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Abstract
Composite filaments consisting of poly(lactic acid) (PLA) and micro crystalline cellulose (MCC) were successfully used for 
additive manufacturing (AM) by fused filament fabrication (FFF). PLA and MCC bio-composites were obtained by direct 
mixing in a melt compounder; maleic anhydride (MAH) was also grafted onto PLA in reactive mixing stage to evaluate its 
effect on the final properties of the printed material. Filaments with various concentrations of MCC (up to a maximum content 
of 10 wt%) were produced with a single screw extruder and used to feed a commercial desktop FFF printer. Upon grafting 
of PLA with MAH, a more coherent interfacial morphology between PLA and MCC was detected by electron microscopy 
analysis. The thermal degradation of the PLA was unaffected by the presence of MCC and MAH. According to differential 
scanning calorimetry and dynamic mechanical analysis results, micro-cellulose acted as nucleating agent for PLA. In fact, 
the crystallization peak shifted towards lowers temperature and a synergistic effect when MCC was added to PLA grafted 
with MAH was observed possibly due to the increase of the chain mobility. Micro-cellulose led to an increase in the stiffness 
of the material in both filaments and 3D printed specimen; however, a different fracture behavior was observed due to the 
peculiar structure of printed samples.
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1 Introduction

Fused filament fabrication (FFF) is one of the more attractive 
additive manufacturing (AM) techniques due to the continu-
ous decrease of the related costs, high speed and simplicity 
of the process [1]. The advantages of FFF over conventional 
manufacturing processes are the possibility of free design 
and the absence of a mold in manufacturing thus allowing 
the construction of complex parts at low costs [2]. FFF is 
a method to build up objects layer by layer with the sup-
port of computer aided design. A filament is heated inside a 
nozzle, mounted on a moving system and then extruded in 
a controlled manner from the bottom layer to the top layer 
to form the final object [3]. At present, various materials 
are available for FFF ranging from thermoplastic polymers, 
such as polyamide [4], high-density polyethylene [5], acry-
lonitrile butadiene styrene (ABS) [6], polylactic acid (PLA), 
polyetherimide (PEI) [7], thermoplastic polyurethane [8] and 
polyvinyl alcohol (PVA) [9], to ceramic [10], gypsum, met-
als, food [11] and even concrete [12]. Polymers based on 
lactic acid (PLA) are one of the most promising type of 
plastic materials made from renewable resources due to their 
good mechanical properties, excellent workability, great bar-
rier properties [1] and biodegradability [13, 14]. PLA is a 
compostable polymer obtained from renewable resources; it 
has been viewed as a good contender to reduce the societal 
solid waste disposal problem. Its low toxicity, along with its 
environmentally green properties, could make PLA an ideal 
material for food packaging and for other consumer goods. 
Nevertheless, some weak points mainly represented by its 
low ductility, poor toughness, low glass transition tempera-
ture, high sensitivity to moisture and relatively low gas bar-
rier should be solved [15, 16]. The use of natural or synthetic 
fibers is well investigated to obtain specific characteristics 
and major increases of the properties of polymeric matrices 
[17]. Natural materials added to a PLA matrix act mostly as 
a filler to decrease costs without losing the green benefits of 
a biopolymer [18] or to improve the biodegradability [19]. 
The combination of natural fillers, characterized by a hydro-
philic behavior, into hydrophobic thermoplastic polymers 
typically results in weak dispersion, high viscosity, and poor 
compatibility. The weak interfacial adhesion between the 
filler and the matrix usually leads to composites with inferior 
mechanical properties [20]. Compatibilizers are commonly 
applied to enhance the interface between the fillers dispersed 
in the polymer matrix. Maleic anhydride (MAH) does not 
homopolymerize under the reaction conditions used in graft-
ing reactions which makes it a good compatibilizing mate-
rial. Free radical melt grafting of maleic anhydride on the 
polymer chains of polyolefins is an efficient and simple way 
to enhance the compatibility of polymer and different kind 
of natural fiber from micro- to nanometric scale. Several 

studies of free-radical grafting of MAH different polyolefins, 
such as: LDPE, HDPE, PP, EPR, EPDM are described in lit-
erature [21]. This reaction is commonly accomplished when 
the molten polymer is mixed with MAH and with a perox-
ide initiator, either in an extruder or in an internal mixer. 
Grafting was successfully performed in an internal mixer at 
temperature of 190 °C and 60 RPM on PLA, where dicumyl 
peroxide was utilized as initiator at concentration between 
0.1 and 0.2 wt% and MAH added at concentration between 
0.3 and 3 wt% [22, 23]. A grafting amount of 0.2–0.5% 
was defined by titration analysis, depending on the content 
of MAH. A concentration of dicumyl peroxide of 1 wt% 
resulted to be an ideal preparation to maximize the grafting 
process and minimize the possibility of undesired side reac-
tions [24, 25]. Moreover, it was highlighted that a maleic 
anhydride content higher than 5 wt% led to non-significant 
improvements [26]. Organic clays such as montmorillonite 
[23], bentonite and hectorite [27] are employed to enhance 
the mechanical properties of composite. Frequently, a proper 
compatibilizer is added to PLA to encourage a better disper-
sion of non-polar organoclay. Maleic anhydride is a common 
choice to manufacture high values composites starting from 
PLA and agricultural wastes. For example, rice husk was an 
attractive chance due to its low cost, renewability, biodegra-
dability and low density. Tsou et al. [28] suggested a possi-
ble way to recycle it and combine this waste material in PLA 
to make green composites through the modification of PLA 
via reaction grafting in the melting state with MAH. Zhu 
et al. [29] performed a wide study on the opportunity to use 
soy protein, an agricultural residue of the soybean oil crush-
ing, as a filler to be compounded with PLA grafted MAH to 
decrease the total cost while increasing the degradation rate 
of the composites. The hydrophilic functionalization with 
maleic anhydride was examined to enhance the compatibility 
between PLA and wheat straw by Nyambo et al. [30]. Both 
PLA and starch are brittle elements and lack of chemical 
compatibility, this results in a brittle composite with low 
strength, which could be enhanced by introducing MAH as 
a compatibilizer as demonstrated by Zhang et al. [31]. They 
demonstrated that the mechanical properties of PLA/starch 
composites are enhanced with just 1 wt% of MAH. In fact, 
PLA/starch (55/45) composite achieved a tensile strength 
of 52.4 MPa, 20% more that the materials without MAH 
and similar to the neat PLA. Micro cellulose and nanocellu-
lose have been encouraging assessed as reinforcing filler for 
various composites [32]. Specific composition in PLA have 
been made either by solution casting up to 20% of nanocel-
lulose [33], or by melt compounding with 5% of nanocellu-
lose crystals [34] and with 1% of microcrystalline cellulose 
[35]. Moreover, some researchers recently proposed the use 
of cellulose based composite for 3D printing [9, 36]. PLA 
has been utilized to prepare bio-based and biodegradable 



767Progress in Additive Manufacturing (2022) 7:765–783 

1 3

composites filled with cellulosic materials to decrease the 
overall costs and enhance the mechanical properties [37, 38].

The aim of this work is to study the addition of micro-
crystalline cellulose into PLA matrix through the grafting of 
maleic anhydride (MAH) on the PLA backbone as a compat-
ibilizing agent. Filaments composite with increasing amount 
of MCC are 3D printed with a desktop FFF machine. The 
mechanical properties, thermal stability and morphology of 
the resulting composites are characterized and the synergetic 
effects of the compatibilization and MCC on the mechanical 
behavior of the composites are evaluated.

2  Materials and methods

2.1  Materials

Poly(lactic acid) (PLA) grade 4032D with density of 
1.24 g  cm−3 and a melting point of 155–170 °C was provided 
by Nature Works LLC (Minnesota, USA). PLA 4032D is an 
ideal product for laminations and other packaging applica-
tions, due to the excellent optics, good machinability and 
excellent twist and dead fold. Microcrystalline cellulose, 
MCC, (specific gravity = 1.56 g   cm−3, mean molecular 
weight = 90,000 g   mol−1) prepared through the reaction 
of cellulose with a water solution of strong mineral acid 
at boiling temperature, supplied by Sigma Aldrich (USA), 
were selected as microscale reinforcing filler. MCC particles 
consist of elongated flakes with an average length of about 
24 μm and a diameter of about 10 μm measured with the 
aid of an optical microscope. Maleic anhydride (MAH) and 
dicumyl peroxide (DCP) were provided by Sigma Aldrich 
(USA).

2.2  Compounding and melt‑grafting

Both PLA pellets and microcrystalline cellulose powder 
were dried in a ventilated oven at 50 °C for 24 h before being 

processed. PLA with various amounts of microcrystalline 
cellulose were melt-compounded with or without compati-
bilizer (PLAgMAH) in a Thermo Haake internal mixer at a 
temperature of 165 °C, with a revolution speed of the rotors 
of 60 rpm and a processing time of 15 min.

Grafting of maleic anhydride (MAH) on the backbone 
of PLA (PLAgMAH) was performed via radical grafting 
directly during the melt compounding process with the pres-
ence of dicumyl peroxide (DCP) as a radical initiator, fol-
lowing a procedure well described in literature [22]. The 
PLA was melted for 2 min and then DCP and MAH were 
added at a ratio of 1:10 DCP/MAH and mixed for 3 min. The 
reaction with MAH in quantities from 1 wt% to 10 wt% con-
tinued during mixing for 5 min. Eventually, MCC was added 
and mixed for another 5 min. At the end various, batches of 
PLA/MMC and PLA/PLAgMAH/MCC were cooled down 
and grinded at room temperature by IKA grinder M20 Uni-
versal mill.

According literature [22], the first step of grafting is the 
formation of primary radicals via the decomposition of dicu-
myl peroxide, which then initiates PLA macroradicals by a 
hydrogen extraction mechanism. The macroradicals subse-
quently react with maleic anhydride. A possible mechanism 
of grafting MAH on PLA is schematized in Fig. 1.

2.3  Filaments extrusion

PLA compounded with 10 wt% of MCC, and PLA grafted 
with 1 wt% of MAH compounded with 10 wt% of MCC 
were grinded and used as masterbatch material to be mixed 
with neat PLA powder to reach the desired microcellulose 
concentration in the filaments. The filaments were obtained 
using a Next 1.0 (3Devo, Netherlands) single screw extruder. 
It was characterized by a nozzle of 3 mm in diameter and 
an optical encoder to measure the diameter of the extruded 
filament that allowed an automatic adjustment of the draw-
ing speed to maintain a stable diameter. With this feature, 
an average diameter of 1.75 ± 0.04 mm was obtained. A 

Fig. 1  Possible mechanism of 
grafting MAH on PLA
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temperature profile of 170 °C, 190 °C, 185 °C and 175 °C 
in the die zone and a rotation speed of 5 RPM were chosen. 
Neat PLA, PLA compounded with MCC and PLA grafted 
MAH compounded with MCC filaments containing from 
1 wt% to 10 wt% of microcellulose were produced via extru-
sion. Produced compositions are reported in Table 1.

2.4  Fused filament fabrication

Sharebot Next Generation desktop 3D printer (Sharebot 
NG) with a nozzle diameter of 0.35 mm was used for the 
fabrication of dumbbell specimens according to ISO527 
1BA standard (Fig. 2a). A digital 3D model of the samples 
was built with the aid of the software SolidWorks® and it 
was exported in STL format. Through the freeware software 
Slic3r in Fig. 2b, a G-code file was compiled with the fol-
lowing parameter for the printing: rectilinear type of infill, 
infill angle ±45°, infill percentage 100%, no raft, layer height 
0.2 mm, nozzle temperature 220 °C, bed temperature 40 °C 
and deposition rate 40 mm/s.

Interlayer adhesion of FDM compact tension (CT) speci-
mens was investigated through the evaluation of fracture 
toughness according to ASTM D5045. Their dimensions 
were 24 mm (W) × 24 mm (H) × 5 mm (T), with a crack 
length of 6 mm as shown in Fig. 2c. CT specimens were 
printed with the same parameters reported before to have the 
crack plane aligned with the layers as visible in Fig. 2d. In 
each specimen, a sharp notch of 9 mm in length was done by 
means of a broaching machine equipped with a fresh razor 
blade (Fig. 2e). Specimen were tested in tensile configura-
tion with a self-made interface between specimen and tensile 
machine visible in Fig. 2f.

2.5  Testing techniques

The grafting reaction of maleic anhydride on PLA was 
investigated through Fourier-transform infrared spectros-
copy (FTIR) analysis carried out by a Spectrum One from 
Perkin–Elmer in ATR configuration. Spectra were collected 

in the wavenumber range from 4000 to 650  cm−1 by averag-
ing 4 scans.

Degradative mechanisms of the materials while subjected 
to a constant heating were studied with thermogravimetric 
analysis (TGA). The analysis was performed using a TA 
Instruments TGAQ5000IR machine, with a heating rate of 
10 °C/min in the range between 40 °C and 700 °C flushing 
nitrogen at 15 ml/min.

Viscosity was also measured as a function of shear rate 
using an Anton Paar MCR 301 rheometer. Before experi-
ments, the samples were dried at 40  °C for 24  h. The 
rheometer was operated in the rotational mode with paral-
lel plate geometry at 190 °C, over a shear rate range of 10 
to 1000  s−1. Before testing, the samples were kept under 
vacuum at room temperature for 24 h to remove completely 
the humidity.

Density of the 3D printable filaments was measured with 
an Archimedes balance in double distilled water at room 
temperature through a Gibertini E42 analytical balance fol-
lowing ASTM D792 standard.

Microstructural observations of cryo-fractured surfaces 
of the 3D printed specimens were performed with a Zeiss 
Supra 40 high resolution field emission scanning electron 
microscope (FESEM) with an accelerating voltage of 2.5 kV. 
Sample were coated with a thin platinum–palladium conduc-
tive layer.

Differential scanning calorimetry (DSC) was performed 
with a Mettler DSC 30 calorimeter. The tests were per-
formed from 20 °C to 200 °C at a heating and cooling rate 
of 10 °C/min under a nitrogen flow of 100 ml/min. Glass 
transition temperature Tg, crystallization temperature Tc, 
melting temperature Tm and the degree of crystallinity χc 
were evaluated. The value of enthalpy for fully crystalline 
PLA was taken to be 93.6 J/g [39].

Dynamic mechanical thermal analysis (DMTA) tests were 
carried out using a TA Instrument DMA Q800 device, in the 
temperature range from −10 °C to 150 °C, at a heating rate 
of 3 °C/min, a strain amplitude of 0.05% and a frequency of 
1 Hz. The storage modulus (E′), the loss modulus (E″) and 

Table 1  Sample code and final 
composition of filaments and 
3D printed parts

Code PLA (wt%) MCC (wt%) MAH (wt%) DCP (wt%)

PLA 100 0 0 0
PLA_01MCC 99 1 0 0
PLAgMAH_01MCC 98.89 1 0.1 0.01
PLA_03MCC 97 3 0 0
PLAgMAH_03MCC 96.67 3 0.3 0.03
PLA_05MCC 95 5 0 0
PLAgMAH_05MCC 94.45 5 0.5 0.05
PLA_10MCC 90 10 0 0
PLAgMAH_10MCC 88.9 10 1.0 0.10
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the loss tangent (tan δ) were evaluated as a function of the 
temperature.

Quasi-static tensile tests were performed using an Instron 
5969 tensile test machine, equipped with a 50 kN load cell at 
room temperature with a crosshead speed of 10 mm/min. At 
least five 3D printed dumbbell specimens shape 1BA accord-
ing to ISO527 standard for each composition were tested.

Fracture toughness of the interface between two subse-
quent layers was determined through a tensile test on CT 
specimen at 10 mm/min according to ASTM D5045 evalu-
ating the stress intensity factor to measure the stress field 
around the crack tip with Eq. 1:

KQ is a conditional fracture toughness calculation, PQ is 
a conditional load identified according to ASTM D5045, B 
is specimen thickness, W is specimen width, a is the crack 
length, x is the crack length to specimen width ratio a/W 
(0.2 < x < 0.8) and f(x) is tabulated in ASTM D5045. To vali-
date the linear elastic plane-strain fracture toughness meas-
urement, PQ is determined by finding the intersection of the 
load vs. crack opening curve and a line having a compliance 
5% greater than the initial slope of the curve. Pmax is then 
taken to be the maximum load sustained by the specimen. 
Under the following conditions, KQ is equivalent to KIC:

where �y is the yield strength of PLA, which is taken to be 
55 MPa based upon previous material testing.

The results of mechanical tests were evaluated using 
ANOVA with the software R-Cran, considering the quantity 
of MCC, MAH and their interaction. The P value was used 
as a tool to check the significance of the examined variables. 
A P value lower than 0.05 (i.e., 95% confidence interval) 
indicates that the examined parameter is significant.

The samples coding based on the composition is 
summarized in Table  1. For example, a sample coded 
PLAgMAH_05MCC indicates the presence of 5 wt% of 
MCC in a matrix composed of PLA grafted with MAH. 
According to the preparative methods previously described, 
the content of MAH is fixed at 10 wt% of MCC, and DCP 
is 10 wt% of MAH.

(1)KQ =
PQ

BW1∕2
f (x)

(2)
PMAX

PQ

< 1.1

(3)B, a, (W − a) > 2.5

(

KQ

𝜎y

)2

3  Results and discussion

FTIR is an effective technique to analyze the structures of 
maleated polymers. In fact, the presence of MAH grafted 
on PLA backbone can be identified by comparing the FTIR 
spectra of PLA filaments extruded with and without MAH 
and DCP (see Fig. 3). The whole spectra are shown in 
Fig. 3a, while in Fig. 3b, c, a focus on the peaks related with 
the grafting of MAH is detailed. Comparing the spectra of 
neat PLA and the ones of PLA grafted with maleic anhy-
dride, it is possible to observe the presence of new absorp-
tion band, in particular at: 695  cm−1 corresponding to the 
bending of vinyl C–H in MAH that could be referred to the 
presence of non-grafted MAH [22, 40]; 820  cm−1 corre-
sponding to the out of plane deformation for carboxyl groups 
from MAH [41]; 1635  cm−1 corresponding to the cyclic C–C 
stretching that might be a confirmation of the chemical inter-
action between PLA and MAH [26, 41]; 1790  cm−1 (appear-
ing as a shoulder due to the overlapping with the very large 
peak of the carbonyl >C=O stretching of PLA at around 
1748  cm−1) and 1850  cm−1 are assigned to the symmetric 
and asymmetric stretching of the carbonyl groups of the 
saturated cyclic anhydride ring of MAH, respectively [22, 
24, 26, 42]. The absorption peaks are clearly visible only 
for PLAgMAH10, due to the highest amount of MAH, dif-
ferently from the other two samples with low MAH content 
(1 wt% and 5 wt%) [42]. FTIR spectra of MCC composites 
confirmed the presence of the same correspondent peaks of 
PLA or maleated PLAs (plots not shown).

Thermal degradation behavior of the micro composite 
materials was investigated through thermogravimetric analy-
sis on filaments specimens and the thermograms are reported 
in Fig. 4.

In particular, as reported in Fig. 4a, neat PLA is charac-
terized by a single degradation step centered at 370 °C. The 
onset decomposition temperature of neat PLA is found to 
be around 315 °C. The decomposition temperature of the 
samples was affected by the addition of MAH. Moreover, 
the weight loss started at around 290 °C for MAH grafted 
samples, and this could be correlated with the lower molecu-
lar weight of PLA when it is MAH treated [22]. An initial 
weight loss, between 0.5% and 1%, was found for all the fila-
ments and, according to the derivative curve peak at 100 °C, 
this could be related to the evaporation of residual water. 
For samples with the highest amount of MCC, a small peak 
in the derivative thermogravimetric curves was detected at 
around 160 °C. This peak could correspond to the degrada-
tion of the small oligomeric chains formed during the melt 
compounding process.

Viscosity is a key parameter in extrusion-based AM sys-
tems in which the polymer must be first transformed in a 
filament which is then melted inside a nozzle prior to be 
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deposited on the building plate to form the desired object. 
The addition of MCC slightly decreased the viscosity of 
biocomposites up to 3% of microcrystal cellulose with or 
without PLAgMAH. It is also worth noting the synergistic 
effect of MAH on viscosity of composites at 5% and espe-
cially at 10% of MCC. Furthermore, a broader view of the 
combined effect of MCC and MAH on the apparent viscos-
ity as a function of the shear rate can be correspondingly 
appreciated in Fig. 5.

Biocomposites at 1% and 3% of MCC behaved similarly 
to PLA at low shear rate but exhibited higher viscosity at 
higher shear rate. On the other hand, a significant and pro-
gressive reduction of viscosity could be observed for com-
positions above 3wt% of MCC, in PLA and PLAgMAH, and 
the decrease appeared more rapid for samples with MAH at 
low shear rate. This behavior could be attributed to the pres-
ence of micrometric fillers with a low area over volume ratio 
and due to the poor interaction between MCC and neat PLA 
for samples without MAH. Despite the improved interaction 
between PLA and MCC given by MAH, viscosity of bio-
composites at 5% and 10% of MCC decreased furtherly, due 
to a possible decrease in molecular weight of PLA after the 
reaction with DCP that hinders the improved matrix–filler 
compatibility, in particular for, as reported in similar stud-
ies [22, 24]. The shift of the viscosity curves towards lower 
values and the fading of the shear-thinning behavior could 
be correlated with a decrease in the molecular weight as 
reported by Cooper-White et al. [43] for PLLA with decreas-
ing molecular weights. A similar behavior was observed by 
Barczewski et al. [44], in fact they found an increase in MFI 
of PLA biocomposites with the increasing content of ligno-
cellulosic filler, i.e., micrometric grinded nutshell.

Figure 4 shows a shear thinning behavior for neat PLA 
and microcomposite materials without MAH above 100  s−1. 
Shear rates in the nozzle of a FFF machine are commonly 
in the range of 100–200  s−1 [45], so the decrease in viscos-
ity played by the incorporation of MCC and the shear thin-
ning behavior around 100  s−1 appeared beneficial effects 
for the printability of these biocomposite filaments. On the 
other hand, the compounding of MCC with PLAgMAH 
determined a significant reduction of viscosity at low shear 
rate, but in the processing zone at about 200  s−1 the slight 
increase of viscosity was not considered critical for 3D print-
ing. In the case of PLAgMAH_10MCC the effect of viscos-
ity decreased due to DCP seemed to be compensated by the 
addition of MCC in almost all the range of shear rate.

Fig. 2  a Dimension of ISO527 1BA specimen (all the measurements 
are in mm), b 3D draw of dumbbell specimen upon slicing c Graphi-
cal picture of the CT specimen as draw in SolidWorks (all the meas-
urements are in mm), d 3D draw of the specimen during printing, e 
CT specimen after notching and f tensile test
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Thermal properties of the PLA, PLA/MCC and PLA 
grafted MAH/MCC composite filaments were determined 
using differential scanning calorimetry (DSC) and the ther-
mograms are reported in Fig. 6. The glass transition temper-
ature, the crystallization and melting temperatures, the crys-
tallization and melting enthalpies and degree of crystallinity 
obtained from the DSC are reported in Table 2. Glass transi-
tion is a complex property which is related to several factors 
including intermolecular interactions, steric effects, chain 
flexibility, molecular weight, branching and cross-linking 

density. Due to the poor compatibility between cellulose 
and PLA, glass transition is not expected to change upon 
the introduction of MCC [46, 47], but Tg could decrease 
by the presence of maleic anhydride grafted on PLA, due 
to an increased mobility of the polymeric chains [42]. The 
improved chain mobility promoted by MAH and the nucle-
ating effect of MCC lowered the crystallization tempera-
ture [48]. Crystallization temperature (Tc) and crystallinity 
fraction (Xc) are affected by the introduction of microcel-
lulose and maleic anhydride. Maleic anhydride increases 

Fig. 4  Thermogravimetric 
curves (a) and derivative curves 
(b) of neat PLA compared with 
PLA grafted MAH with differ-
ent amount of MAH and MCC
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the crystallinity fraction with respect to the corresponding 
PLA–MCC composite filament. The melting temperature 
of neat PLA crystallites is identified at around 168 °C and 
slightly increased with the presence of filler. From this 
increase in melting temperature, MCC appeared to affect 
the crystalline structure of PLA in terms of size and perfec-
tion of the crystalline lamellae of PLA [49]. The maximum 
amount of crystallization, according to the crystallization 
enthalpy (ΔHc), is observed for the sample loaded with 1, 3 
and 5 wt% of MCC in the presence of MAH. This confirms 
the previous observations related to the role of cellulose 
as nucleating agents for PLA [47, 50]. The maximum of 
crystallizability  Xmax could be calculated by the enthalpy of 
melting peak, as reported in table, and it showed an increase 
from about 26% of pristine PLA, to about 39–45% for MCC 
biocomposite. The higher the content of MCC, the higher 
the crystallizability, and even higher in the presence of 
PLAgMAH.

Storage modulus curves of 3D printed specimen as a 
function of temperature are shown in Fig. 7a. In the glassy 
zone below the glass transition temperature, PLA exhib-
its value of E′ (about 1300 MPa at 23 °C) lower than that 
of biocomposite. In particular, the addition of micro cel-
lulose pushes E′ towards 1450 MPa at 23 °C in the case 
of PLA_10MCC. The grafting of maleic anhydride boosts 
the stiffening effect of MCC for all the composition, and 
the value of E′ at 23 °C of PLAgMAH_10MCC reaches 
1480 MPa. At temperatures that correspond to the glass 
transition temperature as revealed by DSC, it is possible 
to observe a drop in the E′ value that seems to match the 

decrease in Tg found in DSC for as concerns the shift of 
this drop towards lower temperature. Above 100 °C stor-
age modulus starts to increase again due to crystallization 
process and also in this case the curves are shifted to left 
with an increased amount of micro-cellulose due to a pos-
sible nucleating effect or a more favorable chain mobility 
promoted by the viscosity decrease. Figure 7b shows loss 
factor (tan δ) curves as a function of temperature for 3D 
printed specimen. Neat PLA exhibits the lowest damping 
peak (2.07 at 74 °C) between all the tested composition, 
but no trend can be evidenced with the increase of MCC or 
with the presence of MAH. However, all the peaks related 
to micro-composite material are higher than the one of neat 
PLA, resulting in the range 2.2–2.6. This effect highlights a 
slightly better damping performance when micro-cellulose 
is added to the PLA matrix.

Mechanical properties from quasi-static tensile test on 
filaments and 3D printed specimen are summarized in 
Figs. 8, 9respectively. MCC was found to significantly (p 
value = 2.1 ×  10–6) increase the elastic modulus of 3D print-
able filaments. Maleic anhydride had a lower effect on elas-
tic modulus (p value = 0.014), it is possible to appreciate a 
higher stiffening effect with an increasing amount of MCC 
for the samples loaded with MAH (Fig. 8a, b). This effect 
could be explained by an improved interface between the 
MMC filler and the PLA matrix, but also by a slight increase 
in the crystallinity of the material as previously seen in DSC 
and due to a plasticizing effect of MAH. However, this stiff-
ening effect was not translated to 3D printed samples, where 
no effect of MCC was appreciable (Fig. 9a, b). The variation 

Fig. 5  Viscosity values for fila-
ments made of PLA and PLA 
grafted MAH as a function of 
the content of MCC
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in the elastic modulus of 3D printed samples, as highlighted 
by ANOVA, is slightly affected by the interaction between 
MCC and MAH (p value = 0.062). The statistically signifi-
cative difference between 3D printed samples made of PLA 
grafted or not with MAH could be due to the increase of the 

crystallinity fraction or by the enhanced printability and so 
the density of the specimen.

In fact, it is important to state that the increasing the 
amount of micro cellulose inside the PLA could impair 
the printability of these composite due to the clogging of 
the nozzle during printing and so the easiness to print [36]. 

Fig. 6  Representative DSC 
curves for filaments made of 
PLA/MCC and PLA grafted 
MAH and MCC, first heating 
(a) and cooling (b) scan
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Stress at break for filaments was negatively influenced by 
the presence of both MCC and MAH (Fig. 8c, d). MCC 
inside the polymer matrix acts as a geometrical defect, where 
the stress could become significantly greater than the sur-
rounding region and leading to a premature failure of the 
component. A low p value (<2.2 ×  10–16) for as concern the 
interaction between MAH and MCC indicates that MAH 
act as a weak and brittle interphase between PLA and MCC. 
This was particularly evident for the sample with the higher 
amount of MCC and MAH (PLAgMAH_10MCC). MCC 
and MAH are found to negatively affect the strain at break 
of the filaments (Fig. 8e, f). The embrittlement of compos-
ite material based on PLA with the introduction of MCC is 
in accordance with other studies in literature [19, 51]. The 
different structure of FFF specimen respects to a single fila-
ment led to different fracture mechanisms. It is possible to 
state that the energy at break could not consumed just by the 
fracture of the single strands that compose the objects but 
also by the debonding processes intra- and inter-layers [9]. 
A noticeable effect was found for the filler (p value = 0.019); 
however, the main reinforcing effect was given by the inter-
action of MCC and MAH (p value = 7.4 ×  10–4). Stress at 
break increased from 31.2 ± 5.1 MPa of the sample printed 
with neat PLA to 40.7 ± 0.8 MPa of PLA grafted MAH 
with 5 wt% of MCC (Fig. 9c, d). According to rheological 
observations, the decrease in viscosity could have enhanced 
the adhesion of subsequent layers and adjacent strands. As 
seen for filament samples, it is possible to detect a decrease 
in strain at break with the increasing amount of MCC (p 
value = 3.1 ×  10–11) and this is particular evident when 
MAH was added due to its brittle behavior (p value = 0.03) 
(Fig. 9e, f).

The cryogenic fracture surfaces of compression molded 
specimen produced with PLA and PLA grafted MAH with 
5 wt% of MCC are shown in Fig. 10. In Fig. 10a , a very 
weak interface between the neat polymer matrix and the 
micro-cellulose can be observed. This behavior could be 
attributed to a poor chemical interaction between the hydro-
phobic PLA and the hydrophilic cellulose. Maleic anhydride 

resulted to be very effective in improving the filler–matrix 
adhesion. In fact, as it can be appreciated in Fig. 10b, a 
positive enhancement is clearly evidenced with just a low 
amount (1wt%) of MAH grafted to the PLA.

The fracture surface of 3D printed specimen after ten-
sile test with increasing amount of microcellulose with and 
without the presence of maleic anhydride grafted on the 
PLA backbone are shown in Fig. 11. It is possible to notice 
the different mechanical response to tensile stress with the 
increasing amount of filler dispersed in the matrix. Neat 
PLA and PLA with the lower amount of MCC (Fig. 11a, b) 
showed an extensive energy absorption with the decohesion 
of the filaments.

At the highest concentration of filler, 5 wt% and 10 wt% 
(Fig. 11c–f), the fracture surface become flatter without the 
evidence of a macroscopic breakage possibly due to the 
decrease in viscosity that favors viscous flow thus enhancing 
the inter- and intra-layer adhesion. Filaments broke trans-
versally to the applied stress without detaching from each 
other. Also, for 3D printed samples without the presence of 
MAH, it is possible to remark a poor compatibility between 
cellulose and PLA that led to a presence of a large amount 
of porosity inside the 3D printed filaments.

The density of 3D printed specimen was always lower 
compared to that of bulk material due to the porosity origi-
nated during the printing process (see Table 3).

The apparent density, reported in Table 3, was calculated 
by the ratio between the weight of the specimen and its vol-
ume (Eq. 4).

The volume was approximately evaluated using the Eq. 5, 
where w is the width of the specimen, b is the width at center 
(5 mm) of the specimen model with an area A equals to 520 
 mm2 and t is the thickness.

(4)Apparentdensity =
weight

volume

(5)Volume =
(

w

b

)2

At

Table 2  Crystallinity degree 
according to first scan and glass 
transition temperature (Tg), 
crystallization temperature (Tc), 
melting temperature (Tm) and 
transition enthalpy for PLA 
and relative microcomposite 
filaments from DSC curves

*Max crystallizability (Xmax) is calculated from the melting peak

Xc (%) Tg (°C) Tc (°C) ΔHc (J  g−1) Tm (°C) ΔHm (J  g−1) Xmax* (%)

PLA 1.1 59.2 134.0 23.0 168.0 24.0 25.6
PLA_01MCC 1.7 59.4 120.5 34.2 167.2 35.8 38.6
PLAgMAH_01MCC 0.6 59.5 128.1 36.8 168.5 37.4 40.4
PLA_03MCC 0.9 59.5 113.4 35.4 170.4 36.2 39.9
PLAgMAH_03MCC 0.2 59.2 117.2 37.1 170.4 37.3 41.2
PLA_05MCC 1.1 59.1 113.6 34.6 170.3 35.6 40.0
PLAgMAH_05MCC 2.0 58.6 113.2 37.0 169.5 38.8 43.9
PLA_10MCC 3.0 59.0 108.2 32.3 169.7 34.8 41.3
PLAgMAH_10MCC 3.1 57.3 108.2 34.4 167.8 37.0 44.5
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The ratio between apparent density and the bulk density 
(Eq. 6), was calculated and it could be considered as an 
important parameter to estimate the mechanical properties 
of the material excluding the presence of voids and porosity.

(6)R =
apparent density

bulk density

The values of ratio R are reported in Fig. 12.
ANOVA showed no interaction between R and MCC; 

however, a significative effect was found for the interaction 
between R and MAH (p value = 0.034). This behavior could 
be explained by the pronounced decrease in viscosity due to 
the presence of MCC and MAH. It is important to underline 
that the tensile properties obtained from the mechanical tests 
on 3D printed materials reported in Fig. 8 do not take into 

Fig. 7  Storage modulus (a) 
and tan delta (b) curves for 3D 
printed specimen of PLA and 
relative micro composite
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account the presence of voids within the printed structure. 
It is, therefore, clear that the properties of 3D printed speci-
mens resulted to be lower with respect to those obtained on 
the filaments from which were made. A statistical analysis 
was performed to correlate R with the mechanical prop-
erties of 3D printed specimen. A significative effect was 

found between elastic modulus and R (p value = 5.3e−5) 
and between stress at break and R (p value = 1.3e−3). These 
results are particularly true, since elastic modulus and stress 
at break are measured in relation of the cross section of the 
specimen and so of its volume. As proof of this, ANOVA 
showed no interaction between strain at break and R in the 
95% confidence interval. Maximize the R ratio must be 

Fig. 8  Boxplot of the main mechanical properties related to micro-
composite filaments as a function of wt% of MCC for PLA (a, c, e) 
and PLA grafted MAH (b, d, f)

Fig. 9  Boxplot of the main mechanical properties related to 3D 
printed specimen as a function of wt% of MCC for PLA (a, c, e) and 
PLA grafted MAH (b, d, f)
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a strategy to improve the stiffness and the strength of 3D 
printed objects.

The strength of the interface between two consecutive lay-
ers in 3D printed objects is affected by the bonding between 
the two layers and it is impaired by the presence of voids 
and defects [52]. Fracture toughness refers to a property 
which describes the ability of a material containing a crack 
to resist further fracture and it could be helpful to evaluate 
the interlaminar adhesion of additive manufactured objects 
[53, 54]. In Fig. 13 is graphically illustrated the behavior of 
the critical stress intensity factor against the concentration 
of MCC in presence or not of MAH. All the samples met the 
requirements for a linear elastic plane strain fracture tough-
ness measurements, and therefore, fracture toughness results 
are reported as KQ = KIC. Value found for neat 3D printed 
PLA, 2.25 ± 0.26 MPa  m1/2, are consistent with the ones 
found in literature for similar kind of materials and manufac-
turing technique [53, 55]. As shown in Fig. 13, no significa-
tive effect was observed upon the incorporation of MCC and 
MAH on the fracture toughness of the 3D printed material 
along the interlaminar plane. A worsening effect was found 
for PLAgMAH_10MCC (Fig. 13b), p value = 7e−4, that 
could be caused by the increased hardship found in printing 
that particular material and its brittle behavior.

4  Conclusions

In this work, filaments based on poly (lactic acid) (PLA) 
and micro crystalline cellulose (MCC) were prepared by a 
two-step process (compounding and extrusion) and used to 

produce samples by fused filament fabrication. The effect of 
the addition of a compatibilizer agent was studied. In fact, 
maleic anhydride was grafted on PLA in a melt compounder 
with the aid of a peroxide. To improve the dispersion of the 
filler in the polymer matrix, two different types of master-
batch biocomposite were prepared at 10wt.% of MCC, with 
or without MAH, i.e., PLAgMAH/MCC and PLA/MCC. 
Micro composite filaments were fabricated with the aid of 
a single screw extruder and then deposited through a 3D 
printer to form the final specimen. The grafting of maleic 
anhydride on PLA was proved through infrared spectroscopy 
that evidenced the presence of peaks related to the bond-
ing of MAH. Electron microscopy was used to investigate 
the filler–matrix interaction and it highlighted, that upon 
the addition of maleic anhydride on the PLA backbone, an 
important improve moving from an incoherent interphase 
to a coherent one that suggested a good adhesion of MCC. 
No particular effects on the thermal degradation of PLA 
were revealed by thermal gravimetric analysis upon the addi-
tion of maleic anhydride and micro cellulose. According to 
differential scanning calorimetry analysis, micro-cellulose 
acted as nucleating agent for PLA shifting towards low-
ers temperature the crystallization peak and was observed 
a synergistic effect when MCC was added to PLA grafted 
with MAH possibly due to the increase of the chain mobil-
ity due to the low molecular weight of MAH. Stiffness 
of filaments was increased by the presence of micro cel-
lulose but at the same time an embrittlement of the mate-
rial was observed, this effect was amplified by the grafting 
with MAH. 3D printed samples demonstrated an increase 
in stiffness with the increasing amount of micro-cellulose 

Fig. 10  SEM pictures of cryofractured surface of PLA_05MCC (a) and PLAgMAH_05MCC (b) compression molded sheets evidencing a good 
improvement of the interphase between microcellulose and PLA upon the melt grafting of maleic anhydride
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and a different fracture behavior compared to bulk material 
due to the unique manufacturing process. The decrease in 
viscosity upon the addition of MCC and MAH could have 

enhanced the intra- and inter-layers adhesion, improving the 
mechanical properties at fracture of 3D printing samples. 
MAH was able to improve the interphase between PLA and 

Fig. 11  SEM pictures of the fracture surface after tensile test on neat PLA (a), PLAgMAH_01MCC (b), PLA_05MCC (c), PLAgMAH_05MCC 
(d), PLA_10MCC (e) and PLAgMAH_10MCC (f)
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MCC, as evidenced by SEM analysis, and, therefore, grafted 
maleic anhydride onto polylactide has been confirmed, to be 
a good compatibilizer to improve the adhesion of cellulose 
to the PLA matrix. Finally, a R-factor, defined by the ratio of 
apparent and bulk density, could be a useful indicator of the 
suitability of the investigated material for the FFF technol-
ogy. It was found to be positively affected by the presence of 
MAH that could have improved the easiness of the printing 
process. Mechanical properties that depend on the cross sec-
tion of specimen was also found to be related to R according 
to ANOVA. Interlayer fracture toughness was found to not 
be related by the presence of MCC in presence or not of 
MAH. Following these findings, composition at 3wt% and 
5wt% of MCC in presence of grafted maleic anhydride could 

Table 3  Density of the filaments (bulk density) and apparent density 
of 3D printed specimens

Bulk density (g/cm3) Apparent density (g/
cm3)

PLA 1.251 ± 0.057 0.689 ± 0.031
PLA_01MCC 1.241 ± 0.028 0.784 ± 0.018
PLAgMAH_01MCC 1.247 ± 0.005 0.717 ± 0.003
PLA_03MCC 1.235 ± 0.014 0.639 ± 0.007
PLAgMAH_03MCC 1.240 ± 0.021 0.802 ± 0.014
PLA_05MCC 1.221 ± 0.030 0.795 ± 0.020
PLAgMAH_05MCC 1.220 ± 0.045 0.822 ± 0.030
PLA_10MCC 1.234 ± 0.008 0.655 ± 0.004
PLAgMAH_10MCC 1.265 ± 0.008 0.799 ± 0.005

Fig. 12  R-ratio as a function of 
wt% of MCC for PLA (a) and 
PLA grafted MAH (b)

Fig. 13  Critical stress inten-
sity factor for 3D printed PLA 
(a) and PLAgMAH (b) with 
increasing amount of MCC
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be suggested for the production of 3D printed specimens, as 
a good compromise of processing conditions, morphological 
structure and mechanical properties.
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