
A
P

B
P
a

P
b

c

P

a

A
R
R
A
A

K
P
I
D
S

1

r
h
(
L
D
r
a
w
2
2
O
Z
G
r

C
B

0
h

Carbohydrate Polymers 89 (2012) 759– 767

Contents lists available at SciVerse ScienceDirect

Carbohydrate  Polymers

jo u rn al hom epa ge: www.elsev ier .com/ locate /carbpol

dhesion  and  micromechanical  deformation  processes  in
LA/CaSO4 composites

alázs  Imrea,b,  Gergely  Keledia,b, Károly  Rennera,b, János  Móczóa,b, Marius  Murariuc,
hilippe  Duboisc,  Béla  Pukánszkya,b,∗

Laboratory of Plastics and Rubber Technology, Department of Physical Chemistry and Materials Science, Budapest University of Technology and Economics, H-1521 Budapest,
.O.  Box 91, Hungary
Institute of Materials and Environmental Chemistry, Chemical Research Center, Hungarian Academy of Sciences, H-1525 Budapest, P.O. Box 17, Hungary
Laboratory of Polymeric and Composite Materials, Center of Innovation and Research in Materials and Polymers (CIRMAP), Materia Nova Research Center, University of Mons,
lace  du Parc 20, 7000 Mons, Belgium

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 23 December 2011
eceived in revised form 30 March 2012
ccepted 3 April 2012
vailable online 10 April 2012

eywords:

a  b  s  t  r  a  c  t

PLA/CaSO4 composites  were  prepared  from  uncoated  and  stearic  acid  coated  filler  particles  in  a wide
composition  range.  The  strength  of  interfacial  adhesion  was  estimated  quantitatively  with  three  inde-
pendent  methods.  Structure  was  characterized  by DSC,  XRD  and SEM  measurements,  while  mechanical
properties  by  tensile  and  instrumented  impact  tests.  The  results  proved  that  adhesion  is  twice  as  strong
in  composites  prepared  with  the  uncoated  particles  than  in  those  containing  the coated  filler.  Coating
changes  also  local deformation  processes  around  the particles.  Although  debonding  is the  dominating
LA/CaSO4 bio-composites
nterfacial adhesion
ebonding
urface modification

micromechanical  deformation  process  in  all composites,  local  plastic  deformation  is  larger  around  coated
particles.  The  extent  of this  deformation  depends  very  much  also  on  the  local  distribution  of  particles.
The  final  properties  and performance  of  the  composites  depend  unambiguously  on  the  micromechanical
deformation  processes  occurring  during  loading,  on debonding  and  the  subsequent  plastic  deformation.
Stearic  acid  used  for the  coating  of the  filler  seems  to  dissolve  in the  polymer  and  locally  change  its
properties.
. Introduction

The quest for replacing fossil fuel based polymers with mate-
ials from renewable resources has started some time ago and
as been going on continuously in the last one or two decades
Belgacem & Gandini, 2008; Evans, 2011; Gandini, 2008; Lindblad,
iu, Albertsson, Ranucci, & Karlsson, 2002; Mohanty, Misra, &
rzal, 2002; Williams & Hillmyer, 2008). One of the candidates to

eplace hydrocarbon polymers is poly(lactic acid) (PLA). Consider-
ble effort is done to use this polymer in various applications as
ell as to modify it by copolymerization (Auras, Harte, & Selke,

004; Hirata & Kimura, 2008; Ho, Wang, Lin, & Lee, 2008; Li et al.,
008; Mert, Doganci, Erbil, & Dernir, 2008; Nagahama, Nishimura,
hya, & Ouchi, 2007; Södergard & Stolt, 2002), blending (Gu,

hang, Ren, & Zhan, 2008; Rohman, Laupretre, Boileau, Guerin, &
rande, 2007) or by the production of particulate filled or fiber

einforced composites (Bax & Müssig, 2008; Bhat, Gulgunje, &
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Desai, 2008; Bleach, Nazhat, Tanner, Kellomäki, & Törmälä, 2002;
Gorna, Hund, Vucak, Grohn, & Wegner, 2008; Kuan, Kuan, Ma,  &
Chen, 2008; Murariu, Ferreira, Degee, Alexandre, & Dubois, 2007;
Murariu et al., 2008; Paul et al., 2003; Pluta, Jeszka, & Boiteux;
Pluta et al., 2007; Sobkowicz, Feaver, & Dorgan, 2008; Wang, Zhang,
Ma,  & Fang, 2008). Although PLA has several drawbacks (low heat
deflection temperature, fast physical aging, water sensitivity, brit-
tleness), it also has considerable advantages compared to fossil fuel
based polymers. Among others it can be produced from renewable
resources thus its application does not generate supplementary
CO2 emission, it is recyclable and compostable in industrial com-
posts, and its properties can be modified and adjusted to a large
number of applications in various ways. Increasing production
capacity decreases its price thus PLA may  represent a reasonable
alternative to commodity polymers in several application areas.
Calcium sulfate forms as a byproduct during the purification of the
lactic acid monomer, thus it is reasonable to attempt the use of
this mineral for the modification of PLA. Such an approach may
result in a reasonable utilization of the byproduct and allow the

preparation of a new material (Mishra & Shimpi, 2007; Murariu
et al., 2007, 2008; Pluta et al., 2007; Sobkowicz et al., 2008). As it
has been shown elsewhere (Sobkowicz et al., 2008), the prepara-
tion of PLA/CaSO4 composites satisfies two of the twelve principles

dx.doi.org/10.1016/j.carbpol.2012.04.005
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:bpukanszky@mail.bme.hu
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f green chemistry, i.e. the use of renewable feedstock and the
revention of waste formation. The use of gypsum as a filler for
LA decreases the cost of the polymer and makes it competitive
ith traditional petrochemical polymers. However, further study

s needed to determine structure–property correlations, deforma-
ion and failure behavior, performance and potential application
reas of this relatively new composite (Murariu et al., 2007).

In a recent study we prepared PLA composites containing
ncoated CaSO4 and the same filler coated with stearic acid,
nd determined their structure and properties (Molnár, Móczó,
urariu, Dubois, & Pukánszky, 2009). We  found that surface mod-

fication changes all properties drastically, which indicates the
mportance of interfacial interactions in the determination of
omposite properties. Moreover, with specifically designed exper-
ments we found that stearic acid dissolves in PLA and plasticizes
he polymer around the particles which can lead to local plastic
eformation. We  assumed that the dominating micromechanical
eformation mechanism is debonding, i.e. the separation of the
atrix and the filler at the interface, which justifies the increased

mportance of interfacial interactions. However, we did not have
irect evidence for this assumption. Finally, we also found widely
eviating points in some of our correlations, which were difficult
r impossible to understand. The compression molding of stiff PLA,
hich becomes even stiffer upon filling, proved to be a difficult task

nd we speculated that inappropriate sample preparation condi-
ions might have resulted in stress concentrations or other defects
n the samples leading to the deviations observed.

Taking into consideration all these questions, the goal of the
resent study was to focus more on interfacial interactions and
icromechanical deformation processes in PLA/CaSO4 composites.

he samples were homogenized by extrusion and specimens were
repared by injection molding this time. Less attention was  paid
o structure, but more effort was spent on the surface character-
zation of the filler, on the estimation of interfacial adhesion and
n deformation processes. Similarities and differences caused by
he dissimilar conditions are pointed out and the practical conse-
uences are discussed in the paper.

. Experimental

The PLA used in the experiments was obtained from Nature-
orks (USA). The selected grade (Ingeo 4032D, Mn = 88 500 g/mol

nd Mw/Mn = 1.8) is recommended for extrusion. The polymer (<2%
 isomer) has a density of 1.24 g/cm3, while its MFI  is 3.9 g/10 min
t 190 ◦C and 2.16 kg load. The CAS-20-4 calcium sulphate filler
sed was supplied by the United States Gypsum Co. (USA). The
ller, manufactured from high purity gypsum rock using controlled
alcination and fine grinding, has a volume average particle size
f 4.4 �m,  specific gravity of 2.96 g/cm3 and calcium sulfate con-
ent >99%. The filler was surface coated with 1.5 wt%  stearic acid
esulting in monolayer coverage (Molnár et al., 2009) in order to
odify interfacial interactions. Coating was carried out at 120 ◦C

nd 100 rpm for 10 min  in a Haake Rheomix 600 mixer fitted with
lades for dry-blending. The CaSO4 content of the PLA compos-

tes, both with coated and uncoated fillers, was changed from 0 to
0 vol% in 5 vol% steps.

The particle size and particle size distribution of the filler was
etermined with a Malvern Mastersizer 2000, while its specific sur-
ace area with an Autosorb 1 (Quantachrome, USA) apparatus. The
urface characteristics of the fillers were studied by inverse gas
hromatography (IGC). The fillers were aggregated in methanol
hen the dried samples were grinded and sieved. The size of the

rinded filler particles covered a wide range; the fraction between
00 and 800 �m size was used for the filling of the column. Columns
ere conditioned at 140 ◦C for 16 h and measurements were done

t different temperatures (90–120 ◦C) with the injection of various
mers 89 (2012) 759– 767

n-alkanes and polar solvents (tetrahydrofurane, diethyl ether, ethyl
acetate, chloroform).

Both poly(lactic acid) and the fillers were dried in a vacuum
oven before composite preparation (110 ◦C for 4 h and 120 ◦C for
2 h, respectively). The components were homogenized using a
Brabender DSK 42/7 twin screw compounder at 205–205–210 ◦C
and 30 rpm followed by granulation. Standard specimens (ISO 527
1A) were produced by injection molding (Demag IntElect 50/330-
100) at 200–210–220–230 ◦C barrel and 40 ◦C mold temperature,
550 bar injection and 500 bar holding pressure at 35 s holding time.
All specimens were kept in a room with controlled temperature and
humidity (23 ◦C and 50%) for at least one week prior further testing.

The possible crystallinity of the samples was checked by X-ray
diffraction (XRD) using a Phillips PW 1830/PW 1050 apparatus with
CuK� radiation at 40 kV and 35 mA anode excitation. XRD spec-
tra were registered between 5 and 35◦2� angles. Crystallinity was
determined also by differential scanning calorimetry using a Perkin
Elmer DSC 7 apparatus. Only one heating run was done on 5 mg
samples with a heating rate of 10 ◦C/min.

The filler was coated with 1.5 wt%  surfactant as described in a
previous paragraph. The amount of bonded stearic acid on the filler
surface prior to compounding and in the composite was  compared
using FTIR-DRIFT spectroscopy. In order to separate the coated filler
from the PLA matrix, 11.3 g of the composite containing 25 vol%
(5 g) of coated filler was  stirred for 5 h in 100 ml  of chloroform and
dichloromethane respectively. The filler was analyzed following fil-
tration and drying. For the sake of comparison, the same method
was applied to 5 g of the coated filler, while the neat uncoated and
coated fillers were used as references.

Mechanical properties were characterized by tensile testing
on standard 4 mm thick ISO 527 1A specimens using an Instron
5566 apparatus. Stiffness (E) was determined at 0.5 mm/min cross-
head speed and 115 mm gauge length. Tensile strength (�), and
elongation-at-break (ε) were calculated from force vs. deformation
traces measured on the same specimens at 5 mm/min cross-head
speed. Micromechanical deformation processes were studied by
volume strain (VOLS) and acoustic emission (AE) measurements.
Volume strain was determined by the measurement of changes
in the dimension of the specimen also in a lateral direction; we
assumed that changes in the other lateral direction are similar. A
Sensophone AED 40/4 apparatus was  used to record and analyze
acoustic signals during tensile tests. Both standard and instru-
mented impact tests were carried out to characterize fracture
resistance. Impact testing was  done according to the ISO 179 stan-
dard on 80 × 10 × 4 mm specimens using a Ceast Resil 5.5 apparatus
(2 mm notch, 62 mm span, 4 J hammer, 2.9 m/s). The particle char-
acteristics of CaSO4 and the structure, as well as the deformation
mechanism of the composites were studied by scanning electron
microscopy, SEM (JEOL JSM-6380 LA). Micrographs were recorded
on both impact and tensile fracture surfaces.

3. Results and discussion

The morphology of PLA/CaSO4 composites is relatively compli-
cated. The polymer can crystallize, but the rate of crystallization is
rather slow thus under the conditions of normal processing oper-
ations it remains mostly amorphous; its crystalline content is very
small. Besides crystalline structure, the distribution of the filler in
the matrix, i.e. the possible formation of aggregates, especially at
large filler loadings, is also an important issue. The filler might influ-
ence also interphase formation and the mobility of the polymer
molecules. We  investigated these questions in our previous study

in detail (Molnár et al., 2009). We found that crystallinity is negli-
gible and additional measurements done in this study by XRD and
DSC confirmed this result. Very little aggregation was  found earlier
in spite of the presence of a fraction of small particles. The most
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Table 1
Effect of filler content on the glass transition temperature of PLA.

Filler content
(vol%)
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Tg ( C)
Coated 66.3 66.2 65.7 65.6 65.1 65.6 64.6
Uncoated 66.3 66.3 66.2 66.4 66.5 66.4 66.3

mportant structural aspect was the plasticizing effect of stearic
cid on PLA. Taking into consideration previous results and sup-
orting information obtained in this study we  refrain from the
etailed discussion of structure and focus mostly on properties,
urface characteristics, interfacial adhesion and micromechanical
eformations. Consequences for practice are discussed in the final
ection of the paper.

.1. Properties

The mechanical properties of the PLA/CaSO4 composites stud-
ed is plotted against filler content in Fig. 1. Stiffness increases
teeply with increasing filler content and reaches almost 8 GPa at
0 vol%. The effect of surface modification is very small; the stiff-
ess of the composites containing the coated filler is only slightly
maller than the modulus of materials containing the uncoated
ller. This result is in complete agreement with earlier experience
howing that neither interaction nor structure influence stiffness
uch (Parrinello, 1991; Pukánszky, 1992). The slight decrease of

tiffness upon coating might be the result of decreased interfacial
nteraction or the plasticizing effect of the stearic acid. In the first
ase the debonding of large particles may  occur already at the very
mall deformations of the modulus measurement. Plasticization on
he other hand should affect the glass transition temperature (Tg) of
he matrix polymer. It is worthy to note that similarly to the compo-
ition dependence of stiffness, slight difference could be observed
n the glass transition temperature of the composites (see Table 1).
s determined from the DSC traces of the composites, Tg shifted

o lower temperatures confirming the minor plasticizing effect of
tearic acid in PLA. If plasticization is the reason of decreased stiff-
ess, the effect is slight, probably due to the constraint of the larger
pecimen thickness, which hinders plastic deformation. Finally, the
omposition dependence of stiffness indicates the complete lack
f structural effects, the correlation agrees well with predictions
Nielsen, 1974; Wypych, 1999), as shown by the broken line in
ig. 1a. The composition dependence of modulus was predicted
ith the Lewis–Nielsen equation (Eqs. (1)–(4))

 = Em
1 + ABϕf

1 − B�ϕf
(1)

 = 7  − 5�m

8 − 10�m
(2)

 = Ef /Em − 1
Ef /Em + A

(3)

 = 1

(
1 − ϕmax

f

ϕmax2

f

)
ϕf (4)

here E, Em (3.6 GPa) and Ef (63.9 GPa) are the Young’s modulus of
he composite, matrix and filler (Sharpe & Cork, 2006), respectively,
m (0.35) is the Poisson’s ratio of the matrix and ϕmax

f
(0.64) is max-

mum packing fraction (Nielsen, 1974). Orientation does not play a
ole because the aspect ratio of the filler is close to 1, while aggre-

ation probably does not occur either in accordance with previous
esults.

The composition dependence of tensile strength is presented
n Fig. 1b for the two series of composites. The strength of the

Fig. 1. Effect of surface coating and filler content on tensile properties of PLA/CaSO4

composites; (a) tensile modulus (©) uncoated, (�) coated filler, —— prediction (Eqs.
(1)–(4));  (b) tensile strength (©) uncoated, (�) coated filler; (c) deformability (©,
�)  uncoated, (�, �) coated filler; effect of technology and specimen thickness: ———
4  mm,  injection molded, —— 1 mm compression molded.



762 B. Imre et al. / Carbohydrate Polymers 89 (2012) 759– 767

F
i

c
T
i
c
p
s
a
d
b
e
d
a
t
a
c
m
m
r
i
a
a
c
S
b
l
l
s

b
W
R
H
R
s
a
s
t
fi
d
t
n

Table 2
Surface characteristics of the CaSO4 fillers studied.

Filler Surface tension,a

�d
s (mJ/m2)

Acid–base
constants

Ka Kd

Uncoated 79.8 0.10 0.54
ig. 2. Instrumented impact testing of PLA/CaSO4 composites, effect of surface coat-
ng  and filler content; ··-··-··- PLA, ——— uncoated filler, —— coated filler.

omposites containing the uncoated filler decreases only slightly.
his result agrees well with previous findings and indicates good
nteraction between the filler and the polymer matrix. Much more
omplicated is the composition dependence of strength for com-
osites prepared with the coated filler. Strength decreases quite
ignificantly with increasing filler content and shows a minimum
t 20 vol% CaSO4 content which is difficult to explain. The large
ecrease in strength indicates weak interfacial adhesion and proba-
ly easy debonding. The minimum might result from the combined
ffect of plasticization, size constraint and changing interparticle
istance. The deformability of the composites changes similarly,
s a function of composition as presented in Fig. 1c, in which
he results obtained on 1 mm  thick compression molded plates
re also included as reference. In complete accordance with the
omposition dependence of strength, elongation-at-break shows a
aximum at 20 vol% filler content for the injection molded speci-
ens. Obviously, the combination of the factors mentioned above

esults in a maximum in deformability and a minimum in strength
n this range of filler loading. It also should be noted that elongation-
t-break is very small for composites containing the uncoated filler
nd it is only marginally larger for composites prepared with the
oated filler, though deformability remains below 4% in all cases.
pecimen thickness has a similar effect on composites containing
oth the coated and the uncoated filler, but coating has a much

arger effect at 1 mm thickness. Apparently plasticization and/or
ocal plastic deformation influence deformability much more at
maller constraint.

Limited fracture resistance is one of the drawbacks of PLA. Com-
ination with fillers might increase (Bartczak, Argon, Cohen, &
einberg, 1999; Dubnikova, Berezina, & Antonov, 2002; Razi &

aman, 2000; Wang, Wu,  Ye, & Zeng, 2003; Zuiderduin, Westzaan,
uétink, & Gaymans, 2003) or decrease (Dubnikova et al., 2002;
azi & Raman, 2000; Zebarjad, Tahani, & Sajjadi, 2004) impact
trength depending on the extent of plastic deformation initi-
ted by the filler. Considering the differences in deformability and
trength (see Fig. 1b and c) we expected large difference in the frac-
ure behavior of composites containing the coated and the uncoated
ller, respectively. A few selected force vs. time traces recorded

uring instrumented impact testing are presented in Fig. 2. The
races are very similar to each other; considerable differences can-
ot be established without quantitative analysis. The presence of
Coated 21.6 0.37 0.52

a Determined at 120 ◦C.

the filler increases the maximum force, i.e. the critical stress inten-
sity factor for fracture initiation. Fracture energy seems to be more
or less the same for the two  series of composites. The larger force
and area measured at 25 vol% content of the coated filler indicates
some increase in plastic deformation, but this is much below the
extent expected. The lack of pronounced effect of coating on frac-
ture resistance is strange and might be explained with the high
speed (2.9 m/s) of testing and the size constraint of the large spec-
imens. We may  conclude, however, that the coating of the filler
changes interfacial interaction and also the extent of plastic defor-
mation thus a more thorough study of these factors is needed for
the understanding of the behavior of PLA/CaSO4 composites.

3.2. Surface characterization

In the absence of coupling, i.e. covalent bonds, between the
matrix and the filler, interfacial interactions are created by sec-
ondary bonds. The character and strength of interactions can
be estimated quite well by the proper characterization of the
surface. Surface properties are often determined by inverse gas
chromatography, which allows the determination of both the
apolar, dispersion and the polar, specific components of inter-
action (Comard, Calvet, Balard, & Dodds, 2004; Comte, Calvet,
Dodds, & Balard, 2005; Mukhopadhyay & Schreiber, 1995; Panzer
& Schreiber, 1992). The dispersion component of surface tension
is determined by the method of Dorris and Gray (1980) using
retention volumes obtained by the injection of n-alkanes onto the
column, the packing of which is the filler itself. Because of the
large surface energy of CaSO4 even the determination of the dis-
persion component is not easy, the probe does not elute at room
temperature, thus the measurement is done at higher tempera-
tures. The specific component of interaction can be characterized
by the donor (DN) and acceptor (AN) numbers of Drago, Vogel,
and Needham (1971) or Gutmann (1978).  The injection of polar
solvents with known AN and DN numbers allows the determina-
tion of the enthalpy change of adsorption and from its temperature
dependence the determination of the acid–base constants Ka and
Kd (Gutmann, 1978).

The surface characteristics of the two fillers studied are collected
in Table 2. The dispersion component of surface energy is relatively
large compared to CaCO3 that has a value of about 65 mJ/m2 at 50 ◦C
and 45 mJ/m2 at 120 ◦C (Fekete, Móczó, & Pukánszky, 2004). Sur-
face tension decreases considerably upon coating, instead of the
80 mJ/m2 measured for the uncoated filler we obtain 21.6 mJ/m2

after coating. Both values mentioned were determined at 120 ◦C.
The dispersion component of surface tension does not give informa-
tion about specific interactions, although the carbonyl group of PLA
is definitely capable of forming strong bonds, which probably lead
to strong interfacial adhesion. IGC measurements indicate that the
surface of the fillers is amphoteric in character, but it is much more
basic than acidic. Acidity increases upon surface treatment, which is
not very surprising considering that coating was done with stearic

acid. These values explain both the strong interaction between the
uncoated filler and the polymer, and the increase in acidity with
coating indicates the presence of free or weakly bonded stearic
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increase is observed in the composite containing the coated filler,
which is in complete agreement with the large deformability and
small strength of this material. Debonding occurs at lower stress

Table 3
Effect of surface coating on matrix/filler adhesion determined with three indepen-
dent methods in PLA/CaSO4 composites.

Filler Interfacial adhesion determined from
B. Imre et al. / Carbohydra

cid, which, on the other hand, explains the dissolution and the
lasticization effect of this surfactant in PLA.

.3. Interfacial adhesion

The strength of interfacial adhesion can be estimated in several
ays in particulate filled composites. If we know the components

f surface energy, the reversible work of adhesion can be calculated
uantitatively as

AB = 2(�d
1 �d

2 )
1/2 + nabf	Hab (5)

here �d
1 and �d

2 are the dispersion component of the surface
ension for components 1 and 2, respectively, f is a correction
actor close to unity, nab is the number of interacting acid–base
ites located on the surface, and 	Hab is the enthalpy related
o acid–base interaction. Recently an approach was developed to
etermine the strength of interfacial adhesion from acoustic emis-
ion measurements (Renner, Móczó, Vörös, & Pukánszky, 2010).
he basis of the approach is Eq. (6),  which defines debonding stress
s

D = −C1�T + C2

(
EWAB

R

)1/2
(6)

here �D and �T are debonding and thermal stresses, respectively,
 the Young’s modulus of the matrix, WAB the reversible work of
dhesion, R the radius of the particles, while C1 and C2 are geo-
etric constants related to the debonding process. If we  know the

arameters of the equation, which were calculated from measure-
ents done on polymer/filler pairs with known characteristics (E,

, WAB), and know the stiffness of the matrix and the size of the
articles, which we usually do, we can calculate the strength of
dhesion, which we term Fa instead of WAB in order to differenti-
te the approach used for determination. Finally, the strength of
nterfacial adhesion can be also estimated from the composition
ependence of composite strength if the dominating deformation
echanism is debonding. The dependence of tensile strength on

ller content can be expressed as

T = �T0
n 1 − ϕ

1 + 2.5ϕ
exp(Bϕ) (7)

here �T and �T0 are the true tensile strength (�T = �
 and 
 = L/L0)
f the composite and the matrix, respectively, n is a parameter
xpressing the strain hardening tendency of the matrix, ϕ is the
olume fraction of the filler and B is related to its relative load-
earing capacity, i.e. to the extent of reinforcement, which depends
n interfacial interaction. We  can write Eq. (7) in linear form

n �Tred = ln
�T (1 + 2.5ϕ)


n(1 − ϕ)
= ln �T0 + Bϕ (8)

nd plotting the natural logarithm of the reduced tensile strength
f the composite against filler content should result in a linear
orrelation, the slope of which is proportional to the strength of
nteraction. In Fig. 3 the strength of the two series of composites is
lotted against filler content in the form indicated by Eq. (8).  We
btain linear correlations indeed with considerably different slopes
hich clearly show the difference in the strength of interfacial

dhesion.
The results obtained with the three different approaches are

ompiled in Table 3 for the two fillers. We  can see that in spite of the
issimilar approaches the final results are the same. Even the abso-

ute values are similar for adhesion obtained from thermodynamic
alculations and acoustic emission measurements, but parameter
 determined from the composition dependence of tensile strength
lso shows that the strength of interfacial adhesion is significantly
arger in composites containing the uncoated filler than in those
repared with coated CaSO4. The results are consistent and indicate
Fig. 3. Effect of surface coating on the reinforcing effect of the filler in PLA/CaSO4

composites; (©) uncoated, (�) coated filler.

that debonding is facilitated by coating. On the other hand, easier
debonding does not necessarily mean larger plastic deformation
and does not give information about the possible plasticizing effect
of stearic acid in PLA.

3.4. Micromechanical deformations

External load induces stress concentration around hetero-
geneities in particulate filled composites. Local stress maxima
initiate local deformation processes and their detection gives valu-
able information about the mechanism of the processes and often
also about the performance of the material. Debonding results in
the formation of voids which increases the volume of the spec-
imen. However, detectable volume increase starts only after the
considerable plastic deformation of the material around the het-
erogeneities (Renner, Yang, Móczó, Choi, & Pukánszky, 2005). The
volume increase of three specimens is compared in Fig. 4a together
with the corresponding stress vs. strain traces. We  can see that vol-
ume  increases more or less linearly at small deformations with very
similar slopes for the three materials. The increase is the result of
Poisson’s ratio being different from 0.5. Larger differences can be
detected among the materials above 1.0% elongation. Apparently a
decrease of volume increase seems to occur in neat PLA, which is
usually an indication of inhomogeneous deformation and yielding.
The uncoated filler with strong interfacial adhesion fails before vol-
ume  starts to increase. This may  indicate the complete absence of
debonding, but more probably the immediate, catastrophic failure
of the specimen after the separation of the interfaces. Large volume
Surface characteristics
WAB (mJ/m2)

Acoustic emission
Fa (mJ/m2)

Tensile strength
Parameter B

Uncoated 243 211 2.56
Coated 121 134 1.24
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Fig. 4. Results of the volume increase and acoustic emission measurements: (a)
volume increase, filler content: 20 vol%, ··-··-··- PLA, ——— uncoated filler, —– coated
fi
t
·

w
f
d
2
o

Fig. 5. Effect of filler content and surface coating on the initiation stress for debond-
ller; (b) acoustic emission measurement (5 vol% coated filler) (©)  individual acous-
ic signals; (c) acoustic activity of PLA and its composites. Filler content: 5 vol%,
·-··-··-  PLA, ——— uncoated filler, —– coated filler.

hich can be explained by the weaker adhesion due to the sur-
ace treatment of the filler. As we have shown earlier, the PLA can

issolve the stearic acid form the surface of CaSO4 (Molnár et al.,
009), but dissolution is never complete; some surfactant remains
n the surface which results in weaker interaction compared to the
ing determined by acoustic emission in PLA/CaSO4 composites; (©) uncoated, (�)
coated filler.

neat filler. The fact that a certain, lower extent of surface cover-
age is still present in the composites was demonstrated by DRIFT
measurement of coated fillers extracted from the composite after
dissolution of the matrix; these results however are not listed here.
Considering all these factors, we might conclude that the effect
of debonding, stearic acid plasticization and changing particle dis-
tance results in this large volume increase.

The result of acoustic emission measurement done on the
composite containing the uncoated filler in 5 vol% indicates that
considerable number of acoustic events occur in the material dur-
ing deformation (Fig. 4b). Individual acoustic events are indicated
with small circles in the figure; their amplitude changes between
the threshold value of 20 dB and a maximum around 80 dB. It is
quite difficult to draw much conclusion from individual signals thus
we plot also the cumulative number of signals in the figure together
with the stress vs. strain trace for comparison. The S shape of the
cumulative number of signals vs. elongation correlation is typical
for debonding (Renner et al., 2005). We  can also determine a char-
acteristic stress value from such traces indicating the initiation of
debonding (�AE, see Fig. 4c). This value can be and was used for
the calculation of the strength of interfacial adhesion (Fa, Table 3)
according to the second approach described above (see Eq. (2),  �D).

Correlations of the cumulative number of signals are compared
in Fig. 4c for three materials, for the PLA and for composites con-
taining the uncoated and coated CaSO4 filler in 5 vol%, respectively.
Hardly any sound is detected in the matrix polymer indicating that
it deforms mainly elastically and by shear yielding that do not give
sound. The shape of the cumulative number of signal correlations
is similar for the two composites; the only difference is in the num-
ber of signals, which is much smaller in the composite containing
the coated filler. The small number of signals may  be the result of
fewer acoustic events, but the strength of adhesion was also shown
to influence the number of signals and/or their detection. Consid-
erable local yielding and changing matrix properties as a result of
plasticization may  also contribute to the smaller number of acoustic
emission signals.

The characteristic stress value related to the appearance of

acoustic signals, which we  assign to the initiation of debonding,
is plotted against filler content in Fig. 5 for the two  composite
series. Composition dependence differs considerably for the two
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other series, for composites containing the coated filler. These devi-
ations clearly prove that another factor or process also plays a role
in the determination of composite strength and we  believe that this
B. Imre et al. / Carbohydra

ypes of fillers. Characteristic stress increases slightly with filler
ontent for composites containing uncoated CaSO4. Such a behav-
or was explained before with the effect of interacting stress fields
eading to a decrease of local stresses (Pukánszky & Vörös, 1996).
n the other hand, coating obviously facilitates debonding. How-
ver, the composition dependence cannot be explained solely with
his effect, since the strength of interaction is the same at all filler
ontents. Obviously some other factor or factors also contribute to
he initiation of debonding. We  may  assume that local deformation,
hanging matrix properties due to the plasticizing effect of stearic
cid and changes in particle distance all contribute to the decrease
f debonding stress.

.5. Discussion

The results presented above clearly prove the important role
f interfacial adhesion on the deformation and failure behavior
f PLA/CaSO4 composites. The coating of the filler surface with
tearic acid does not influence the stiffness of the composites much,
s expected, but results in a considerable decrease in composite
trength. The dominating micromechanical deformation is clearly
ebonding, which could be proved both by volume strain and
coustic emission measurements. Stearic acid treatment increases
he deformability of the composites and facilitates debonding.
owever, the extremes in the composition dependence of strength
nd elongation-at-break indicate the effect of additional factors,
lmost certainly the role of local deformations which depend on
omposition, but also on the presence or absence of stearic acid
n the surface of the filler. Although the overall homogeneity of
he composites is satisfactory as indicated by several results, local
nhomogeneity may  also influence macroscopic properties.

Although electron micrographs cannot supply unassailable evi-
ence about the local deformation processes occurring around
articles, they can at least offer some information supporting
ur assumptions. The fracture surface of a specimen created dur-
ng tensile testing is shown in Fig. 6a; the composite contained
0 vol% uncoated filler. The surface shows all the characteristics of
LA/CaSO4 composites prepared with uncoated particles. Several
arge and a large number of small particles can be seen in the fig-
re. Considering the large filler content, the homogeneity of the
ample is reasonable and the fracture surface is smooth indicating
imited extent of plastic deformation. A completely different view
s offered by the fracture surface of the composite containing the
ame amount of filler, but prepared with coated CaSO4 (Fig. 6b). The
arge particles are visible here too, but the presence of smaller ones
s obscured by the large extent of plastic deformation around the
arge particles. The large holes around these particles also support
ur conclusions about facilitated debonding (Fig. 1b), void forma-
ion (Fig. 4a) and large plastic deformation. Although based on these

icrographs we do not dare to draw farfetched conclusions, we
ay  safely say that local deformation processes play an important

ole in the determination of the ultimate properties of PLA/CaSO4
omposites. The role of increased local plastic deformation is fur-
her supported by Fig. 7 in which the toughness of the composites
alculated from tensile characteristics (�	L/L0) is plotted against
ller content. The difference in the toughness of the two sets of
omposites is not large, but definite thus verifying our arguments
resented above.

To further emphasize the correlation between local processes
nd macroscopic properties, we plotted composite strength against
he characteristic stress indicating the initiation of debonding
hich was determined from acoustic emission experiments (Fig. 8).
he correlation is unambiguous proving that local processes deter-
ine the performance of the composite indeed. However, a closer

crutiny reveals that the points for the composite prepared with the
ncoated filler cover a very narrow range, on the one hand, while
Fig. 6. Scanning electron micrographs recorded on the surface created by the fail-
ure of the specimen during tensile testing. Effect of surface coating. Filler content:
30  vol%. (a) Uncoated; (b) coated CaSO4.

some points considerably deviate from the general tendency in the
Fig. 7. Effect of coating on the toughness (�	L/L0) of PLA/CaSO4 composites pre-
pared with uncoated and coated filler, respectively. (©) Uncoated, (�) coated filler.
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ig. 8. Correlation between composite strength and the initiation stress of debond-
ng in PLA/CaSO4 composites. (©) Uncoated, (�) coated filler.

s local plastic deformation the extent of which depends also on the
ocal distribution of the particles. The coating of the filler facilitates
ebonding through decreasing the strength of interaction, but also
romotes plastic deformation by changing matrix properties.

. Conclusions

PLA/CaSO4 composites were prepared from uncoated and
tearic acid coated filler particles. The study of the properties as
ell as deformation and failure characteristics of injection molded

pecimens proved the crucial role of interfacial interactions in the
etermination of composite properties. Interfacial adhesion was
stimated with three independent methods all proving that adhe-
ion is twice as strong in composites prepared with the uncoated
articles than in those containing the coated filler. Coating also
hanges local deformation processes. Although debonding is the
ominating micromechanical deformation process in all compos-

tes, local plastic deformation is larger around coated particles. The
xtent of this deformation depends very much also on the local dis-
ribution of particles. The final properties and performance of the
omposites depend unambiguously on the micromechanical defor-
ation processes occurring during loading, on debonding and the

ubsequent plastic deformation. Stearic acid used for the coating
f the filler seems to dissolve in the polymer and locally change its
roperties.
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