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ABSTRACT KEYWORDS 
A solve t-free route was developed to fabricate 100% biobased, re ewable, a d degradable Ball milling; cellulose; 
polylactide (PLA) composites rei forced with ball-milled celluloses. The results show that the mechanical properties; 

polylactide; statistical origi al pulp cellulose fibers were modified to partial amorphizatio  through 30-mi  ball milli g. 
analysisFilli g the ball milled celluloses i to PLA i creased the te sile modulus for the resulta t cellulose/ 

PLA composite materials, while decreased their te sile stre gth a d impact resista ce. This method 
ca  be used to access the cost-efficie t PLA-based composite materials with tu able mecha ical 
properties. The variatio  a alysis shows that filli g co te t co tributed more to the variatio s of 
their mecha ical properties tha  that particle size did.  

GRAPHICAL ABSTRACT 

Introd ction 

Polylac ide (PLA) was regarded as  he bes  subs i u e for 
various pe roleum-based polymers in  he framework of 
environmen -friendly processes and produc s in  he 
pas  decades, due  o i s renewabili y, degradabili y, 
biocompa ibili y, and good  hermomechanical 
proper ies.[1] Nowadays, however, PLA s ill suffers from 
some shor comings, such as inheren  bri  leness and 

rela ively high cos  for some applica ion scenarios.[2] 

Adding na ural fibers presen s a convenien  and 
po en ial approach  o  une, ex end, or improve  he proper-
 ies of PLA composi es and reduce  he cos  of produc s. 
The effec ive u iliza ion of raw na ural fibers as an indis-
pensable componen  in polymers for developing novel 
low-cos  eco-friendly composi es is one of  he mos  rapidly 
emerging fields in polymer engineering and science.[3] 
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Cellulose is one of  he mos  abundan  renewable 
na ural polymers wi h several well-known advan ages, 
such as low cos , low densi y, worldwide availabili y, 
biodegradabili y, non oxici y, high s iffness, and good 
mechanical proper ies, which is fibrous and wa er-
insoluble bioma erials in na ure. The widespread 
applica ions of cellulose reinforcemen s in environmen-
 ally benign polymers have exhibi ed considerable 
promise for manufac uring composi es wi h desired 
proper ies,[4] such as accep able specific s reng h, low 
densi y, high  oughness, good  hermal proper ies, and 
comple e degradabili y.[5–7] Na ural cellulose fibers have 
also been used  o modify phenolic and epoxy resins.[8] 

The manufac uring  echniques of cellulose composi es 
have been developed, on one hand, from simple cas ing 
 o more sophis ica ed me hods (i.e., from  he mos  used 
 echniques, such as solu ion cas ing, mel -processing of 
 hermoplas ic composi es, and resin impregna ion of 
cellulose papers using  hermose  resins[9]  o some 
recen ly developed  echniques, such as par ially 
dissolved cellulose nanocomposi es, nanocomposi e 
foams reinforced wi h nanocellulose as well as long 
con inuous fibers or filamen s), on  he o her hand, 
from labora ory  o indus rially viable me hods during 
 he pas  decades.[10] 

Lu e  al. repor ed  ha  incorpora ion of microcrys al-
line cellulose (MCC) fibers wi h differen  scales in o 
poly(L-lac ic acid) (PLLA) increased  he s iffness and 
impac   oughness of  he resul an  composi es and 
improved  he crys alliza ion of PLLA.[11] In general, 
conven ional microscale celluloses generally offer 
limi ed improvemen s in physical proper ies of  he 
resul an  composi es.[12] In  his case, some modifica ion 
me hods, such as surface func ionaliza ion[13,14] and 
graf  copolymeriza ion[15] of na ural fibers and 
maleic anhydride graf ing  o  he ma rix ma erials (i.e., 
PLA),[14] were used  o improve  heir in erfacial 
compa ibili y, al hough some previous li era ure 
claimed  ha   he in erfacial adhesion be ween PLA and 

na ural fibers is s rong.[16] Some bonding agen s or 
binders, for example, e hylene-vinyl ace a e 
copolymer,[17] and some nanopar icles, such as 
organo-modified mon morilloni e[18] and inorganic 
polysilsesquioxane[19], were used  o improve  he hybrid 
cellulose/PLA composi es wi h specific proper ies such 
as flame re arda ion.[19] 

Prac ically, raw pulp cellulose fibers (see  he 
morphology in  he upper lef  of Figure 1) canno  be 
direc ly dispersed in o polymer ma rices uniformly 
 hrough conven ional mel ing process, due  o  he large 
aspec  ra io and en angled s ruc ures. Chemical modifi-
ca ions  o  he raw ma erials (i.e., cellulose and PLA) or 
i s binary blends will usually compromise  heir 
degradabili y and physical proper ies of  he final 
composi e ma erials or make  he fabrica ion process 
sophis ica ed. In  his case, some physical pre rea men  
me hods, such as ball milling,[20] pan milling,[21] or 
shear and cooling milling,[22] were used  o des ruc  
 heir en angled s a es  o improve  he mobili y and 
dispersibili y in ma rix ma erials and in roduce some 
expec ed func ion groups in o celluloses, before  hey 
are used  o fill  hermoplas ic composi es. Among 
 hese solven -free me hods, ball milling followed by 
ho -press molding has been approved a feasible 
processing me hodology  o in roduce morphology 
changes and mechanical ac iva ion in o bac erial 
celluloses  o develop PLA-based composi es under dry 
condi ion.[23] 

There are numerous variables affec ing  heir 
s ruc ures and physical proper ies for cer ain ma erials. 
Some concep ual frameworks, such as  he well-accep ed 
 e rahedron and  hree-linked chain model,[24] were 
proposed  o help ma erials scien is s and engineers 
unders and  he key elemen s and  heir in errela ion-
ships of ma erials science and engineering (i.e., 
processing, s ruc ure, proper ies, and performance). I  
is favorable for  hem  o design, manufac ure, and 
op imize new ma erials, if  hey can easily find  he 

Figure 1. Schematic of fabricating PLA-based composite materials reinforced with the ball-milled celluloses. Note: PLA, polylactide.  
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predominan  fac or from mul ivariables af er doing 
some experimen al  rials as few as possible. 

In  his con ex ,  he aim of  his work is  o produce 
100% biobased, renewable, and degradable cellulose/ 
polymer composi es in a solven -free sys em. Firs , 
pulp cellulose fibers were ball milled  o access  he 
sui able filler for  he PLA-based composi es. Then,  he 
cellulose/PLA composi e ma erials wi h  unable 
morphologies and mechanical proper ies were manufac-
 ured  hrough mel ing ex rusion followed by injec ion 
molding. The influences of par icle size and filling 
con en  of  he ball-milled celluloses on  he s ruc ures 
and mechanical proper ies of  he resul an  composi e 
ma erials were inves iga ed  hrough bo h experimen al 
and s a is ical me hods from  he poin  of view of 
s ruc ure–proper y rela ionships. 

Experimental 

Raw mat rials 

Pulp cellulose fibers (sou hern pine, kraf  bleached) 
from Weyerhaeuser Company (Sea  le, USA) were 
s ored in a walk-in condi ioning room a  20°C and 
65% rela ive humidi y, wi h  he ini ial mois ure con en  
of 8.75 ± 0.22%. PLA pelle s (3052D) were supplied by 
Na ureWorks LLC (Minne onka, USA). 

Ball milling of c llulos  fib rs 

The cellulose was ground wi h a plane ary ball mill 
(Across In erna ional, PQ-N04) running a  600 rpm 
for differen   ime. Each of  he  wo 100-ml s ainless s eel 
jars was loaded wi h 3 g of pulp cellulose fibers and 
159.20 g of s ainless s eel balls (100 pieces of Φ6 and 
16 pieces of Φ10, respec ively). 

A laser sca  ering par icle size analyzer (Malvern, 
Mas ersizer 3000) was used  o assess par icle size and 
size dis ribu ion using dis illed wa er as dispersan . An 
x-ray diffrac ome er (Rigaku, MinFlex 600) was used 
 o ob ain  he diffrac ion spec ra of virgin cellulose fibers 
and ball-milled par icles a   he scanning speed of 2°/min 
and s ep size of 0.020°. The crys allini y was calcula ed, 
according  o  he peak heigh  me hod.[25] 

Composit  fabrication 

The schema ic of fabrica ing  he binary cellulose-
modified PLA-based composi e ma erials is shown in 
Figure 1. The ball-milled cellulose par icles and PLA 
pelle s were dried in a convec ion oven a  80°C for 
24 h prior  o ex rusion. Then, a series of mix ures of 
cellulose par icles and PLA (weigh  frac ions of 

cellulose, 4.8, 13.0, and 20 w %, respec ively) were 
blended wi h a  win-screw ex ruder (HAAKE Rheomex 
CRW 5, MiniLab II) under 75 rpm and 180°C for 5 min. 

Af er cooling wi h wa er,  he ex ruded mix ures were 
chopped wi h a s rand pelle izer (Bay Plas ics Machin-
ery, BT25). Then,  he pelle s were dried in  he oven a  
80°C overnigh  prior  o injec ion molding (HAAKE 
MiniJe ). Respec ively,  he cylinder and mold  empera-
 ure was 190 and 70°C and  he injec ion and holding 
pressure was 600 and 400 bar. The injec ion and holding 
 ime was 10 and 30 s, respec ively. 

Characterization 

M chanical prop rti s 

Tensile  es  wi h 5 valid replica es was performed under 
ambien  condi ion, according  o ASTM D 638 (Ins ron 
4466). The crosshead speed is 5.08 mm/min. Frac ure 
work of each  es  bar was calcula ed by in egra ing  he 
area under i s s ress–s rain curve. 

Morphological prop rti s 

Environmen al scanning elec ron microscope (ESEM, 
Quan a 200, FEI) was used  o image  he  ensile frac ured 
surfaces of  he resul an  composi es af er being coa ed a 
conduc ing layer wi h a gold spu  er coa er. 

Statistical analysis 

Analysis of variance (ANOVA; QI Macros, 30-day- rial 
version) and mul iple correla ion analysis (SPSS, version 
17.0) were conduc ed  o reveal  heir individual con ri-
bu ion of cellulose par icle size and filling con en   o 
 he morphologies and mechanical proper ies of  he 
resul an  PLA composi e ma erials, respec ively. 

Res lts and disc ssion 

Ball milling on th  particl  charact ristics  
of pulp c llulos s 

SEM analysis revealed  ha   he original fibrous s ruc ure 
of pulp cellulose almos  disappeared af er ball milling 
and was modified  o a quasi-circular shape 
(Figure 2a–c). The morphological des ruc ion of pulp 
cellulose fibers resul ed from  he in ense impac  s ress 
during  he ball milling process.[20] The median par icle 
size (i.e.,  he 50% volume-based diame er, 50% in 
Figure 2) reached 120 µm for 10 min of ball milling, 
as shown in Figure 2a,d,e. Longer ball milling  ime 
resul ed in smaller par icle size and narrower size dis ri-
bu ion (Figure 2a–e). However,  his effec  becomes less 
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Figure 2. Microscope photographs of the ball-milled cellulose particles (a: 10, b: 30, c: 60 min, respectively), their particle size 
distributions (d, e), and X-ray patterns (f).  

obvious, when ball milling  ime was over 30 min. For 
example,  he increased ball milling  ime from 30  o 
60 min only leads  o a decrease of 0.8 µm in  he median 
par icle size (i.e., from 39.7  o 38.9 µm) (Figure 2e). 

Howsmon and Marchessaul  found  ha  ball milling 
process resul s in decrys alliza ion of cellulose and  he 
ra e of decrys alliza ion can be accelera ed by  he pres-
ence of mois ure.[26] According  o ano her previous 
repor  by Avolio e  al., cellulose shows par ial amorphi-
za ion af er 60 min of ball milling, since  he crys allini y 
index of cellulose decreases from 0.53  o 0.15.[20] The 
crys allini y index of raw pulp cellulose was 0.785, 
according  o Segal’s me hod,[25] while  he coun erpar s 
wi h 30 min of ball milling reduced  o 0.225. I  became 
par ially amorphous when  he ball milling  ime was over 
30 min (Figure 2f). The resul s are consis en  wi h some 
previous findings.[20,26,27] For  he purpose of evalua ing 
par icle size on  he morphology and mechanical proper-
 ies of  he resul an  composi es, cellulose par icles wi h 
 he ball milling  ime of 10, 30, and 60 min were selec ed 
as  he desired fillers  o fabrica e PLA composi e ma eri-
als, respec ively. 

M chanical prop rti s of th  c llulos /PLA 
composit s 

Tensile s reng h and modulus, elonga ion a  break, and 
frac ure work of  he virgin PLA and  heir cellulose- 

modified composi es are illus ra ed in Figure 3. The 
 ensile s reng h of cellulose-modified composi es is 
lower  han  ha  of virgin PLA, while  heir  ensile modu-
lus is higher  han  ha  of PLA. I  means  ha  filling  he 
ball-milled cellulose par icles in o PLA can improve 
 he s iffness of PLA. Wha  is more, da a poin s of  he 
aforemen ioned mechanical proper ies for  he cellulose- 
odified PLA-based composi es were more concen ra ed 
 han  ha  of virgin PLA (see error bars in Figure 3). I  
indica es  ha  modifying PLA wi h  he ball-milled 
celluloses will improve  he processing s abili y of PLA; 
fur hermore,  he produc s made from  hese cellulose/ 
PLA composi e ma erials would have more s able 
quali y  han  ha  made from virgin PLA. 

Bo h filling con en  and par icle size had some influ-
ences on  he  ensile s reng h and modulus, elonga ion a  
break, and frac ure work of  he resul an  PLA-based 
composi es. For each level of par icle size, increasing 
filling con en  of  he ball-milled cellulose from 4.8  o 
20 w % led  o an increase in  ensile modulus and a 
decrease in  ensile s reng h, elonga ion a  break, and 
frac ure work of  he resul an  composi es. A   he same 
level of filling con en ,  he smaller par icles led  o a 
decrease in elonga ion a  break and frac ure work and 
an increase in  ensile s reng h,  hough  he  rends 
became less obvious when  he filling con en  increased 
from 13  o 20 w %. The  ensile modulus dis inc ly 
increased wi h  he increase in par icle size on  he 
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Figure 3. Mechanical properties of the cellulose/PLA composites, with that of PLA as reference. Note: PLA, polylactide.   

highes  level of cellulose con en . The resul s mean  ha  
lower filling con en  and smaller par icles of  he ball- 
milled celluloses improved  heir s ress resis ance (i.e., 
 ensile s reng h), while reduced  heir elas ic s iffness 
(i.e.,  ensile modulus) of  he resul an  PLA-based 
composi e ma erials, due  o be  er we  ing and denser 
compac ion of  he smaller and less fillers wi h  he 
PLA ma rix.[28] I  seems  ha   he cellulose par icles wi h 
lower filling con en  and bigger par icle size is more 
likely  o improve  heir plas ici y and  oughness a   he 
same  ime  han  heir coun erpar s do. Ball milling of 
pulp cellulose fibers under room  empera ure can be a 
feasible pre rea men   o access  he desired fillers  o 
manufac ure cellulose/PLA composi e ma erials wi h 
 unable mechanical proper ies. 

The mechanical proper ies of  hese PLA-based com-
posi es can be  ailored on  he basis of  heir composi ion 
(i.e., par icle size and filling con en ). In ano her aspec , 
 he varia ions of  he mechanical proper ies resul ing 
from differen  par icle size and filling con en , from 
 he poin  of view of s ruc ure–proper y rela ionships, 
can also be  es ed  hrough  he changes of  heir 
frac ured morphologies for  he resul ing composi es. 
As far as  he  wo abovemen ioned fac ors are con-
cerned, i  looks  ha  filling con en  played grea er 
effec s  han par icle size, on  he varia ion of  he 
aforemen ioned mechanical proper ies, according  o 
Figure 3. This aspec  will be fur her  es ed  hrough 
s a is ical analysis as follows. 

Morphologi s of th  t nsil  fractur d surfac s 

As illus ra ed in Figure 4,  he  ensile frac ured surfaces 
of  he cellulose-modified PLA-based composi e ma eri-
als were  o ally differen  from  ha  of PLA, since virgin 
PLA demons ra ed  he inheren  s iff and bri  le frac-
 ured surfaces (Supplemen ary Figure 1). 

The frac ured surfaces of  he PLA composi es wi h 
larger par icles and higher filling con en  had more 
microvoids and became rougher and more irregular. 
These microvoids confirmed  he  ypical pullou  pa  ern 
of cellulose par icles from  he ma rix PLA during  he 
 ensile process. Wha  is more,  he in erfaces be ween 
cellulose par icles and PLA became narrower and 
vaguer for  he PLA-based composi e ma erials wi h 
lower filling con en  and smaller par icles (Figure 4, 
from upper righ   o lower lef ). Smaller par icles and 
lower filling con en  of  he ball-milled celluloses made 
be  er in erfacial compa ibili y, due  o  he more homo-
geneous dispersion of cellulose par icles in PLA. Thus, 
be  er we  ing and denser compac ion were reached 
for  hem. S rong in erfacial adhesion resul s in weak 
dependence of  he ex en  of reinforcemen  on  he 
par icle charac eris ics of  he reinforcing elemen s.[16] 

Statistical analysis of particl  siz  and filling 
cont nt on th  m chanical prop rti s 

Analysis of varia ion (ANOVA) was used  o de ermine 
 he effec s of some variables on  he o hers in  he field 



POLYMER-PLASTICS TECHNOLOGY AND ENGINEERING 1293 

Figure 4. SEM photographs of the tensile fractured surfaces from the cellulose-modified PLA-based composites with different filling 
contents and particle size. Note: PLA, polylactide.   

of composi e ma erials.[29] Here, ANOVA wi h 2 fac ors 
and 5 replica ions was used  o  he cellulose-modified 
PLA-based composi e ma erials. As  abula ed in 
Table 1, bo h par icle size and filling con en  had 
significan  influences on  he mechanical proper ies of 
resul an  composi es, since  he calcula ed Fisher values 
(F in Table 1) are higher  han  he cri ical Fisher values 
(here is 3.259446, since  he degree of freedom is 2). This 
conclusion could also be drawn using p-values, since all 
 he p-values are less  han  he significance level (i.e., 
0.05). The comple e ANOVA resul s can be found in 
Supplemen ary Table 1. This means  ha  bo h filling 
con en  and par icle size of  he ball-milled celluloses 
had significan  influences on  he mechanical proper ies 
of  he resul an  PLA-based composi e ma erials  hrough 
ANOVA. 

Table 1.  esults of ANOVA. 
Factor Mechanical property F   value 

Particle size Tensile strength*  86.10019 0.000 
Tensile modulus*  60.13363 0.000 
Elongation at break*  67.36008 0.000 
Fracture work*  74.44415 0.000 

Filling content Tensile strength*  35.59468 0.000 
Tensile modulus*  4.589986 0.017 
Elongation at break*  12.88337 0.000 
Fracture work*  16.14727 0.000 

*Means significant at the 0.05 level (2-tailed).   

Pearson correla ion has been used  o de ermine  he 
individual effec  and direc ion of some variables on 
 he mechanical proper ies for composi e ma erials.[30,31] 

As shown in Table 2, bo h par icle size and filling 
con en  of  he ball-milled celluloses were nega ively 
rela ed  o  he  ensile s reng h and posi ively rela ed  o 
 he  ensile modulus. However, par icle size and filling 
con en  were posi ively and nega ively rela ed  o  he 
elonga ion a  break and frac ure work, respec ively. This 
confirmed  he conclusion drawn from Figure 3, since 
 he  rends are consis en  wi h each o her for mos  of 
 he abovemen ioned scenarios. 

The correla ion coefficien s be ween  he filling 
con en  and  heir mechanical proper ies are higher 
( he minimum absolu e value, 0.734)  han  he 

Table 2.  esults of Pearson correlation. 
Factor Mechanical property Pearson Significance 

coefficients 
Particle size Tensile strength  −0.391** 0.008 

Tensile modulus  0.200 0.188 
Elongation at break  0.352* 0.018 
Fracture work  0.378* 0.010 

Filling content Tensile strength  −0.734** 0.000 
Tensile modulus  0.817** 0.000 
Elongation at break  −0.804** 0.000 
Fracture work  −0.807** 0.000 

*,**Means significant at the 0.05 and 0.01 level (2-tailed), respectively.   
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coun erpar s be ween par icle size and mechanical 
proper ies ( he maximum absolu e value, 0.391). The 
s a is ical resul s showed  ha  filling con en  con ribu es 
more  o  he varia ions of  he mechanical proper ies  han 
par icle size does, which confirms  he preliminary 
conclusion drawn from  he experimen al measuremen  
(Figure 3). S a is ical me hods combining wi h experi-
men al  rials can be used  o de ermine  he predominan  
one from mul ivariables easily. 

Concl sion 

This work demons ra ed a green and efficien  rou e  o 
manufac ure 100% biobased, renewable, and degradable 
composi e ma erials wi h  ailored mechanical proper ies 
and s ruc ures. Ball milling was used  o physically 
pre rea  pulp cellulose fibers  o access  he desired fillers. 
Then,  he PLA-based composi e ma erials were fabri-
ca ed  hrough ex rusion blending followed by injec ion 
molding. Their physical proper ies and s ruc ures were 
inves iga ed  hrough experimen al  es s and s a is ical 
analysis. 

The resul s show  ha   he original fibrous s ruc ure of 
pulp cellulose fibers disappeared and was modified  o 
 he quasi-circular shape af er ball milling. Longer ball 
milling of  he pulp cellulose fibers resul ed in smaller 
par icle size, narrower size dis ribu ion, and lower crys-
 allini y. The cellulose par icles  ha  experienced ball 
milling more  han 30 min demons ra ed  he par ial 
amorphiza ion by XRD analysis. Smaller par icles and 
lower filling con en  of  he ball-milled celluloses led  o 
more homogeneous dispersion in PLA. Par icle size 
and filling con en  of  he ball-milled celluloses influ-
enced no  only on  he morphologies of  he frac ured 
surfaces bu  also significan ly on  he  ensile s reng h 
and modulus, elonga ion a  break, and frac ure work 
of  he resul an  composi e ma erials. Filling  he ball- 
milled celluloses in o PLA improved i s  ensile modulus 
and  he s abili ies of  heir mechanical proper ies for  he 
resul an  cellulose/PLA composi e ma erials, which will 
endow  hem wi h  unable mechanical proper ies for dif-
feren  applica ion scenarios. The ball-milled celluloses 
wi h lower filling con en  and bigger par icle size are 
more likely  o improve  heir plas ici y and  oughness 
a   he same  ime  han  heir coun erpar s do. 

The filling con en  con ribu ed more  o  he varia ions 
of  heir mechanical proper ies, compared wi h  ha   he 
par icle size did. S a is ical analysis of experimen al da a 
can be used  o effec ively es ima e  he effec s of mul i-
variables on  he physical proper ies of  he resul an  
composi es and iden ify  he predominan  one, which 
will accelera e  he design, manufac ure, and op imiza-
 ion of some advanced ma erials in fu ure. 
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