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ABSTRACT: The primary objective of this study was the investigation of thermo-mechanical behavior of cellulosic fiber reinforced pol-

ylactid (PLA) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) biopolymers. Both PLA and PHBV were processed with 30

wt % of cellulosic fibers; moreover, to improve the processability and mechanical performance, PHBV was previously blended with

30% by weight poly(butylene adipate-co-butylene terephthalate) (PBAT). Secondary target was the comparison of the obtained results

to natural fiber reinforced polypropylene (PP) composites reinforced with exact the same fibers and processed by using identical tech-

niques. For validation the thermo-mechanical properties, a dynamic mechanical thermal analysis (DMTA) was applied. Storage mod-

ulus (E0), loss modulus (E00), and loss factor (tan d) were determined. The DMTA results indicate decreased polymer chain motion

with resulting improvement of stiffness expressed by the storage modulus. Finally, the effectiveness of fiber on the moduli was investi-

gated. The C coefficient differs in dependence on fiber type, use of coupling agent, and the reference temperature in glassy state.
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INTRODUCTION

Growing environmental responsiveness and new regulations on

the use of non-renewably resources for energy recovery and mate-

rial applications are encouraging industry to research and develop

more ecologically friendly bio-based composites. In long-

established technical areas, the major engineering resin is still the

polypropylene (PP) based composite, mainly reinforced with glass

fibers or filled with minerals. Because of its high density and

dubiousness recycling, composites reinforced with natural fibers

are beginning to find market place and consumer acceptance in

wide range of technical applications.1–5 In addition, new bio-

based polymeric matrices are being under consideration as a pos-

sible substitute for petrochemical plastics. Besides thermoplastic

starches6–9 and cellulosics,1,5 polylactide (PLA) and polyhydroxyal-

kanoates (PHA) seem to be the most important representatives of

the biopolymer group. Their major advantages are large-scale

availability, thermoplastic nature, and the bio-based carbon con-

tent that is in the main of �100%. Moreover, PLA and PHBV

can be biodegradable, however, under defined conditions only.3–10

Considering the application in technical areas, some basic prop-

erties, for instance thermo-mechanical parameters and an entire

spectrum of material performance, must be widely character-

ized. Among others, processability, durability, aging, but first of

all, materials mechanical performance is the basic material data

that has to be well defined.

Quasi-static tests are mostly used for basic characterization of

engineering parameters as stiffness (E-modulus), stress

(strength), and yield- or strain at fracture. For description of

composite dynamic properties, different impact tests (e.g.,

Charpy, Izod, falling dart, etc.) are being used. Unfortunately,

neither static nor impact tests describe the composites mechani-

cal behavior completely.

For investigating the composite response on cycling–loading

under changing temperature, a dynamic mechanical thermal

analysis (DMTA) is commonly in use.11–20 Most polymers

behave both like an elastic solid and a viscous fluid. It is very

important to define the viscous component as the inelastic part

is critical for many applications and for the long-time behavior

under increased temperature (e.g., creep). DMTA enables the

microstructural characterization of composites, their constituent

phases, and interfaces in composites. It also allows a prediction

of composite mechanical behavior under real-life conditions.
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Finally, biocomposites described in literature are very often

reinforced with undefined natural fibers. In the present article,

only tailor-made technical natural fibers are used. A compari-

son of fully bio-based biocomposite to natural fiber reinforced

petrochemical equivalent on PP basis contributes to establish-

ing fully “green composites” as engineering materials. Further-

more, the present study contributes to comprehension of the

structural changes occurring under non-isothermal conditions

in relation to composites processing on conventional produc-

tion machine and resulting composition.

EXPERIMENTAL

Materials Used

Polymers used in the study are shown in Table I.

For composites reinforcement following cellulosic fibers were

used:

Abaca: from Manila Cordage (Calamba City, Philippines);

diameter 150 6 50 lm, density 1.5 g cm23, elementary fiber

diameter 10–30 lm, tensile strength �800–900 MPa.20 The

fiber quality owing to FIDA (Fiber Industry Development

Authority) is S3. Abaca was delivered by Rieter Automotive

Systems. The advantage of abaca is the precise growth- and

preparation control of the fibers (cooperation with the fiber

manufacturer Manila Cordage) as well as improved mechanical

properties compared to other natural fibers.21

Jute and Flax: from J. Schilgen GmbH & Co (Emsdetten, Ger-

many); twisting 3.6/1, elementary fiber diameter 60–110 lm.

Man-made cellulose: from Cordenka GmbH (Obernburg,

Germany), Fibre type CordenkaVR 700 Super3, dtex 5 2440,

number of mono-filaments 1350, tensile strength 900 MPa,

elementary fiber diameter 12 lm. Man-made cellulose is a

chemical fiber of natural origin, whose source is the cellulose

pulp from different wood species.22,23

For all composites, a matrix-to-fiber weight ratio of 70/30 was

used. In biopolymers no coupling agent was added. For PP-

based composites 5% by weight maleic acid anhydride grafted

PP (MAH-g-PP) from Clariant (TP Licocene PP MA 6452)

was applied, the content of which is related to the fiber load.

Composite Processing

Due to their polyester nature, PLA and PHBV were pre-dried

in a convection oven (at least 16 h at 80�C, moisture content

< 0.02%) then processed on a single- (Schwabenthan, Polytest

30P, L/D 5 25, D 5 30 mm for PHBV) and twin-screw

extruder (Haake, Rheomex PTW 25/32, L/D 5 32, D 5 25

mm for PLA). PP was not dried prior to processing. To

improve the melt stability and ductility, the PHBV was blended

with Ecoflex (27.6% by weight) and processing aids (2.4% by

weight).

The addition of continuous filament took place in an extruder

via a coating die. Afterwards, the pellets were dried at 80�C in

a convection oven (moisture content <0.3%) and finally com-

pounded on the single-screw extruder to enhance the fiber dis-

tribution. The pellets were then injection molded into “dog-

bone” test specimen (Kloeckner Ferromatik FM 85, nominal

clamping force 850 kN, screw diameter 40 mm, L/D 5 21, T
ab

le
I.

C
h

ar
ac

te
ri

za
ti

o
n

o
f

P
o

ly
m

er
s

U
se

d

P
ol

ym
er

M
an

uf
ac

tu
re

r
C

om
po

si
ti

on
a

T m
[�

C
](

D
S

C
)

M
V

R
[c

m
3

/1
0

m
in

]
M

w
[g

m
ol

2
1

]

P
ol

y-
(3

-h
yd

ro
xy

bu
ty

ra
t-

co
-3

-
hy

dr
ox

yv
al

er
at

)(
P

H
B

V
)

Ti
an

an
B

io
lo

gi
ca

lM
at

er
ia

lC
o.

,L
td

.,
(N

in
gb

o,
C

hi
na

)
9

7
%

3
H

B
/3

%
3

H
V

1
6

2
6

1
.3

(1
7

0
� C

/2
.1

6
kg

)
5

2
0

,0
0

0
a

P
ol

yl
ac

ti
d

4
0

4
2

D
(P

LA
)

N
at

ur
eW

or
ks

LL
C

(B
la

ir
,N

eb
ra

sk
a)

D
-la

ct
id

co
nt

en
t

3
.7

–4
.6

%
1

5
0

3
–5

(1
9

0
� C

/2
.1

6
kg

)
1

7
1

,0
0

0

P
ol

yp
ro

py
le

n
5

7
5

P
(P

P
)

S
ab

ic
D

eu
ts

ch
la

nd
(D

€ us
se

ld
or

f,
G

er
m

an
y)

ho
m

op
ol

ym
er

P
P

1
6

7
4

–6
(1

9
0
� C

/2
.1

6
kg

)
5

0
9

,0
0

0
a

po
ly

(b
ut

yl
en

e
ad

ip
at

e-
co

-b
ut

yl
en

e
te

re
ph

th
al

at
e)

(P
B

A
T/

E
co

fle
x

F
)

B
A

S
F

S
E

(L
ud

w
ig

sh
af

en
,G

er
m

an
y)

ba
se

d
on

th
e

m
on

om
er

s
bu

ta
ne

di
ol

,a
di

pi
c

ac
id

an
d

te
re

ph
th

al
ic

ac
id

1
2

0
4

–8
(1

9
0
� C

/2
.1

6
kg

)
n/

a

a
A

s
re

po
rt

ed
by

th
e

m
an

uf
ac

tu
re

r.

ARTICLE

2 J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39562 WILEYONLINELIBRARY.COM/APP

http://onlinelibrary.wiley.com/


screw rotational speed 120 rpm). Additionally, the machine’s

hopper was heated to 80�C and rinsed with nitrogen gas with

� 4 L min21 (N2 � 99.999 vol%, Air Liquide Deutschland,

D€usseldorf/Germany). Further detailed processing conditions

are described elsewhere.24,25

Testing Method

To test the topography of the fiber surface, micrographs in scan-

ning electron microscopy (SEM) were taken. A CamScan MV

2300 scanning electron microscope with a wolfram cathode

emission gun with acceleration voltage of 10 kV was used. The

samples of fibers were sputtered with thin gold film of several

nanometers in thickness.

The stiffness of the manufactured test specimens were tested in

a tensile test according to DIN EN ISO 527. The test was car-

ried out on a Zwick/Roell UPM 1446 universal testing machine.

The testing velocity of 1 mm min21 for estimating the tensile

E-modulus was applied. The test results were summarized with

the help of the computer-supported software testXpertVR . The

following values represent the average of 10 separate measure-

ments. Standard injection molded tensile bars type 1 A were

used.

Storage modulus, loss modulus, and loss factor were determined

by using Q 800 Dynamical Analyzer from TA Instruments. All

measurements were done in a multi-frequency-strain modus in

a dual-cantilever clamp under nitrogen atmosphere. Frequencies

used were 1, 3, and 10 Hz at the amplitude of 10 lm and heat-

ing rate of 3 K min21. Rectangular specimens with the dimen-

sion of 35 mm 3 10 mm 3 4 mm (length, width, thickness)

were used.

RESULTS AND DISCUSSION

Scanning Electron Microscopy

Because of influence of the fiber surface on the mechanical

response of the composites all fibers have been characterized by

SEM (Figure 1). As the fiber diameter and surface topography

(roughness, defects, etc.) vary along the length, different posi-

tion and several fibers have been taken. For each fiber type

three different SEM microphotographs are depicted.

As it can be seen, the geometry and surface topography of the

fibers differ significantly. There is not only a variation between

different fibers types, but also a visible varying appearance

within separate groups of natural fibers. For instance, consider-

able differences in fiber diameter for abaca can be noticed. In

addition, the surface roughness of natural fibers indicates an

increased value of dissipative energy due to higher friction in

the interfacial region. In contrast, the man-made cellulose fiber

is distinguished by very smooth surface and fine fiber diameter.

In consequence, the effect of friction at the interphase is

reduced compared to rough natural fibers.

It is also well known that reinforcing fibers are exposed to

thermo-mechanical damage during compounding. As a conse-

quence, the resulting fiber length varies depending on the fiber

performance, e.g. stiffness and elongation at break, and process-

ing parameters. The fiber shortening during processing influen-

ces the overall mechanical behavior of the composites. In

general, the shorter the fiber length, the lower the mechanical

resistance. The lignocellulosic fibers can also defibrillate with

resulting decrease of the fiber diameter. In this particular case,

the mechanical parameters increase due to smaller cross

Figure 1. Diversity of longitudinal fiber architecture within the used fiber types.
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dimensions of the fiber and improved distribution of the sepa-

rated filaments. All these aspects were investigated and pub-

lished by authors in their previous work.25

Storage Modulus and Composites Stiffness

Figure 2 shows the change in storage modulus (E0), loss modu-

lus (E00) and tan delta (tan d) derived from DMTA. Typically,

the storage modulus increases when fibers are added. That is

caused by a stiffening effect of reinforcing fibers and signifi-

cantly reduced viscous constituent. As a result the composite

remains stiffer and the polymer flow is restricted. These tenden-

cies correspond with the E-modulus ascertained in the tensile

test (Table II).

The storage modulus in the glassy state is determined predomi-

nantly by the strength of the intermolecular forces and the way

the polymer chains are aligned.16 In the case of composites, the

storage modulus is additionally a function of fiber stiffness and

content. The highest values of E0 are achieved with natural

fibers, especially with jute. The addition of man-made cellulose

leads, similar to the quasi-static tensile test, to a slightly lower

increase of the stiffness.

Although the initial E-modulus of jute is relatively low (Table

III), the composite stiffness achieved with this fiber represents

the highest values. As discussed in the previous section, the

fiber stiffness depends strongly on the final size of the cross-

section, whereas the fiber strength is a function of the fiber

length. Both fiber diameter and length are affected during com-

pounding. In the end, the composite properties are related to

the initial fiber performance and the processing history of the

composite. A detailed discussion regarding the influence of

processing on the fiber-size distribution and resulting mechani-

cal behavior of composites was published elsewhere.25

Man-made cellulose provides much higher strengths and signifi-

cantly improved impact behavior.4–6,24 Unfortunately, the stiff-

ness may be insufficient for several applications. The solution

could be a hybrid composites made of both, man-made cellu-

lose and native natural fibers (e.g., see Figure 3).

At temperatures above 60�C (glass transition of PLA), the stor-

age modulus of PLA decreases rapidly. The typical drop for

amorphous thermoplastics is due to amorphous phase, which

dominates the storage modulus at higher temperatures. Below

their softening temperature amorphous polymers are rigid. Dur-

ing heating they soften in the region of glass transition tempera-

ture and, in consequence, the viscosity above Tg decreases

without any distinct melting point. This behavior indicates that

PLA was solidified into an amorphous state by quenching dur-

ing injection molding. Pothan et al.16 consider that the banana

fibers in unsaturated polyester have larger effect on the storage

modulus above Tg than below it. They observed that the differ-

ence in storage modulus of unreinforced polyester compared to

its composites is noticeably higher at temperatures exceeding

Tg. It is, however, taking into account unsaturated resins only,

and not like in the present study, where the polyester is an

aliphatic thermoplastic. In PLA, no crosslinkages occur and

the decrease in modulus continues even though reinforced

with fibers.

Figure 2. Chosen DMTA thermographs; frequency 1 Hz, the X-coordinate: temperature in �C.
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Finally, due to increased temperature, an increased chain

motion can be observed, resulting in decreasing storage modu-

lus. Especially, at temperatures around and higher than Tg the

chain segments or even entire polymer chains movement

occur.28

Since the storage modulus remains on a very low level, the test

for PLA ends at 90�C. It is obvious that due to secondary crys-

tallization of PLA at temperatures above 90�C, an increase in

the crystallinity and consequently in the storage modulus would

be seen.18,29–33 Moreover, if it had been possible to continue the

experiment at higher temperatures, the modulus should be

expected to level the rubbery plateau, before falling again in the

viscous region.

Compared to an amorphous PLA the peaks in tangent delta,

loss modulus, and the decrease in E0 are less pronounced for PP

and PHBV composites. Semi-crystalline PHBV and PP show

continuous but gentle decline in storage modulus with increas-

ing temperature. Furthermore, PHBV blend with Ecoflex shows

noticeable higher values compared to PP. First, at increased

temperature the curves draw near to each other due to

increased freedom of rotation in the main chain. As a result,

the mobility of polymer chains increases and the stiffness given

by storage modulus decreases continuously.

The presence of crystalline domains or reinforcement could also

act as a physical “crosslinking,” decreasing the mobility of

amorphous regions and consequently increasing the stiffness of

the composite at higher temperatures, while the decrease is

rapid in the amorphous PLA, when the glass transition temper-

ature is exceeded. Moreover, in PP composites trans-

crystallization takes place affecting the interaction on the fiber

surface and consequently changing the composite ability of

stress transfer.34 In the case of PP, great attention should be

paid to the addition of MAH-g-PP. This coupling agent

improves adhesion on the fiber surface and develops better

compatibilization of highly polar cellulose to unpolar PP.14,35

Loss Modulus

The loss modulus tends to be higher for composites with natu-

ral fibers indicating higher dissipative energy. In general, the

higher the loss modulus in comparison to storage modulus, the

more mechanical loss in the material. The increased loss

Table II. Comparison of DMTA Results and Tensile E-Modulus

Tensile
E-modulus
(GPa)

Storage modulus at
1 Hz (GPa) Glass transition derived from E00 (�C)

Matrix Fiber 123�C 123�C 150�C 180�C 1 Hz 3 Hz 10 Hz

PP – 1.5 6 0.0 1.9 1.1 0.5 114 115 117

Cellulose 3.7 6 0.1 3.2 2.4 1.7 111 112 113

Abaca 4.9 6 0.1 5.5 4.2 2.7 115 117 119

Flax 4.8 6 0.1 4.8 3.6 2.3 116 117 118

Jute 5.8 6 0.5 5.4 4.2 2.8 115 116 118

PHBV/Ecoflex – 2.1 6 0.1 2.9 1.9 0.9 223/126 221/127 218/130

Cellulose 4.4 6 0.3 4.7 3.7 2.3 226/125 224/128 222/132

Abaca 4.4 6 0.1 4.4 3.4 2.1 223/127 221/130 218/132

Flax 5.3 6 0.2 5.7 4.5 2.8 223/126 221/129 218/132

Jute 7.0 6 0.1 6.7 5.4 3.6 222/128 220/128 217/132

PLA – 3.4 6 0.2 3.2 3.0 0.01 164 164 165

Cellulose 5.8 6 0.1 5.0 4.7 0.4 168 169 170

Abaca 8.0 6 0.3 5.7 5.4 0.1 166 166 167

Flax 8.0 6 0.6 5.9 5.5 0.2 167 169 171

Jute 9.6 6 0.3 6.2 5.9 0.2 166 167 167

Table III. Engineering Properties of Natural Fibres26,27

Fiber
Density
(g cm23)

Tensile
strength (MPa)

Young’s
modulus (GPa)

Elongation
to break (%)

Diameter of
elementary
fibre (lm)

Flax 1.40 800–1500 60–80 1.2–1.6 15–25

Jute 1.46 400–800 10–30 1.8 12

Abaca 1.50 980 27–32 – 10–30

Man-made
cellulose

1.49 885 27 12 12
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modulus corresponds to enlarged friction between fiber and

matrix during cycling–loading. In addition, fiber–fiber interac-

tion takes place further increasing the friction, and in conse-

quence enhancing the dissipative energy. This effect is more

likely for rough natural fibers than for flat man-made cellulose

(Figure 1). The smooth and very fine fibers of man-made cellu-

lose rather slide on each other, which leads to lower energy dis-

sipation into heat. This hypothesis is confirmed when

considering the change of E00 and tan d of the PLA hybrid com-

posite (inserts in Figure 3).

Because of the blends made of two thermodynamically immisci-

ble components of PHBV and Ecoflex, the Tg values derived

from the loss modulus show two different peaks (TgEcoflex 5

223�C, TgPHBV 5 125�C) (Figure 4).

A typical increase in Tg with increasing stress frequency can be

observed (Table II). At higher frequencies, the material response

on the applied strain is delayed (viscoelastic behavior). In con-

sequence, the relaxation peaks occur at higher temperatures.

In addition, broadening of the transition region for both PP

and PHBV/Ecoflex composites takes place (Figure 4). It is more

likely due to the effect of the relaxation process within the com-

posites in the mean of reinforcing fibers. This effect appears in

semi-crystalline polymers only. For that reason we conclude

that the change is related with rearrangement in amorphous

areas between crystalline domains14 and/or with higher ability

of PP and PHBV to trans-crystallization, which affects the

time–temperature depended relaxation behavior.18 Furthermore,

PP and PHBV/Ecoflex show again a drop in E00 at temperatures

around 80 and 100�C, respectively. The molecular motion of

viscoelastic materials is still being discussed and seems to be not

fully understood.18,31 The obvious transition of PHBV compo-

sites at increased temperature can be related either to movement

toward the Tg of the dry cellulose, which is �200�C or to

approaching the melt region of the matrix.14,18 Another expla-

nation is a thermally initiated secondary crystallization (or

trans-crystallization), which occurs within the discussed temper-

ature range31,36–38 and can be induced by fibers. The peak of PP

can be related to a-relaxation.32,35

Mechanical Damping

Mechanical losses are often referenced to damping. For that rea-

son the damping performance of materials in relation to their

stiffness (tan d 5 E00/E0) is a good explanation for the overall

material damping. A highly viscose PLA, especially near to its

Tg, is characterized by the highest damping signal compared to

rigid natural fiber reinforced composites. Whereas, tan d for

PHBV and PP increases continuously with increasing tempera-

ture, indicating a continually decline of the viscosity. As a result,

material damping increases. Similarly for the loss modulus, the

tan d is noticeably higher for natural fiber reinforced compo-

sites compared to man-made cellulose composites. With regard

to greater amount of dissipative energy, the heat development is

higher and the decreasing viscosity increases the mechanical

damping expressed by tan d.

The fiber reinforcement shows no obvious influence on the glass

transition temperature for semi-crystalline PHBV and PP com-

posites (Table II), which agrees with the prior results.17,38,39 A

little shift to higher temperatures for PLA composites compared

to the unreinforced PLA can be observed. Most likely, the rein-

forcing fibers affect the chain movements and/or lead to trans-

crystallization on the interphase.

Effectiveness of Fibers on the Moduli

The effectiveness of reinforcing fibers on the moduli can be

described by coefficient C determined by eq. (1).16,18,40

Figure 3. An example of DMTA of hybrid composites; PLA reinforced with Abaca/man-made cellulose (composition 70/15/15). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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C ¼
ðE’

g=E’
rÞcomp

ðE’
g=E’

rÞresin
(1)

where E0 is the storage modulus and the sub-indexes “g” and

“r” correspond to glassy and rubbery state, respectively. Basi-

cally, the lower the C coefficient the higher the effectiveness of

reinforcement. However, the C coefficient corresponds only to

storage modulus, without any direct relation to composite

strength. It describes the ability to disturb the increasing motion

of polymer chains in composites at elevated temperatures.

Therefore, “C” is a function of fiber load, type, and size distri-

bution as well as fiber–fiber interaction and fiber–matrix inter-

facial adhesion. In addition, this coefficient depends on the

polymer nature, e.g. branched, crosslinked, amorphous, or

semi-crystalline polymer.

Figure 4. Loss modulus of PHBV/Ecoflex (70/30) and PP with natural

fibers (30% by weight), frequency 1 Hz; (a) matrix, (b) man-made cellu-

lose, (c) flax, (d) jute composites, respectively.

Figure 5. C coefficient of composites.
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In Figure 5, the C coefficients for semi-crystalline PP and

PHBV/Ecoflex as well as amorphous PLA composites are pre-

sented. For both semi-crystalline polymers, the E’
g was set at

245�C and the E’
r for the rubbery region was measured at four

different temperatures 30, 50, 60, and 80�C. Both parameters,

E’
g and E’

r , are results from the traces performed at the fre-

quency of 1 Hz.

It is obvious that the “C” depends not only on the aforemen-

tioned criteria but it is also a function of the reference tempera-

ture. Furthermore, the C coefficient decreases with increasing

temperature indicating enhanced effectiveness of the fiber at ele-

vated temperatures. It is due to induced motion at the molecu-

lar level. Under such conditions, the polymer loses the ability to

elastic response and the viscose behavior begins to dominate. In

consequence, the storage modulus of the polymer decreases,

while the stiffness of the fiber remains unchanged in the consid-

ered temperature range, increasing the effectiveness of fibers on

the composite moduli. In this temperature range, natural fibers

do not undergo any thermal induced transitions and behave

almost perfectly elastic.

Acha et al. estimated C values for PP with 30 wt% jute as 0.6–

0.63,18 where the jute fibers were used in the form of fabric. The

authors discuss that a better reinforcement effect can be achieved

with fabrics. However, the textile form of reinforcing fibers dis-

ables the processing via injection molding. In Ref. 16 dynamic

mechanical analysis of unsaturated polyester with banana fibers

was investigated. The estimated C coefficient for systems with 30

wt % fibers was 0.96 indicating lower ability to stress transfer as

in the present study. Similarly in Ref. 41 the C values, between

0.75 and 1.07, depending on fiber load, were achieved.

It is interesting that the tendency for compatiblized PP is differ-

ent than for PHBV/Ecoflex. It is most likely due to the use of

MAH-g-PP. For instance, abaca shows much lower C values in

PP composites than in biopolymer systems indicating improved

interfacial adhesion. Further explanation is the higher shrinkage

of PHBV compared to PP, which damages the interphase.

Finally, PP is a mono-matrix system in comparison to the

PHBV blend with PBAT.

The C coefficient seems to be applicable for semi-crystalline or

crosslinked polymers. Regarding some amorphous polymers like

PLA a rapid drop in storage modulus at Tg and the near to per-

fect elastic nature of cellulosic fibers above glass transition of

the matrix lead to very small values of the C. For instance, the

C coefficient of PLA composites, estimated at 0�C for E’
g and at

60 and 80�C for E’
r drops significantly. This is why the correla-

tion (1) for amorphous polymers is only relevant at tempera-

tures just above Tg. At T >> Tg the given formula predicts a

very good effectiveness of fibers on moduli, although the abso-

lute composites elastic response expressed by E0 is already

noticeably reduced. At higher temperatures, the polymer flow is

dominant and the effectiveness of fibrous reinforcement, taking

into account the overall composites performance, is negligible.

CONCLUSIONS

The tested biocomposites clearly show better or comparable

characteristic values to the “common” natural fiber reinforced

PP. The fibers typically cause an increase in storage modulus,

loss modulus, and a lowering of damping, which is a result of

better stress transfer, affected chain mobility, and fiber elastic

response at increased temperatures.

The highest stiffening effect was achieved by reinforcing all

matrix materials with jute. This is due to the change in fiber

shape after compounding (shortening and defibrillation). In

addition, all lignocellulosic fibers stiff the structure more evi-

dent than man-made cellulose, which is a clear effect resulting

from different fiber performances.

Semi-crystalline PHBV/Ecoflex shows a comparable perform-

ance to PP composites. PLA composites show much higher

mechanical characteristic values than PP counterparts; however,

the material loses the ability to stress transfer as soon as the

glass transition temperature is exceeded. Therefore, the combi-

nation of thermally untreated PLA and cellulose fiber is usable

as engineering material only at temperatures up to 50–60�C
(short-term).

The estimated C coefficients show an obvious dependence on

the fiber type and coupling agent. Further, the C coefficient

seems to be only applicable for semi-crystalline thermoplastics

and their composites. Due to the rapid drop in storage modulus

for amorphous polymers, the C can only be applied at tempera-

tures near to Tg.
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