGA curve, as shown in Figure 1, 
exhibits a single significant drop corresponding to the decomposition stage, primarily attributed to 
the thermal degradation of the polymer matrix, the evaporation of lightweight components, and the 
breakdown of polymer-filler interactions at elevated temperatures [21,22]. 

Table 1. Glass transition temperature (Tg), crystallization temperature (Tc), melting temperature (Tm), the heat 
of fusion (ΔHm), crystallinity degree (Xc), degradation temperature (Td), and Total Mass Change (TMC) of PLA 
and PLA/CNC Films. 

Samples Tg (°C) Tc (°C) Tm (°C) ∆Hm (J/g) Xc (%) Td (°C) TMC (%) 

PLA 57 94 167 37 40 311 66 

5%-PHY 50 91 165 29 33 311 95 

5%-CRYO 52 88 164 36 41 319 96 
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 According to the data presented in Table 1, no clear trend is observed in the decomposition 
temperature (Td). However, adding CNC to PLA generally stabilizes or slightly increases Td, except 
for the 10% physically blended sample, which exhibits a negligible decrease. The most significant 
increase in Td is observed in the 10% cryo-milled sample, reaching 321°C compared to 311°C for pure 
PLA, suggesting improved thermal stability. It has to be pointed out that the restricted movement of 
polymer chains caused by their attachment to nanocrystals may contribute to improved thermal 
stability, increasing chain rigidity and reducing susceptibility to oxidation and degradation reactions 
[23]. 

 

Figure 5. Degradation temperature (a), and total mass change (TMC) of CNC-PLA composites (b). 

 Similarly, as illustrated in Figure 5b, no distinct trend is observed for the total mass change. 
However, it is noteworthy that the 10% cryo-milled sample, which achieved the highest Td, also 
exhibits the lowest mass loss during decomposition. Cryo-milled samples generally demonstrate 
improved Td, indicating better thermal stability and reduced susceptibility to degradation than their 
physically mixed counterparts [24]. 

3.1.2. DSC of CNC/PLA Film 

 Differential scanning calorimetry (DSC) was used to determine the glass transition temperature 
(Tg), crystallization temperature (Tc), melting temperature (Tm), and crystallinity (Xc) of pure PLA 
and cellulose-reinforced biocomposite films, as shown in Table 1. 
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 As shown in Figure 6a, adding CNC generally lowered the glass transition temperature (Tg), 
especially at lower filler levels. This drop is attributed to increased chain mobility due to CNC 
interfering with how PLA chains are arranged, which allows the polymer chains to move more freely 
and transition at lower temperatures [25]. Cryo-milled samples consistently showed slightly higher 
Tg than physically mixed ones, likely due to better dispersion and tighter matrix interaction [26]. At 
20% CRYO, Tg peaked, suggesting optimal filler-matrix interaction. Similar trends have been 
reported where dispersion and interfacial bonding influence thermal transitions [27]. 

 Figure 6b shows that the amount of filler and the mixing method affected the PLA composites' 
crystallization temperature (Tc). Cryo-milled samples usually had higher Tc values than those made 
by physical mixing, likely because the CNCs were spread more evenly. This was most noticeable at 
20% and 40% filler, where the Tc in the cryo-milled group went over 92°C. In comparison, the 
physically mixed samples had lower Tc values that did not change much, which means they did not 
help crystallization as much. 

These findings suggest that better filler distribution increases the number of active nucleation 
sites, helping the material start crystallizing sooner as it cools. Similar findings have shown that 
nanocellulose can act as a crystallization promoter in PLA when well-integrated within the matrix 
[28–30]. 

 

Figure 6. Glass transition temperature (a), and crystallization temperature (b) of CNC-PLA films. 

As shown in Figure 7a, the PLA composites' melting temperature (Tm) stayed relatively steady 
across all filler contents, with values ranging from 161°C to 168°C. Small changes were seen in both 
processing methods, including a slight drop of around 10% filler, possibly due to less regular crystal 
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formation at that level. Cryo-milled samples usually showed slightly higher Tm values than the 
physically mixed ones, likely because of better CNC distribution and more even crystal development. 
However, the differences were small. A similar pattern was reported by Lin et al. (2013), where CNCs 
had little effect on the melting point in PLA blends. This suggests that while CNCs may affect crystal 
structure, they do not significantly alter the thermal stability of the crystalline phase [29,31]. 

 

Figure 7. Melting temperature (a), and degree of crystallinity (b) of CNC-PLA films. . 

As shown in Figure 7b, the degree of crystallinity (Xc) remained relatively consistent across all 
samples, with most values falling close to 40%, regardless of CNC content or mixing method. While 
a slight increase was observed in the 40%-CRYO sample, this variation is modest and could fall within 
the expected experimental error. These results suggest that although CNCs help initiate 
crystallization by providing nucleation sites, they do not significantly affect the total amount of 
crystalline structure that develops. In summary, CNCs appear to influence how quickly 
crystallization occurs rather than how much crystallinity is ultimately formed [32].     

3.1.3. TGA of CaCO3/PLA Film 

 As shown in Table 2 and Figure 8a, the thermal degradation temperature (Td) decreases 
significantly with increasing CaCO₃ concentration. While pure PLA exhibits a Td of 311°C, the Td of 
40%-CRYO drops drastically to 237°C. This decline suggests that CaCO₃ does not act as a thermal 
stabilizer but instead promotes degradation at higher loadings, aligning with literature findings [33]. 
Additionally, cryo-milled samples experience a more pronounced decline in Td than physically 
mixed samples, suggesting that improved dispersion leads to greater interfacial area, which may 
enhance susceptibility to thermal degradation at higher CaCO₃ loadings. 
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Table 2. Glass transition temperature (Tg), crystallization temperature (Tc), melting temperature (Tm), the heat 
of fusion (ΔHm), crystallinity degree (Xc), degradation temperature (Td), and Total Mass Change (TMC) of PLA 
and PLA/CaCO3 Films. 

Samples Tg (°C) Tc (°C) Tm (°C) ∆Hm (J/g) Xc (%) Td 

(°C) 

TMC 

(%) 

PLA 57 94 167 37 40 311 66 

5% -PHY 61 89 168 28 32 302 94 

5% -CRYO 58 89 165 31 35 283 83 

10% -PHY 60 92 165 28 33 275 86 

10% -CRYO 57 95 165 18 22 264 80 

20% -PHY 61 95 167 25 34 259 75 

20% -CRYO 58 94 165 19 26 255 75 

30% -PHY 61 95 166 20 31 266 67 

30% -CRYO 59 98 165 17 26 246 68 

40% -PHY 62 96 167 18 32 274 57 

40% -CRYO 59 95 166 23 41 237 57 

 

Figure 8. Degradation temperature (a), and total mass change (TMC) of CaCO3-PLA composites (b). 

The total mass change (TMC) follows an inverse trend, with the mass loss being highest at lower 
CaCO₃ concentrations and gradually decreasing as filler content increases. The 5%-PHY sample 
undergoes the most significant mass loss (94%), while the 40%-CRYO sample retains more mass 
(57%). This suggests that higher CaCO₃ concentrations increase residual mass after decomposition, 
likely due to the formation of calcium-based thermal degradation byproducts. As shown in Figure 8, 
cryo-milled samples degrade at lower temperatures; they generally retain more mass at higher 
concentrations, as seen in the 40%-CRYO sample (57%) vs. the 5%-PHY sample (94%) [30]. 
  

200
250
300
350

0 10 20 30 40

TE
M

P 
(°

C
) 

VOLUME FRACTION FILLER (%)

PHY CRYO

40

60

80

100

0 1 0 2 0 3 0 4 0

PE
RC

EN
T 

(%
)

VOLUME FRACTION FILLER (%)

PHY CRYO

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 April 2025 doi:10.20944/preprints202504.1143.v1

https://doi.org/10.20944/preprints202504.1143.v1


 10 of 20 

 

3.1.4. DSC of CaCO3/PLA Film 

 The glass transition temperature (Tg) of unreinforced PLA was about 57°C, as shown in Figure 
9a and Table 2. In the physically mixed (PHY) samples, Tg shifted upward with the addition of 
CaCO₃, passing 60°C and continuing to rise slightly as more filler was added. This trend suggests 
that CaCO₃ particles make it harder for the PLA chains to move, which leads to a higher Tg. In 
contrast, the Tg of the cryo-milled (CRYO) samples stayed almost the same across all filler levels, 
remaining close to 57–59°C. This stability is likely due to the increased free volume introduced during 
cryo-milling, which improves chain mobility and offsets the stiffening effect of the filler. Similar 
behavior has been reported in PLA composites filled with inorganic particles, where shifts in Tg 
largely depend on the balance between particle dispersion and how well the filler bonds to the 
polymer matrix [34]. 

 

Figure 9. Glass transition temperature (a), and crystallization temperature (b) of CaCO3-PLA films. 

Figure 9b shows how the crystallization temperature (Tc) changed with CaCO₃ addition. In the 
physically mixed (PHY) samples, Tc increased slightly as the filler content increased, suggesting that 
CaCO₃ acted as a as a modest nucleating agent. The cryo-milled (CRYO) samples showed a slightly 
more substantial effect, with Tc peaking around 98°C at 30% filler, likely due to better filler dispersion 
creating more places for crystals to start forming. Still, the overall changes were minor, meaning 
CaCO₃ helped crystallization happen faster but did not dramatically change the material’s thermal 
behavior [35]. 
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Figure 10. Melting temperature (a), and degree of crystallinity (b) of CaCO3-PLA films. 

As shown in Figure 10a, the melting temperature (Tₘ) of PLA/CaCO₃/composites remains 
relatively stable across different filler concentrations, with only slight variations. The physically 
mixed (PHY) samples show a more noticeable fluctuation in Tₘ, and cryo-milled (CRYO) samples 
exhibit a more uniform trend, with Tₘ values consistently around 165–167°C, indicating that cryo-
milling does not significantly alter the melting behavior of PLA. The overall stability of Tₘ across all 
samples suggests that CaCO₃ primarily affects crystallization behavior rather than significantly 
influencing the melting point of PLA [36]. 

The degree of crystallinity (Xc), as shown in Figure 10b, does not exhibit a consistent trend. In 
the physically mixed (PHY) samples, the crystallinity (Xc) degree remained constant, staying around 
32–34% across all filler contents. In contrast, the cryo-milled (CRYO) samples showed a different 
behavior. Crystallinity dropped sharply to about 22% at 10% filler, then gradually increased with 
more filler. The most noticeable rise occurred at 40% filler, where Xc climbed to about 41%, slightly 
higher than that of unreinforced PLA. This pattern suggests that cryo-milling disrupted crystal 
formation at first but helped create more crystals when more CaCO₃ was added, probably by offering 
more places for the PLA chains to organize. Overall, CaCO₃ had a small but interesting effect on 
crystallinity, depending on both filler amount and how well it was dispersed [36,37].  

The comparison of the thermal behavior between PLA/CMC and PLA/CaCO₃ is summarized in 
Table 3. 

Table 3. Comparison between PLA/CMC and PLA/CaCO3 Thermal behavior. 

Feature CNC/PLA CaCO₃/PLA Observation 

Tg Slight decrease (more 

flexibility) 

Slight increase 

(more rigidity) 

CNC lowers Tg slightly by 

enhancing chain mobility, 

while CaCO₃ restricts chain 

motion, raising Tg. 
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Tc Noticeable increase 

(especially in CRYO samples) 

Small to moderate 

increase (stronger 

in CRYO) 

Both fillers promote nucleation; 

CaCO₃ shows a slightly 

stronger effect. 

Xc Relatively stable (~40%); 

slight increase at 40%-CRYO 

Mostly stable (~32–

34%); increases at 

40%-CRYO 

CNC beĴer maintains or 

slightly improves crystallinity 

compared to CaCO₃, especially 

in CRYO samples. 

Tm Relatively unchanged (minor 

fluctuations) 

Relatively 

unchanged (minor 

fluctuations) 

Both fillers have minimal 

impact on melting temperature. 

Td Slight improvement with 

CNC addition 

Slight decrease 

with CaCO₃ 

addition 

CNC improves thermal 

degradation resistance; CaCO₃ 

tends to slightly lower it. 

TMC  Lower mass loss (beĴer 

thermal stability) 

Higher mass loss CNC helps retain more 

material mass at high 

temperatures compared to 

CaCO₃. 

3.2. Mechanical Characterization 

3.2.1. CNC/PLA Film 

As shown in Figure 11a, the unfilled white bar represents unreinforced PLA, while the dark grey 
and light grey bars indicate physically mixed (PHY) and cryo-milled (CRYO) composites, 
respectively. The tensile strength of PLA significantly decreased with the addition of CNCs, 
regardless of the processing method. Unreinforced PLA exhibited the highest strength, around 40 
MPa, while filled samples ranged between approximately 12 and 28 MPa. Physically mixed samples 
showed a sharper decrease across all filler levels, likely due to poor dispersion and weak bonding 
between PLA and CNC particles. Cryo-milled samples performed slightly better overall, suggesting 
that improved filler distribution helped reduce stress concentrations. Notably, the 40%-CRYO sample 
showed a clear boost in tensile strength compared to lower filler levels, reaching just under 30 MPa. 
This may be due to enhanced crystallinity and more effective load transfer at high filler content when 
dispersion is optimal. Similar reductions in tensile strength with CNCs have been reported and are 
often attributed to interfacial incompatibility and agglomeration in PLA matrices [28,38]. However, 
better dispersion techniques—such as cryo-milling or solvent exchange—can partially mitigate this 
effect. 

 As illustrated in Figure 11b, the colors are the same as previously described. The tensile strain 
of unreinforced PLA was the highest, around 3.4%, which shows that the material is more flexible. 
Once CNCs were added, strain values dropped across all samples, indicating a loss in flexibility. This 
drop is expected, as rigid fillers tend to restrict polymer chain mobility and introduce stress 
concentration points. However, cryo-milled samples consistently showed slightly higher strain 
values than their physically mixed counterparts at each filler level, suggesting that better dispersion 
helps maintain some ductility. Notably, the 40%-CRYO sample showed a modest recovery in strain, 
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rising to over 2%, which may be attributed to improved particle distribution and reduced 
agglomeration at higher filler content. Previous studies have also shown that CNCs often reduce 
strain to failure in PLA, although proper dispersion can soften this effect by minimizing crack 
initiation zones [28,31]. 

Figure 11c follows the same color scheme used in the previous charts. The elastic modulus of 
unreinforced PLA was the lowest at around 1600 MPa. Once CNCs were added, the modulus 
increased in both physically mixed and cryo-milled samples, reaching values between 1900 and 2100 
MPa. This overall increase is expected, as CNCs are rigid fillers that help reinforce the polymer 
matrix. Interestingly, the differences between PHY and CRYO samples were minimal across all filler 
levels. This might be because the modulus is mainly influenced by how much filler is added and how 
stiff the CNCs are rather than their bonding quality with the matrix. While changing the mixing 
method clearly improves CNC dispersion, it does not significantly enhance stiffness as long as the 
interface between filler and matrix remains weak. Similar observations have been made in other 
studies where PLA/CNC composites showed modest increases in modulus regardless of the 
dispersion method [39,40]. 
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Figure 11. (a) Tensile strength, (b) tensile strain at maximum load, (c) Young’s modulus of unreinforced PLA 
and CNC/PLA with physical and cryo-mill mixing. The error bars in the mechanical analysis graphs represent 
95% confidence intervals (C.I.), indicating the variability and reliability of the measured data. 

3.2.1. CaCO3/PLA Film 

Figure 12a shows the effect of CaCO₃ addition on the tensile strength of PLA composites. The 
unfilled bar represents unreinforced PLA, while the dark grey and light grey bars correspond to 
physically mixed (PHY) and cryo-milled (CRYO) samples, respectively. Unreinforced PLA had the 
highest tensile strength, around 40 MPa. As CaCO₃ was added, tensile strength generally decreased 
across all filler contents. Physically mixed samples maintained slightly higher strength than cryo-
milled ones, especially at lower filler levels. For example, at 5% and 10% filler, the physically mixed 
samples kept tensile strengths above 30 MPa, while the cryo-milled samples dropped more sharply. 
Both mixing methods showed a clear drop in strength at higher filler contents, especially at 30% and 
40%, with values falling below 15 MPa. This suggests that although CaCO₃ can make the material 
stiffer, it also makes it weaker overall, likely because of poor bonding between the filler and the PLA 
and clumping of particles at higher loadings. Similar reductions in tensile strength with inorganic 
fillers have been observed in previous PLA composite studies [41,42]. 

 Figure 12b shows how tensile strain changed with CaCO₃ addition. The colors are the same as 
previously described. Unreinforced PLA had the highest strain, around 3.5%, showing good 
flexibility. After adding CaCO₃, tensile strain dropped across all samples. Both PHY and CRYO 
samples showed a steady decrease as filler content increased, although physically mixed samples 
generally kept a slightly higher strain than the cryo-milled ones. The drop became more noticeable 
at 30% and 40% filler, where strain values fell below 1.5%. This behavior suggests that CaCO₃ makes 
the material more brittle by limiting the mobility of PLA chains and introducing stress points [43]. 

 Figure 12c shows the changes in modulus with the addition of CaCO₃. The color scheme follows 
the same pattern described earlier. Unreinforced PLA had the lowest modulus, around 1500 MPa. 
After adding CaCO₃, modulus increased across all samples, especially for the physically mixed (PHY) 
composites [41,44,45]. PHY samples showed a steady rise in stiffness, reaching around 2800 MPa at 
30% filler content. Cryo-milled (CRYO) samples also showed an improvement compared to 
unreinforced PLA, but their modulus was consistently lower than that of PHY samples at all filler 
levels. One possible reason for this difference is the particle size: CaCO₃ used in PHY samples was 
larger since it was not cryo-milled like the CRYO samples. Larger particles may have helped better 
reinforce the matrix, while the smaller cryo-milled CaCO₃ particles, combined with weaker interfacial 
bonding, made it harder to transfer stress effectively, leading to lower modulus. In short, when 
interfacial bonding is poor, using smaller particles can hurt stiffness rather than improve it [45]. 
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Figure 12. (a) Tensile strength, (b) tensile strain at maximum load, (c) Young’s modulus of unreinforced PLA 
and CaCO3/PLA with physical and cryo-mill mixing. The error bars in the mechanical analysis graphs represent 
95% confidence intervals (C.I.), indicating the variability and reliability of the measured data. 

Table 4. Comparison between PLA/CMC and PLA/CaCO3 Composites Mechanical behavior. 

 
Feature 

CNC/PLA CaCO₃/PLA Observation 

0

10

20

30

40

50

0% 5% 10% 20% 30% 40%

Tensile Strength (Mpa

PHY CRYO

0

1

2

3

4

5

0% 5% 10% 20% 30% 40%

Tensile strain 

PHY CRYO

0

500

1000

1500

2000

2500

3000

3500

0% 5% 10% 20% 30% 40%

Modulus (Mpa)

PHY CRYOc)

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 April 2025 doi:10.20944/preprints202504.1143.v1

https://doi.org/10.20944/preprints202504.1143.v1


 16 of 20 

 

Tensile 
Strength 

Decreases with CNC 
addition; slight 

recovery at high filler 
(40%-CRYO) 

Decreases steadily with 
CaCO₃ addition 

CNC/PLA showed minor strength 
recovery at high loading (due to beĴer 

dispersion), while CaCO₃/PLA 
continued weakening across all 

contents. 

Tensile 
Strain 

Drops significantly 
with CNC addition; 
beĴer preserved in 

CRYO samples 

Drops significantly with 
CaCO₃ addition; no 

major difference between 
PHY and CRYO 

Both fillers reduce ductility, but 
CNC/PLA cryo-milling helps preserve 
strain slightly beĴer than CaCO₃/PLA. 

Modulus 
Increases slightly with 
CNC addition; CRYO 

and PHY similar 

Increases clearly with 
CaCO₃ addition; PHY 
samples show higher 
modulus than CRYO 

CaCO₃ is more effective at boosting 
stiffness than CNC; particle size and 
interfacial bonding play important 

roles. 

5. Conclusions 

 This study explored how adding cellulose nanocrystals (CNC) and calcium carbonate (CaCO₃) 
affects the properties of PLA composites, using both physical mixing and cryo-milling methods. The 
results showed that CNC and CaCO₃ influenced the composites differently in terms of thermal, 
mechanical, and structural behavior. 

 For thermal properties, CNC slightly lowered the glass transition temperature (Tg) by making 
the polymer chains more flexible, while CaCO₃ raised Tg, suggesting restricted chain movement. 
Both fillers helped speed up crystallization, as seen in the higher crystallization temperatures (Tc), 
with CaCO₃ having a slightly stronger effect. The degree of crystallinity (Xc) stayed stable for most 
samples, with small increases at higher filler contents. Neither filler had much effect on the melting 
temperature (Tm). Thermal degradation (Td) improved slightly with CNC but dropped a little with 
CaCO₃. 

 In terms of mechanical properties, both fillers reduced tensile strength and tensile strain, but 
CNC composites—especially those made with cryo-milling—retained more strength and ductility 
than CaCO₃ composites. On the other hand, modulus increased more with CaCO₃, especially in 
physically mixed samples. This difference seems to be linked to particle size and bonding: the larger 
CaCO₃ particles in physically mixed samples reinforced the matrix better, while the smaller cryo-
milled particles, combined with weaker bonding, didn’t boost stiffness as much. It's also important 
to mention that CNC powders had to be cryo-milled during lab preparation to create fine powders 
for processing. Meanwhile, CaCO₃ powders used for physical mixing were larger and not cryo-
milled, which could partly explain why CaCO₃/PLA composites showed higher stiffness compared 
to CNC/PLA ones. 

 Overall, CNC was more effective at maintaining thermal stability and ductility, while CaCO₃ 
better-improved stiffness. Although cryo-milling helped improve filler dispersion in the PLA matrix, 
good dispersion alone wasn’t enough to fully enhance mechanical performance. To improve load 
transfer and mechanical strength, surface modification of both CNC and CaCO₃ would be needed. 
These results highlight how important filler type, processing method, particle size, and filler–matrix 
interactions are when designing high-performance, sustainable PLA composites. 

6. Future Work 

 Future studies should focus on improving the interfacial bonding between fillers and the PLA 
matrix through surface modification techniques. One promising approach is to modify the surface of 
CNC using polyethylene glycol (PEG), which could enhance compatibility with PLA and improve 
load transfer across the composite. Coating CNC with PEG may also help balance mechanical 
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strength with flexibility, opening the door for developing more durable, bio-based composites. We 
are currently pursuing this direction by investigating PEG-modified CNC in PLA systems, and the 
results will be presented in a future publication. 
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