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A B S T R A C T   

Microfibrillated cellulose (MFC) employed as reinforcement of polymeric matrices can increase elastic modulus, 
stiffness and strength of a composite. In this work, the assessment of the mechanical, thermal properties and 
tensile tests assisted by digital image correlation (DIC) was performed for curaua fiber MFC-reinforced polylactic 
acid (PLA) composites as a function of MCF content. First, MFC was incorporated into PLA using a solvent ex
change technique and subsequent polymer solubilization to produce master batch composites. Then, more PLA 
was added to obtain composites with 0.5 and 1.5 wt% MFC by using double screw extrusion and injection 
molding. As a result, the addition of MFC caused the flexural, tensile, indentation, impact and modulus strengths 
to increase compared to those of pure PLA. The deformation gradient obtained from DIC verified that the 0.5 wt 
% MFC/PLA composite presented greater homogeneity in relation to load dispersion, corroborating the higher 
rigidity, maximum stress, and Poisson’s ratio.   

1. Introduction 

This work aims to contribute to the reduction of the environmental 
impact of synthetic polymers and the substitution of these materials by 
biodegradable polymers and their composites [1–3]. For instance, a 
sustainable alternative is microfibrillated cellulose (MFC)-reinforced 
polylactic acid (PLA) composites [4]. 

MFC can be obtained from different sources. The curaua fiber, 
Ananas erectifolius, is a bromeliad plant indigenous of Brazil’s Amazon 
region. The fibers removed from their leaves can reach up to 2 m in 
length. In Brazil, this plant is used in the production of nets, fishing lines 
and ropes by the natives [5–10]. Curaua fiber has higher mechanical 
strength than other natural fibers such as sisal and an alternative fiber 
which have a modulus and maximum tensile strength of 60 and 90%, 
respectively [11,12]. Curaua fiber is biodegradable, and its chemical 
composition is 76.8% cellulose, 15.0% hemicellulose, 6.83% lignin, 

0.56% ash and 0.99% other [13]. PLA is obtained from renewable 
agricultural raw materials that are fermented in lactic acid. It is quite 
versatile and has high mechanical performance compared to that of 
polymers such as polyethylene, polypropylene and polystyrene [11, 
14–18]), which makes it a promising replacement for nonbiodegradable 
synthetic polymers. 

The MFC in this work was obtained by mechanical defibrillation 
using a Mazuko mill. This process consists of processing treated fibers in 
a mill that contains two stones, one static and one rotating. The cen
tripetal forces cause the material to pass through a gap between the 
stones, which is adjusted so that contact occurs, thus defibrillating the 
pulp [19,20]. 

Processing may influence the properties of composites and polymers, 
changing their mechanical, thermal and dynamic mechanical proper
ties. Drying MFC can be quite problematic due to its tendency to 
agglomerate and form hydrogen bonds when water sublimation occurs 
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[21,22]. The physical, chemical and mechanical properties of MFC-PLA 
composites are related to the dispersion of MFC in the PLA polymer 
matrix: a continuous homogeneous dispersion of MFC within the matrix 
is of utmost importance [23,24]. 

Herein, an innovative method called digital image correlation (DIC) 
will be used to study the influence of MFC on the PLA matrix [25]. This 
method is an optical technique for measuring material deformation. 
Despite its recent development, DIC has been successfully used as a tool 
with high accuracy for measuring surface deformation in the field of 
experimental solid mechanics by comparing digital surface images of a 
sample in deformed and undeformed states [26,27]. The technique is 
widely used for characterizing the mechanical properties (tensile 
strength, modulus of elasticity and Poisson’s ratio) of metallic, polymer 
and composite materials by coupling with tensile testing [25,28]. 
Moreover, the compressive strength of a composite can also be severely 
affected by the concentration of fibers, additives, and reinforcements. 
This property can be evaluated using standard testing methods (ASTM 
D695-15) or assessed via indentation tests. In this work, an analysis of 
the indentation depth produced by a spherical indenter on the different 
composites is presented. 

The determination of the mechanical and thermal properties of 
composites is relevant to the selection of materials for certain applica
tions. These properties define the behavior of the materials in response 
to mechanical stresses and temperature since they relate to the ability of 
a material to resist and transmit these forces without failure or unex
pected deformation [19,29]. In this work, flexural, indentation, impact 
and tensile tests coupled with DIC showed the role of MFC inside PLA. 
The resulting thermal, morphological and dynamic mechanical proper
ties supported the mechanical property data. 

2. Materials and methods 

This section describes the procedures for the preparation of the test 
specimens and the testing methods employed for the characterization of 
the reference material (pure PLA) and two reinforced configurations. 

2.1. Materials 

The curaua fibers used in this work were kindly provided by Centro 
de Apoio a Projetos de Ação Comunitária (CEAPAC), Santarém, PA, 
Brazil, and had a length of 80 cm. PLA was supplied by GoodFellow, 
Coraopolis, PA, USA in the form of granules with a diameter of 3 mm, 
natural color and density of 1.24 g cm− 3. 

2.2. Preparation of MFC from curaua fibers 

The in natura fibers were cut into lengths of 25 mm. Then, the 
samples were immersed in a 2 v/v% NaClO solution for 5 h at a ratio of 
15:1 (solution:fiber). After this time, they were washed in distilled water 
to neutral pH and dried at 25 ◦C for 48 h and at 60 ◦C for 12 h in an oven. 
After drying, the NaClO-treated fibers were immersed in 5 w/v% NaOH 
solution for 2 h at 50 ◦C at a ratio of 10:1 (solution:fiber) under manual 
stirring. After mercerization, the fibers were washed in distilled water to 
neutral pH and dried at 25 ◦C for 48 h and at 60 ◦C for 12 h in an oven 
[30]. 

The treated fiber was suspended in water, 3 w/v%, and then MFC 
was obtained using a Masscolloider Masuko Sangyo mill, model MKCA6- 
2J. The equipment was coupled to a recirculation pump, and the 
grinding time was 4 h at a speed of 1500 rpm. The suspension was passed 
through the mill 200 times (cycles) [19]. 

2.3. Preparation of the MFC/PLA composites 

The solvent exchange process was used to mix MFC with PLA. First, 
the microfibers prepared as described in section 2.2 were suspended in 
water, and then chloroform was added to the suspension. Centrifugation 

was performed to replace the water in the suspension with chloroform. 
In this way, the MFC was retained by the chloroform. Second, for the 
solubilization of PLA, 300 mL of chloroform was added to 100 g of 
powdered PLA. The mixture was incubated for 24 h and then mechan
ically stirred for 1 h. 

The blend with a high concentration of MFC was prepared by a 
process in which the concentration of the reinforcement material was 
higher than the final desired value. Then, after mixing, an additional 
quantity of pure polymer (PLA) was added until the final composite 
content was reached. To obtain the concentrated mixture, the suspen
sion of MFC and chloroform was first applied to the solubilized polymer 
in a shaker stirrer for 30 min. The mixture was then subjected to drying 
at 80 ◦C for 24 h in an oven from Quimis Scientific Equipments Ltda, 
B252. 

The PLA matrix and the concentrated mixture (PLA + MFC) were 
ground in a knife mill (Primotecnica, model 1001) and passed through a 
single-screw extruder (SEIBT, ES 35FR) at temperatures in different 
heating zones ranging from 120 ◦C to 185 ◦C with a thread speed of 150 
rpm. The MFC/PLA composites presented fiber contents of 0.5 wt% and 
1.5 wt%. Pure polymer (PLA) was processed under the same conditions 
for subsequent use as reference configuration during the comparative 
analysis. After that, the materials were ground and subjected to an in
jection molding process (Himaco, model LHS 150–80) under the same 
temperature conditions as those used in the extruder to obtain speci
mens for testing. 

2.4. Flexural and impact tests setup 

Two-point flexural tests of the polymers and composites were per
formed in a universal EMIC DL 2000 device following the ASTM D790 
standard (ASTM, 2003). The displacement rate used for the test was 
1.5 mm/min. The results were collected for five specimens with di
mensions of 130 x 15 × 3 mm. Notched specimens with a rectangular 
cross-section (thickness of 3.2 mm and a width of 10.1 mm) are fixed 
vertically from the bottom in a CEAST impact machine and subjected to 
a 2.75 J impact from a pendulum-shaped hammer. Izod impact tests 
were performed according to ASTM D 256 at 23 ◦C. 

2.5. Tensile tests coupled to DIC setup 

Tensile testing was performed on specimens according to the ASTM 
D638 standard using an Instron 8801 test machine (Instron, Glenview, 
IL, USA) [±100 kN (22,500 lbf)] with a 2620-601 dynamic gauge 
extensometer (Instron, Glenview, IL, USA). The Young’s modulus, ten
sile strength, and ultimate tensile strength were determined from the 
experimental stress-strain curves. 

The displacement rate was set to 1 mm/min, and all specimens tested 

Fig. 1. a) Specimens with a speckle pattern; b) DIC apparatus; and c) Region of 
interest (ROI) definition for the specimen. 
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had a speckle pattern generated over the surface with good quality, see 
Fig. 1a. The accuracy of displacement field assessment by DIC depends 
on having a good pattern. DIC profiles were taken at 1-s intervals 
throughout each tensile, as displayed in Fig. 1b. The regions of interest 
where the strain field was measured during the tensile test are depicted 
in Fig. 1c. 

During tensile testing, a wide range of deformation gradients may 
occur because MFC is randomly aggregated in the PLA matrix. Accord
ingly, the Poisson’s ratio was determined based on the mean strain in
side the rectangular area. The Poisson’s ratios for the tested specimens 
were obtained according to Equation (1) considering the tangential 
Lagrangian mean strain for both the x and y directions. 

v = −
εx

εy
(1)  

where v is Poisson’s ratio and εx and εy are the strains in the x and y 
directions (Fig. 1c), respectively. 

2.6. Indentation setup 

To assess the compression strength of each material configuration, 
indentation tests have been carried out using a 2.5 mm tungsten carbide 
spherical indenter mounted in an (ZHU 250) universal indentation 
system. The indentation marks have been made at the clamping zone of 
untested tensile specimens, see Fig. 2a. 

Before testing, the six specimens (two of each material) have been 
polished using a metallographic grinding machine (Pantec POLIPAN-U; 
wet sandpaper discs, four grit stages: 200, 400, 600 and 800, at 300 rpm 
and 3 min each) and controlled for a 3.60 ± 0.05 mm thickness. 

Results for three loads are reported in this study (153.23 N, 306.47 N 
and 459.69 N), these values were carefully selected after preliminary 
testing. It’s worth mentioning that a load of 61.29 N will lead to indis
tinguishable results when comparing the indentation marks on the three 
materials, while a load of 612.92 N will lead to the fracture of 1.5 wt% 
specimens. 

Two indentations (one plus repetition) are made in each one of the 
specimens to evaluate dispersion. A 3D profile of each indentation mark 
is obtained using a confocal laser microscope (Olympus LEXT OLS4100; 
20x magnification lens with a pitch of 1 μm). Fig. 2b shows a repre
sentative profile of an indentation mark. The indentation depth is 
measured using the microscope’s companion software. 

2.7. SEM and TEM setup 

The specimens were inspected before and after mechanical testing. 
Before the analyses, the surface of samples was coated with gold using a 
metallizer for an exposure time of 3 min. SEM analysis was performed on 

a (SHIMADZU Superscan SS-500) scanning electron microscope with an 
acceleration voltage of 15 kV. The MFC morphology was analyzed under 
a transmission electron microscopy technique (JEOL - JEM 2100). 
Before that, an aqueous suspension with the sample was placed on a 
carbon grid over a 300-mesh copper sieve. And then, it dried at room 
temperature, followed by the application of 2% (w/v) of uranyl acetate. 
Then, the dimensions (length/diameter) of the samples were determined 
using the ImageJ software in a micrometric precision. 

2.8. TGA and DSC setup 

Thermogravimetric analysis (TGA) and differential scanning calo
rimetry (DSC) were performed on a simultaneous TGA-DSC analyzer 
from TA Instruments, model SDT Q600. The analyses were performed in 
an alumina crucible with approximately 10–15 mg of sample in a tem
perature range of 30–500 ◦C under N2 atmosphere (flow of 100 mL 
min− 1) with a heating rate of 10 ◦C.min− 1. By using the DSC results, the 
crystallinity index %Xc was determined using Equation (2). 

Xc(%)=
ΔHf polymer

w.ΔHF◦
.100 (2)  

where ΔHf polymer is the melting enthalpy of the polymer in J.g− 1, ΔHF◦ is 
the melting enthalpy of the theoretically 100% crystalline polymer, 
which corresponds to 93.7 J g− 1 for PLA, and w is the weight percentage 
of PLA in the composite. 

2.9. DMA setup 

Tensile specimen samples with rectangular cross section (5 × 4.05 
mm) and 25 mm in lenght were used for dynamic mechanical analysis. 
The equipment used for the test was a PerkinElmer device operating in 
flexural mode at temperatures from 20 to 150 ◦C with a heating rate of 
3 ◦C.min− 1. 

3. Results and discussion 

This section presents the findings observed in the experimental data 
and it is divided in eight subsections covering the different results on 
mechanical and thermal characterization. 

3.1. Flexural and impact testing 

Table 1 shows the results of flexural and impact tests for the PLA and 
composites. The flexural strength results indicated the effective pa
rameters of the bent materials and could thus be used to evaluate the 
real influence of MFC and therefore the interface between the fibers and 
the natural matrix based on comparison with PLA. The composites with 

Fig. 2. Indentation testing procedure: (a) Placement of the indentation marks, (b) 3D profile of the indentation and depth measurement.  
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0.5 wt% and 1.5 wt% MFC presented flexural strength results superior to 
those of the PLA polymer. The composite with 0.5 wt% MFC presented 
values 17.6% higher than those of PLA. The composite with 1.5 wt% 
MFC showed no significant improvement. The stiffness of the composites 
with 0.5 wt% and 1.5 wt% MFC showed an increase of 8.4% and a 
reduction of 2.6%, respectively, compared to that of PLA. 

Regarding the impact test results, there were no significant im
provements for the composites compared to PLA. The conservation of 
these properties by the composites can be attributed to the absorption of 
impact energy by reinforcement in the polymeric matrix and the 
consequent reduction in the propagation of microfissures [31]. 

However, the composites showed an improved flexural modulus of 
elasticity, but similar improvements were not reflected in the impact 
results. According to Jonoobi [32], it is expected that polymer com
posites will present mechanical properties superior to those of the pure 
PLA, especially in terms of the elastic modulus. 

The use of MFC (0.5 wt%) promoted an increase in the modulus of 
elasticity compared to that of PLA, probably due to the increased stiff
ness of the samples caused by the addition of MFC. Similar results were 
also observed in studies by Refs. [14,33,34] that used composites rein
forced with MFC. The authors verified that the increase in the modulus 
of elasticity was justified due to the high degree of crystallinity of the 
cellulosic material, which made the deformation of the composites 
difficult. The authors further reported that reinforcement, if evenly 
dispersed, effectively interacts with the polymer matrix and decreases 
the space between molecules, decreasing molecular mobility. For Asslan 
[35], the stiffness of a material is a parameter of great importance for 
calculating the deformations and vibration modes of a structural 
component. Therefore, it can be stated that the inclusion of 0.5 wt% 
MFC in PLA directly influenced the properties of the composite. 

3.2. Tensile testing coupled with DIC analysis 

The stress-strain curves obtained for PLA, 0.5 wt% MFC/PLA and 1.5 

wt% MFC/PLA are presented in Fig. 3. The curve behavior demonstrated 
that the 0.5 wt% MFC/PLA composite presented a higher tensile 
strength and deformation than PLA and the 1.5 wt% MFC/PLA 
composite. 

Table 2 shows the mechanical tensile properties (modulus of elas
ticity and ultimate tensile stress) obtained from the stress-strain curves 
(Fig. 3) and from DIC (Poisson’s ratio) for PLA and the composites. The 
mechanical properties were evaluated in three specific regions of the 
stress-strain curve due to the nonlinear behavior as the load increased, 
as indicated on Fig. 3 graph. The first region is the elastic zone, the 
second region is the plastic zone, and the third region is that where the 
maximum stress is achieved. 

According to Table 2, the addition of 0.5 wt% MFC to PLA increased 
the Poisson’s ratio by 10%. An increase, despite being less significant, 
can also be observed for the 1.5 wt% composite. This increase in lateral 
contraction resistance suggests that the distribution of MFC improves 
the composite compared to pure PLA. 

The addition of 1.5 wt% MFC resulted in an insignificant improve
ment in mechanical properties compared with those of PLA. The 
maximum stress showed an increase of approximately 1% for region #1, 
30% for region #2 and 18% for region #3. The maximum stress pre
sented an approximately 1% increase for regions #1 and #2, while no 
influence on the mechanical properties is observed for region #3. 

According to Farah et al. [36], the Poisson’s ratios for PLA and its 
derivatives are equal to 0.3, and their rigidity is related to their semi
crystalline structure, similar to the results of this paper. It is worth 
noting that the present result for the Poisson’s ratio of PLA (0.39 ± 11) is 
in good agreement. In addition, Farah et al. [36] corroborated that the 
Poisson’s ratio for most fragile polymers is approximately 0.36. 

Fig. 4 illustrates the evolution of the tensile tests using the images 
provided by the DIC system. Fig. 4 (a) presents the gradients of the 
displacements before rupture stress, while Fig. 4 (b) presents the frac
tured specimens. Each specimen mapping was performed over the ROI 
shown in Fig. 4 with a color scale representing the values of the dis
placements and deformations along the axis of stress. From the 
displacement field and following the expected behavior of the tensile 
test, one can observe that in the upper part remained restrained, while 
the lower part undergoes a maximum displacement of approximately 2 
mm in the moment of rupture. On the other hand, in the deformation 
field, the specimen does not present appreciable lateral restriction at the 
instant of rupture. 

From the deformation gradient, it was noted that the material with 
0.5 wt% MFC presented the greatest homogeneity in relation to the load 

Table 1 
Flexural strength limit (FSL), flexural modulus of elasticity (E) and impact 
strength limit (ISL) of composites and PLA.  

Material FSL (MPa) E (GPa) ISL (J.m− 1) 

PLA 42.8 ± 4.74 2.5 ± 0.06 26.0 ± 1.36 
0.5 wt% MFC/PLA composite 50.3 ± 2.83 2.8 ± 0.05 26.1 ± 1.52 
1.5 wt% MFC/PLA composite 44.0 ± 8.35 2.5 ± 0.18 25.1 ± 1.04  

Fig. 3. Tensile strength results of stress-strain curves for the investi
gated materials. 

Table 2 
Mechanical properties for PLA and 0.5 wt% and 1.5 wt% MFC/PLA composites 
for the three ROIs according to tensile testing coupled with DIC.  

Property Material/ 
Region 

PLA 0.5 wt% 
MFC/PLA 

1.5 wt% 
MFC/PLA 

Poisson’s ratio Region #1 0.39 ±
0.11 

0.52 ± 0.07 0.42 ± 0.07  

Region #2 0.47 ±
0.15 

0.52 ± 0.14 0.47 ± 0.13  

Region #3 0.36 ±
0.23 

0.42 ± 0.17 0.35 ± 0.09 

Maximum strength 
(MPa) 

Region #1 8.77 ±
0.17 

8.89 ± 0.12 8.74 ± 0.23 

Region #2 13.56 ±
0.31 

17.76 ±
0.08 

17.62 ±
0.33 

Region #3 44.34 ±
0.41 

52.71 ±
0.11 

44.22 ±
1.41 

Modulus of 
elasticity (GPa) 

Region #1 2.72 ±
61.98 

2.77 ±
25.04 

2.74 ±
50.31 

Region #2 2.72 ±
66.66 

2.76 ± 8.99 2.75 ±
37.14 

Region #3 2.51 ±
13.59 

2.53 ±
44.32 

2.51 ±
73.91  
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dispersion. This fact is confirmed by the thermal, mechanical, dynamic- 
mechanical and morphological properties, which strongly influence the 
mechanical properties, corroborating the higher stiffness, maximum 
tension and Poisson’s ratio of the composite in comparison to those of 
PLA and supporting the results presented in Table 2. 

The deformation gradient is presented with a color scale and repre
sents the specimen behavior while undergoing deformation. Analysis of 
the DIC results verified the field of displacement that occurred on the 
surface of the materials. Producing a random pattern on the surface of a 
material is essential for the collection of satisfactory data by this pro
cedure. To create this pattern on our samples, spray paint has been used. 

When MFC is randomly aggregated into a PLA matrix, the fibers 
absorb fracture energy due to different crack angles. According to Zhang 
et al. [37], DIC provides surface images of a material and can display the 
microcharacteristics of composites for qualitative analysis. However, it 
is difficult to observe profiles of damaged materials. In the current 
application, the main benefit is that the technique not only provides 
material deformation contours (obtained directly from deformed im
ages) but also provides a quantitative description of the stress distri
bution of the materials. The authors state that fractures generated from 

mechanical stress in composite materials can generate aggregate 
detachment by dissipating heat via the interface. According to He et al. 
[38], the DIC technique completely measures the deformation field and 
is comparable to other computational or even experimental techniques, 
being even more accurate than these other techniques. 

3.3. Indentation results 

The 36 individual measurements of indentation depth are listed in 
Table 3 and depicted in Fig. 5. Results show a linear trend (98% 
agreement) and a low dispersion at all tested conditions. 

The 0.5 wt% MFC/PLA configuration displays the lowest values of 
indentation depth: when compared to the pure PLA (reference condi
tion), its results are − 8%, − 14% and − 13% at the respective loads of 
153.23 N, 306.47 N and 459.69 N. This infers that the addition of 0.5 wt 
% MFC to the PLA matrix leads to a higher compressive strength at these 
tested conditions. 

However, an increase of MFC to 1.5 wt% leads to deeper (+3%, +2% 
and +8%) indentation marks. This behavior can represent a loss in 
stiffness due to what it seems to be an excessive amount of MFC in the 
PLA matrix. Therefore, the indentation tests results have corroborated 
the observations made in the previous analyses. 

3.4. TEM of MFC and SEM of composites and PLA 

The fractured surfaces of PLA and the composites were investigated 
by SEM to evaluate the influence of the addition of MFC on the PLA 
microstructure. A transmission electron microscopy (TEM) of MFC 
before being incorporated into the natural matrix and an image of PLA 
are presented in Fig. 6 (a) and (b), respectively, for comparison with the 
composites. 

Fig. 6 (b) shows the morphology of the PLA matrix and the presence 
of cracks, probably due to stresses resulting from the injection process 
and the mechanical stress applied to the material in the mechanical 
tensile test. Fig. 6 (c) and (d) indicate a good reinforcement distribution 
in the natural matrix. There was a reasonable interaction between the 
fibers and the matrix, as well as removal of the fibers from the matrix. 
Also, it is observed from Fig. 6 that the dispersed fiber in the PLA matrix 
has a diameter of approximately 276 nm, demonstrating that it 
remained in the microstate and thus increased the contact surface be
tween the fiber and the matrix. 

The difference between MFC before and after the PLA matrix was 
added indicates that during the master batch production process, no 
MFC agglomeration occurred, demonstrating that the process was 
effective to produce the composite material. The composites were also 
found to be materials with reasonable homogeneity, as evidenced by the 
improvements in mechanical properties. 

Lopera-Valle et al. [39] and Vestena et al. [40], obtained a film 
sample from a PLA nanocomposite reinforced with cellulose nano
crystals and found that more homogeneous materials have more effec
tive plastic deformation, a fact also indicated in the DIC analysis of 
region 2 (plastic zone), as indicated at Fig. 3. 

The composites presented a low micropore content, as shown in 
Fig. 6 (c) and (d). It is noteworthy that usually, the smaller the number of 
micropores is, the better the mechanical properties of the composite. 
The presence of micropores in the polymeric matrix at an amount above 
20% by volume is probably responsible for decreasing the mechanical 
resistance. Micropores often act as defects, reducing the load carrying 
capacity and energy absorption capacity of the composite [31,41]. 

Fig. 6 (b) and (d) show that MFC-reinforced composites have 
reasonable adhesion between the microfibers and the matrix, as the 
reinforcement is not “loose”, suggesting that they ruptured during the 
tensile test. The occurrence of fracture propagation around the fibers is 
also noted. Cellulosic fibers have cellular arrangements that can modify 
the path of cracks. Therefore, in the fiber composites, the cracks do not 
have a straight trajectory because they travel around the fiber cells and 

Fig. 4. DIC results for (a) PLA, (b) 0.5 wt% MFC/PLA and (c) 1.5 wt% MFC/ 
PLA composites immediately before and after fracture. 
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finally cease [42]. 

3.5. Characterization of PLA and composites by TG 

Thermal degradation and stability were determined by thermog
ravimetry (TG)/derivative thermogravimetry (DTG) curves. This tech
nique can be used to evaluate the temperature limit at which a material 
can be processed and the influence of the MFC content in the PLA 
polymer matrix. The thermal behaviors of PLA and the composites were 
also studied. This analytical approach is generally used to assess the 
level of thermal stability of samples. Fig. 7 shows the TG/DTG curves of 
MFC, PLA and the composites. 

From the TG curves, it was found that for the PLA composites with 
MFC and the PLA polymer, the maximum temperature of thermal sta
bility was 270 ◦C, an intermediate temperature between the maximum 
values for MFC and the PLA matrix. Differences in thermal behavior 
between the composite materials, MFC, and polymer can be easily 
visualized from the DTG curve. 

Borsoi et al. [43] observed the behavior of cellulosic materials at 
temperatures below and above 300 ◦C. They stated the temperature 
conditions in which cellulose is exposed to thermal degradation. Below 
300 ◦C, degradation reactions are mainly attributed to water dehydra
tion and peroxide formation, which can catalyze cellulose degradation. 
Degradation reactions below 300 ◦C are slow, and complete degradation 
of cellulose under these conditions may involve a slow reaction. Above 
300 ◦C, the degradation mechanism differs mainly over time and is 
considered a rapid degradation reaction. At this temperature, hydrogen 
bonds break, forming free radicals and carbonyl and carboxyl groups, 
which accelerate the primary degradation of cellulose. Between 310 and 
390 ◦C, three hydrolysis products are formed: tar (or a fraction of heavy 

oil that vaporizes at higher temperatures), ash and condensable and 
noncondensable gases. These products are the result of a series of 
transglycosidations and dehydration reactions. 

According to Fig. 7, PLA shows a weight loss Tonset of 265 ◦C, the 1.5 
wt% MFC/PLA composite has a Tonset of 256.4 ◦C, and 0.5 wt% MFC/ 
PLA shows a Tonset of 273 ◦C. The maximum degradation peaks were 
354 ◦C for PLA, 353 ◦C for the composite with 0.5 wt% MFC and 356 ◦C 
for the material with 1.5 wt% MFC. The material loss was 99.23% for 
PLA, 98.64% for the 0.5% MFC-reinforced material and 98.0% for the 
1.5 wt% MFC-reinforced material. Similar results were also evidenced in 
a study by Rizal et al. [44]: in the TG curves of carbon 
nanoparticle-reinforced PLA, the presence of three weight loss events 
was observed, suggesting that the material had more than one compo
nent with different degradation temperatures. 

From the TG and DTG curves, the composites degraded at tempera
tures similar to that of PLA. According to Rizal et al. [44], although the 
thermal degradation of MFC components occurs at temperatures below 
that of PLA, the load quantity did not reduce the thermal stability of the 
materials. The percentages of weight loss at temperatures from 100 to 
400 ◦C for the composites, polymer and MFC. In the composites, the 
weight loss was practically the same as that of the material without the 
addition of MFC. Thus, by comparing the polymer and composites, it can 
be stated that the addition of MFC assisted in preserving the thermal 
stability of the composites compared to that of PLA. 

3.6. DSC of MFC, PLA and composites 

The results of DSC thermal analyses of PLA, the composites and MFC 
are shown in Fig. 8 and Table 4. The DSC curves for PLA and the com
posites yielded three characteristic events. The typical event at 
approximately 65 ◦C corresponds to the glass transition temperature 
(Tg) of the materials. The event at approximately 170 ◦C is related to the 
melt temperature (Tm) of the PLA matrix. Finally, the peak at 365 ◦C 
corresponds to the thermal degradation of the materials. Similarly, 
Murariu and Dubois [45] developed PLA and natural fiber-based poly
mer composites and found PLA Tg values ranging from 50 ◦C to 80 ◦C 
and Tm values ranging from 130 ◦C to 180 ◦C. 

According to Fig. 8 and Table 4, in MFC, two thermal events are 
observed, the first (before 100 ◦C) attributed to the water vaporization 
heat and the second to cellulose degradation (before 400 ◦C). As the 
cellulose fiber underwent pretreatment and milling processes, the sec
ond thermal event is unlikely to correspond to the fusion of lignin or 
cellulose oligomers. This peak may correspond to the rupture of inter- 
and intramolecular hydrogen bonds, probably involving the cellulosic 
structure, or possibly resulting from accommodation involving the 
crystalline regions of cellulose causing changes in the type of crystal 
lattice [46,47]. 

Regarding the crystallinity index (Xc), as we can see in Table 4, there 
was an increase in Xc for all composites compared to that of PLA. It is 
worth mentioning the increase in crystallinity of the material reinforced 
with 0.5 wt% MFC (Xc = 34.24%) compared to that of pure PLA was 
probably associated with greater restriction of the movement of polymer 
chains promoted by MFC. Sena Neto et al. [48], obtained and charac
terized curaua fiber-reinforced composites and found an increase in the 
crystallinity of the composites compared to that of PLA. According to 

Table 3 
Indentation test results, depth [μm] versus normal force [N].   

Force 
PLA 0.5 wt% MFC/PLA 1.5 wt% MFC/PLA 

Specimen 1 Specimen 2 Specimen 1 Specimen 2 Specimen 1 Specimen 2 

Depth 1 Depth 2 Depth 1 Depth 2 Depth 1 Depth 2 Depth 1 Depth 2 Depth 1 Depth 2 Depth 1 Depth 2 

153.23 11.960 12.152 12.080 12.005 11.120 11.185 11.096 11.065 12.552 11.679 12.785 12.578 
306.47 27.322 25.306 26.563 25.942 22.790 22.652 22.116 22.430 26.419 26.548 26.939 26.907 
459.69 47.946 47.941 49.076 48.216 44.109 40.928 40.620 42.033 47.401 53.811 53.004 54.966  

Fig. 5. Indentation depth results, trendlines and coefficients of determination 
for the three material configurations. 
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Murariu and Dubois [45], fibers can act as nucleating agents restricting 
the movement of carbon chains, increasing the crystallinity of 
composites. 

3.7. DMA results 

DMA tests were performed for PLA and the composites to verify the 
viscoelastic behavior, storage modulus, loss modulus and tan δ as a 
function of temperature, frequency or time. The mechanical dynamic 
behavior of heterogeneous systems such as composites depends on fac
tors such as composition, phase morphology, phase adhesion and indi
vidual component properties [49]. 

The behavior of the storage modulus for the polymer and composites 
is presented in Fig. 9. There was an increase in storage modulus (E′) with 
the addition of MFC. This behavior is associated with the increased 
molecular restriction imposed by the addition of MFC to the biode
gradable matrix. The MFC composites showed a higher E′ than did PLA. 
The composite with 0.5 wt% MFC showed an increase in E’ due to the 
reasonable adhesion between MFC and the polymeric matrix and the 
presence of micropores in the polymeric matrix. Such adhesion was 
proven by SEM analyses by Spinella et al. [50], who found similar 
behavior in a cellulose nanocrystal-reinforced PLA nanocomposite film, 
with the load ranging from 0 to 20% by weight. They found that the 
material with a 5 wt% nanocrystal loading had a 450% increase in 
storage modulus over that of pure PLA. 

The variation in tan δ as a function of temperature for PLA and the 
composites is shown in Fig. 9b. With the addition of MFC, there was a 
small reduction in the height of the tan δ peak. According to Lorandi 

et al. [51], the energetic evaluations of composites are related to the 
height of the tan δ peak. The more intense the fiber/polymer matrix 
interaction is, the lower the energy dissipation and the lower the tan δ 
peak height since energy release in the composites occurs via the 
interface [50]. In the analyzed composites, there was a reduction in the 
degree of damping in relation to that of PLA. With the addition of MFC, 
the amount of polymer matrix decreased, and the degree of damping 
increased. The value of tan δ indicates polymer chain movement and 
quantifies the interaction between the microfiber and matrix. Tan δ 
indicates the relaxation capacity of a material, i.e., the mechanical 
strength. This restriction of the movement of polymer matrix chain 
segments resulted in a slight increase in the storage modulus for the 0.5 
wt% MFC composite over that of PLA. 

Tg is related to tan δ and is the temperature where the value of tan δ is 
maximum, but it can also be defined as the temperature where the value 
of E′′ is maximum or the temperature where the highest change in E′

occurs. The intersection point of the E′ and E′′ curves can also be used to 
estimate the Tg of these types of materials. Rezaei et al. [52], realized 
this relationship in their study on the dynamic mechanical properties of 
carbon fiber-reinforced polypropylene composites. 

Polymer composites have physical, chemical and mechanical prop
erties that are highly influenced by temperature. For semicrystalline 
polymer matrix composites, as in the case of PLA, Tg is of paramount 
importance since below Tg, the movement of the polymer matrix chains 
is restricted, while above Tg, the composites acquire satisfactory 
mobility so that many chains act jointly, and changes in carbon 
conformation occur [53]. The presence of a stiffer phase, such as cel
lulose microfibers, can facilitate the displacement of Tg from the plastic 

Fig. 6. Transmission electron microscopy (TEM) of MFC before being incorporated into the natural matrix (a); SEM images for PLA matrix (b) and PLA composite 
with 1000 x magnification (c) and 2000 x magnification (d). 
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region to higher values. Increased stiffness is caused due to percolation 
between the cellulose microfiber and the PLA polymer matrix. 

When a good microfiber/matrix interaction occurs, there are re
strictions on the movement of carbon chains at the fiber interface, 
causing a reduction in Tg and a decrease in the degree of damping, as can 
be observed in the Tg values obtained at the temperature associated with 
the peak of tan δ, which are given by Table 5. The literature Borsoi et al. 
[53], states that Tg for PLA is 60.8 ◦C, showing that the obtained values 

are within the expected range. The presence of MFC tends to anchor the 
polymeric chain, necessitating a higher energy expenditure for the chain 
to become mobile and increasing the Tg of composites proportionally to 
their volume [21]. 

Table 5 shows a comparison of the dynamic modulus and tan δ be
tween PLA and the composites. The E′, E′′ and tan δ modulus indicate 
changes in conformation in the carbon chains of the polymeric mate
rials. However, these parameters are directly related to structure, mo
lecular mass and atom types. The MFC composites showed a higher 
modulus of elasticity due to the addition of MFC to the PLA matrix. The 
storage modulus of the composites with 0.5 wt% MFC was increased by 
16% compared to that of PLA. The addition of MFC to the natural PLA 
matrix caused the composites to become more rigid due to distribution 
between the MFC and the matrix, a fact proven in the mechanical test. 

Fig. 7. a) TG and b) DTG curves of PLA, MFC and composites.  

Fig. 8. DSC curves for PLA and MFC/PLA composites.  

Table 4 
Crystallinity index and enthalpy events from the DSC curves for PLA and the composites.  

Sample Crystallinity index (%) Thermal events 
Temperature (◦C)/Enthalpy ΔH (J/g) 

First Second Third 

PLA 28.91 57.2 17.2 170.0 29.2 365.8 1070.0 
MFC – 64.0 327.5 349.1 575.6 – – 
0.5 wt% MFC/PLA 34.24 58.3 19.1 170.3 52.0 364.7 923.6 
1.5 wt% MFC/PLA 31.9 53.6 15.1 170.9 39.2 362.4 834.9  

Fig. 9. a) Storage modulus (E′) and b) tan δ for PLA and composites.  

Table 5 
Dynamic mechanical properties of composites and polymer.  

Materials E′ at 50 ◦C 
(MPa) 

E’’ at 60 ◦C 
(MPa) 

Tan δ at 
65 ◦C 

Tg at tan δ 
peak (◦C) 

PLA 1844.6 376.0 1.8 60.2 
0.5 wt% MFC/ 

PLA 
2139.9 485.3 1.9 61.0 

1.5 wt% MFC/ 
PLA 

1954.5 414.5 1.8 59.1  
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4. Conclusions 

PLA composites with 0.5 wt% MFC showed better mechanical, 
indentation, flexural and dynamic mechanical properties than pure PLA. 
In the impact test, the properties remained comparable to those of PLA. 
These results indicate better matrix transfer to the microfibers due to the 
improved interface. From the DIC results, according to the deformation 
gradient, the material with 0.5 wt% MFC presented greater homogeneity 
in relation to the load dispersion. The indentation tests revealed that an 
addition of 1.5 wt% of MFC lead to the deeper marks. The thermal, 
mechanical, dynamic-mechanical and morphological properties 
strongly influenced the mechanical properties, corroborating the higher 
rigidity, maximum stress and Poisson’s ratio in relation to those of PLA. 

In the 1.5 wt% MFC-reinforced material, there was no improvement 
in dynamic mechanical properties, probably due to the agglomeration of 
fibers, causing them to act as stress concentrators. The composites 
showed a small reduction in tan δ peak height according to the MFC 
content. The hydrophilic groups present in the MFC and the PLA matrix 
promoted the reduction in the tan δ peak due to the reduction in friction 
between MFC and the matrix in the interface region. The composites 
reinforced with cellulosic fibers showed low thermal stability. 
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