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� Akadémiai Kiadó, Budapest, Hungary 2018

Abstract
Polylactic acid (PLA) is a biodegradable and bioresorbable biopolymer that has successfully been applied in biomedical

and related fields. It is in the form of filaments, presenting different colors, with the purpose to be used in the three-

dimensional printing (3D) technique. Thus, this work aimed to characterize five commercially available PLA filaments

which were differentiated by color, as follows: blue (1), gray (2), transparent (3), orange (4) and natural (5) comparing to a

pellet pattern. Thermal characterization was performed throughout simultaneous thermogravimetry (TG), derivative

thermogravimetry (DTG), differential thermal analysis (DTA) and differential scanning calorimetry (DSC). Significant

differences in the enthalpies and temperatures of crystallization and melting indicated differences in crystallinity of the

filaments corroborated by the XRD analysis. While analyzing using TG/DTG–DTA, significant differences in thermal

stability were observed. The absorption spectroscopy in the infrared was also done to determine the chemical composition

of the samples. Additionally, it was also observed the structure, size and roughness of the filaments using confocal

microscopy building three-dimensional images. The oscillatory rheometer was employed to determinate the complex

viscosity (g�), the store modulus (G0) and the loss modulus (G00) as a function of frequency (x). After conducting the

characterizations, it was possible to compare the five types of PLA filaments and identify the best one to feature a

functionalization in the future, which possibly enable them in tissue engineering applications. Results indicated that the

blue filament fulfilled the best results regarding print quality, higher-temperature degradation and thermal stability, with the

molar mass and viscosity superior to the other filaments.
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Introduction

With the increasing popularity and scientific interests, the

additive manufacturing process or 3D printing is

undoubtedly one of the technologies to follow in the

twenty-first century. The 3D printing technique was origi-

nated around the 1980s, and the first patent was approved

in 1986. Regarding 2014, the US National Aeronautics

launched the first 3D printer whose parts were built in zero

gravity. This extraordinary advance enabled 3D printing to

become increasingly popular [1]. After that, 3D printing

has been characterized to be a remarkable method by which

objects can be built by merging or deposition of materials.

This process is carried out layer by layer until the final

shape of the object is obtained [2]. In recent years, 3D

printing technologies have consistently contributed to

advances in regenerative medicine approaches, mainly

about bone tissues. Therefore, it is possible to produce

tailored devices suited to the need and extent of the injury

to be repaired. Within regenerative medicine strategies,

these devices can be found in metal for use as orthopedic

implants in bone defects (osteosynthesis devices) or bio-

logical carriers in the form of scaffolds [1, 3]. One of the

most affordable three-dimensional printing methods for

biomedical applications is the fused deposition modeling

(FDM) process, being one of the techniques that charac-

terize the rapid prototyping technology presenting the high

potential for use in bone regenerative medicine. This

technique is based on the use of thermoplastic filaments

consisting in polymers or polymer/ceramic composites,

which are extruded and deposited layer by layer resulting

in specific three-dimensional structures [1]. Concerning

bone regenerative medicine, for example, it is necessary to

use specific software based on computer-aided design

(CAD) which recreate geometric models from images

obtained of the body segments previously established by

computed tomography or magnetic resonance imaging. An

additional step regarding processing images is determined

by its transverse sections allowing the slicing, and each

section will be used as a template for scheduled printing of

each layer. Thus, it is worth stressing out some advantages

of 3D printing technique throughout additive manufactur-

ing, such as low-cost process at rates much lower than

traditional ones, reproducibility and easy processability

with better quality and less waste, new shapes and struc-

tures presenting higher durability and structural integrity

and also the possibility to obtain new combinations of

materials [4]. Then, 3D technology has been successfully

applied in the medical field with the creation of uniquely

shaped devices for each type of patient [5]. Because of

continuous innovation, these devices can be created by

various types of biomaterials that act in the regeneration of

damaged tissues, which are biocompatible offering distin-

guished applications, including ceramics, metals and glass

[6, 7]. PLA is classified as a biopolymer that can be

obtained from renewable sources (corn, beet, cassava,

among others) being biodegradable and useful for

biomedical applications, configuring one of the most

promising polymers for this area. Moreover, PLA is widely

used in bone fixation sutures, tissue engineering and drug

delivery systems [8] because the process of PLA degra-

dation occurs by simple hydrolysis of ester bonds being

metabolized by the human body without requiring the

action of enzymes which prevents inflammatory reactions

[9]. Comparing to other biopolymers, PLA is more

hydrophobic because it owns a methyl group which is more

soluble in organic solvents [10]. There are two types of

commercially available PLA. One is PLLA (L-lactic acid),

and the other is PDLA (D, L-lactic), differing from PLA

regarding properties such as crystallinity and melting

temperature [11]. In contrast, constraints inherent to nature,

quality and processability of polymers represent one of its

disadvantages [4]. The uniformity, continuity and diameter

of the filaments play an essential role in the FDM process

[12], and these characteristics may influence the strength

and durability of its. Therefore, the main objective of this

work is to accomplish with the morphological, thermal and

structural characterization of commercially available PLA

filaments to verify which one will possibly enable additive

manufacturing and functionalization. After this first step,

all information acquired may point out PLA filaments as

excellent materials to construct scaffolds/ implants in tissue

engineering applications.

Materials and methods

Commercially available filaments of different colors and

companies were used. Confocal microscopy was performed

using the Olympus LEXT OLS4100 digital laser scanning

microscope non-contact 3D. This microscopy is so sensi-

tive that it easily enables observations and measurements

of the surface at 10-nanometer resolutions with fast image

acquisition and high-resolution microscope images over a

wider area. This analysis performed for visualization of

samples, increasing the contrast of images, constructing

three-dimensional images, observing the structure, size and

roughness of the filaments. After viewing the images, we

compare each type of PLA (polylactic acid) filament, dif-

ferentiated by color, where five colors were analyzed fila-

ments: blue, gray, transparent, orange and natural. These

strands are approximately 1.75 mm in diameter and found

significant differences. Confocal microscopy was per-

formed in NUMA Department (advanced manufacturing

core), located in the School of Engineering of São Carlos,
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University of São Paulo—Campus São Carlos. Samples

were renamed PLA-1 (blue), PLA-2 (gray), PLA-3 (trans-

parent), PLA-4 (orange) and PLA-5 (natural), and

throughout the text, figures and tables in the types of PLA

will be presented in numbers, as mentioned. The average

thickness and standard deviation of the filaments of each

sample were measured with the digital caliper—ZAAS

Precision, provided by QUIMMERA laboratory located in

UNIARA—Unit 2—Araraquara. TG/DTG-DTA curves

were obtained by a TA Instruments SDT 2960 Simulta-

neous to evaluate the thermal decomposition of PLA fila-

ment samples using nitrogen atmosphere (100 mL min�1)

at a heating rate of 20 �C min�1 and temperature range of

30 to 600 �C to evaluate the thermal stability. DSC curves

used to evaluate the thermal events such as glass transition,

crystallization and melting for samples of PLA filaments in

blue, gray, orange, colorless and natural pattern. We used a

nitrogen atmosphere (100 mL min�1), a heating rate of 10

�C min�1 and sample mass of approximately 6 mg. DSC

curves were obtained in the DSC1 Mettler, open aluminum

crucible and static air atmosphere. Analyses performed at

the Chemistry Institute of the So Paulo State University—

Campus Araraquara. The vibrational spectroscopy in the

infrared region was performed using FTIR Spectrometer

Vertex 70 Bruker with accessory ATR (attenuated total

reflectance). This analysis was also performed at the

Institute of Chemistry of the São Paulo State University—

Campus Araraquara. The crystallinity of the samples was

measured using an X-ray diffractometer D8 Advance,

Bruker. This analysis was carried out at a 2 range between

4� and 80� with a step size of 0.02� in a continuous mode of

1� min-1, a 2.5� divergence Soller slit and position-sensi-

tive detector—LynxEye. All refinements and fits were

performed with TOPAS Academic 5.0 [13]. An oscillatory

rheometer (Anton Paar MCR 302) was employed to

determinate the complex viscosity (g�), the store modulus

(G0) and the loss modulus (G00) as a function of frequency

(x). It was used 25-mm-diameter plates and a gap of the

1.0 mm at a temperature of 190 �C. The range of frequency
was 0.1–500 rad s�1 at 2% strain, which was proved to be

in the linear viscoelastic range.

Results and discussion

Morphological characterization

Figure 1 shows a digital photograph of commercially

available PLA samples studied in this work. All filaments

are macroscopically homogeneous and have an average

thickness of between 1.72 and 1.76 mm, which is consis-

tent with the report provided by the manufacturers.

Figure 2 shows confocal microscopy data of all PLA

filament before and after extrusion. As seen in bI images

(a), bI (b), bI (c), bI (d) and bI (e) before extrusion there are

grooves and grain traits in all PLA filaments. Thus, the

filaments before extrusion show a heterogeneous appear-

ance, because of the stages of production of PLA filament

material conducted to this aspect, with grooves and grains.

It was noted that after the filament is extruded, a more

smooth and homogeneous aspect is acquired as shown in

bII images (a), bII (b), bII (c), bII (d) and bII (e). There are

differences in print quality after heating to 240 �C by the

printer extrusion nozzle with a nominal diameter of 0.6

mm. When the material is not in the form of a filament, it is

subjected to various stages of production, such as drying,

changes in time and instrumentation. Due to improper

drying, climate change and instrumentation material end up

getting a non-uniform appearance. If the correct tempera-

ture for the production of filaments is used, we have the

moisture removal, and a better control the extrusion, and

consequently the material will be processed uniformly and

Fig. 1 PLA filaments a (PLA-1) blue; b (PLA-2) gray; c (PLA-3)

transparent; d (PLA-4) orange; e (PLA-5) natural. (Color

figure online)

PLA-1 PLA-2 PLA-3 PLA-4 PLA-5

Fig. 2 Digital photography of PLA filaments. (bI) Confocal

microscopy of different PLA filaments before (bII) confocal

microscopy of different PLA filaments after extrusion. The white

bar at the filaments before extrusion is equivalent to 500 micrometers
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with better thickness. Table 1 shows the thickness data

(mean), standard deviation and surface roughness of each

of the PLA filaments before and after extrusion, and the

extruder nozzle of the 3D printer.

Structural characterization

FTIR spectra

FTIR spectra of the samples of PLA and PLA filament

pellets are shown in Fig. 3. The most intense band

observed is observed in the spectrum shown in Fig. 3; all

PLA samples are located in 1750 cm�1, which is associated

with the stretching C=O (hydroxyl) of the ester group, and

this group belongs to the polylactic acid chain. The most

striking peaks in 1750 cm�1 and 2747 cm�1 correspond to

aldehydic CH stretching vibration band and C=O stretching

vibration during the degradation of PLA, the most signifi-

cant peaks with the peaks 2930 and 3010 cm�1 stretching

CH vibration and 1380 and 1445 cm�1 CH3–CH bending

vibration, showing that the aldehyde is formed [14]. The

CH3 appears in 1460 cm�1; this is the asymmetrical

angular deformation. The band 1180 cm�1 and 1085 cm�1

is observed to be associated with possible asymmetrical

axial deformation modes of Bester (O–C–C). The region

1300–900 cm�1 contains several coupled strips. The major

bands between 1300 and 1500 cm�1 are symmetrical

relating to the angular deformation of the C–H bond of the

methylene (CH2) and methyl (CH3) [15]. The peaks 1180,

1359 and 1270 cm�1 represent the elongation (C–C), and

the peak of 1454 cm�1 is the flexure (CH) [16]. These

peaks are observed in all samples of commercially avail-

able PLA filaments. Thus, FTIR confirms that the PLA

filaments have a similar chemical profile to standard pellet.

X-ray diffraction—XRD

Figure 4 shows the amorphous halo and the characteristic

peak of the PLA. Both crystallinity and the crystallite size

were calculated using routines implemented in TOPAS

Academic 5.0. The crystallite size is calculated to the

nearest double-Voigt approach. The change in crystallinity

and crystallite size exhibits the same order of magnitude

with little difference in the natural sample, however, with

an increase in crystallinity (Table 2).

Table 1 Data filaments

(thickness/standard deviation

and roughness)

Filaments Thickness (average)/mm Roughness before extrusion/lm Roughness after extrusion/lm

PLA-1 1:72� 0:02 0:27� 0:3 0:08� 0:02

PLA-2 1:76� 0:04 0:54� 0:1 0:06� 0:04

PLA-3 1:76� 0:04 1:72� 1:1 0:07� 0:03

PLA-4 1:73� 0:01 0:44� 0:2 0:10� 0:01

PLA-5 1:74� 0:02 0:10� 0:5 0:11� 0:02

(a)

(b)

(c)

(d)

(e)
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Fig. 3 Infrared spectrum for PLA filaments (PLA-1) blue; (PLA-2)

gray; (PLA-3) transparent; (PLA-4) orange and (PLA-5) natural
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Fig. 4 XRD curves for PLA filaments (PLA-1) blue; (PLA-2) gray;

(PLA-3) transparent; (PLA-4) orange and (PLA-5) natural. (Color

figure online)
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Thermal characterization

TG/DTG and DTA curves

TG and DTG curves (Fig. 5a, b) allowed verifying the

differences in thermal stability for PLA filaments con-

taining different pigments. TG/DTG curves for PLA from

samples 1 to 5 show a single step of thermal decomposition

in the range of 240–390 �C. It can be observed that the

presence of colored pigment increased the stability of PLA

filament on the natural PLA (Table 3).

DTA curves (Fig. 6) show a change in baseline between

100 and 200 �C without mass loss in TG curves, charac-

teristic for glass transition, Tg, of PLA, however, with

variations depending on the pigment composition of the

polymer. This aspect has better evaluated in the DSC

curves (Fig. 7). Between 200 and 300 �C can observe the

endothermic peak related to the thermal decomposition of

the polymers in an atmosphere of nitrogen.

DSC curves

DSC curves (Fig. 7) show the heating from 25 to 80 �C
when it can be seen glass transition of the polymer along

with relaxation peak. It is no longer observed exothermic

cold crystallization peak, Tonset among 86–105 �C
depending on pigmented filaments and is probably depen-

dent on the prior heat treatment in the extruder. The

endothermic melting peak can be observed from 140 to 180

�C also depending on the pigment present and the prior

heat treatment in the extruder by the PLAs. Table 4 pre-

sents the glass transition temperature and the enthalpy of

crystallization (DHcJ g
�1) calculated from DSC curves.

The standard sample did not present crystallization peak,

indicating that filament already presented with maximum

crystallinity, before heat treatment by the DSC curve.

For polymers that present cold crystallization during

heating is necessary the temperature-dependent crys-

tallinity method approach [17, 18]. Thus, from values of

enthalpy of fusion at the melting point and enthalpy of

crystallization at the crystallization peak given in Table 4,

one could calculate the mass fraction extent of crystallinity

measured at different temperatures and without correction

for changes in specific heat [19, 20], Xc given by:

Xc ¼
DHfðTmÞ � DHcðTcÞ

DH0
f ðT0

mÞ
ð1Þ

Table 2 Crystallinity and the crystallite size calculated from XRD

Filaments Crystallinity/% Crystallite size/nm

PLA-1 39.78 31.65

PLA-2 36.61 28.26

PLA-3 33.76 28.04

PLA-4 38.46 42.68

PLA-5 25.35 27.05
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PLA-3

PLA-4

PLA-5

(a)

(b)
250

100

80

60

40

20

0
300 350 400

250 300 350 400

Temperature/°C

3.0

2.5

2.0

1.5

1.0

0.5

0.0

D
T

G
/%

 °
C

–1

M
as

s/
%

Fig. 5 TG(A)/DTG(B) curves forPLAfilaments (PLA-1) blue; (PLA-2)

gray; (PLA-3) transparent; (PLA-4) orange; (PLA-5) natural, in nitrogen

atmosphere (100 mL min�1) at heating rate of 20 �C min�1

Table 3 Data obtained from TG/DTG curves for PLA filaments

Filaments Tonset Ti Tf Residue/% 600 �C

PLA-1 326.0 270.8 395.6 0.4275

PLA-2 333.6 274.2 372.3 1.1290

PLA-3 338.8 278.7 376.9 0.5943

PLA-4 327.9 258.3 372.2 0.4013

PLA-5 288.9 248.7 341.1 0.8575

E
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Fig. 6 DTA curves for PLA filaments (PLA-1) blue; (PLA-2) gray;

(PLA-3) transparent; (PLA-4) orange; (PLA-5) natural, in nitrogen

atmosphere (100 mL min�1) at heating rate of 20 �C min�1
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where DH0
f ðT0

mÞ is the enthalpy of fusion to utterly crys-

talline polymer measured at the equilibrium melting point,

T0
m[21].

Disregarding the cold crystallization, we will have the

maximum crystallization of the filaments considering only

the melting temperature, given by:

Xc ¼
DHfðTmÞ
DH0

f ðT0
mÞ

ð2Þ

The considered enthalpy of fusion to utterly crystalline

PLA measured at the equilibrium melting point, DH0
f , has a

value of 93 J g�1 [22]. The calculated values for crys-

tallinity degree discounted the residue in TG curves

E
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E
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E
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E
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w
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25 50 75 100 125 150 175 200 25 50 75 100 125 150 175 200
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Fig. 7 DSC curves for PLA filaments a PLA-1 (blue); b PLA-2 (gray); c PLA-3 (transparent); d PLA-4 (orange); e PLA-5 (natural), in static air

at heating rate of 10 �C min�1

Table 4 Data obtained from DSC curves for PLA filaments

Filaments Tg DHc/J g
-1 Tc onset/�C DHf /J g

-1 Tm onset/�C Tm peak/�C Crystallinity

onset MID Xc/% Eq. (2) Xc/% Eq. (1 )

PLA-1 58.06 61.38 21.25 86.08 31.89 164.33 173.59 34.13 11.39

PLA-2 59.30 62.46 23.53 91.94 45.35 174.29 181.03 48.21 23.19

PLA-3 58.36 61.61 20.66 101.19 31.00 165.64 173.91 33.14 11.05

PLA-4 56.02 59.29 18.65 105.05 24.98 147.37 156.32 26.75 6.77

PLA-5 60.10 62.75 16.67 144.03 154.01 17.77 17.77
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(Table 3) and then converted to a percentage, which are

given in Table 4. Crystallinity obtained through data from

the DSC curves, although not obtained in equilibrium

conditions, presents discrepancies with those obtained by

XRD (Table 2). The PLA filament manufacturer does not

report the amount of dyes and other additives. These dyes

and additives may be organic and thus are being thermally

decomposed together with the PLA polymer and are not

being considered in the calculation of crystallinity through

the DSC curves, justifying the discrepancy concerning the

XRD.

These differences in crystallinity, together with the

difference in temperature and enthalpy of crystallization

and melting, indicate that there may be differences in size

and polydispersity of the PLA chain, as can be seen in the

rheological analysis. Consequently, differences in thermal

stability by TG and DTA analysis can be observed (Figs. 5

and 6) (Table 3). It also may indicate, as a consequence,

different conditions during printing on a 3D printer

Rheological analysis

Figure 8 presents the complex viscosity as a function of

frequency for the PLA samples.

It is possible to observe that all the samples present a

Newtonian behavior, at low frequencies, followed by a

pseudoplastic behavior, at higher frequencies. The PLA-1

sample has the largest molar mass with complex viscosity

approximately 140,000 Pa.s at 0.1 rad s�1. On the other

hand, the PLA-2 sample has the lowest molar mass with

80,000 Pa.s in the same frequency range. This behavior is

more accentuated for the samples of lower molar mass

(PLA-2, PLA-4 and PLA-3). This increase in the viscosity

could be associated with esterification and transesterifica-

tion reactions [23] that are favored for lower initial molar

mass. The higher temperature combined with the inert atmosphere prevented the thermo-oxidative process and

favored reactions, resulting in a slight increase in molar

mass.

Figure 9 presents the storage modulus (G0) as a function
of frequency. This property is dependent on the molar

mass, that is, the level of entanglements. So, the higher the

molar mass, the higher the numbers of entanglements and

the G0 values.
Changes in the molar mass, as well as molar mass dis-

tribution, could be determinate by the crossover point at

which G0 ¼ G00 (Fig. 10). The results obtained by the PLA

samples are presented in Table 5.

As can be observed, the samples follow the same trend

of molar mass, corroborating the results of viscosity as a

function of frequency: PLA-1[PLA-5[PLA-3[PLA-

2[PLA-4. On the other hand, PLA-1 and PLA-4 samples
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PLA-3
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Fig. 8 Complex viscosity of the samples as a function of frequency
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Fig. 9 Storage modulus as a function of frequency for PLA samples
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Fig. 10 Curves of G0ðxÞ and G00ðxÞ for a hypothetic polymer

indicating variations of the molar mass and molar mass distribution

according to crossover point (G0 ¼ G00) [24]

Evaluation of commercially available polylactic acid (PLA) filaments for 3D printing... 561

123



have a narrow molar mass distribution and PLA-3 and

PLA-5 the wider distributions.

Conclusions

In this work, commercially available PLA filaments were

physicochemically characterized regarding morphological,

structural and thermal properties. By confocal measure-

ments, it is possible to see that after the extrusion process

all PLA filaments acquired a smoother and homogeneous

aspect. TG/DTG/DTA curves revealed different thermal

stability as a function of the PLA filaments’ color, and DSC

curves and XRD diffractograms were able to determine the

crystallinity aspects of the commercial PLA filaments. By

oscillatory rheometer, it is possible to observe that all the

samples present a Newtonian behavior, at low frequencies,

followed by a pseudoplastic behavior, at higher frequen-

cies. The PLA-1 sample presents the largest molar mass

and a narrow molar mass distribution than the other one.

Differences in crystallinity, crystallite size, enthalpy and

temperature of crystallization and melting, chain size and

polydispersity of PLA had a consequence on their thermal

stability. However, these differences in filament behavior

may indicate different conditions to be observed when

printing to 3D printers. Even so, commercial PLA fila-

ments could be an alternative to produce medical devices

for tissue engineering applications shortly.
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